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ABSTRACT

Background: Genome-wide association studies (GWASs) have
identified several genes associated with obesity. The mecha-
nisms through which these genes affect body weight are not
fully characterized. Recent studies suggest that eating behavior
(EB) traits could be involved, but only a few EB traits were
investigated.

Objective: This study aimed to investigate whether genetic
susceptibility to obesity is mediated by EB traits (cognitive
restraint, disinhibition, hunger) and their subscales. We hypoth-
esized that EB traits, and their subscales, partly mediate this
association.

Design: Adult individuals (n = 768) who participated in the Quebec
Family Study were included in this cross-sectional study. A genetic
risk score (GRS) of obesity was calculated based on the 97 genetic
variants recently identified in a GWAS meta-analysis of body mass
index (BMI). EB traits and their subscales were assessed with the use
of the Three-Factor Eating Questionnaire. Regression analyses with
age and sex as covariates were used to investigate the associations
between GRS, EB traits, BMI, and WC and whether the association
between GRS and obesity is mediated by EB traits, which represents
the indirect effect of GRS on obesity.

Results: The GRS of obesity was positively associated with BMI
(B = 0.19 + 0.04, P < 0.0001) and WC (B = 0.46 £ 0.10,
P < 0.0001). Regression analyses also revealed that the association
between GRS of obesity and BMI was partly mediated by disinhibi-
tion and susceptibility to hunger (Bingirec = 0.09 £ 0.03, P = 0.0007,
and Bindgirecr = 0.04 £ 0.02, P = 0.02, respectively). Habitual and
situational susceptibility to disinhibition (Bingirec = 0.08 £ 0.03,
P = 0.002 and Bingireet = 0.05 £ 0.02, P = 0.003, respectively) as
well as internal and external locus of hunger (Bingirect = 0.03 £ 0.02,
P = 0.03 for both) were also found to mediate the association
between GRS of obesity and BMI. The same trends were observed
with WC.

Conclusions: The results of this study indicate that the genetic
susceptibility to obesity is partly mediated through undesirable EB
traits, which suggests that they could be targeted in obesity treatment
and prevention. This trial was registered at clinicaltrials.gov as
NCT03355729. Am J Clin Nutr 2018;108:445-452.

Keywords: obesity, genetic, eating behavior traits, susceptibility
to obesity, genetic risk score, cognitive restraint, disinhibition,
susceptibility to hunger, adults

INTRODUCTION

It is estimated that 40-70% of the variability in BMI is
explained by genetic factors (1), suggesting a strong inherited
component to obesity. Recently, a meta-analysis of genome-
wide association studies (GWASs) identified a total of 97 genetic
variants associated with BMI (2). The mechanisms through which
these obesity-associated genetic variants influence body weight
are not well understood, but it has been suggested that they may
partly exert their influence on body weight by affecting appetitive,
or eating behavior (EB) traits that lead some individuals to eat
beyond their needs (3).

Results from the Quebec Family Study (QFS) have shown
that EB traits, such as higher levels of disinhibition, which
refers to the overconsumption of food associated with a loss of
control, and of susceptibility to hunger (i.e., perceived sensation
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of hunger triggered by internal or external cues) (4), were better
predictors of overweight/obesity and weight gain than were
more common risk factors such as nonparticipation in high-
intensity physical activity and high lipid intake (i.e., >40%
total energy intake from fat per day) (5). We have also shown
that cognitive restraint (i.e., cognitive control over food intake)
was not associated with weight gain, whereas its subscale rigid
control showed a significant association (6). The heritability of
EB traits has been demonstrated among different populations
(7, 8), including among participants of the QFS (9). Several
genetic variants located in chromosomal regions linked to obesity
have been associated with cognitive restraint, disinhibition, and
susceptibility to hunger in the QFS (10-12) and other studies
(13-16).

