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ABSTRACT 
	
Food liking is influenced by a large number of factors including physiological, 
nutritional, environmental, socio-cultural and genetic ones. Previous studies 
highlighted that survey-reported food liking may reflect habitual consumption, being 
simpler to collect and report compared to intake, and may be associated with risk factors 
for diet-related diseases. Obtaining a better knowledge of genetic and non-genetic 
factors affecting food liking and the implication of food liking on diet-related diseases, 
for example obesity or hypertension, is of considerable public health importance. 
This work aims to study the genetic and non-genetic factors influencing food liking and 
to investigate the relationship between food liking and health status.  
The study was carried out thanks to the availability of an extensive database of about 
3000 individuals coming from three regions of Italy.  
Liking for approximately 100 different foods and beverages was evaluated on a 9-point 
hedonic scale. Food liking was analysed in relationship with personal and lifestyle 
information, clinical parameters, eating behaviour phenotypes, sensory and genetic 
data. 
The following results were achieved: 

- food liking was associated with non-genetic factors, comprising gender, age, 
educational level, physical activity and eating behaviour. For example, men 
(compared to women) reported a significantly higher liking for alcoholic 
beverages, fish and meat and a lower liking for vegetables, fruit and sweet foods; 
moreover, a higher liking for all foods was associated with higher self-reported 
willingness to try unfamiliar foods (food adventurousness); 

- in a complex interplay with age, sex and educational level, sensory deficits were 
a risk factor for a decreased liking for vegetables and a reduced food 
adventurousness; 

- a new candidate gene (CAV1) for eating disinhibition and food liking was found, 
through Genome-Wide Association Study and replication analysis. This gene, 
although not associated in our sample with obesity measures, has been largely 
investigated for metabolic disorders, and animal models confirmed a link with 
obesity; 
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- food liking measures were associated with adiposity, serum lipids, fasting glucose 
and systolic blood pressure. For instance, greater adiposity was associated with 
a higher liking for meat and cheeses, while higher HDL-cholesterol was 
associated with higher vegetables liking; 

- through polygenic risk score analysis, a link was found between obesity measures 
and genetic score obtained using variants previously related to liking for different 
vegetables. 

 
In conclusion, this work highlights the importance to evaluate food liking in 
combination with other factors and suggests the possible use of food liking in nutritional 
studies as a proxy of intake measures. Overall, these results represent a starting point 
to understand better the very complex interplay existing between food liking, associated 
factors and diet-related phenotypes. 
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SOMMARIO 
Le preferenze alimentari sono influenzate da un gran numero di variabili come: fattori 
fisiologici, nutrizionali, ambientali, socioculturali e genetici. Studi precedenti mostrano 
che le preferenze alimentari ottenute tramite questionari, sono più semplici da rilevare 
rispetto ai consumi; inoltre possono rispecchiare i consumi abituali e sono associate a 
fattori di rischio per malattie legate alla dieta. Il conseguimento di una migliore 
conoscenza dei fattori che influenzano le preferenze alimentari e delle implicazioni delle 
stesse sulle patologie legate all'alimentazione, come per esempio obesità e ipertensione, 
è di notevole importanza per la salute pubblica. 
Questo lavoro ha lo scopo di studiare i fattori genetici e non genetici che influenzano le 
preferenze alimentari e di indagare le relazioni tra preferenze alimentari e stato di 
salute. 
Lo studio è stato condotto grazie alla disponibilità di un vasto database con informazioni 
su circa 3000 persone provenienti da tre regioni d'Italia. Le preferenze alimentari sono 
state ottenute tramite la somministrazione di un questionario e valutate in una scala 
edonica a nove punti per circa un centinaio di cibi e bevande diverse. Informazioni 
personali, sullo stile di vita e sul comportamento alimentare, parametri clinici, dati 
sensoriali e genetici sono stati valutati in relazione alle preferenze. 
Sono stati raggiunti i seguenti risultati: 

- le preferenze alimentari sono associate a diversi fattori non genetici, quali sesso, 
età, livello di istruzione, attività fisica e tratti del comportamento alimentare. Ad 
esempio, gli uomini (rispetto alle donne) hanno riportato una preferenza 
significativamente più elevata per bevande alcoliche, pesce e carne e una 
preferenza meno elevata per verdure, frutta e cibi dolci; sempre a titolo di 
esempio, una più alta preferenza per tutti gli alimenti è stata associata a una 
maggiore volontà di provare cibi non familiari; 

- in una complessa interazione con età, sesso e livello di istruzione, i deficit 
sensoriali sono risultati fattore di rischio per una diminuzione della preferenza 
per le verdure e per la disposizione a provare cibi non familiari; 

- attraverso uno studio di associazione su tutto il genoma, un nuovo gene candidato 
(CAV1) è stato trovato associato alla disinibizione alimentare e alle preferenze. 
Questo gene, sebbene nel nostro campione non sia associato a misure di obesità, 
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è stato ampiamente studiato riguardo a disordini metabolici, e, tramite modelli 
animali è stato evidenziato un legame con l'obesità; 

- sono state trovate relazioni tra preferenze alimentari e tratti metabolici come 
adiposità, lipidi, glucosio e pressione arteriosa sistolica. Per esempio, una 
maggiore adiposità è associata a una maggiore preferenza per carne e formaggi, 
mentre valori più alti di colesterolo HDL sono associati a una maggiore 
preferenza per le verdure; 

- mediante l’analisi del “polygenic risk score”, è stato trovato un legame tra alcune 
misure di obesità e uno score ottenuto da varianti genetiche già riscontrate in 
associazione con la preferenza per diverse verdure. 

