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Studies of monozygotic twins in the context of overfeeding and energy deficit experiments have shown that gene—environment interactions
affect energy balance. From a clinical standpoint, this implies that some individuals are more susceptible to body-weight gain or loss than
others because of genetic differences. This opens new perspectives in predictive medicine. In the future, health professionals should be
able to count on early diagnosis of individuals at risk for developing long-term metabolic problems and obesity or for not responding
adequately to clinical interventions. However, before predictive medicine is in a position to contribute significantly to prevention or treat-
ment of patients, an enormous amount of work has to be done to identify all genetic and environmental factors of relevance, and their

network of interactions.

Obesity: Genotype: Energy

Industrialization and technological advances have favoured
the reduction of daily physical labour and have consider-
ably reduced the energy expenditure necessary for daily
living. This obviously has been accompanied by a greater
sense of well-being and improved quality of life for
millions of people. However, it has also promoted a certain
number of adaptations with adverse consequences. One of
these adaptations is body-fat gain that is now sufficiently
pronounced to be referred to as an obesity epidemic
(World Health Organization, 1998). According to the first
law of thermodynamics, obesity is necessarily the conse-
quence of a long-term imbalance between energy intake
and expenditure. It is easy to simply conclude that this
obesity epidemic is the result of an excess energy intake.
However, in reality, it is a major challenge to identify all
the factors responsible for this imbalance.

As for other biological phenotypes, it is generally
accepted that energy balance components are affected by
genetic and environmental factors. In this regard, it is note-
worthy to emphasize that the genetic profile of most popu-
lations is quite stable and has not changed dramatically
over recent decades, i.e. the period during which the obes-
ity epidemic has emerged. On the other hand, the 20th cen-
tury will appear in the history of mankind as a transition
time characterized by important environmental changes
influencing diet and activity habits. Moreover, moderniz-
ation has also been accompanied by stress and environmen-
tal pollution that could also influence energy balance.

The apparent dominance of environmental factors to
explain the obesity epidemic does not imply that genetic

differences are not playing a role in the proneness of
some individuals towards obesity. Indeed, there are data
suggesting the existence of significant gene—environment
interaction effects that make some individuals more sus-
ceptible to fat gain when exposed to an obesogenic
environment. As explained later, these effects have been
observed in the context of experimental overfeeding and
negative energy balance studies. The main challenge is to
identify the specific genes affecting the response to
energy balance fluctuations.

Gene-diet interaction effect

Our first attempt to demonstrate the presence of a gene—
diet interaction effect was an experimental overfeeding
protocol with monozygotic twins. Identical twins were
selected because they made it possible to compare the
response to a standardized environmental dietary change
on energy balance in subjects with the same or a dissimilar
genetic background. Thus, the within-pair resemblance in
response could be compared with the between-pair resem-
blance. The calculation of the within-pair:between-pair
resemblance ratio provided a quantitative indicator of the
gene—overfeeding interaction effect.

In a first study, a 4-18 MJ (1000 kcal)/d overfeeding was
tested in twins for 22d. Even though this study was per-
formed in a metabolic ward, such a level of daily energy
surplus can occur under free-living conditions if one con-
sumes a diet with a low satiating potential while being
sedentary (Tremblay et al. 1989; Lawton et al. 1993).
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As expected, the simulation of an obesogenic environment
for 22d suggested that there was a significant gene—
overfeeding interaction effect on numerous energy
balance-related phenotypes. For instance, there were
greater between-pair than within-pair variances for the
changes in fat mass (Poehlman et al. 1986a), resting
energy expenditure (Poehlman er al. 1986b) and energy
cost of standardized exercise (Tremblay et al. 1987).

In a subsequent investigation, we extended the study
period to 100d of overfeeding by 4-18 MJ (1000 kcal)/d,
6 d per week. This constituted a more severe environmental
perturbation that represented an additional step towards the
simulation of an obesogenic environment. As in the first
protocol, a significant within-pair resemblance was found
for the changes in fat mass (Bouchard et al. 1990),
suggesting that some individuals are genetically predis-
posed to obesity. This effect was particularly strong for
the change in abdominal fat and visceral fat deposition
for which the genotype—diet interaction effects remained
highly significant even after statistical adjustment for the
changes in body-fat mass. This study also revealed
significant interaction effects for components of resting
energy expenditure (Tremblay et al. 1992).

In summary, these studies strongly suggested that the
predisposition to gain body fat in response to standardized
overfeeding has a genetic basis. However, since the
absolute energy surplus was the same for everybody,
the protocols favoured the identification of genotype-—
overfeeding interaction effects on energy expenditure and
nutrient partitioning as revealed by body composition
changes. One can also consider that genetic differences
may influence feeding behaviour per se, such as favouring
the intake of foods having a reduced satiating potential.
Given this, it is likely that the total genetic contribution
to the response to changing energy balance conditions is
greater than what was measured in these overfeeding
studies.