The literature thus briefly reviewed suggests that obesity and
EB traits are influenced by genetic factors. Considering the links
between EB traits and obesity, it is likely that genes influencing
obesity may partly exert their effects on body weight through EB
traits. Only a few studies have investigated the role of EB traits
in mediating the association between genetic susceptibility to
obesity, assessed by the contributions of multiple obesity-related
genetic variants aggregated into a genetic risk score (GRS), and
body weight. Two studies performed in children showed that the
association between either a GRS comprised of 32 obesity genetic
variants or the fat mass and obesity-associated (F70) gene and
BMI was partly mediated by a low satiety responsiveness (17,
18). In another study based on adults, it was observed that
the association between a GRS comprised of 90 obesity-related
genetic variants and BMI as well as waist circumference (WC)
was partly mediated by uncontrolled and emotional eating (19).
Similar results have been observed in a recent study among
adults (20). In those studies, only a few EB traits were tested,
which justifies the need to assess if other dimensions of EB
traits mediate genetic susceptibility to obesity. In this regard,
the subscales described by Westenhoefer et al. (21) and Bond
et al. (22) are of interest because they capture different aspects
of EB traits that were not considered in previous studies (19, 20).
Addressing whether EB traits and their subscales mediate genetic
susceptibility to obesity is of great interest for obesity treatment
and prevention.

The aim of this study was to investigate whether EB traits and
their subscales, assessed with the full version of the Three-Factor
Eating Questionnaire (TFEQ), mediate genetic susceptibility to
obesity. We hypothesized that EB traits, and their subscales,
partly mediate genetic susceptibility to obesity.

METHODS

Participants

The present cross-sectional study included 768 adult subjects
(330 men, 438 women) from the QFS (NCT03355729). The
general aim of the QFS was to investigate the role of genetic
factors in physical fitness, obesity, risk factors for common
diseases, and health-related behaviors (23). Participants were
recruited through the media and were French Canadians from
the greater Quebec City area. Additional details about the
QFS have been previously published (23). The inclusion
criteria of the present study were to be aged between 18 and
80 y, nonsmokers, not pregnant at the time of the study, have

JACOB ET AL.
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cross-sectional analyses
(n=951)
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FIGURE 1 Flowchart diagram of participant selection. The GRS was
calculated by adding up the number of risk alleles (i.e., 0, 1, or 2) at each
of the 97 obesity-related single nucleotide polymorphisms identified in the
most recent meta-analysis of BMIL. GRS, genetic risk score of obesity.

a stable body weight (£5 kg) during the 6 mo preceding
testing, be free of any metabolic conditions (e.g., diabetes or
hypertension), and not taking medication that could interfere
with the study outcomes. Moreover, participants selected for the
present study were those for whom genotype data for all the
97 obesity-associated single nucleotide polymorphisms (SNPs)
from the recent GWAS meta-analysis of BMI (2) were available.
Figure 1 shows the flowchart diagram of participant selection.
Each participant provided written informed consent and the
study was approved by the Laval University Research Ethics
Committee.

Measurements
Anthropometric measurements

Body weight was taken with a standard beam scale to the
nearest 0.1 kg and height was measured to the nearest 0.1 cm
with the use of a standard stadiometer. BMI was calculated as
kg/m?. WC was measured with a standard tape. All measurements
were performed according to standardized laboratory procedures
recommended at the Airlie Conference (24).

EB traits

EB traits were measured with the use of a French version
(25) of the TFEQ (4). This questionnaire is the most widely
used to assess the 3 main dimensions of EB traits, namely
cognitive restraint, disinhibition, and susceptibility to hunger.
This validated questionnaire comprises 51 items, of which
36 items have a true or false format and the remaining 15
items constitute statements answered on a 4-point scale. Each
item is scored 0 or 1. Cognitive restraint is defined as the
intention to restrain food intake to lose or control body weight
and is measured by 21 items. Cognitive restraint has 2 main
subscales, i.e., rigid (7 items) and flexible (7 items) control
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FIGURE 2 Regression of age- and sex-adjusted mean BMI (A) and WC (B) across obesity (BMI) GRSs. Black dots: age- and sex-adjusted mean BMI +
SEM (A) and age- and sex-adjusted mean WC =+ SEM (B) in each obesity (BMI) GRS category (n = 768). Black line: the linear regression between GRS and
BMI adjusted for age and sex (8 = 0.19 & 0.04, P < 0.0001, R> = 2.50%), n = 768 (A) and the linear regression between GRS and WC adjusted for age and
sex (B = 0.46 £ 0.10, P < 0.0001, R? = 2.81%), n = 754 (B). The GRS was calculated by adding up the number of risk alleles (i.e., 0, 1, or 2) at each of the
97 obesity-related single nucleotide polymorphisms identified in the most recent meta-analysis of BMI. GRS, genetic risk score; WC, waist circumference.

