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Abstract

Background—Many genetic variants show highly robust associations with body mass index 

(BMI). However, the mechanisms through which genetic susceptibility to obesity operate are not 

well understood. Potentially modifiable mechanisms, including eating behaviors, are of particular 

interest to public health.

Objective—Here we explore whether eating behaviors mediate or modify genetic susceptibility 

to obesity.

Design—Genetic risk scores for BMI (BMI-GRS) were calculated for 3515 and 2154 adults in 

the Fenland and EDEN population-based cohort studies, respectively. The eating behaviors: 

emotional eating, uncontrolled eating and cognitive restraint, were measured using a validated 

questionnaire. The mediating effect of each eating behavior on the association between the BMI-

GRS and measured BMI was assessed using the Sobel test. Additionally, we tested for interactions 

between each eating behavior and the BMI-GRS on BMI.

Results—The association between the BMI-GRS and BMI was mediated by both emotional 

eating (EDEN: P-Sobel=0.01; Fenland: P-Sobel=0.02) and uncontrolled eating (EDEN: P-
Sobel=0.04; Fenland: P-Sobel=0.0006) in both sexes combined. Cognitive restraint did not 

mediate this association (P-Sobel>0.10), except amongst EDEN women (P-Sobel=0.0009). 

Cognitive restraint modified the relationship between the BMI-GRS and BMI amongst men 

(EDEN: P-interaction=0.0001; Fenland: P-interaction=0.04) and Fenland women (P-

interaction=0.0004). By tertiles of cognitive restraint, the association between the BMI-GRS and 

BMI was strongest in the lowest tertile of cognitive restraint, and weakest in the highest tertile.

Conclusions—Genetic susceptibility to obesity was partially mediated by the ‘appetitive’ eating 

behavior traits (uncontrolled and emotional eating) and, in three of the four population groups 

studied, was modified by cognitive restraint. High levels of cognitive control over eating appear to 

attenuate the genetic susceptibility to obesity. Future research into interventions designed to 

support restraint may help to protect genetically susceptible individuals from weight gain.
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Introduction

There is a substantial genetic contribution to the determination of BMI. Heritability 

estimates from twin studies range from 47% to 90% (1) and the most recent GWAS meta-

analysis identified 97 variants robustly associated with adult BMI (2). The possibility that 
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genetic susceptibility to obesity is mediated or modified by eating behavior has not been 

fully explored.

Eating behaviors are partially heritable (3–5), emerge early in development and appear to be 

stable (6, 7). They are most often measured using validated questionnaires including the 

three factor eating questionnaire (TFEQ). The TFEQ assesses three subscales of eating 

behavior: cognitive restraint (CR), uncontrolled eating (UE) and emotional eating (EE). CR 

describes the intention to restrict food intake to influence shape or weight; UE describes a 

tendency to overeat accompanied by subjective loss of control; and EE indicates a tendency 

to overeat in response to dysphoric emotions. UE and EE are considered ‘appetitive traits’, 

whereas CR is thought to primarily represent an individual’s response to their weight (8).

The Behavioral Susceptibility Theory (BST) posits that genetic susceptibility to obesity is 

mediated by appetitive traits (9). Twin studies have demonstrated shared genetic influences 

on appetitive traits and weight in infancy (4) and many genes implicated by BMI-related 

variants show enriched expression in regions of the brain with an established role in the 

central regulation of eating (2). Moreover, MC4R genotype has been associated to UE (10) 

and EE (11); FTO to satiety responsiveness (12), food intake (13) and binge eating (14); 

NMB to disinhibited eating and hunger (15); and HTR2A to food reinforcement (16). 

However, inconsistencies found in some populations (17) mean further analyses are needed.

The possibility that eating behavior mediates genetic susceptibility to obesity has been 

examined in three previous studies: two in children (18, 19) and one in adults (20). One 

study reported mediation of a 28-locus BMI-GRS to BMI association by ‘satiety 

responsiveness’ amongst 2258 children (mean age: 9.9y) (18). The second study did not 

detect mediation of a 32-locus BMI-GRS to weight gain association by eating behavior 

amongst 652 children aged 6-8 years (19). The adult study tested for mediation of a 90-locus 

BMI-GRS to BMI association by UE and EE in two Finnish cohorts (20). Mediation by EE 

was detected in both cohorts and by UE in one cohort. A fourth study, in adults, reported 

associations between a 32-locus BMI-GRS with UE and EE, but did not explicitly test for 

mediation (21).

To our knowledge, no study to-date has examined mediation by CR or modification of the 

BMI-GRS to BMI association by any of the eating behaviors. Here we tested for both 

mediation and modification of genetic susceptibility to obesity by CR, UE and EE in two 

large, well-characterised population-based adult cohorts.

Subjects and Methods

Participants

The EDEN mother-child study is a prospective cohort that aims to assess pre- and postnatal 

determinants of childhood growth, development and health (22). Briefly, 2002 pregnant 

women were recruited in two French university hospitals before 24 weeks of amenorrhea. 