 
In conclusione, questo lavoro evidenzia l’importanza di valutare le preferenze 
alimentari in combinazione con altri fattori e suggerisce il possibile utilizzo delle 
preferenze in studi nutrizionali come misure rappresentative dei consumi. Nel 
complesso, questi risultati rappresentano un punto di inizio per una migliore conoscenza 
e comprensione dei complessi meccanismi che intercorrono tra preferenze alimentari, 
fattori associati e fenotipi legati alla dieta. 
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CHAPTER I 
 

INTRODUCTION 
 
It is well known that many common diseases (for instance obesity, hypertension, 
diabetes, cardiovascular diseases) are complex traits i.e. determined by genetic and non-
genetic factors (Sheikh AB et al, 2017; Kokubo Y et al., 2019; Murea M et al., 2012; Khera 

AV et al., 2016). Notably, among non-genetic factors, lifestyle, and specifically diet, plays 
a prevalent role (Ziglio E et al., 2004). 
Although the factors shaping a person’s food choices are involved, food liking plays a 
central role in determining food selection and diet quality (Birch 1999). Food liking is 
defined as an individual’s reported degree of liking for specific foods and beverages 
without regard to food intake per se (de Mendonça et al., 2013). It has been shown that 
self-reported food liking might be linked to food choices and can represent habitual food 
consumption (Drewnowski & Hann, 1999;  Drewnowski et al. 2000; Pérez-Rodrigo, 

Ribas, Serra-Majem & Aranceta, 2003; Wądołowska, Babicz-Zielińska, & Czarnocińskac, 

2008). As a matter of facts, food evaluation through liking is based on affective memories 
(M. K. Johnson, 1983; M. K. Johnson, Kim, & Risse, 1985) rather than factual memory 
(M. K. Johnson et al., 1985), leading to accurate nutritional evaluations (Duffy et al., 

2007), which are also able to minimize the cognitive limitations of intake measures. 
Food and beverage liking questionnaire could be a time‐efficient and simple task, while 

intake measures can bring to under‐ or over-estimate real intakes due to memory issues 

and dietary restraint. Studies described the effect of dietary restraint and disinhibition 
on the accuracy of dietary reporting (Bathalon et al., 2000; David Wang et al., 2014; 

Lawson et al., 1995; Lindroos et al., 1997). 
Additionally, previous studies have reported that food liking assessment, as a proxy of 
reported intakes, may be a valid and feasible measure to study the relationship between 
dietary behaviour and health outcomes (Pallister et al., 2015). For example, Duffy and 
collaborators described that food preferences for fat and fibres are better than self-
reported food consumptions explaining variability in adiposity and in blood pressure, 
suggesting that liking are more reliable markers in estimating the impact of nutrition 
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on health (Duffy, Hayes, Sullivan, & Faghri, 2009; Duffy et al., 2007; Sharafi et al. 

2018). 
Individual food liking results from the interaction of several factors working together 
such as sensory responses to taste and smell (Bartoshuk, 1991) but also culture, level of 
education (Ventura & Worobey, 2013; Novaković et al., 2014), eating behaviour (Jaeger, 

Rasmussen, & Prescott, 2017; Laureati, Bergamaschi, & Pagliarini, 2014; Laureati, 

Bergamaschi, & Pagliarini, 2015) and genetics (Keskitalo et al., 2008; Törnwall et al., 

2014; Feeney et al., 2011; Pirastu et al., 2012; Pirastu et al., 2016).  
 
In this light, it is clear that a better knowledge of the genetic and non-genetic 
components affecting food liking and an improved comprehension of the implication of 
food liking on diet-related diseases, for example obesity or cardiovascular diseases, is of 
considerable public health importance.  
 
The aims of this work are: 1) to study the genetic and non-genetic factors associated 
with food liking; 2) to verify the relationship between food liking and health. Figure 1 
shows the scheme of the thesis.  
Figure 1. The scheme of the thesis. 

	
	

This work is based on the data collected from three Italian populations. Precisely, a 
huge database including information of about 3000 individuals from six villages in the 
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Friuli Venezia Giulia region in the North East of Italy, villages from the Piemonte 
region (Val Borbera cohort) in the North West, and Carlantino, a village in the South of 
Italy, was analysed (Figure 2).  
These populations belong to the Italian Network of Genetic Isolates (INGI), a large 
network born to study the genetics of complex diseases taking advantage of the 
decreased genetic variability and shared environmental of each village. Indeed, isolated 
populations are derived from a small number of founders and, because of the 
geographical and/or cultural isolation, low endogamy (within community marriage) and 
very restricted gene flow (immigration) from neighbouring populations can often be 
observed. Thus, genomes tend to show higher homogeneity in isolates compared with 
cosmopolitan populations. Another potentially advantageous characteristic of isolates 
population is environmental and cultural homogeneity. Indeed, individuals from an 
isolated population tend to share a common lifestyle, including diet, physical activity 
levels and other cultural habits and are exposed to similar environmental conditions 
(Hatzikotoulas et al. 2014). 
 
Figure 2. Map showing approximate location of analyzed Italian samples. 

 

 
 
Part of this work has been published: 

1. Factors associated with food liking and their relationship with metabolic traits in 

Italian cohorts. Concas MP, Catamo E, Biino G, Toniolo D, Gasparini P, Robino 
A. Food Quality and Preference 75 (2019) 64–70. 