over food intake (21), and also measures 3 other specific EB
traits, which are strategic dieting behavior (4 items), attitude
to self-regulation (5 items), and avoidance of fattening foods
(4 items) (22). Disinhibition, measured with 16 items, is defined
as overconsumption of food associated with a loss of control
over eating triggered by habitual (5 items), emotional (3 items),
or situational (5 items) cues representing the 3 disinhibition
subscales (22). Lastly, 14 items measure susceptibility to hunger
as well as internal locus of hunger (7 items) and external locus of
hunger (7 items) as its subscales (22). The TFEQ was completed
in a total of 602 participants.

Genotyping and GRS

A GWAS was performed in QFS participants with the use
of the Illumina Human610 Quad BeadChips (Illumina, Inc.), as
described elsewhere (26). The 97 obesity-related SNPs identified
in the most recent genome-wide association meta-analysis of
BMI (2) were used to calculate a GRS for obesity. More
specifically, the GRS was calculated by adding up the number of
risk alleles (i.e., 0, 1, or 2) at each of the 97 SNPs, so that the GRS
obtained for each participant may theoretically vary between 0
and 194.

Statistical analysis

Anthropometric variables and EB traits are expressed as
mean + SD. Differences in anthropometric variables and in EB
traits between men and women were assessed via Student’s 7 tests.
The association between the obesity GRS and obesity, with BMI
and WC as dependent variables, was assessed through the use of
linear regression analyses after adding sex and age as covariates
in the models. To show its distribution, the GRS was separated
into 11 categories, each comprised of 3 different values of the
GRS, based on its median value (i.e., 91) (Figure 2A, B). Mean
BMI and WC within each GRS category were assessed with the
use of a general linear model and are reported as mean & SEM.
To assess whether EB traits mediate the association between GRS
and obesity, partial correlations (with age and sex as covariates)

were first computed to identify potential mediation models,
according to Baron and Kenny conditions (27). Thereafter, all
EB traits significantly associated with both GRS and BMI or WC
were tested for mediation, which consisted of a series of linear
regressions followed by the Sobel test to assess the significance
of the mediation effect (27). A significant mediation effect occurs
when the product of “a” [i.e., the 8 coefficient of the association
between the independent variable (i.e., GRS) and the mediator
(i.e., EB traits)] and “b” [i.e., the B coefficient of the association
between the mediator (i.e., EB traits) and the dependent variable
(>i.e., BMI or WC)] reaches significance. The product of “a” and
“b” is also referred to as the “indirect effect” through which GRS
can affect BMI or WC. In addition, whether or not the direct
association “c’” between the GRS and BMI or WC remained
significant when the mediator was added as a covariate into the
regression model indicates a partial or a full mediation effect,
respectively. Because of sex differences in EB traits, we also
tested if sex could be a possible moderator in the mediation
analyses by adding an interaction term between the independent
variable and sex in the regression analyses. The significance level
was set to a 2-sided P value of <0.05. All statistical analyses
were performed with the use of SAS software, version 9.4 (SAS
Institute Inc., Cary, NC).

RESULTS

Participant characteristics

This study was conducted among 768 men and women with
a mean = SD age of 43.5 £ 15.5 y and a mean £ SD BMI
and WC of 28.2 £ 7.8 and 90.0 £ 18.4 cm, respectively
(Table 1). Based on these anthropometric data, 29% of the
participants were obese (BMI > 30.0) and 27% of men and
36% of women had abdominal obesity (WC > 102 cm and
>88 cm for men and women, respectively). The mean GRS
for obesity was 91.4 £+ 6.3, with a range between 74 and
114. No sex difference was observed for the GRS of obesity.
Cognitive restraint and disinhibition were higher in women
compared with men (P < 0.0001) and no sex difference was
observed for susceptibility to hunger (P = 0.45). All cognitive