Exclusion criteria were: multiple pregnancies, known diabetes prior to pregnancy, illiteracy 

and planning to move outside the region in the next three years. At several occasions during 

their pregnancy and the child’s follow-up, mothers answered questionnaires about their own 
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health and lifestyle. A clinical examination and a venous blood taking was organised at 

between 24 and 28 weeks of amenorrhea. Fathers were also invited to participate and to 

provide a venous blood sample at any time during the mother’s pregnancy. The study 

population for the present analysis comprised 2154 individuals (55.7% women) aged 

between 18 and 56 years with complete genotype and eating behavior data.

Ethics for EDEN

The study was approved by the Ethics Committee of the University Hospital of Kremlin-

Bicêtre on December 12, 2002 and data files were declared to the National Committee for 

Processed Data and Freedom. Written consent was obtained from both parents.

The Fenland cohort study is a population based cohort study of volunteers recruited from 

participating General Practices in Ely, Wisbech and the surrounding Cambridgeshire region 

in the UK between 2004 and 2015 (23). Eligible individuals were adults registered at a 

collaborating General Practice and residing in Cambridgeshire at the time of recruitment. 

Exclusion criteria were: clinically diagnosed diabetes mellitus, inability to walk unaided, 

terminal illness (life expectancy of ≤1 year at the time of recruitment), clinically diagnosed 

psychotic disorder, pregnancy or lactation. The study population of the present analysis 

comprised 3515 individuals (53.2% women; 98.5% self-reported white ethnicity) aged 35 to 

64 years. All participants attended a visit to an MRC Epidemiology Unit testing centre 

where data was collected.

Ethics for Fenland

Written informed consent was attained from all participants and the study was approved by 

the Cambridge Local Research Ethics Committee.

Genotyping and BMI Genetic Risk Score (BMI-GRS) generation

In EDEN, DNA from the parents was genotyped for 27 BMI-related variants at the MRC 

Epidemiology Unit, Cambridge (iPLEX platform; Sequenom), as previously described (24). 

In Fenland, DNA was genotyped using the Affymetrix UK Biobank Axiom array. Missing 

genotypes and those not directly measured were imputed via IMPUTE version2 (25) based 

on the 1000 Genomes Project haplotype reference. All required BMI-related variants could 

be imputed with sufficient accuracy (imputation information value >0.4). Of the 97 BMI-

related variants reported by Locke and colleagues in the most recent genome wide meta-

analysis of BMI (2), 96 were appropriate for inclusion in the Fenland BMI-GRS. The 

excluded SNP, rs2033529 (nearest gene: TDRG1), was multi-allelic.

In both cohorts, a weighted genetic risk score for BMI (BMI-GRS) was generated for each 

participant. At each locus, the number of BMI increasing variants was multiplied by the 

effect estimate for the BMI-increasing variant from Locke et al (2) in Fenland and from 

Speliotes et al (26) in EDEN. The products across all 96 SNPs were then summed for each 

participant in Fenland and across 27 SNPs in EDEN.

The 27 loci that comprised the EDEN BMI-GRS are amongst the most strongly associated 

signals in the GWAS analysis used to weight the Fenland BMI-GRS (2). As such, they 
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explain a larger proportion of the variance in BMI than the other 69 SNPs. The 96-locus 

BMI-GRS explains 4% of the variance in BMI in Fenland men and 1% in Fenland women. 

The 27-locus BMI-GRS explains 3% of the variance in BMI in EDEN men and 1% of the 

variance in EDEN women. The BMI-GRS in both cohorts was standardised (by z-score 

transformation) to produce comparable effect estimates in the two studies.

Eating behavior assessment

The most commonly used versions of the Three Factor Eating Questionnaire (TFEQ) are the 

18-item (TFEQ-R18) (27) and 21-item (TFEQ-R21) versions. Both questionnaires assess 

eating behavior using 3 subscales: cognitive restraint (CR; 6 items), uncontrolled eating 

(UE; 9 items) and emotional eating (EE; 3 items in TFEQ-R18; 6 items in TFEQ-R21). The 

TFEQ-R21 was created by adding 3 items to the EE scale of the TFEQ-R18 in order to 

improve discrimination. The TFEQ-R18 was initially developed in an obese population (27) 

but has been validated for use in normal weight populations (28) and can accurately 

distinguish different patterns of eating behavior in the general population (29). The factor 

structure of the TFEQ-R21 has also been replicated in a population-based study of male 

Swedish twins (5).

In the EDEN cohort, parents completed the TFEQ-R21 at 2-y follow-up. In Fenland, the 

TFEQ-R18 was completed at baseline. In each study, subscale scores were generated and 

transformed to a 0 to 100 scale through the following equation: [((raw score – lowest 

possible raw score)/possible raw score range)*100] (29). The scores were then standardised 

to a mean of 0 and SD of 1. Cronbach’s alpha testing inter-correlations between individual 

questionnaire items within each eating behavior subscale were between 0.76 and 0.93 in 

EDEN, and between 0.75 and 0.87 in Fenland. These values suggest a high level of 

reliability of the questionnaire.

