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Abstract: The present study investigated whether an unhealthy diet and other lifestyle behaviors may
modify the genetic susceptibility to impulsivity. A total of 33,047 participants (mean age = 42.1 years,
59.8% females) from the Dutch Lifelines cohort were included. Each diet index and other lifestyle
behaviors were tested for their interactions on the effect on the attention-deficit/hyperactivity disorder
(ADHD) polygenic risk score (PRS) on impulsivity using a linear regression model with adjustment
for covariates. The ADHD PRS was significantly associated with impulsivity (B = 0.03 (95% CI: 0.02,
0.04); p = 2.61 × 10−9). A poorer diet, a higher intake of energy, and a higher intake of fat were all
associated with higher impulsivity, and a high intake of energy amplified the effect of ADHD PRS
on impulsivity (e.g., for the interaction term of ADHD PRS and highest tertile on intake of energy,
B = 0.038 (95% CI: 0.014, 0.062); p = 0.002. The other lifestyle factors, namely short and long sleep
duration, current and past smoking, higher alcohol intake, and more time spent on moderate-to-
vigorous physical activity were associated with higher impulsivity, but no interaction effect was
observed. In conclusion, we found that a high intake of energy exacerbated the genetic susceptibility
to impulsivity. Our study helps to improve our understanding of the role of diet and genetic factors
on impulsivity.

Keywords: dietary habits; lifestyle behaviors; genetic susceptibility; diet-gene interaction; impulsivity

1. Introduction

Impulsivity is a complex, multidimensional trait that may be defined as ‘a predispo-
sition toward rapid, unplanned reactions to internal or external stimuli, with diminished
regard to the negative consequences that such reactions may have for the impulsive in-
dividual or others’ [1,2]. The lifetime prevalence of self-reported impulsivity was found
to be 16.9% in a large national sample of the United States population [3]. Impulsivity is
one of core symptoms of attention-deficit/hyperactivity disorder (ADHD) that is a persis-
tent neurodevelopmental disorder affecting 2.5% of adults worldwide [4]. Furthermore,
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individuals with excessive or maladaptive impulsivity are at increased risk of serious con-
sequences, including aggressive and criminal behavior, as well as developing psychiatric
disorders, such as bipolar spectrum disorders and substance abuse disorders [1]. These
problems, along with their considerable societal costs [5], justify research on impulsivity to
better understand its complicated etiology, particularly the modifiable factors that may be
potential targets in preventive interventions.

Both genetic and environmental factors influence impulsivity. A meta-analysis of
twin, family, and adoption studies demonstrated that approximately 50% of the variance
in impulsivity was explained by genetic influences [6]. A genome-wide association study
(GWAS) on impulsive personality traits in up to 22,861 adults identified two genome-wide
significant loci [7]. However, most of our knowledge on impulsivity genes comes from
studies on ADHD [8,9], which have shown a strong genetic correlation with impulsiv-
ity [7,10]. The latest GWAS meta-analysis of ADHD on 38,691 individuals with ADHD and
186,843 controls identified 27 genome-wide significant loci, which is more than twice the
number previously reported [9]. Previous studies showed that a polygenic risk of ADHD
was consistently associated with trait impulsivity at ages spanning from early childhood to
adolescence [11,12]. These studies used earlier GWASs [8,13] to calculate the polygenic risk
of ADHD, and as ADHD genetic studies keep increasing their sample sizes, an updated
polygenic risk of ADHD using the latest GWAS is expected to have a better prediction
accuracy for impulsivity.

Previous research has also revealed associations between impulsivity and environ-
mental factors, such as lifestyle choices. For instance, a cross-sectional study of 51,368 adult
participants found that impulsivity was positively associated with energy intake and nega-
tively associated with diet quality [14]. A longitudinal study showed that a diet high in
‘junk food’ in early childhood was associated with increased hyperactivity at age seven [15].
Furthermore, adhering to multiple lifestyle recommendations in early adolescence has been
shown to have strong associations with a decreased incidence of ADHD until age 14 [16].

Furthermore, etiological theories highlight interactions between genes and the environ-
ment underlying impulsivity [17]. Twin studies have shown that genetic factors play a more
prominent role in ADHD development in the presence of a diet rich in sugar and unhealthy
foods, which suggests the existence of diet-gene interactions in ADHD symptoms [18].
Several studies also used a candidate gene approach to explore the gene-environment
interaction in ADHD or impulsivity. For example, two studies suggested that maternal
prenatal smoking, as well as maternal use of alcohol during pregnancy modified the impact
of the dopamine transporter gene (DAT) on ADHD, i.e., DAT was associated with ADHD
only when the children had exposure to maternal prenatal smoking or maternal alcohol
drinking during the pregnancy [19,20]. However, the selection of appropriate candidate
genes in these studies assumes solid knowledge of the specific underlying biological mech-
anisms that remains rather limited. Furthermore, recent genetic studies [7,9] suggest that
the genetic architecture of ADHD and impulsivity are highly complex and polygenic, i.e.,
they are influenced by thousands of common variants with minor effects rather than by
a few variants of large effects. In light of these limitations, GxE research has transitioned
from the candidate gene approach toward the polygenic risk score (PRS) approach that
aggregates the effects of individual common genetic variants on traits [17]. Nonetheless,
few studies have addressed the diet-gene interaction on impulsivity or ADHD using the
PRS approach, and research exploring interactions between genetic factors and a wide
range of lifestyle factors in impulsivity or ADHD is also lacking [21].