448 JACOB ET AL.

TABLE 1
Participant characteristics and EB traits!
Variables All Men ‘Women P?
Sex, n (%) — 330 (43.0) 438 (57.0) 0.001
Age,y 435 £ 1555 438 £ 15.6 433 £ 153 0.70
BMI, kg/m? 282 + 7.8 27.8 £ 6.6 285 + 8.6 0.23
‘Waist circumference, cm 90.0 £+ 18.4 95.1 £+ 16.8 86.1 + 18.6 <0.0001
Weight, kg 773 £ 21.9 83.2 £ 205 72.8 £ 21.9 <0.0001
GRS of obesity 914 £ 63 913 £ 6.2 914 £ 65 0.86
Cognitive restraint 73 £ 45 59 £+ 3.8 82 £ 78 <0.0001
Rigid control 19 £ 1.8 13 £ 15 23 £ 1.8 <0.0001
Flexible control 26 £ 1.7 23 £ 15 29 £ 1.6 <0.0001
Strategic dieting behavior 09 £ 1.2 0.7 £ 1.0 1.0+ 13 0.0003
Avoidance of fattening foods 19 £ 12 1.5 £ 10 2.1 £ 1.2 <0.0001
Attitude to self-regulation 2.1 £ 14 1.8 £ 1.3 22 £ 1.5 0.0001
Disinhibition 55+ 34 4.6 £ 3.1 6.0 £ 3.5 <0.0001
Habitual susceptibility 1.0 £ 12 0.7 £ 1.0 12 £ 13 <0.0001
Emotional susceptibility 1.0 £ 12 0.5 £ 1.0 13+ 13 <0.0001
Situational susceptibility 19+ 15 19 £15 1.9 £ 15 0.80
Susceptibility to hunger 41 £33 42 £ 35 40 £+ 22 0.45
Internal locus of hunger 1.5 £ 1.8 1.6 £ 1.9 14 £ 1.7 0.35
External locus of hunger 1.7 £ 1.5 1.7 £ 15 1.7 £ 1.5 0.92

15, = 768 for sex, age, BMI, weight, and GRS of obesity; n = 754 for waist circumference; n = 595-602 for EB traits. The GRS was calculated by adding
up the number of risk alleles (i.e., 0, 1, or 2) at each of the 97 obesity-related single nucleotide polymorphisms identified in the most recent meta-analysis of
BMI. Values are means £ SDs unless otherwise indicated. EB, eating behavior; GRS, genetic risk score.

2P values indicate differences between men and women as per Student’s 7 test.

restraint subscales (P < 0.001) as well as habitual and emotional
susceptibility to disinhibition (P < 0.0001) were also higher in
women than in men (Table 1).

Association between GRS of obesity and obesity

Figure 2A, B show a normal distribution of the GRS of
obesity. After adjustment for age and sex, the GRS was positively
associated with BMI (8 =0.19 £ 0.04, P < 0.0001) and with WC

(B =0.46 £ 0.10, P < 0.0001). However, GRS only explained
a small percentage of the variance in these anthropometric traits
(i.e., 2.50% for BMI and 2.81% for WC).

Associations among EB traits, genetic susceptibility to
obesity, and obesity

Cognitive restraint showed no association with GRS nor with
BMI or WC (Table 2). No association was also observed for the 5

TABLE 2
Associations between EB traits, GRS of obesity, BMI, and wc!
GRS BMI wC

EB traits r P r P r P

Cognitive restraint 0.04 0.36 —0.02 0.56 —0.04 0.36
Rigid control 0.04 0.28 0.08 0.04 0.08 0.06
Flexible control 0.03 0.53 —0.09 0.03 —0.12 0.003
Strategic dieting behavior 0.05 0.20 —0.03 0.44 —0.04 0.35
Avoidance of fattening foods —0.003 0.94 —0.01 0.72 —0.02 0.63
Attitude to self-regulation 0.04 0.31 0.01 0.89 0.002 0.96

Disinhibition 0.14 0.0005 0.50 <0.0001 0.51 <0.0001
Habitual susceptibility 0.13 0.002 0.49 <0.0001 0.49 <0.0001
Emotional susceptibility 0.04 0.36 0.37 <0.0001 0.38 <0.0001
Situational susceptibility 0.13 0.001 0.31 <0.0001 0.32 <0.0001

Susceptibility to hunger 0.10 0.01 0.32 <0.0001 0.31 <0.0001
Internal locus of hunger 0.10 0.02 0.28 <0.0001 0.27 <0.0001
External locus of hunger 0.09 0.03 0.31 <0.0001 0.29 <0.0001