Genotype—negative energy balance interaction effect

We used exercise training as a mean to induce a standar-
dized energy deficit while energy intake was kept constant.
As for overfeeding, we began with a study of the
genotype—negative energy balance interaction effect
using a 22d protocol, which we extended later to a 93d
study. Again, we observed a significant within-twin pair
resemblance in the response to negative energy balance
conditions for body fatness and resting energy expenditure
(Poehlman et al. 1986¢, 1987; Bouchard et al. 1994; Trem-
blay et al. 1997). This suggests that the response to a stan-
dardized energy deficit is also potentially determined by
genetic factors. However, it was not possible in these
studies to distinguish between the effects of exercise v.
those of the energy deficit.

Predictive medicine: the challenge of specific
characterization

Establishing that there are significant gene—environment
interaction effects favouring the development of obesity
or defending body fat is only a first step. It needs to be

followed by studies aimed at identifying the genes and
mutations responsible for such effects. In this regard, a
series of studies by Ukkola & Bouchard (2004) has
recently led to the identification of several genes that
appear to play a role in the response to overfeeding.

The study of gene—environment interaction effects on
adiposity requires consideration of all environmental fac-
tors that have the potential to modify energy balance. For
instance, variations in physical activity participation and
dietary fat—diet energy density are associated with fluctu-
ations in body fatness. However, there are data suggesting
that other factors can also promote an energy imbalance.
These factors include variations in dietary carbohydrates,
micronutrient intake such as Ca, dietary spices containing
active agents such as capsaicin, organochlorine pollutants,
patterns of feeding behaviours, alcohol intake and probably
many others.

The catalogue of candidate genes potentially related to
variations in body-fat stores becomes larger every year
(Chagnon et al. 2003) and is likely to increase even
more in a foreseeable future. A long list of potentially
interesting genes can only increase the complexity of defin-
ing relevant genotype—environment interaction effects,
particularly in the context of predictive medicine. Indeed,
the goal here is the ability to make an early detection of
individuals at risk to develop metabolic problems later in
life. Moreover, predictive medicine should also help in
the identification of people who might be poor or good
responders to a clinical intervention.

One candidate gene that we have explored further for its
potential implications in gene—age interaction effects on
adiposity gain is the glucocorticoid receptor gene. It is a
gene that was clearly identified as a strong candidate in
the gene-overfeeding studies. Further support for the role
of this gene comes from other human studies on cortisol
levels (Rosmond et al. 2000). In addition, adrenalectomy
is known to reverse weight gain in almost all animal
models of obesity (Romsos et al. 1987; Tokunaga et al.
1989). Cortisol exerts orexigenic and anti-thermogenic
effects and is correlated with changes in hunger when
obese individuals experience resistance to further body
fat loss in a weight-reducing programme (Doucet et al.
2000). Finally, genetic variation at the glucocorticoid
receptor gene is associated with variations in abdominal
visceral fat level (Buemann et al. 1997).

On the basis of these observations, we tested whether the
same glucocorticoid receptor gene polymorphism could be
useful to identify subjects who are at greater risk of gaining
fat with ageing. As shown in Fig. 1, the mean increase in
subcutaneous fat in heterozygous for the glucocorticoid
receptor gene Bcll marker was more than twice that
observed in the two homozygous groups (Tremblay et al.
2004). The statistical significance of the differences was
essentially unchanged after adjusting for changes in partici-
pation in vigorous physical activity as well as for changes
in lipid and alcohol intake. These results confirm previous
observations that there are interactions between genetic
variation in the glucocorticoid receptor gene and ageing
or undefined environmental factors. If further research con-
firms this finding, polymorphisms in the glucocorticoid
receptor gene could be useful in the estimation of the
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Fig. 1. Body-fat gain in young female subjects classified by genotype at the glucocorticoid receptor polymorphism of GRL 1VS2-Bcl/1 RFLP.
SS,; ext,. B, 4.5/4.5; W, 4.5/2.3; [J, 2-3/2-3. Mean values were significantly different from those of the other two female groups: *P<0-01.

(Reprinted with permission from Tremblay et al. 2004.)

risk of gaining substantial amounts of body fat with age or
when challenged by chronic positive energy balance
conditions.

Summary

In summary, experimental studies conducted with identical
twins support the concept of gene—environment interaction
effects on body fatness. These effects are of clinical
relevance since they refer to genetically determined
susceptibilities towards obesity that characterize some
individuals. In this regard, the glucocorticoid receptor
gene is emerging as a candidate that may be involved in
a variety of interactive effects.
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