Body Mass Index assessment

In EDEN, maternal weight was measured to the nearest 0.1kg using electronic scales 

(Terraillon SL-351, Hanson Ltd, Hemel Hempstead, UK) at the 1-y and 3-y follow up study 

visits and paternal weight was measured at baseline. At 2-y follow up, mothers reported their 

current weight. Parental heights were, where possible (all women and the majority of men) 

measured to the nearest 0.2 cm using a wall-mounted stadiometer (Seca-206, Seca, 

Hamburg, Germany). Participants were barefoot and were asked to remove heavy items of 

clothing whilst measurements were taken. For mothers, as eating behavior was assessed at 2-

y follow-up, we used, in order of priority: 2-y self-reported weight (55%), the mean of 1-y 

and 3-y measured weights (15%), or the 1-y measured weight (30%). Mother’s pre-pregnant 

weight was also self-reported by women at inclusion. For fathers, when anthropometric 

measurements during pregnancy were unavailable, we used self-reported height and weight 

at baseline (11%), or father’s height and weight reported by the mother at baseline (6%).

In Fenland, weight was measured at baseline to the nearest 0.1kg using electronic scales 

(TANITA model BC-418 MA; Tanita, Tokyo, Japan) and height was measured to the nearest 

0.1cm using a wall-mounted stadiometer (SECA 240; Seca, Birmingham, UK). Participants 

de Lauzon-Guillain et al. Page 5

Am J Clin Nutr. Author manuscript; available in PMC 2018 October 14.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



were barefoot and were asked to remove heavy items of clothing whilst measurements were 

taken. In both cohorts, BMI was calculated as: [weight(kg)/height(m)2].

Statistical analyses

The association between the BMI-GRS and BMI was analysed in linear regression models 

with the BMI-GRS as the independent variable and BMI as the dependent variable. The 

models were adjusted for age, sex and, in the EDEN cohort, recruitment centre. This 

constituted the ‘base model’. If an eating behavior was associated with both the independent 

variable (BMI-GRS) and the dependent variable (BMI), we tested for the presence of 

mediation. Mediation is said to occur when a third variable lies on the causal pathway 

between an exposure (in this case, the BMI-GRS) and an outcome (in this case, BMI) 

(Supplemental Figure 1).

To test for mediation, the ‘base model’ was adjusted for each eating behavior separately. The 

presence of mediation was established using the Sobel test (30, 31) and quantified by the 

mediation ratio ((β-β’)/ β), where β is the initial coefficient for BMI from the model BMI ~ 
BMI-GRS, age, (recruitment centre in EDEN) (Path c, Supplemental Figure 1) and β’ is the 

coefficient for BMI after the model is additionally adjusted for eating behavior (Path c’, 
Supplemental Figure 1).

Statistical modification is said to occur when the association between an exposure and an 

outcome differs depending on the level of a third variable (the modifier). To test whether the 

association between the BMI-GRS and BMI was modified by eating behavior, an interaction 

term (BMI-GRS*eating behavior score) was added to the base model for each eating 

behavior. Where modification was identified (P<0.05 for the interaction term), the BMI-

GRS to BMI association was tested within tertiles of the eating behavior score. This step 

was performed in order to make clear any differential effects between groups detected by the 

interaction analysis.

Preliminary analyses showed that sex modified the relationship between the BMI-GRS and 

CR in Fenland (P-value for interaction term=0.02) but not UE (Fenland: P=0.34; EDEN: 

P=0.89) or EE (Fenland: P=0.26; EDEN: P=0.57). Therefore sex-stratified analyses were 

performed for CR in both cohorts. Additionally, CR showed evidence of a non-linear 

association with BMI (Supplemental Figure 2). Therefore, both CR and its quadratic term 

(CR*CR) were added to regression models when testing for mediation by CR.

Emotional eating and UE were highly correlated in both cohorts (Supplemental Table 1). To 

ascertain whether any mediating effects of the two eating behaviours were independent or 

occurred through a shared mechanism, analysis simultaneously accounting for both eating 

behaviours were conducted. First, the mediation effects were assessed in models where both 

eating behaviours were controlled for, representing the specific effects of one eating 

behaviour, whilst controlling for the other. Second, we modelled the mediation effects of the 

residuals from a model predicting EE from UE (and vice-versa). This was designed to reveal 

a mediation effect of the component of each eating behaviour that is independent of the other 

eating behaviour. Finally, in the EDEN study, sensitivity analyses were conducted using 
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maternal pre-pregnant BMI to explore whether results in EDEN may be confounded by 

recent pregnancy.