1'Values are Pearson correlation coefficients (r), adjusted for age and sex. Correlations between EB traits and GRS: n = 595-601; correlations between
EB traits and BMI: n = 595-602; correlations between EB traits and WC: n = 592-598. The GRS was calculated by adding up the number of risk alleles (i.e.,
0, 1, or 2) at each of the 97 obesity-related single nucleotide polymorphisms identified in the most recent meta-analysis of BMI. EB, eating behavior; GRS,

genetic risk score; WC, waist circumference.
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FIGURE 3 Mediation models of the association between GRS of obesity and BMI or WC. (A) Mediation effect of disinhibition on the association between
GRS and BMI, (B) mediation effect of disinhibition on the association between GRS and WC, (C) mediation effect of susceptibility to hunger on the association
between GRS and BMI, and (D) mediation effect of susceptibility to hunger on the association between GRS and WC. Mediations are from linear regression
models. All regression analyses were adjusted for age and sex. ¢’ represents the association between GRS and BMI (A, C) or WC (B, D) when the mediating
variable (i.e., disinhibition or susceptibility to hunger) is in the model. The product of a and b paths (a x b) represents the mediation effect (or the indirect
effect) of EB traits on the association between GRS and BMI or WC and the significant mediation effect is assessed by the Sobel test. n = 598-601. The GRS
was calculated by adding up the number of risk alleles (i.e., 0, 1, or 2) at each of the 97 obesity-related single nucleotide polymorphisms identified in the most

recent meta-analysis of BMI. GRS, genetic risk score; WC, waist circumference.

cognitive restraint subscales with GRS. However, flexible control
showed a negative association with BMI and WC (P = 0.03 and
P = 0.003, respectively), whereas rigid control was weakly but
positively associated with BMI (P = 0.04). The 3 remaining
cognitive restraint subscales were not associated with adiposity
measures. Disinhibition was positively associated with GRS
(P = 0.0005) and with BMI and WC (P < 0.0001). Habitual
and situational susceptibility to disinhibition were also both
positively associated with GRS (P = 0.002 and P = 0.001,
respectively) and with BMI and WC (P < 0.0001). Emotional
susceptibility to disinhibition was positively associated with BMI
and WC (P < 0.0001), but not with GRS. Susceptibility to
hunger and its subscales were all positively associated with GRS
(0.03 > P > 0.01) and with BMI and WC (P < 0.0001).

Based on these results, disinhibition, habitual and situational
susceptibility to disinhibition, susceptibility to hunger, and
internal and external locus of hunger were tested for mediation
between GRS and obesity. Cognitive restraint and all its subscales
were not tested for mediation, because none of these EB traits
were significantly associated with both the GRS and the adiposity
measures (BMI or WC).

EB traits as mediators of genetic susceptibility to obesity

Disinhibition significantly mediated the association between
GRS and BMI (Bingiree« = 0.09 £ 0.03, P = 0.0007,
Figure 3A) as well as WC (Bingirect = 0.20 £ 0.06, P = 0.0007,
Figure 3B). Because the direct associations between GRS and
BMI (B (¢’) =0.16 £ 0.05, P = 0.0006, Figure 3A) and between
GRS and WC (8 (¢’) = 0.39 + 0.10, P = 0.0002, Figure 3B)
remained significant after disinhibition was added as a covariate

in the regression models, disinhibition was identified as a partial
mediator of these associations. Susceptibility to hunger was also
identified as a partial mediator of the association between GRS
and BMI (Bingirect = 0.04 = 0.02, P = 0.02, Figure 3C) and WC
(Bindireet = 0.09 = 0.04, P = 0.02, Figure 3D). The subscales
habitual and situational susceptibility to disinhibition (P = 0.003
or P = 0.002, depending on the associations) and internal and
external locus of hunger (P = 0.03 for each association) were
all identified as partial mediators of the associations between
GRS and BMI and between GRS and WC (Table 3). Sex did not
moderate any of the mediations (data not shown).