Friuli Venezia 
Giulia

Carlantino
Val Borbera
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https://doi.org/10.1016/j.foodqual.2019.02.010 
2. A Brief Review of Genetic Approaches to the Study of Food Preferences: Current 

Knowledge and Future Directions. Robino A, Concas MP, Catamo E, Gasparini P. 
Nutrients. 2019 Jul 26;11(8). pii: E1735. doi: 10.3390/nu11081735. 

 
The author (M.P. Concas) contributed to the data analysis, interpreting the results, and 
she was the corresponding author of the first publication. Help was received from the 
co-authors in all stages of the work: during the analysis and writing, and the discussion 
of results and implications.  
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CHAPTER II 
	

NON-GENETIC FACTORS INFLUENCING FOOD LIKING 
	
 
As mentioned in the Introduction, individual food liking is the product of several factors. 
In this chapter, I show the results of two works highlighting the influence of non-genetic 
factors. In the first section, I present the study about the effect of personal and lifestyle 
variables on different food liking groups. In the second section, I report a work which 
aims to evaluate the prevalence of sensory deficits and their relationship with different 
aspects of eating behaviour such as liking vegetables and food adventurousness. 
 

1. Effect of personal and lifestyle factors on food liking 

1.1. Backgrounds and aims 
 
Individual food liking results from the interaction of several factors such as sensory 
responses to taste, smell and texture (Bartoshuk, 1991). Studies have addressed the role 
of the capacity to perceive bitter taste of PROP (6-n-propylthiouracil) on liking and 
choice of different bitter and non-bitter compounds (Tepper, 1998; Tepper et al., 2008; 

Dinehart, Hayes, Bartoshuk, Lanier, & Duffy, 2006). However, relationship between 
PROP tasting and food liking is controversial and several studies could not confirm such 
association (Drewnowski, Henderson, & Cockroft, 2007; Feeney, O’Brien, Scannell, 

Markey, & Gibney, 2011). Probably other factors associated with food liking should be 
included in PROP taste studies to better understand its influence on eating behavior 
and food choices (Hayes & Keast, 2011). 
Studies in both adults and children have shown that food neophobia, the fear of novel 
foods, is another factor affecting the degree of food liking (Jaeger, Rasmussen, & 

Prescott, 2017; Laureati, Bergamaschi, & Pagliarini, 2014; Laureati, Bergamaschi, & 

Pagliarini, 2015).  
Additional factors influencing food liking include: level of education, culture, experience 
and other environmental or socio-economic aspects, such as sex, age and smoking 
(Ventura & Worobey, 2013; Novaković et al., 2014).  
In the present study, an analysis of a database of more than 3000 samples and including 
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a large series of personal, lifestyle and diet related information, was conducted to 
investigate the factors associated with food liking.  
 

1.2. Materials and methods 

Participants 

3219 individuals belonging to the Italian Network of Genetic Isolates were included in 
the study (i.e. 574 from Carlantino (CAR, a small village of the South of Italy situated 
in the extreme northern part of Puglia Region), 1234 from Val Borbera (VB) in 
Northwest of Italy and 1411 from six different communities (San Martino del Carso, 
Erto/Casso, Clauzetto, Illegio, Sauris and Val di Resia) of Friuli Venezia Giulia (FVG). 
A detailed description of these populations has been previously reported (Esko et al., 

2013; Xue et al., 2017). All participants gave written informed consent, and the ethical 
committees of IRCCS Burlo Garofolo and San Raffaele Hospital approved the study. 

Data collection 

Personal and lifestyle characteristics 

Demographic and lifestyle information and living habits, such as cigarettes smoking 
(current smokers/no smokers), physical activity level (never/light/moderate/intense) 
and educational attainment (elementary (5 years), lower secondary (3 years), upper 
secondary (5 years), university (5 years)) were collected for each participant using a 
standard questionnaire. 

Food liking questionnaire 

A questionnaire evaluating the liking different foods and beverages was administered. 
Each subject rated the liking on a 9-point hedonic scale ranging from “dislike extremely” 
(score 1) to “like extremely” (score 9) (Tepper et al., 2009; Pirastu et al., 2016). The foods 
and beverages included in the questionnaire ranged from 58 in CAR and 106 in FVG 
and VB. In addition, in FVG and VB another survey was conducted and two subgroups 
of individuals with evaluation of 61 and 63 foods in FVG and VB respectively, were 
included in the study. 

Taste phenotypes 

For each participant the ability to perceive PROP (6-n-propylthiouracil, 50 mmol/l) was 
evaluated as already reported in other works (Zhao, Kirkmeyer, & Tepper, 2003; Tepper 
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et al., 2009; Robino et al., 2016). Briefly, each subject was asked to place a paper disk 
impregnated with PROP and to rate the intensity on a labelled magnitude scale (LMS), 
ranging from 0 (“barely detectable”) to 100 (“strongest imaginable”) (Green et al., 1996).  

Food adventurousness, cognitive restraint of eating and disinhibition 

Each subject answered the question: “How often do you try unfamiliar foods?”. The 
response categories were: “never”, “rarely”, “some of the time”, “often” and “very often”. 
Subjects were characterized as more food adventurous (willing to try unfamiliar foods 
some of the time/often/very often) or less food adventurous (willing to try unfamiliar 
foods never/rarely) (Ullrich, Touger-Decker, O’Sullivan-Maillet, & Tepper, 2004). 
“Cognitive restraint of eating” and “disinhibition” were assessed for each subject as 
already reported in Tepper et al., (2008) and using statements from the cognitive 
restraint subscale of the three-factor eating questionnaire (Stunkard & Messick, 1985). 
Briefly, “cognitive restraint of eating” was determined using the answers to the 
questions “I pay a great deal of attention to changes in my figure”, “I do not eat some 
foods because they make me fat” and “I eat anything I want, any time I want” (reverse). 
Similarly, “disinhibition” was assessed using the answers to the questions “Sometimes 
things just taste so good that I keep on eating even when I am no longer hungry”, “I 
usually eat too much at social occasions, like parties and picnics” and “When I feel blue, 
I often overeat”. True answer was scored 1 point each one, with total scores ranging 
from 0 to 3. Then participants were grouped as: restrained eaters (total score ≥2) or 
disinhibited eaters (total score ≥2); unrestrained eaters (total score<2) or inhibited 
eaters (total score<2). 
 