Analyses were performed using SAS version 9.3 (SAS, Cary, NC) in EDEN, and Stata 

version 14 (StataCorp LCC, College Station, TX) in Fenland. Supplemental Figure 2 was 

produced using R Studio version 3.1.1 in EDEN and R version 3.3.1 in Fenland.

Results

The characteristics of the study populations are summarised in Table 1. The mean age of 

participants in Fenland (51 years in both sexes) was higher than in EDEN (men: 32 years; 

women: 30 years). The prevalence of obesity in Fenland (men: 24.1%; women: 21.6%) was 

approximately double that in EDEN (men: 9.0%; women: 11.4%). The Fenland participants 

also scored higher on all 3 eating behaviors than the EDEN participants. In both cohorts, 

women had higher scores for all eating behaviors than men. In both cohorts, EE and UE 

showed strong positive inter-correlations whilst their inter-correlations with CR were weaker 

(Supplemental Table 1).

Eating behavior and BMI

EE and UE showed positive linear associations with BMI in both cohorts (Table 2; 

Supplemental Figure 2). When both EE and UE were considered simultaneously, only EE 

remained associated with BMI in EDEN (EE: beta=1.08kg/m2 (95% CI: 0.85, -1.31); UE: 

beta=0.22kg/m2 (95% CI: -0.02, 0.46)). Although both eating behaviours maintained 

significant but reduced associations with BMI in Fenland (EE: beta=1.35kg/m2 (95% CI: 

1.15, 1.55); UE: beta= 0.65kg/m2 (95% CI: 0.45, 0.85) (Supplemental Table 2).

Due to modification of the BMI-GRS to CR association by sex, CR was analysed in men 

and women separately. In both cohorts, in both men and women, there was a quadratic 

association between CR and BMI (Table 3, all P<1x10-3 for the quadratic term). At lower 

levels of CR, BMI appeared to be positively associated with CR, but at higher levels of CR, 

BMI values plateaued in EDEN and declined in Fenland (Supplemental Figure 2).

When stratified by BMI (BMI <25kg/m2 and BMI ≥25kg/m2), a positive linear association 

between CR and BMI was found amongst all groups with BMI<25kg/m2 (Fenland: men: 

beta=0.24kg/m2 (95% CI: 0.10, 0.37); P=7.0x10-4; women: beta=0.25kg/m2 (95% CI: 0.13, 

0.36); P=2.0x10-5. EDEN: men: beta=0.57kg/m2 (95% CI: 0.43, 0.72); P<1.0x10-10; 

women: beta=0.69kg/m2 (95% CI: 0.55, 0.83); P<1.0x10-10). However, amongst overweight/

obese participants (BMI ≥25kg/m2): an inverse association between CR and BMI was found 

in Fenland men (beta=-0.22kg/m2, 95% CI: -0.43, -0.002; P=0.05) and women 

(beta=-0.64kg/m2, 95% CI: -0.97, -0.33; P=8.3x10-5), and no association was found in 

EDEN men (beta=0.01kg/m2; 95% CI: -0.13, 0.16; P=0.85) or (women: beta=-0.08kg/m2, 

95% CI: -0.28, 0.11; P=0.40).

The BMI-GRS and eating behavior

In both cohorts, in both sexes combined, the BMI-GRS was positively associated with EE 

(Fenland: P=0.02; EDEN: P=0.01) and UE (Fenland: P=5x10-4; EDEN: P=0.04). In men, 
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the BMI-GRS was not related to CR (linear and quadratic CR terms: P>0.20). In women in 

both cohorts, the BMI-GRS was positively associated with the linear CR term (P<1x10-3) 

but not to the quadratic CR term (P>0.30).

Individual SNP to eating behaviour associations are generally underpowered. However, in 

Fenland, nine SNPs showed nominally significant (P<0.05) associations with EE (six 

positive), eight with UE (five positive) and five with CR (one positive) (Supplemental Table 

5). In EDEN, four SNPs showed nominally significant associations with EE (three positive), 

three with UE (one positive) and two with CR (two positive) (Supplemental Table 6).

Mediation by eating behaviors

In both cohorts, UE and EE partially mediated the relationship between the BMI-GRS and 

BMI (Table 2). For EE, the mediation ratio (Sobel test P-value) was 11% (P=0.01) in EDEN 

and 10% (P=0.02) in Fenland. For UE, the corresponding values were 6% (P=0.04) in 

EDEN and 12% (P=<0.0006) in Fenland. Controlling for UE, EE did not independently 

mediate the BMI-GRS to BMI association in either cohort (Supplemental Table 4). 

Controlling for EE, UE did not mediate the association in EDEN, but was a mediator in 

Fenland (Supplemental Tables 2 and 3).