DISCUSSION

Understanding how genetic susceptibility to obesity affects
body weight is of great relevance from a perspective of obesity
treatment and prevention. To the best of our knowledge, this is
the first study designed to investigate whether TFEQ-EB traits
and their subscales, using the full version of the TFEQ, mediate
genetic susceptibility to obesity. The results indicate that genetic
susceptibility to obesity is partly mediated by disinhibition,
susceptibility to hunger, and the subscales habitual and situational
susceptibility to disinhibition and internal and external locus of
hunger. These results add further support to the hypothesis that
EB traits are one mechanism by which genes are thought to
influence body weight.

As mentioned above, Konttinen et al. (19) previously showed
that among adults, the association between a GRS of obesity
and BMI or WC was partly mediated by uncontrolled eating and
emotional eating, and the results for the association between GRS
and BMI were recently replicated by de Lauzon-Guillain et al.
(20). In the Konttinen et al. study, these 2 EB traits explained a
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TABLE 3
Mediation models between GRS of obesity, EB traits (subscales), and BMI or wc!
a I axb
B+ SE P B+ SE P B+ SE P B+ SE P?
BMI
Habitual susceptibility 0.03 £ 0.01 0.002 3204+0.24 <0.0001 0.16 + 0.05 0.0004 0.08 +0.03 0.002
Situational susceptibility 0.03 +0.01 0.001 1.59 +0.21 <0.0001 0.19 +0.05 0.0002 0.05 +0.02 0.003
Internal locus of hunger 0.03 £ 0.01 0.02 1.23 +0.18 <0.0001 0.21 +0.05 <0.0001 0.03 +0.02 0.03
External locus of hunger 0.02 +0.01 0.03 1.56 + 0.21 <0.0001 0.21 +0.05 <0.0001 0.03 +0.02 0.03
wC
Habitual susceptibility 0.03 +0.01 0.002 7.03 £ 0.53 <0.0001 0.41 +0.10 <0.0001 0.18 = 0.06 0.002
Situational susceptibility 0.03 £+ 0.01 0.001 3.67 +0.47 <0.0001 047 £0.11 <0.0001 0.12 +0.04 0.002
Internal locus of hunger 0.03 +0.01 0.02 2.55 +0.40 <0.0001 0.52+0.11 <0.0001 0.07 +0.03 0.03
External locus of hunger 0.02 +0.01 0.03 3.38 +0.47 <0.0001 0.51 +0.11 <0.0001 0.07 +0.03 0.03

1Values are regression coefficients 4= SEs from linear regression models adjusted for age and sex. a: association between GRS (independent variable) and
EB trait (mediator); b: association between EB trait (mediator) and BMI or WC (dependent variables); ¢’ association between GRS and BMI or WC controlled
for EB trait (mediator); a x b: mediation effect or indirect effect through which GRS influences BMI or WC (product of a and b). n = 597-602. The GRS
was calculated by adding up the number of risk alleles (i.e., 0, 1, or 2) at each of the 97 obesity-related single nucleotide polymorphisms identified in the most
recent meta-analysis of BMI. EB, eating behavior; GRS, genetic risk score; WC, waist circumference.

2Sobel test indicating the mediation effect.

small part of the association between GRS and obesity, because
B coefficients for the indirect associations observed in this study
ranged between 0.01 and 0.03 (19). Uncontrolled eating, as
assessed by the TFEQ-R18, reflects a combination of items from
the disinhibition and susceptibility to hunger scales from the full
TFEQ, and emotional eating is the same EB trait as the subscale
emotional susceptibility to disinhibition of the full TFEQ and
represents a tendency to eat in response to negative emotions
(21, 28). Thus, the results of the present study are in accordance
with those of this previous study because disinhibition and
susceptibility to hunger were both identified as partial mediators
of the association between GRS and BMI and WC. However,
these 2 EB traits represent substantially higher indirect effects
through which GRS affects BMI or WC in the present study (i.e.,
Bindirect coefficients ranging between 0.04 and 0.20), although
these indirect effects are relatively modest considering the low
reduction in the direct effects (¢’ paths) when the mediators
were added into the models. A discordant result was observed
between the present study and the 2 previous studies based on
adults. Indeed, no association was observed between the subscale
emotional susceptibility to disinhibition and GRS in the present
study, so it could not be tested for mediation, whereas emotional
eating was identified as a partial mediator of genetic susceptibility
to obesity in the Konttinen et al. and de Lauzon-Guillain
et al. studies (19, 20). However, the association between GRS
and emotional eating or emotional susceptibility to disinhibition
was weak in all studies [e.g., ¥ = 0.07, P < 0.001 in the
Konttinen et al. study (19) and r = 0.04, P = 0.36 in the
present study] and this could explain, at least in part, why no
significant correlation was observed in the present sample. More
studies are thus needed to investigate this discordant result. Taken
together, and in addition with studies among children that showed
that genetic susceptibility to obesity was partly explained by a
lower satiety responsiveness (17, 18), these findings suggest that
genetic susceptibility to obesity may be reflected by the presence
of EB traits that favor overeating leading to weight gain and
obesity. Whether a low satiety responsiveness (29) or a low satiety