Data analyses 
Statistical analyses were performed in R 3.3.0. (www.r-project.org). 
To take into account differences in the number of foods included in the questionnaires, 
five different samples groups were considered: Carlantino, Friuli Venezia Giulia first 
and second survey, Val Borbera first and second survey. 
We aggregated the foods into food groups based on similar liking ratings using cluster 
analysis. The groups were then confirmed by Cronbach reliability test. 
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Specifically, the “food liking groups” were defined as the mean of liking given by each 
individual to the foods belonging to a particular group. Each group was considered as a 
quantitative trait (Robino et al., 2016). 
Using linear regression models, different factors (explanatory variables) were tested to 
study their relationship with food liking groups (outcome variables). The explanatory 
variables set included: gender, age (5-years groups), cigarettes smoking habit (No/Yes), 
physical activity (dichotomized variable: never/light versus moderate/intense), 
educational attainment (measured as the number of years of completed schooling), food 
adventurousness (considered as binary variable: less adventurous versus more 
adventurous individuals), cognitive restraint of eating and disinhibition (binary 
variables) and PROP intensity (quantitative variable). 
Each explanatory variable was tested in a base regression model including sex and age, 
and a final multivariate model, including only the significant covariates in base models 
(p-value<0.05), was performed for each food liking group.  
Although the distributions of preference groups are not perfectly normal, no 
transformation was applied, but Huber robust standard error was used. 
 
To consider possible differences in food liking groups among sampling, all the analyses 
were conducted in each population (CAR, FVG first and second survey, VB first and 
second surveys) and the results were combined using meta-analysis with an inverse 
variance fixed effect method (R package “rmeta”). We fixed the statistical significance 
at a p-value of 0.05. The analyses were carried out first on the whole sample set and 
then stratified by gender. 
 

1.3. Results 

Sample characteristics 

A total of 3219 individuals were included in the study and their personal and lifestyle 
characteristics are reported in Table 1, while Table 2 shows the sample characteristics 
in terms of taste and food behaviour phenotypes. 
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Table 1. Socio-demographic characteristics of samples included in the study. When not specified, the data 
are shown in mean and standard deviation (in brackets). In bold are reported significant differences between men 
and women (p-value<0.05) assessed by Pearson Chi-square test comparing frequencies of categorical variables or to 

T-test comparing mean values of quantitative variables.  
 

 CAR FVG VB 

 
Men 

(n=254) 
Women 
(n=320) 

Men 
(n=611) 

Women 
(n=800) 

Men 
(n=492) 

Women 
(n=742) 

Age, years 52.7 (17.1) 50.9 (16.6) 50.6 (16.3) 50.6 (16.4) 55.8 (17.0) 55.4 (16.9) 
Education, years n=193 n=274 n=541 n=714 n=486 n=735 

 8.9 (3.9) 8.8 (3.9) 10.0 (3.6) 9.9 (3.8) 10.0 (4.0) 10.2 (4.3) 
Smoking  n=213 n=289 n=595 n=772 n=489 n=741 

Yes/No, % 40.85/59.15 18.7/81.3 20.7/79.3 23.2/76.8 20.45/79.55 11.9/89.1 
Physical activity  n=196 n=279 n=584 n=749 n=220 n=302 

Never or Light / Moderate or 
Intense, % 

48.5/51.5 63.4/36.6 41.6/58.4 54.6/45.4 34.1/65.9 57.3/42.7 

 
 
Table 2. Characteristics of sample: PROP perception, food adventurousness, cognitive restraint of 
eating and disinhibition.	In bold are reported significant differences between men and women (p-value<0.05). 
SD=standard deviation. FVG1° and 2°-Friuli Venezia Giulia first and second sampling; VB 1° and 2°-Val Borbera 
first and second sampling. 

 

 CAR FVG 1° FVG 2° VB 1° VB 2° 

  Men Women Men Women Men Women Men Women Men Women 

PROP Intensity 
(mean (SD)) 

23.34  
(24.41) 

42.22  
(33.69) 

27.11  
(23.31) 

37.81  
(27.55) 

30.28  
(20.97) 

35.52  
(24.52) 

26.22  
(19.01) 

32.21  
(20.18) 

29.22  
(20.6) 

39.28  
(22.6) 

Food adventurousness  
More food adventurous, % 

63.2 65.7 64.7 69.6 53.1 61.4 57.9 58.0 68.2 73.7 

Cognitive restraint of  
eating  
Restrained individuals, % 

29.1 43.3 56.0 48.5 42.6 56.7 39.7 46.1 45.5 51.8 

Disinhibition of eating 
More disinhibited 

individuals, % 
35.8 46.5 52.8 49.0 51.5 54.3 47.0 48.3 51.4 57.6 

 

Food liking grouping  

After cluster analysis and Cronbach reliability test, seven food liking groups were 
defined: alcoholic beverages, cheeses, fish, fruit, meat, sweet foods and vegetables. 
Individual foods likings are categorized per food groups based on its similarity, as 
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already reported in other works (S. L. Johnson, Boles, & Burger, 2014; Pallister et al. 