The quadratic CR term did not meet the pre-defined conditions to be analysed as a mediator 

(see Methods) as it was not associated with the BMI-GRS and BMI. Despite non-linearity of 

the association between CR and BMI, amongst EDEN women only, the linear CR term was 

associated with both the BMI-GRS and BMI. In this group only, the linear CR term 

appeared to mediate the association between the BMI-GRS and BMI (mediation ratio=19%; 

Sobel test P-value=0.0009). However, we do not consider CR to be a true mediator between 

the BMI-GRS and BMI (see discussion). Analysis of pre-pregnancy BMI in EDEN women, 

instead of 2-y post-partum BMI, did not substantially alter the mediation analysis results 

(Supplemental Table 4).

Modification by eating behaviors

We found a significant interaction between CR and the BMI-GRS on BMI amongst men in 

both cohorts (EDEN: P-interaction=0.0001; Fenland: P-interaction=0.04) and amongst 

women in Fenland (P=0.0004) but not amongst women in EDEN (P-interaction=0.14). 

Neither UE nor EE showed evidence of interaction with the BMI-GRS.

For all groups showing evidence of interaction, when participants were grouped into tertiles 

by CR score, the association between the BMI-GRS and BMI was strongest in the lowest 

tertile of CR and weakest in the highest tertile (Figure 1).

Discussion

In two large population-based cohort studies, we show that the association between a 

polygenic genetic risk score for BMI (BMI-GRS) and BMI was both mediated and modified 

by eating behavior. Specifically, the appetitive traits (UE and EE) partially mediated genetic 

susceptibility obesity and, with the exception of EDEN women, CR modified this genetic 

de Lauzon-Guillain et al. Page 8

Am J Clin Nutr. Author manuscript; available in PMC 2018 October 14.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



predisposition. Our findings are based on 3515 predominantly British adults aged 35-64 

years in the Fenland study and 2154 French adults aged 18-56 years in the EDEN study.

In both our cohorts, UE and EE demonstrated positive linear associations with BMI. Whilst 

both analyses were cross-sectional, these findings are consistent with non-genetic reports 

that EE (32, 33) and UE-related behaviors, including disinhibited eating (34), are positively 

associated with prospective changes in BMI. Our mediation results for UE and EE 

corroborate a growing body of evidence in support of the Behavioral Susceptibility Theory 

of obesity (BST) (9). Previous evidence in support of BST includes the finding that obesity-

related genetic variants are expressed in areas of the brain involved in the regulation of food 

intake (2) and reported relationships between single BMI-related variants and appetitive 

aspects eating behavior (11, 12, 15, 16). Explicit testing for mediation by appetitive traits 

has only previously been reported in one study in adults and two studies in children. Our 

analyses suggest the mediating effects of UE and EE act through a common mechanism, 

likely related to food responsiveness.

Konttinen et al tested for mediation of the association between a 90-locus BMI-GRS and 

BMI by UE and EE in two Finnish cohorts: adults aged 25-74 years in the DILGOM study 

(19.6% of men and 22.9% of women were obese) and twins aged 21-26 years in the 

FinnTwin12 study (5.7% of men and 4.7% of women were obese) (20). In both cohorts they 

measured eating behavior using the TFEQ-R18. They reported partial mediation by EE in 

both cohorts and by UE in DILGOM, but did not test for mediation by CR. Corroborating 

these findings, we report mediation by EE and UE in both our cohorts. The lack of 

mediation by UE in FinnTwin12 may be the result of low levels of obesity or the young age 

of participants relative to the 3 other cohorts. Consistent with our results, Konttinen et al also 

reported sex differences in UE and EE, with women scoring more highly, but no interaction 

between the BMI-GRS and sex on BMI (20).

Eating behavior traits in children are not directly comparable to those in adults. However, 2 

studies directly testing mediation by appetitive traits in children have been conducted. 

Mediation of a 28-locus BMI-GRS to BMI association by satiety responsiveness (SR) was 

demonstrated amongst 2258 children aged 8 to 11 years in one study (18). Only the Adult 

Eating Behavior Questionnaire (developed in 2016) measures SR in adults (35). As such, 

this finding is not directly comparable to the results of our study. However, SR measures 

feelings of hunger and fullness and may be considered broadly consistent with items on the 

UE scale of the TFEQ. A second study in 662 children aged 6-8y did not detect mediation of 

a 32-locus BMI-GRS to weight gain association by eating behavior, measured by the 

Children’s Eating Behavior Questionnaire (19, 36). It is possible either that these 

relationships are not evident in this age group or that the sample size was not sufficient to 

detect an effect.

Our results suggest that the relationships between CR, the BMI-GRS and BMI are distinct 

from those of UE and EE. The association between CR and BMI appeared to be quadratic in 

all groups. Amongst underweight or normal weight participants (<25kg/m2), there was a 

positive linear association, whilst amongst overweight and obese adults (BMI ≥25kg/m2), 

the association was negative in Fenland women and non-significant in all other groups.
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We do not conclude that CR is a positive mediator of the genetic susceptibility to higher 

BMI, as indicated by EDEN women. Indeed, longitudinal evidence suggests that CR is more 

likely to be a consequence than a cause of elevated BMI (39, 40). We speculate that CR 

might represent a response to increasing BMI amongst normal weight individuals. This is 

supported by evidence from other studies suggesting that CR is often motivated by a desire 

to prevent weight gain, rather than to instigate weight loss (37). Conversely, the 

abandonment of restraint might contribute to overweight and obese, explaining the quadratic 

association in our study. Longitudinal data with repeated assessments of eating behavior and 

BMI are needed to better understand this relationship.