Therefore, in our study, we investigated whether an unhealthy diet and other lifestyle
behaviors (i.e., physical activity, sleep, smoking, drinking) modify the genetic susceptibility
to impulsivity, a symptom of ADHD, using a calculated PRS based on the most recent
meta-GWAS results on ADHD.
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2. Materials and Methods
2.1. Participants

The Lifelines cohort study (Lifelines) is a multi-disciplinary prospective population-
based cohort study examining the health and health-related behaviors of 167,729 persons
living in the north of the Netherlands, in a unique three-generation design [22]. It employs
a broad range of investigative procedures in assessing the biomedical, socio-demographic,
behavioral, physical, and psychological factors that contribute to the health and disease of
the general population, with a particular focus on multi-morbidity and complex genetics.
Between 2006 and 2013, a large number of general practitioners (GPs) were involved and
invited all of their listed patients aged 25–50 years. Willing respondents and their family
members (children, parents, partners) were asked to participate.

For the current study, baseline data were used applying the following exclusion
criteria: (a) age < 18; (b) self-reported diagnosis of any neurological disorder (e.g., epilepsy,
dementia); (c) missing or incomplete data on overall diet quality or impulsivity; and (d)
missing genetic data or non-European ancestry. The final sample of N = 33,047 participants
was included in the analyses (see flowchart, Figure 1).
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2.2. Outcome: Impulsivity

At baseline, 32 selected items from the 240-item NEO personality index (The NEO
personality inventory–revised (NEO-PI-R) is a personality inventory that assesses an indi-
vidual on five personality dimensions [23]) were administered, including all items consti-
tuting of the impulsivity facet of the neuroticism scale, the excitement-seeking facet of the
extraversion scale, and the deliberateness and self-discipline facets of the conscientiousness
scale. Each facet consists of eight items scored on a five-point Likert scale (e.g., “I often do
things without thinking”; 1 = “strongly disagree” to 5 = “strongly agree”), resulting in facet
sum scores ranging from 8 to 40. The self-discipline and deliberateness facet sum scores
were inverted, such that higher scores indicated more impulsive behaviors. Next, a single
principal component was extracted based on Pearson’s correlations between the four facet
sum scores. All sum scores loaded positively on the principal component (deliberateness
[inverted]: 0.822; impulsivity: 0.816; self-discipline [inverted]: 0.678; excitement-seeking:
0.371) indicated a unitary construct. The construct was named the trait impulsivity and a
single impulsivity score per subject was derived. Note that the calculation of the principal
component scores was based on N = 109,543 (i.e., on all eligible participants with and
without genetic data) to obtain more precise estimations.

2.3. Predictor: ADHD PRS

For some of the Lifelines participants, genome-wide genotype data were available.
Among participants in the current study, DNA samples were genotyped using the Illumina
Global Screening array (N = 27,075) and Illumina CytoSNP12v2 array (N = 5972). Following
quality control, both genotyping datasets were then imputed into the Sanger imputation
server using the Haplotype Reference Consortium panel r1.1 [24]. Details of genotyping,
quality control, and imputation in Lifelines have been published elsewhere [25].

The ADHD PRS was calculated to represent the cumulative effects of many common
genetic variants on ADHD. Because the GWASs on ADHD [8,9] were more powerful and
identified more loci than the GWAS on impulsive personality traits [7], we built the ADHD
PRS using the most recent meta-GWAS on ADHD conducted on 38,691 ADHD cases and
186,843 controls with European ancestry [9]. Multiallelic SNPs and SNPs with ambiguous
strands (A/T or C/G) were removed from the ADHD GWAS summary results. Overlapping
SNPs across GWAS results and the Lifelines sample with minor allele frequency (MAF > 1%)
and imputation quality (INFO > 0.8) were kept. To obtain an independent set of SNPs,
an LD-driven clumping procedure was performed in PLINK (r2 < 0.1, 250 kb window)
using the LD reference panel of 503 European samples from phase 3 of the 1000 Genomes
Project [26]. For each individual, the PRSs were calculated by multiplying the risk allele
dosages for each SNP by its respective weight (the log of the odds ratio) and then summing
all SNPs in the score. Scores were constructed at 11 selected p-value thresholds (5 × 10−8,
1 × 10−7, 1 × 10−6, 1 × 10−5, 1 × 10−4, 1 × 10−3, 0.01, 0.05, 0.1, 0.5, 1) and were then
standardized using z-score transformations in R software. Finally, a principal component
analysis (PCA) was performed on these scores and the first principal component was
extracted as the final ADHD PRS. This approach is called the PRS-PCA approach, that
avoids optimizing the parameters to construct the PRS, and has been shown to be an
unbiased and powerful way to index polygenic risk [27].