2015).  
Table 3 shows foods and beverages included in each liking group for each population 
sampling and the corresponding Cronbach alpha that ranged from 0.59 to 0.9 with the 
most of values near or exceeding 0.7, supporting internal reliability. The summary 
statistics for each liking group are reported in Table 4.  
 
Table 3. Composition of food liking groups in each population sampling. In brackets are reported the 
Cronbach's alphas. FVG 1° and 2°-Friuli Venezia Giulia first and second sampling; VB 1° and 2°-Val Borbera first 
and second sampling. 

	
Sample 

Alcoholic 

beverages 
Cheeses Fish Fruit Meat Sweet foods Vegetables 

CAR 

Grappa, dark 
beer, red wine, 
white wine, 
Cinzano, cherry 

(0.79) 

fontina, 
gorgonzola, goat 
cheese, 
camembert, 
whole milk, 
skimmed milk, 

plain yogurt, 
mozzarella (0.79) 

anchovies, 
sardines 
(0.78) 

lemons, 
orange juice, 
grapefruit 
juice, avocado 

(0.59) 

pork chops, 
mortadella, 
capicola, bacon, 
ham (0.76) 

ice cream, 
panettone, 
whipped 
cream, milk 
chocolate, 

marzipan 
(0.67) 

fennel, chicory, 
cabbage, broccoli, 
asparagus, 
artichokes, spinach, 
radicchio, eggplant, 

wild mushrooms 
(0.79) 

FVG 1°  

Grappa, dark 
beer, red wine, 
white wine, 
Cinzano, Cherry 

(0.83) 

fontina, 
gorgonzola, goat 
cheese, whole 
milk, skimmed 
milk, plain 
yogurt, 

mozzarella, 
montasio (0.69) 

anchovies, 
sardines 
(0.78) 

lemons, 
orange juice, 
grapefruit, 
avocado, 
melograno 

(0.66) 

pork chops, 
mortadella, 
capicola, bacon, 
ham (0.78) 

Ice cream, 
panettone, 
whipped 
cream, milk 
chocolate, 

marzipan 
(0.63) 

fennel, chicory, 
cauliflower, broccoli, 
asparagus, 
artichokes, spinach, 
green radicchio, red 
radicchio, beetroot, 

verza, tomatoes, wild 
mushrooms, fava 
beans (0.87) 

VB 1° 

Grappa, dark 
beer, red wine, 
white wine, 

Cinzano, Cherry 
(0.80) 

fontina, 
gorgonzola, goat 
cheese, 
camembert, whole 
milk, skimmed 

milk, plain 
yogurt, 
mozzarella (0.64) 

anchovies, 
sardines 

(0.63) 

lemons, 
orange juice, 
grapefruit 
juice, avocado, 

melograno 
(0.64) 

pork chops, 
mortadella, 
capicola, bacon, 

ham (0.73) 

Ice cream, 
panettone, 
whipped 
cream, milk 

chocolate, 
marzipan 
(0.66) 

fennel, chicory, 
cauliflower, broccoli, 
asparagus, 
artichokes, spinach, 
radicchio, eggplant 
beetroot, broccoli 

rabe, fava beans, 
cabbage, wild 
mushrooms, tomatoes 
(0.87) 

FVG 2° 

liquor, Grappa, 
beer, red wine, 
white wine, 
alcohol (0.86) 

sheep cheese, 
fontina, 
gorgonzola, whole 
milk, skimmed 

salmon, 
shrimp, fried 
fish, 
anchovies, 

melon, pear, 
banana, 
cherry, 
strawberry, 

meat, grilled meat, 
pork chops, fried 
chicken, roast 
chicken, ham, 

ice cream, 
biscuit, cake, 
marmalade, 
panettone, 

fennel, chicory, 
beetroot, verza, 
broccoli, cauliflower, 
beans, asparagus, 
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milk, plain 
yogurt, dairy, 
mozzarella, 

butter (0.75) 

sardines, 
tuna (0.78) 

lemons, 
orange juice, 
grapefruit, 

pineapples 
(0.78) 

baked ham, 
mortadella, 
capicola, bacon, 

sausage (0.90) 

Nutella, icing, 
whipped 
cream, 

chocolate 
with cream 
(0.85) 

artichokes, spinach, 
raw carrots, green 
salad, radicchio, 

eggplant, tomatoes, 
wild mushrooms, 
potatoes (0.90) 

VB 2° As above (0.85) As above (0.73) 
As above 
(0.76) 

As above 
(0.75) 

As above (0.83) 
As above 
(0.81) 

As above (0.89) 

 
 
Table 4. Mean, median and standard deviation of food liking group scores in each population sampling 

and by gender. The ranges are 1-9. FVG1° and 2°-Friuli Venezia Giulia first and second sampling; VB 1° 
and 2°-Val Borbera first and second sampling. 