In support of a limiting effect of CR on BMI, we show for the first time that CR modifies the 

association between the BMI-GRS and BMI. In all groups showing an interaction between 

the BMI-GRS and CR on BMI (men in both cohorts and women in Fenland), the effect of 

the BMI-GRS on BMI was strongest amongst those with the lowest levels of CR and was 

weakest amongst those with the highest levels of CR. This novel finding suggests that CR 

could help to protect genetically susceptible individuals from excessive weight gain. In a 

previous study, higher scores for restraint over eating were found in non-obese adults who 

reported a history of obesity during childhood or adolescence compared to non-obese adults 

who did not report a history of obesity (41). This speculatively suggests that CR might be 

effectively controlling the weight of these individuals in adulthood, despite a propensity to 

weight gain and that dietary restraint might be beneficial to weight control under specific 

circumstances.

The main strengths of the present study include the corroboration of findings across two 

large, well phenotyped, population-based cohorts each containing validated measures of 

eating behavior. The main limitation of our study is the cross-sectional design of the 

analyses. Further research is needed to confirm the directions of the relationships between 

eating behavior traits and BMI, especially for CR. Further, whilst the results in the two 

cohorts are broadly consistent, no modifying effect of CR was identified amongst women in 

the EDEN cohort. Eating behaviors and BMI were assessed in EDEN women at 2 years 

post-partum, a time when cognitive restraint and weight are plausibly still altered by 

pregnancy. The results were similar when using self-reported pre-pregnant BMI and it 

remains uncertain why CR might have a different relationship with BMI in this group.

In summary, our findings suggest that genetic susceptibility to obesity is partially mediated 

by appetitive traits and is modified by CR. Intervention studies that aim to modify eating 

behavior should test whether increasing CR might help to mitigate genetic susceptibility to 

obesity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effect modification of the BMI-GRS to BMI association by cognitive restraint. The first 

tertile refers to the lowest tertile of cognitive restraint and the third tertile refers to the 

highest.
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Table 1
Characteristics of the EDEN and FENLAND cohorts

EDEN FENLAND

Men (n=954) Women (n=1200) Men (n=1646) Women (n=1869)

Age (yrs) 32.2 (5.6) 29.9 (4.7) 50.7 (7.3) 50.9 (7.2)

BMI (kg/m2) 25.2 (3.6) 24.1 (4.8) 27.6 (4.2) 26.6 (5.3)

BMI status 1

      Underweight 0.7% (7) 6.2% (74) 0.4% (7) 1.2% (22)

      Normal weight 51.6% (492) 60.6% (727) 27.2% (449) 43.9% (821)

      Overweight 38.7% (369) 21.8% (262) 48.2% (793) 33.3% (622)

      Obese 9% (86) 11.4% (137) 24.1% (397) 21.6% (404)

Cognitive restraint (0-100 scale) 20.7 (18.0) 32.7 (21.2) 35.5 (19.0) 45.8 (19.1)

Emotional eating (0-100 scale) 16.2 (21.1) 34.5 (27.4) 27.1 (24.8) 42.2 (28.0)

Uncontrolled eating (0-100 scale) 23.3 (18.5) 23.4 (17.7) 29.1 (17.5) 31.0 (17.7)

Values are mean (SD) or % (n)

1
WHO BMI categories: Underweight <18.5kg/m2; Normal weight 18.5-24.9kg/m2; Overweight ≥25kg/m2; Obese ≥30 kg/m2

Am J Clin Nutr. Author manuscript; available in PMC 2018 October 14.



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

de Lauzon-Guillain et al. Page 16

Ta
b

le
 2

Te
st

s 
fo

r 
m

ed
ia

ti
on

 o
f 

th
e 

B
M

I-
ge

ne
ti

c 
ri

sk
 s

co
re

 (
B

M
I-

G
R

S)
 t

o 
B

M
I 

as
so

ci
at

io
n 

by
 E

m
ot

io
na

l e
at

in
g 

an
d 

U
nc

on
tr

ol
le

d 
ea

ti
ng

B
M

I-
G

R
S 

to
 T

F
E

Q
T

F
E

Q
 t

o 
B

M
I

B
M

I-
G

R
S 

to
 B

M
I

B
M

I-
G

R
S 

to
 B

M
I 

(a
dj

. f
or

 
T

F
E

Q
)

So
be

l t
es

t 
P

-v
al

.
M

ed
ia

ti
on

 r
at

io
 (

%
)

E
ff

ec
t 

si
ze

 (
95

%
C

I)
P

-v
al

.
E

ff
ec

t 
si

ze
 (

95
%

C
I)

P
-v

al
.