To calculate the percentage of impulsivity variance explained by the ADHD PRS, we
generated the residuals from a linear regression of impulsivity against age, sex, genotyping
chip, four genetic principal components (PCs), and interactions between genotyping chip
and each genetic PC, then we fit a second linear model for the residuals with the ADHD PRS.
The adjusted R2 of the second model is the estimation of the percentage of the impulsivity
variance explained by the ADHD PRS. The ADHD PRS explained 0.39% (p = 5.4 × 10−30)
of the variance on impulsivity.
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2.4. Moderator: Diet

Participants’ past-month food intake was collected using a 110-item semi-quantitative
food frequency questionnaire (FFQ) [28]. For each food-item, participants reported con-
sumption frequency on a seven-point categorical scale (ranging from “not this month” to
“6–7 days/week”). Portion sizes were estimated using natural portions and commonly
used household measures. From the FFQ data, total energy intake in kcal/day was esti-
mated using the 2011 Dutch food composition database [29]. Reliability was assessed by
comparing the total daily energy intake to the basal metabolic rate (BMR), as estimated
by the Schofield equations [30]. Participants reporting <0.79 or >2.49 times the amount
of energy required according to age, sex, and height (i.e., plus/minus 2SD) were deemed
unreliable and excluded.

Four indices of poor diet were computed: low overall diet quality, excess intake
of energy, excess intake of fat, and excess intake of free sugars. The lifelines diet score
(LLDS) [28] is a food-based assessment of the overall diet quality, based on international
evidence for diet-disease relations and in line with the 2015 Dutch dietary guidelines [31].
Intake of nine food groups with established positive health effects (vegetables, fruits, whole-
grain products, legumes and nuts, fish, oils and soft margarines, unsweetened dairy, coffee,
and tea) in grams per 1000 kcal is categorized into quintiles and scored 0–4 points. Inversely,
the intake of three food groups with negative health effects (red/processed meat, butter
and hard margarines, and sugar-sweetened beverages) is scored as 4–0 points. Food groups
for which evidence of health effects is absent/weak are not taken into account. The LLDS
is calculated as the sum of positive and negative food group quintile scores (range 0–48).
Higher scores indicate a healthier diet. For the current study, we inverted the LLDS score
(LLDS-I), such that higher scores represented poor overall diet quality.

Excessive intake of energy, fat, and free sugars were specified to reflect adherence to
general health recommendations. Energy intake ratio (KCAL) was defined as the daily
total energy intake relative to the BMR and scaled, such that KCAL = 1 indicates perfect
adherence and KCAL > 1 indicates excessive intake. Since energy deficits (KCAL < 1)
are not generally linked to either healthy or unhealthy dietary habits, KCAL < 1 was set
to 1. Free sugar intake ratio (SUGAR) was defined as the percentage of the total daily
energy intake provided by free sugars (i.e., natural sugars and added sugars) relative to
the WHO-recommended maximum daily intake of 10% [32]. The fat intake ratio (FAT) was
defined as the percentage of total daily energy intake provided by fat relative to the WHO-
recommended maximum daily intake of 30% [32]. The WHO guidelines specify maximum
rather than optimal intake. As the optimal intake of free sugars and fat is unknown, health
effects of below-maximum intake might in theory be beneficial, neutral, or detrimental.
Excessive intake, by contrast, is known to have detrimental health effects. We thus argue
that below-maximum and excessive intake should not be placed on a continuum, and
replaced SUGAR < 1 and FAT < 1 by 1, indicating non-excessive intake. The four indicators
of an unhealthy diet were modestly correlated (Supplementary Materials Table S1).

To aid in the interpretation and visualization of interactions between genetic risk
and unhealthy dietary behaviors, participants were grouped into tertiles for overall diet
quality (Q1: LLDS-I = 1–21; Q2: LLDS-I = 21–26; Q3: LLDS-I > 26), intake of energy
(Q1: KCAL = 1–1.14; Q2: KCAL = 1.14–1.41; Q3: KCAL > 1.41), and intake of fat (Q1:
FAT = 1–1.12; Q2: FAT = 1.12–1.25; Q3: FAT > 1.25). A binary grouping was made for the
intake of sugar, as >33% of participants reported a non-excessive intake (Q1: SUGAR = 1;
Q2: SUGAR > 1).

2.5. Secondary Moderators: Other Lifestyle Variables

Physical activity was assessed using the SQUASH questionnaire, in which partici-
pants self-reported the frequency, duration, and intensity of their habitual activities in
a regular week [33]. Based on their report, we calculated the minutes per week spent
in moderate-to-vigorous physical activity (MVPA) during commuting and leisure time,
including sports [34]. The distribution of MVPA was positively skewed. We thus rescaled
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MVPA into semi-continuous quintile scores (1 = 0 to 60 min per week; 2 = 60–150 min/week;
3 = 150–255 min/week; 4 = 250–420 min/week; 5 = >420 min/week).