 CAR FVG 1° FVG 2° VB 1° VB 2° 

Food liking 
groups Men Women Men Women Men Women Men Women Men Women 

Alcoholic 
beverages 

6.21, 
6.5, 
1.9 

4.62, 
4.55, 
2.4 

5.41, 
5.5, 
1.63 

4.52, 
4.67, 
2.01 

5.37, 
5.5, 
1.8 

3.92, 
3.83, 
1.86 

5.15, 
5.17, 
1.61 

4.03, 4, 
1.79 

5.32, 5.67, 
1.8 

4.07, 4.08, 
1.86 

Cheeses 
6.26, 
6.54, 
1.73 

5.95, 
6.29, 
1.79 

6.18, 
6.4, 
1.36 

6.33, 
6.43, 
1.35 

5.9, 
6.11, 
1.37 

5.97, 
6.11, 
1.35 

6.06, 
6.25, 
1.26 

6.08, 
6.25, 
1.3 

6.23, 6.33, 
1.18 

6.36, 6.56, 
1.28 

Fish 
6.83, 

8, 
2.34 

6.21, 7, 
2.49 

6.28, 
7, 

2.16 
5.2, 5.5, 

2.53 
6.19, 
6.5, 
1.65 

5.85, 
6.17, 
1.75 

6.15, 
6.5, 
2.04 

5.5, 5.5, 
2.19 

6.94, 7.17, 
1.15 

6.43, 6.67, 
1.49 

Fruit 
6.45, 
6.75, 
1.62 

6.28, 
6.5, 
1.74 

6.05, 
6.2, 
1.44 

6.25, 
6.4, 
1.51 

6.76, 
6.89, 
1.21 

6.97, 
7.11, 
1.16 

5.44, 
5.63, 
1.55 

5.65, 5.6, 
1.49 

6.8, 6.89, 
1.04 

7.09, 7.22, 
1.02 

Meat 
7.94, 

8, 
1.05 

7.59, 8, 
1.31 

7.34, 
7.6, 
1.24 

6.96, 
7.2, 
1.36 

6.9, 
7.09, 
1.18 

6.21, 
6.48, 
1.57 

7.11, 
7.4, 
1.17 

6.9, 7.2, 
1.41 

7.06, 7.09, 
0.96 

6.78, 6.91, 
1.17 

Sweet foods 
6.25, 
6.6, 
1.88 

6.49, 
6.75, 
1.73 

6.56, 
6.8, 
1.46 

6.72, 7, 
1.46 

5.95, 
6.25, 
1.65 

6.3, 
6.44, 
1.52 

6.18, 
6.4, 
1.52 

6.39, 6.6, 
1.61 

6.21, 6.39, 
1.37 

6.69, 6.89, 
1.31 

Vegetables 
7.16, 
7.6, 
1.5 

7.45, 
7.6, 
1.09 

6.64, 
6.79, 
1.33 

6.91, 
7.07, 
1.29 

6.39, 
6.56, 
1.33 

6.85, 7, 
1.24 

5.64, 
5.93, 
1.51 

6.24, 
6.35, 
1.32 

6.22, 6.33, 
1.25 

6.68, 6.78, 
1.17 

 

Factors associated with food liking groups 

As summarised in Table 5, different factors showed association with food liking groups, 
as assessed by multivariate regression models. 
Differences between men and women were found in all liking groups except for cheeses. 
Women showed higher liking of sweet foods, vegetables and fruits (p-values<0.0001) 
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than men, while men showed higher liking of alcoholic beverages, meat and fish (p-
values<0.0001) compared to women. 
Food liking also showed associations with age groups: greater liking for vegetables and 
fish were observed with 5-year age group increases (p-values<0.0001). 
Smoking habit was associated with liking of sweet foods, fish and alcoholic beverages, 
with smokers having lower liking for sweet foods (p-value<0.0001) and higher liking for 
fish (p-value=0.0001) and alcoholic beverages (p-value=0.016) compared to non-
smokers. 
Individuals with high education level showed lower liking for meat (p-value<0.0001) 
and greater liking for alcoholic beverages (p-value<0.0001) and vegetables (p-
value=0.014). 
As regard physical activity, subjects practicing moderate/intense physical activity show 
a greater liking for fish (p-value=0.0054), fruit (p-value=0.008) and vegetables (p-
value<0.0001). 
The relationship between food groups and bitter intensity of PROP was also tested 
detecting a relationship between PROP intensity and sweet foods: increasing of PROP 
intensity perception corresponded to higher sweet foods liking (p-value 0.0094).  
The analysis of eating behaviour phenotypes in our samples highlighted that food 
adventurousness was associated with all food liking groups (p-values<0.005). In 
particular, subjects showing a food adventurous behaviour present a higher liking of all 
food groups compared to those being less adventurous. Moreover, cognitive restraint of 
eating was associated with the liking of meat and sweet foods: in individuals with high 
self-control a lower liking of meat (p-value<0.0001) and sweet foods (p-value=0.0029) 
was observed compared to individuals with low self-control. Finally, eating disinhibition 
was associated with liking for all foods except for fruit and vegetables. Specifically, 
individuals with higher disinhibition showed greater liking for alcoholic beverages (p-
value=0.0059), cheeses (p-value<0.0001), fish (p-value=0.0023), meat (p-value<0.0001) 
and sweet foods (p-value<0.0001), compared to individuals with less eating 
disinhibition. 
Overall, the explained variability of each liking group (response variable) by the 
explanatory variables as expressed by the determination coefficients (R2) of the models 
described in Table 5 was: 12.1% for alcoholic beverages, 9.3% for vegetables, 7.8% for 
fish, 6.3% for meat, 4.5% for sweet foods, 3.0% for cheeses and 2.8% for fruit.  
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Table 5. Factors related to liking groups as assessed by multivariate regression models implemented in 
each population sample and aggregated by meta-analysis. The values are beta and p-value in brackets. 
Significant results (p-value<0.05) were reported in bold. The explanatory variables are reported in rows, and response 
variables in columns. For non-quantitative variables, the reference categories are: (1) women, (2) non-smokers, (3) 
none/light physical activity, (4) less adventurous individuals, (5) less conscious individuals, (6) inhibited individuals. 
Each variable was first tested on a base model with sex and age and if not significant (p-value<0.05) it was not 
included in final multivariate model. Not included variables are indicated by “Not included”. 