efficiency (30) represent behavioral pathways through which
genetic susceptibility to obesity affects body weight among adults
remains to be investigated in the future.

The genome-wide meta-analysis of BMI from Locke et al. (2)
reported that the GRS of obesity based on 97 genetic variants
explained 2.7% of the variation in BMI. Using a GRS of obesity
based on the same genetic variants, the present study showed that
2.5% and 2.8% of the variance in BMI and WC, respectively, was
explained by these genetic variants. Although the GRS used in the
present study was based on variants associated with BMI, we used
it in the analysis of WC because both traits are highly correlated
(r=20.95, P < 0.0001). We considered that a GRS based on BMI
variants was more relevant than a GRS based on the 49 genetic
variants recently identified in a GWAS meta-analysis of waist-
to-hip ratio (31) to assess the genetic susceptibility to obesity.
Similar results were also observed by Celis-Morales et al. (32)
and by de Lauzon-Guillain et al. (20) when using a weighted GRS
of obesity comprising respectively 93 and 96 out of the 97 SNPs
from the Locke et al. genome-wide meta-analysis. Although
the variance explained by the GRS in these anthropometric
traits is small, heritability estimates suggest that genetic factors
may play a more important role in the etiology of obesity
than the percentage of variance yet accounted for by genetic
variants (1).

The results pertaining to the associations between GRS of
obesity and EB traits are in accordance with previously reported
results of the QFS. For instance, it was shown that the heritability
estimates of these traits, which included both genetic and shared
familial environment factors, were higher for susceptibility to
hunger and disinhibition than for cognitive restraint (9). Several
loci linked with disinhibition and susceptibility to hunger were
also found in the QFS but no loci were associated with cognitive
restraint in the same study (10). Moreover, because disinhibition
and susceptibility to hunger have been more consistently
positively associated with BMI than cognitive restraint (33-35),
it is not surprising that the GRS of obesity was more correlated
with these EB traits.



EATING BEHAVIORS MEDIATE GENETIC RISK TO OBESITY

This study has several strengths but also some limitations that
need to be outlined. First, to the best of our knowledge, this is the
first time that the mediating effect of EB traits in the association
between genetic susceptibility to obesity and obesity has been
tested with the use of the full version of the TFEQ, allowing
the capture of more refinement and distinct aspects of EB traits
with the 3 main EB traits subscales. Moreover, these mediating
effects were tested with the use of a GRS based on all of the
97 obesity-related genetic variants identified so far. The main
limitation of the present study is its cross-sectional design that
does not allow us to determine directionality between variables.
Even though the association between EB traits and obesity may
be bidirectional, disinhibition and susceptibility to hunger were
previously identified as predictors of weight gain in a longitudinal
setting of the QFS (5), which is consistent with the direction of
associations tested in the mediation models in the present study.
These mediation models need to be tested longitudinally.

In conclusion, the results of this study indicate that disinhi-
bition, susceptibility to hunger, and the subscales habitual and
situational susceptibility to disinhibition and internal and external
locus of hunger may constitute behavioral pathways through
which genetic susceptibility to obesity influences BMI and WC.
These results imply that genes may partly influence obesity
through undesirable EB traits. Because these variables partly
mediated the genetic susceptibility to obesity, other mechanisms
or behaviors not investigated in the present study could also
represent potential pathways in the association between genetic
and obesity. This study highlights the relevance to target EB traits
inindividuals at risk of overweight and obesity from a perspective
of obesity treatment and prevention. Nevertheless, intervention
studies are needed to investigate the best approaches to reduce
undesirable EB traits or increase the ability to cope with these
EB traits, in individuals having a high genetic susceptibility to
obesity.
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