Sleep duration in hours and minutes was assessed in a single questionnaire item.
Both short and long sleep are associated with poor (mental) health outcomes, indicating
non-linear associations. Moreover, sleep duration changes with age in a sex-dependent
manner [35]. We therefore defined short and long sleep duration as belonging to the lowest
and highest decile of sleep duration residuals regressed on age and sex, respectively, and
defined all other participants as the reference group.

Alcohol intake was derived from the FFQ. Participants reported the frequency and
quantity of their intake of beer, red/rose wine, white wine, fortified wine (e.g., sherry, port),
liquor/distilled alcoholic drinks (e.g., rum, whiskey), and other alcoholic drinks. Items
were weighted by their alcohol content and summed across drink types to derive alcohol
intake in grams per day. Next, the drinking level was categorized as abstinent, occasional
(<2.5 g/day), light (2.5–14.9 g/day), moderate (15–29.9 g/day), or heavy (>30 g/day) [36].
The abstinent group was set as the reference group.

Participants were classified as current smokers if they reported having smoked
cigarettes, cigars, cigarillos, or a pipe on one or more occasions within one month prior
to the baseline assessment. Participants were classified as past smokers if they reported
having smoked cigarettes, cigars, cigarillos, or a pipe for one year or longer but not during
the past month. All others were classified as never-smokers (reference group).

2.6. Covariates

Recent work by Akimova et al. [37] indicates that the presence of gene-environment
correlation (rGE) [38] (e.g., between the ADHD PRS and diet [39]) may yield biased re-
sults of mostly the main effects in the presence of unobserved confounders. Thus, we
included a comprehensive set of covariates in the models in the main analyses (e.g., four
socioeconomic status (SES) indices as major potential confounders of the relation between
diet/other lifestyles, and impulsivity). Covariates were chosen based on the results from
previous studies [40], including: demographic: age, sex, body mass index (BMI) in kg/m2;
SES: neighborhood socioeconomic status, which was calculated by combining the postal
code of participants and the status score of that area, disposable household income, which
was defined as the monthly household income adjusted for household size using equiv-
alence factors from the Statistics Netherlands (CBS) website [41], educational attainment
(low/middle/high), and occupational status using the occupational prestige scale based
on the International Standard Classification of Occupations (ISCO-08) [42]. For participants
aged < 25, all socioeconomic parameters except neighborhood SES were based on parental
data; non-communicable diseases: lifetime diagnosis (yes/no) of cardiovascular disease,
cancer, diabetes, or liver cirrhosis; mental illness: current diagnosis of depression (yes/no)
or anxiety disorder (yes/no); and stress: past year number of stressful life events and
long-term difficulties. Missing data points for covariates were imputed using multivariate
imputation by chained equations (MICEs [43]), applying classification tree predictions for
categorical variables and regression tree predictions for continuous variables. Categorical
values were derived after the imputation of the underlying continuous variables.

2.7. Statistical Analyses

Models were estimated in multiple steps. Step 1: in the basic linear model, impulsivity
was predicted from the ADHD PRS plus all covariates (age, sex, BMI, SES, lifetime diagnosis
of non-communicable diseases, current diagnosis of depression or anxiety disorder, and
past year number of stressful life events and long-term difficulties). Step 2a: In four
separate models, each unhealthy diet indicator and its interaction with the ADHD PRS
was added to the basic model. This step evaluated whether an unhealthy diet, as indicated
by poor diet quality (LLDS-I), higher intake of fat (FAT), higher intake of sugar (SUGAR),
or higher intake of energy (KCAL) might modify the genetic risk of impulsive behaviors.
Step 2b: Exploratively, in four separate models, the other lifestyle predictors (smoking,
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drinking, sleep duration, and physical activity) and their interactions with the ADHD
PRS were added to the basic model. In all steps, we also adjusted for genotyping chip,
four genetic principal components (PCs) accounting for population stratification, and
interactions between genotyping chip and each genetic PC.

All analyses were performed in R version 3.5.2. The outcome impulsivity score was
normally distributed. p value < 0.0125 Bonferroni-adjusted for multiple testing (four models
in step 2a and step 2b) was considered statistically significant.

2.8. Sensitivity Analyses

Further simulation analyses by Akimova et al. [37] revealed that interactions between
unobserved confounders and environmental exposures may inflate the effect of gene-by-
environment interaction when not taken into account. Therefore, in the sensitivity analyses,
we also included the interactions between each diet/other lifestyles and all four SES indices
to test whether and to what extent these diet/other lifestyles × SES interactions had inflated
the effect of ADHD PRS × diet/other lifestyles on impulsivity. In addition, we calculated
Pearson’s correlations between the ADHD PRS and diet/other lifestyles as a measure of
the presence of rGE.

3. Results
3.1. Participants’ Characteristics

Table 1 presents the characteristics of the study participants. A total of 33,047 partici-
pants were included in the analyses, among whom 19,767 (59.8%) were females. The mean
age was 42.12 years.