E
ff

ec
t 

si
ze

 (
95

%
C

I)
P

-v
al

.
E

ff
ec

t 
si

ze
 (

95
%

C
I)

P
-v

al
.

E
m

ot
io

na
l e

at
in

g

   
  E

D
E

N
 (

n=
21

54
)

0.
06

 (
0.

01
, 0

.1
0)

0.
01

1.
22

 (
1.

04
, 1

.3
9)

<
1×

10
-1

0
0.

62
 (

0.
44

, 0
.8

0)
<

1×
10

-1
0

0.
55

 (
0.

38
, 0

.7
2)

4×
10

-1
0

0.
01

10
.8

%

   
  F

en
la

nd
 (

n=
35

15
)

0.
04

 (
0.

01
, 0

.0
7)

0.
02

1.
78

 (
1.

63
, 1

.9
4)

<
1×

10
-1

0
0.

70
 (

0.
54

, 0
.8

5)
<

1×
10

-1
0

0.
63

 (
0.

48
, 0

.7
8)

<
1×

10
-1

0
0.

02
10

.0
%

U
nc

on
tr

ol
le

d 
ea

ti
ng

   
  E

D
E

N
 (

n=
21

54
)

0.
04

 (
0.

00
, 0

.0
9)

0.
04

0.
92

 (
0.

74
, 1

.1
0)

<
1×

10
-1

0
0.

62
 (

0.
44

, 0
.8

0)
<

1×
10

-1
0

0.
58

 (
0.

40
, 0

.7
5)

1×
10

-1
0

0.
04

6.
4%

   
  F

en
la

nd
 (

n=
35

15
)

0.
06

 (
0.

03
, 0

.0
9)

5×
10

-4
1.

50
 (

1.
35

, 1
.6

5)
<

1×
10

-1
0

0.
70

 (
0.

54
, 0

.8
5)

<
1×

10
-1

0
0.

61
 (

0.
46

, 0
.7

6)
<

1×
10

-1
0

6×
10

-4
12

.0
%

E
ff

ec
t s

iz
es

 a
nd

 9
5%

 c
on

fi
de

nc
e 

in
te

rv
al

s 
ar

e 
fr

om
 le

as
t s

qu
ar

es
 li

ne
ar

 r
eg

re
ss

io
n 

m
od

el
s.

 A
ll 

m
od

el
s 

w
er

e 
ad

ju
st

ed
 f

or
 a

ge
, s

ex
 a

nd
 (

in
 E

D
E

N
) 

re
cr

ui
tm

en
t c

en
tr

e

T
he

 B
M

I-
G

R
S 

an
d 

T
FE

Q
 s

co
re

s 
w

er
e 

al
l s

ta
nd

ar
di

se
d 

to
 z

-s
co

re
s 

(m
ea

n=
0;

 S
D

=
1)

Am J Clin Nutr. Author manuscript; available in PMC 2018 October 14.



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

de Lauzon-Guillain et al. Page 17

Ta
b

le
 3

Te
st

s 
fo

r 
m

ed
ia

ti
on

 o
f 

th
e 

B
M

I-
ge

ne
ti

c 
ri

sk
 s

co
re

 (
B

M
I-

G
R

S)
 t

o 
B

M
I 

as
so

ci
at

io
n 

by
 C

og
ni

ti
ve

 R
es

tr
ai

nt

B
M

I-
G

R
S 

to
 T

F
E

Q
T

F
E

Q
 t

o 
B

M
I

B
M

I-
G

R
S 

to
 B

M
I

B
M

I-
G

R
S 

to
 B

M
I 

(a
dj

. f
or

 
T

F
E

Q
)

So
be

l t
es

t 
P

-v
al

.
M

ed
ia

ti
on

 r
at

io
 (

%
)

E
ff

ec
t 

si
ze

 (
95

%
C

I)
P

-v
al

.
E

ff
ec

t 
si

ze
 (

95
%

C
I)

P
-v

al
.

E
ff

ec
t 

si
ze

 (
95

%
C

I)
P

-v
al

.
E

ff
ec

t 
si

ze
 (

95
%

C
I)

P
-v

al
.

C
og

ni
ti

ve
 r

es
tr

ai
nt

 (
lin

ea
r 

te
rm

)

   
   

 M
en

   
   

   
  E

D
E

N
 (

n=
95

4)
0.

04
 (

-0
.0

2,
 0

.1
0)

0.
21

0.
98

 (
0.

76
, 1

.2
0)

<
1x

10
-1

0
0.

37
 (

0.
15

, 0
.6

0)
1x

10
-3

--
--

--
--

   
   

   
  F

en
la

nd
 (

n=
16

46
)

0.
00

 (
-0

.0
5,

 0
.0

5)
0.