Explanatory  
variables 

Alcoholic 
beverages 

Cheeses Fish Fruit Meat 
Sweet 
Foods 

Vegetables 

Gender (1) 
1.368 

(<0.0001)  
Not included 

0.477 
(<0.0001)  

-0.195 
(<0.0001) 

0.303 
(<0.0001)  

-0.275 
(<0.0001) 

-0.413 
(<0.0001) 

Age (5-years) 
-0.003 
(0.85) 

Not included 
0.085 

(<0.0001) 
Not included 

Not 
included 

-0.01 
(0.275) 

0.107 
(<0.0001)  

Smoking (2) 
0.227 

(0.016)  
Not included 

0.339 
(<0.0001)  

Not included 
Not 

included 
-0.314 

(<0.0001) 
Not included 

Education 
(years) 

0.048 
(<0.0001)  

-0.001 
(0.84) 

0.015 
(0.18) 

0.007 
(0.24) 

-0.027 
(<0.0001) 

Not 
included 

0.018 
(0.014)  

Exercise (3) Not included Not included 
0.203 

(0.0054) 
0.14 (0.008) 

Not 
included 

Not 
included 

0.238 
(<0.0001)  

PROP Intensity 
-0.003 
(0.057) 

Not included Not included Not included 
Not 

included 
0.003 

(0.0094)  
Not included 

Food 
adventurousness 

(4) 

0.403 
(<0.0001) 

0.394 
(<0.0001) 

0.619 
(<0.0001) 

0.305 
(<0.0001) 

0.265 
(<0.0001) 

0.175 
(0.0037) 

0.485 
(<0.0001) 

Cognitive 
restraint (5) 

Not included Not included Not included Not included 
-0.229 

(<0.0001) 
-0.167 

(0.0029) 
Not included 

Disinhibition (6) 
0.202 

(0.0059) 
0.22 

(<0.0001) 
0.202 

(0.0023) 
Not included 

0.189 
(<0.0001) 

0.416 
(<0.0001) 

Not included 

The results of the analyses in men and women separately are displayed in Appendix 
section in Table A.1. a) e b) respectively. 

1.4. Discussion 
This cross-sectional observational study examined a large database of 3219 Italian 
adults aimed to study factors related with food liking. 
In the present work, we showed that personal characteristics, such as gender and age, 
or eating behaviour phenotypes (i.e. food adventurousness, cognitive restraint and 
disinhibition) are very important factors to take into consideration when studying food 
liking. 
For example, we found that men preferred high-fat foods like meat and alcoholic 
beverages, while women preferred healthier foods such as fruits and vegetables (Logue 
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& Smith, 1986; Frewer & van Trijp, 2007). A possible explanation for these differences 
might be the highest awareness of women to health benefits and weight control 
(Westenhoefer, 2005). Differently from other studies on food intake measures (Karlsson 

et al., 2017; Wennberg et al., 2012; O’Doherty Jensen & Holm, 1999), in our work men 
reported higher fish liking compared to women. To our knowledge, no other study 
showed gender differences in fish liking, therefore further investigation is necessary.  
Age is another very important factor shaping food liking and, in agreement with past 
works, we have observed that ageing is associated with an increased liking for 
vegetables (Kossioni & Bellou, 2011; Guido et al., 2016) and fish.  
A role of food adventurousness (to be willing to try novel and unfamiliar foods) and 
neophobia (reluctance to try novel and unfamiliar foods) on food liking and intake in 
adults and children was already reported (Ullrich et al., 2004; Jaeger et al., 2017; 

Russell & Worsley, 2008; Laureati et al., 2014; Laureati et al., 2015). In the present 
work, food adventurousness resulted associated with an increase of liking for all food 
groups, suggesting that more food adventurous subjects tend to prefer a wide variety of 
foods. Furthermore, higher cognitive restraint resulted associated with a decrease in 
sweet and meat liking while increased eating disinhibition is associated with a higher 
liking for several food groups, but not for vegetables and fruit (Contento, Zybert, & 

Williams, 2005; Habhab, Sheldon, & Loeb, 2009; Mela, 1996; Lähteenmäki & Tuorila, 

1995).  
Additionally, our results showed that other factors, such as smoking, education and 
physical activity, might play a role in modelling some specific food liking groups. 
Smoking people show a higher alcohol liking and lower sweet food liking as compared 
to non-smokers, partially in agreement with previous reports (Zizza et al., 2015; 
Lampuré et al., 2015). Moreover, liking of alcoholic beverages and vegetables increases 
according to the level of education attainment, while liking of meat decreases (Mullie, 

Clarys, Hulens, & Vansant, 2010). As regards to physical activity, our data (i.e. 
increased liking of fish, fruit and vegetables in individuals practicing moderate to 
intense physical activity) further confirms previous findings linking differences in food 
liking or intake to healthy behaviors (Mullie et al., 2010; Ball, Jeffery, Abbott, 

McNaughton, & Crawford, 2010; Masic, Christiansen, & Boyland, 2017; Rodenburg, 

Oenema, Pasma, Kremers, & van de Mheen, 2013).  
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When it comes to taste perception, higher ability to perceive the bitter taste of PROP 
resulted weakly associated with higher liking for sweet foods. Although controversial 
results have been reported on the relationship between PROP perception and 
liking/disliking of sweet foods, our results agree with some studies showing that subjects 
sensitive to PROP also perceive more sweetness (Bachmanov et al., 2003; Peterson, 