Table 1. The characteristics a of the study participants.

Overall Male Female

N 33,047 13,280 19,767

Age (years) 42.12 (12.35) 42.40 (12.22) 41.93 (12.43)

Impulsivity score b 0.01 (0.99) −0.04 (0.98) 0.04 (0.99)

ADHD PRS c −0.01 (1.00) −0.02 (0.99) 0.00 (1.00)

Diet

Overall diet quality (LLDS_I) 23.22 (5.99) 24.73 (5.57) 22.20 (6.04)

Intake of energy (KCAL) 1.28 [1.08, 1.50] 1.28 [1.08, 1.51] 1.27 [1.08, 1.49]

Intake of sugar (SUGAR) 1.06 [1.00, 1.43] 1.10 [1.00, 1.48] 1.04 [1.00, 1.39]

Intake of fat (FAT) 1.18 [1.08, 1.28] 1.19 [1.08, 1.29] 1.18 [1.07, 1.28]

Lifestyles

MVPA (minutes per week) 200.00
[75.00, 370.00]

210.00
[60.00, 395.00]

195.00
[90.00, 360.00]

Sleep duration (hours) 7.49 (0.83) 7.32 (0.79) 7.60 (0.84)

Sleep duration group (n, %)

Normal 26,355 (80.0) 10,636 (80.4) 15,719 (79.8)

Short 3,283 (10.0) 1,374 (10.4) 1909 (9.7)

Long 3,289 (10.0) 1215 (9.2) 2074 (10.5)

Alcohol intake (grams) 4.73 [1.24, 10.80] 7.96 [2.92, 15.81] 2.70 [0.63, 6.92]

Alcohol intake group (n, %)
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Table 1. Cont.

Overall Male Female

Abstinent 5186 (15.7) 1000 (7.5) 4186 (21.2)

Occasional 6809 (20.6) 1836 (13.8) 4973 (25.2)

Light 15,672 (47.4) 6871 (51.7) 8801 (44.5)

Moderate 4462 (13.5) 2800 (21.1) 1662 (8.4)

Heavy 918 (2.8) 773 (5.8) 145 (0.7)

Smoke (n, %)

Current 6329 (19.3) 2827 (21.5) 3502 (17.9)

Never 16,071 (49.1) 6277 (47.7) 9794 (50.0)

Past 10,330 (31.6) 4044 (30.8) 6286 (32.1)

Covariates

Lifetime diagnosis of non-communicable
diseases (n, %) 10,434 (31.6) 4051 (30.5) 6383 (32.3)

Current diagnosis of depression (n, %) 835 (2.5) 239 (1.8) 596 (3.0)

Current diagnosis of anxiety (n, %) 2354 (7.1) 675 (5.1) 1679 (8.5)

Past year number of stressful life events 1.00 [0.00, 2.00] 1.00 [0.00, 2.00] 1.00 [0.00, 2.00]

Past year number of life-term difficulties 2.00 [1.00, 4.00] 2.00 [1.00, 3.00] 2.00 [1.00, 4.00]

BMI (kg/m2) 25.51 (4.04) 25.91 (3.49) 25.24 (4.34)

Educational attainment (n, %)

Low 8362 (25.5) 3349 (25.4) 5013 (25.6)

Middle 13,374 (40.8) 5139 (38.9) 8235 (42.0)

High 11,068 (33.7) 4708 (35.7) 6360 (32.4)

Occupational status 43.88 (13.08) 45.41 (12.47) 42.85 (13.37)

Neighbourhood socioeconomic status −0.61 (1.08) −0.59 (1.08) −0.62 (1.08)

Disposable household income (EUR) 1641.75
(517.12)

1689.11
(507.71) 1608.97 (521.04)

a Descriptives are either the mean (SD) or median [interquartile range], depending on the distribution of the
variable or number (%), as specified in the table. b Impulsivity score was calculated as a single principal component,
and a higher score represents a higher level of impulsivity. c The ADHD PRS was standardized.

LLDS-I represents the inverted lifelines diet score, a higher LLDS-I means a poor
overall diet quality; KCAL, energy intake ratio, defined as the daily total energy intake
relative to the BMR; FAT, the fat intake ratio is defined as the percentage of the total daily
energy intake provided by fat relative to the WHO-recommended maximum daily intake
of 30%; SUGAR, the free sugar intake ratio, defined as the percentage of total daily energy
intake provided by free sugars (i.e., natural sugars and added sugars) relative to the WHO-
recommended maximum daily intake of 10%. MVPA indicates minutes per week spent on
moderate-to-vigorous physical activity.

3.2. G: ADHD PRS and Impulsivity

The ADHD PRS was statistically significantly associated with impulsivity in the gen-
eral population (B = 0.03 (95% CI: 0.02, 0.04); p = 2.61 × 10−9) (Table 2). Additionally, a
younger age, being female, a higher BMI, a lower education attainment, a lower occupa-
tional status, a larger past year number of stressful life events and life-term difficulties,
and a current diagnosis of depression and anxiety were associated with higher impulsivity
(Table 2).
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Table 2. Results of the associations between the ADHD PRS and covariates with impulsivity.