94
0.

14
 (

-0
.0

6,
 0

.3
5)

0.
17

0.
79

 (
0.

60
, 0

.9
9)

<
1x

10
-1

0
--

--
--

--

   
   

 W
om

en

   
   

   
  E

D
E

N
 (

n=
12

00
)

0.
10

 (
0.

04
, 0

.1
5)

6x
10

-4
1.

62
 (

1.
36

, 1
.8

8)
<

1x
10

-1
0

0.
80

 (
0.

53
, 1

.0
7)

6x
10

-9
0.

65
 (

0.
39

, 0
.9

0)
<

1x
10

-1
0

9x
10

-4
19

.0
%

   
   

   
  F

en
la

nd
 (

n=
18

69
)

0.
07

 (
0.

03
, 0

.1
2)

9x
10

-4
0.

10
 (

-0
.1

5,
 0

.3
5)

0.
42

0.
61

 (
0.

38
, 0

.8
5)

5x
10

-7
--

--
--

--

C
og

ni
ti

ve
 r

es
tr

ai
nt

 (
qu

ad
ra

ti
c 

te
rm

) 
1

   
   

 M
en

   
   

   
  E

D
E

N
 (

n=
95

4)
-0

.0
2 

(-
0.

09
, 0

.0
4)

0.
51

-0
.3

4 
(-

0.
55

, -
0.

14
)

9x
10

-4
0.

37
 (

0.
15

, 0
.6

0)
1x

10
-3

--
--

--
--

   
   

   
  F

en
la

nd
 (

n=
16

46
)

0.
00

 (
-0

.0
1,

 0
.0

1)
0.

96
-1

.8
0 

(-
2.

53
, -

1.
07

)
2x

10
-6

0.
79

 (
0.

60
, 0

.9
9)

<
1x

10
-1

0
--

--
--

--

   
   

 W
om

en

   
   

   
  E

D
E

N
 (

n=
12

00
)

-0
.0

1 
(-

0.
08

, 0
.0

5)
0.

71
-0

.4
9 

(-
0.

71
, -

0.
27

)
1x

10
-5

0.
80

 (
0.

53
, 1

.0
7)

6x
10

-9
--

--
--

--

   
   

   
  F

en
la

nd
 (

n=
18

69
)

-0
.0

1 
(-

0.
02

, 0
.0

1)
0.

31
-2

.1
6 

(-
3.

02
, -

1.
30

)
8x

10
-7

0.
61

 (
0.

38
, 0

.8
5)

5x
10

-7
--

--
--

--

E
ff

ec
t s

iz
es

 a
nd

 9
5%

 c
on

fi
de

nc
e 

in
te

rv
al

s 
ar

e 
fr

om
 le

as
t s

qu
ar

es
 li

ne
ar

 r
eg

re
ss

io
n 

m
od

el
s.

 A
ll 

m
od

el
s 

w
er

e 
ad

ju
st

ed
 f

or
 a

ge
, s

ex
 a

nd
 (

in
 E

D
E

N
) 

re
cr

ui
tm

en
t c

en
tr

e

1 E
ff

ec
t e

st
im

at
es

 r
ef

er
 to

 th
e 

qu
ad

ra
tic

 te
rm

. M
od

el
s 

w
er

e 
ad

di
tio

na
lly

 a
dj

us
te

d 
fo

r 
th

e 
lin

ea
r 

te
rm

--
 N

ot
 a

pp
lic

ab
le

. T
he

 e
at

in
g 

be
ha

vi
or

 w
as

 n
ot

 a
ss

oc
ia

te
d 

w
ith

 b
ot

h 
th

e 
B

M
I-

G
R

S 
an

d 
B

M
I 

an
d,

 a
s 

su
ch

, c
ou

ld
 n

ot
 b

e 
co

ns
id

er
ed

 a
s 

a 
m

ed
ia

to
r 

of
 th

e 
as

so
ci

at
io

n 
be

tw
ee

n 
th

e 
B

M
I-

G
R

S 
an

d 
B

M
I

T
he

 B
M

I-
G

R
S 

an
d 

T
FE

Q
 s

co
re

s 
w

er
e 

al
l s

ta
nd

ar
di

se
d 

to
 z

-s
co

re
s 

(m
ea

n=
0;

 S
D

=
1)

Am J Clin Nutr. Author manuscript; available in PMC 2018 October 14.


	Abstract
	Introduction
	Subjects and Methods
	Participants
	Ethics for EDEN
	Ethics for Fenland
	Genotyping and BMI Genetic Risk Score (BMI-GRS) generation
	Eating behavior assessment
	Body Mass Index assessment
	Statistical analyses

	Results
	Eating behavior and BMI
	The BMI-GRS and eating behavior
	Mediation by eating behaviors
	Modification by eating behaviors

	Discussion
	References
	Figure 1
	Table 1
	Table 2
	Table 3