B (95% CI) p Value Beta

ADHD PRS 0.03 (0.02, 0.04) 2.61 × 10−9 0.031

Age (years) −0.021 (−0.022, −0.02) 0 −0.258

Sex = female 0.036 (0.016, 0.057) 4.71 × 10−4 0.018

BMI (kg/m2) 0.03 (0.028, 0.033) 5.68 × 10−116 0.123

Neighbourhood socioeconomic
status −0.011 (−0.021, −0.002) 0.019 −0.012

Education attainment (ref = low)

Middle −0.086 (−0.112, −0.06) 1.50 × 10−10 −0.043

High −0.185 (−0.217, −0.153) 1.29 × 10−29 −0.088

Disposable household income
(euros)

2.25×10−5

(1.16 × 10−6, 4.39 × 10−5)
0.039 0.011

Occupational status −0.002 (−0.003, −0.001) 2.37 × 10−6 −0.029

Lifetime diagnosis of
non-communicable diseases −0.016 (−0.039, 0.007) 0.181 −0.007

Past year number of stressful life
events 0.021 (0.012, 0.029) 6.96 × 10−7 0.027

Past year number of life-term
difficulties 0.091 (0.086, 0.096) 2.61 × 10−292 0.215

Current diagnosis of depression 0.259 (0.192, 0.326) 3.83 × 10−14 0.041

Current diagnosis of anxiety 0.156 (0.115, 0.197) 1.13 × 10−13 0.040

3.3. GxE: Moderation by Diet Indicators

Table 3 shows the results of diet indicators and their interactions with the ADHD PRS
on impulsivity. Poorer overall diet quality (e.g., highest vs. lowest tertile, B = 0.14 (95% CI:
0.115, 0.166) when the ADHD PRS equals 0 (the average), p = 6.91 × 10−27), higher energy
intake (e.g., highest vs. lowest tertile, B = 0.128 (95% CI: 0.103, 0.153) when the ADHD
PRS equals 0, p = 2.81 × 10−23), and higher intake of fat (e.g., highest vs. lowest tertile,
B = 0.145 (95% CI: 0.12, 0.169) when the ADHD PRS equals to 0, p = 9.50 × 10−32) were
significantly associated with higher impulsivity and showed dose-response relationships.
No association was detected between the intake of sugar and impulsivity. For the possible
interaction effects, only energy intake was found to moderate the association between
ADHD PRS and impulsivity. Specifically, a high intake of energy amplified the association
between ADHD PRS and impulsivity (e.g., for the interaction term of ADHD PRS and
highest tertile of intake of energy, B = 0.038 (95% CI: 0.014, 0.062); p = 0.002), as shown by
the stronger genetic effects in participants with the higher energy intake (Table 3, Figure 2).

ADHD PRS × variable represents the interaction term between ADHD PRS and the
variable. LLDS-I represents the inverted lifelines diet score, a higher LLDS-I means poor
overall diet quality; KCAL, energy intake ratio; FAT, fat intake ratio; SUGAR, free sugar
intake ratio. Ref, reference group.
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Table 3. Results a of the diet indicators and their interactions with the ADHD PRS on impulsivity.

B (95% CI) p Value Beta

Overall diet quality (LLDS_I) (ref =
Q1) b

LLDS_I_Q2 0.058 (0.033, 0.083) 5.36 × 10−6 0.027

LLDS_I_Q3 0.14 (0.115, 0.166) 6.91 × 10−27 0.068

ADHD PRS 0.025 (0.008, 0.043) 0.004 0.025

ADHD PRS × LLDS_I_Q2 0.009 (−0.016, 0.034) 0.467 0.005

ADHD PRS × LLDS_I_Q3 0.005 (−0.019, 0.029) 0.674 0.003

Intake of energy (KCAL) (ref = Q1) b

KCAL_Q2 0.058 (0.034, 0.082) 3.08 × 10−6 0.028

KCAL_Q3 0.128 (0.103, 0.153) 2.81 × 10−23 0.061

ADHD PRS 0.008 (−0.009, 0.025) 0.371 0.008

ADHD PRS × KCAL_Q2 0.032 (0.008, 0.057) 0.009 0.019

ADHD PRS × KCAL_Q3 0.038 (0.014, 0.062) 0.002 0.022

Intake of fat (FAT) (ref = Q1) b

FAT_Q2 0.065 (0.041, 0.089) 1.32 × 10−7 0.031

FAT_Q3 0.145 (0.12, 0.169) 9.50 × 10−32 0.069

ADHD PRS 0.019 (0.002, 0.036) 0.030 0.019

ADHD PRS × FAT_Q2 0.017 (−0.007, 0.041) 0.161 0.010

ADHD PRS × FAT_Q3 0.016 (−0.008, 0.04) 0.192 0.009

Intake of sugar (SUGAR) (ref = Q1) c

SUGAR_Q2 0.001 (−0.02, 0.021) 0.940 0.0004

ADHD PRS 0.031 (0.018, 0.045) 4.42 × 10−6 0.032

ADHD PRS × SUGAR_Q2 −0.002 (−0.022, 0.018) 0.833 −0.001
a Results from the models adjusted for all covariates. b Q1 indicates tertile 1; Q2, tertile 2; Q3, tertile 3. c Q1: free
sugar intake ratio (SUGAR) ≤ 1; Q2: SUGAR > 1. Ref, reference group.Nutrients 2023, 15, 1625  10  of  16 
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3.4. Exploration: Other Lifestyles

Table 4 shows the results of other lifestyle factors and their interactions with the ADHD
PRS on impulsivity. Short and long sleep duration, current and past smoking, higher alcohol
intake, and more time spent on MVPA were associated with higher impulsivity, but no
interaction effect was observed between these lifestyles and the ADHD PRS on impulsivity.

Table 4. Results a of other lifestyles and their interactions with the ADHD PRS on impulsivity.

B (95% CI) p Value Beta

Sleep duration
(ref = middle sleep duration)

Short sleep duration 0.078 (0.045, 0.112) 4.19 × 10−6 0.024

Long sleep duration 0.049 (0.016, 0.082) 0.004 0.015

ADHD PRS 0.027 (0.015, 0.038) 3.10 × 10−6 0.027

ADHD PRS × short sleep duration 0.022 (−0.011, 0.055) 0.187 0.007

ADHD PRS × long sleep duration 0.011 (−0.022, 0.044) 0.508 0.004

Smoking (ref = never smoking)

Current smoking 0.302 (0.275, 0.328) 6.70 × 10−107 0.120

Past smoking 0.208 (0.185, 0.232) 7.50 × 10−67 0.098

ADHD PRS 0.03 (0.016, 0.044) 3.55 × 10−5 0.030

ADHD PRS × current smoking −0.012 (−0.038, 0.015) 0.382 −0.005

ADHD PRS × past smoking −0.014 (−0.036, 0.009) 0.227 −0.008

Alcohol intake
(ref = no alcohol intake)

Occasional alcohol intake 0.091 (0.058, 0.124) 5.37 × 10−8 0.037

Light alcohol intake 0.267 (0.238, 0.296) 1.06 × 10−71 0.135

Moderate alcohol intake 0.435 (0.397, 0.472) 4.44 × 10−113 0.150

Heavy alscohol intake 0.498 (0.433, 0.563) 6.13 × 10−51 0.083

ADHD PRS 0.025 (0.001, 0.049) 0.045 0.025

ADHD PRS × occasional alcohol
intake 0.018 (−0.015, 0.05) 0.287 0.008

ADHD PRS × light alcohol intake −0.001 (−0.029, 0.028) 0.965 0.000

ADHD PRS × moderate alcohol
intake 0.001 (−0.035, 0.037) 0.944 0.000

ADHD PRS × heavy alcohol intake 0.042 (−0.022, 0.105) 0.196 0.007

Physical activity

MVPAQ 0.019 (0.012, 0.026) 3.87 × 10−7 0.027

ADHD PRS 0.03 (0.006, 0.054) 0.016 0.030

ADHD PRS × MVPAQ −0.001 (−0.008, 0.007) 0.880 −0.002
a Results from the models adjusted for all covariates.

MVPAQ indicates semi-continuous quintile scores of minutes per week spent in
moderate-to-vigorous physical activity. Ref, reference group.

3.5. Sensitivity Analyses

Small but significant rGEs were present between the ADHD PRS and all four diet
indicators, sleep hours, and smoking (Supplementary Materials Table S2). Adjusting for
diet/other lifestyles × SES slightly attenuated the effect size of the ADHD PRS × intake
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of energy interaction but the interaction remained significant (Supplementary Materials
Table S3).

4. Discussion

In this study, we investigated whether an unhealthy diet and other lifestyle behaviors
may modify the genetic risk of impulsivity in 33,047 participants from the Dutch Lifelines
cohort. The results showed that a high intake of energy amplified the association between
the polygenic load of ADHD and impulsivity, as shown by stronger genetic effects on
impulsivity within participants with the higher energy intake. No other diet or lifestyle
behaviors were found to statistically significantly modify the ADHD PRS-impulsivity
association.

Consistent with the literature [11,12], we showed that ADHD PRS was positively
associated with trait impulsivity. The findings showed the utility of ADHD PRS on ex-
plaining impulsivity traits in the general population, and also corroborated the positive
genetic correlation between ADHD and measures of impulsivity (e.g., rg = 0.43 between
ADHD and lack of premeditation [7]). However, it is worth noting that the ADHD PRS
was found to explain only a small proportion of variance in trait impulsivity, as in previous
studies (e.g., Martin et al. found that polygenic risk ADHD explained 0.2% of variance
in hyperactive-impulsive traits) [11,12]. Larger GWASs for ADHD or other impulsivity-
related traits and improved approaches to calculating genetic predictors (e.g., MTAG [44],
GenomicSEM [45]) promise to enhance the genetic prediction of impulsivity in the future.

In addition to the genetic factors, we demonstrated that diet (i.e., poorer overall diet
quality, higher intake of energy, and higher intake of fat) and other lifestyle factors (i.e.,
short and long sleep duration, current and past smoking, higher alcohol intake, and more
time spent on MVPA) were associated with a higher level of impulsivity. The standardized
effect sizes of the diet indicators roughly ranged from 0.03 to 0.07, which is similar to the
effect sizes for ADHD PRS, educational attainment, occupational status, past year number
of stressful life events, and current depression/anxiety, but much weaker compared to the
effects of age, BMI, and past year number of life-term difficulties. Earlier studies observed
similar associations for diet [14], smoking [46], and drinking [47]. Impulsivity has been
shown to be negatively associated with sleep duration [48], but our study found that both
short and long sleep duration were associated with higher impulsivity, suggesting the
relationship between sleep duration and impulsivity may not be linear. Interestingly, we
found that time spent on MVPA was positively associated with impulsivity. This is in line
with several previous studies [49,50]. For instance, a longitudinal study on Swedish children
showed that hyperactivity/impulsivity symptoms in childhood were associated with a
higher likelihood of being physically active in adolescence, whereas the opposite was true
for inattention [49]. As the cross-sectional and observational nature of our study prevents
causal inferences, these observed associations might indicate an effect of impulsivity on
diet and other lifestyle factors, an effect of diet and other lifestyle factors on impulsivity,
or both. Future longitudinal studies and causal inference methods, such as Mendelian
randomization studies, may help to clarify the directionality of these associations.

Our findings highlight the identification of the gene-diet interaction on trait impul-
sivity. We found that a high intake of energy amplified the association between ADHD
PRS and impulsivity. This is in line with an earlier twin study showing that genetic in-
fluences on ADHD symptoms increased at higher levels of unhealthy food intake [18] It
also empirically supports the diathesis–stress model [51] of gene-environment interaction
in which genes and stressful environments exert risks synergistically (with the stressors
being a high intake of energy). We explored four diet indicators and other lifestyle factors,
and observed a significant interaction between the intake of energy and ADHD PRS on
trait impulsivity, which emphasized the critical role of energy intake in moderating genetic
effects on impulsivity. An alternative explanation may be that the FFQ may measure the
energy intake more accurately than other diet indicators [52,53], so it is easier to detect the
interaction between the intake of energy and ADHD PRS on trait impulsivity. Potentially,
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individuals with a genetic predisposition to ADHD may benefit from reducing excessive
energy intake in their daily diet.

Research on the emerging field of nutrigenomics [54,55] may shed light on understand-
ing how dietary factors moderate the genetic effects on impulsivity. From a nutrigenomics
perspective, nutrients are dietary signals that can be detected by the cellular sensor systems
and then influence gene expression, leading to changes in protein and metabolite pro-
duction. Notably, nutrients can produce long-lasting epigenetic effects that regulate gene
expression without altering the DNA sequence, but through DNA methylation, histone
modification, and chromatin-associated proteins [56]. For example, animal studies have
shown that high-fat or high-energy diets were associated with increased DNA methyla-
tion and decreased expression of genes critical for dopamine receptors in brain regions
related to reward and motivated behaviors [57,58]. Future molecular studies integrating
various omics data may yield more insights into the underlying mechanisms of diet-gene
interaction on impulsivity.

We observed significant but very small rGEs between the ADHD PRS and all four diet
indicators, sleep hours, and smoking. Although the existence of rGE may inflate the results
of GxE interaction in the presence an interaction between unobserved confounders and
environmental exposures [37], our sensitivity analyses showed that ADHD PRS × intake
of energy interaction remained significant after adjusting for diet/other lifestyles × SES. It
indicates the robustness of the interaction between ADHD PRS and intake of energy on
impulsivity.

To our knowledge, we are the first to detect diet-gene interactions on impulsivity in
a large sample of adults using a polygenic score approach and the most recent GWAS of
ADHD. In addition, we explored a broad range of diet scores/indices and lifestyles with
adjustments of a comprehensive set of covariates.

The study has several limitations. First, self-report measures on diet and other lifestyle
factors were subject to reporting and recall bias. Furthermore, diet was only assessed, once
which could not capture changes over time. Second, ADHD PRS only explained a small
proportion of variance in trait impulsivity, limiting the power to detect gene-environment
interactions. Finally, we used meta-GWAS results of European ancestry and applied PRS to
the same ancestry, so further studies may be required to determine whether our results can
be generalized to other non-European ancestries.

5. Conclusions

The present study showed that a high intake of energy exacerbated the genetic risk
of impulsivity. These findings support the diathesis–stress model, providing insights into
the role of diet and genetic factors on impulsivity. Future molecular studies are required to
better comprehend the underlying mechanisms of these diet-gene interactions.
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