Bartoshuk, & Duffy, 1999; Looy & Weingarten, 1992; Drewnowski, Henderson, Shore, & 

Barratt-Fornell, 1997; Drewnowski, Henderson, Levine & Hann, 1999). 
In conclusion, this work shows that many factors may influence questionnaire-reported 
food liking. As a limitation, the variables measured only explained a moderate level of 
variance for liking of the food groups. This suggests that additional factors (e.g., social, 
cultural, environmental, etc.) or greater precision in self-reported variables (such as 
physical activity or smoking) are required. Another limitation may concern the use of 
the 9-point scale that, despite it being very brief and easy to use for both participants 
and researchers, does not permit to define the full range of hedonic due to its limited 
number of responses.  
Despite these limitations, the main strength of this study remains the availability of 
comprehensive data on lifestyle, food experiences behavior in a very large adult 
population. 
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2. Sensory deficits and their link with eating behaviour 
 

2.1. Backgrounds and aims 
Sensory dysfunctions may play a critical role in the health and quality of life (Fischer 

ME et al., 2009; Genther DJ et al., 2014; Li L et al., 2013; Schiffman SS et al., 2000; 

Solemdal K et al., 2014; Pinto JM et al., 2014).  
It is well known that single sensory impairments are common, especially in older people 
(Kern DW et al., 2014; Crews JE et al., 2004; Murphy C et al., 2002; Welge-Leussen A., 

2009). Otherwise, studies showed that multiple dysfunctions exacerbate the effect of 
single (Chia E-M et al, 2006; Kiely KM et al., 2013), highlighting the importance of 
investigating also multisensory impairments. Many studies focused on the prevalence, 
the risk factors and the impact of sensory deficits in individuals aged 40 years and more 
(Liu G et al., 2016; Correia C et al., 2016; Pinto JM et al., 2014; Crews JE et al., 2004), 
but little is known about the prevalence, the risk factors and the effect of impairments 
of single or multiple senses in general population, across the life spectrum of adults 
(Khil L et al., 2015). 
Sensory dysfunctions could modify eating habit. In particular, smell and taste disorders, 
but also hearing, could affect nutrition (Mathieu ME et al., 2019). Studies in older adults 
showed that olfactory dysfunction affect either overall perception as well as single 
preferences of odorants (Seow Y-X et al., 2016) and this deficit affects food selection, 
nutrition, and consequently health (Kong IG et al., 2016, Kershaw JC et al., 2018). For 
example, some studies highlighted that, in older adults, decreased smell is associated 
with appetite suppression, weight loss, and malnutrition (Gopinath B, et al, 2012; Boyce 

JM et al, 2006). Declining taste acuity or taste loss predisposes the elderly to a higher 
risk of developing cardiovascular diseases, overweight, obesity and other diseases 
(Schiffman SS, 2009). Hearing dysfunction can lead to social isolation (Mick P et al, 

2014) and depression (Mener DJ et al, 2013), both of which are associated with an 
increased risk of malnutrition in older individuals (Schiffman SS, 2007). 
The aims of the present study are: 

1. to describe the prevalence of single and multiple sensory impairments in 
Italian adult samples;   

2. to investigate the relationship between sensory deficits and environmental and 
personal variables as possible risk factors; 
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3. to evaluate the impact of sensory dysfunctions on eating behaviour investigating 
the relationship of the number of impaired senses with food adventurousness 
and liking for vegetables foods.  

 

2.2. Materials and methods 

Participants  
1151 individuals from two Italian populations, Friuli Venezia Giulia (FVG) and Val 
Borbera (VB), were included in the study. All participants gave written informed 
consent, and the ethical committees of IRCCS Burlo Garofolo and San Raffaele Hospital 
approved the study. For further details, see section 1.2.. 

Personal and lifestyle characteristics 

Personal, socio-demographic information and living habits were collected for each 
participant using a standard questionnaire, as explained in section 1.2.. In particular, 
in this work, we used information about gender, age, smoking status (non-
smokers/smokers), educational level (measured in years of schooling) and alcohol 
consumption (in grams/die). 

Sensory measurements  

Smell 
Each participant was presented with 12 odorants in 12 commercially available felt-tip 
pens (“Sniffin’ Sticks” Burghart GmbH, Wedel, Germany) (Hummel T et al., 1997). 
Olfactory test consists in odour identification (4-alternative forced choice). In this study, 
5 odorants (leather, cinnamon, lemon, cloves and pineapple) were excluded because 
were not recognized by more than the 20% of the subjects (data not shown), in 
accordance with (Parola S and Liberini P, 1999). The odorants included in the study 
were orange, peppermint, banana, liquorice, coffee, rose and fish.  
The number of errors was counted. The smell score was created categorizing the 
individual smell ability as “good” if the individual showed 0 or 1 error, “medium” for 2 
errors and “poor” for number of errors ≥ 3 in similar manner to other studies (Khil et 

al., 2015; Vennemann et al., 2008). 
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Hearing 
For each participant different frequencies (0.25, 0.5, 1, 2, 4 and 8 kHz) were measured 
using standard audiometers. 
To classify the hearing ability, the mean of frequency thresholds of 0.5, 1, 2, and 4 kHz 
were taken into account, in accordance with Bureau International d'Audiophonologie 
(BIAP) recommendation no. 02/01 bis (http://www.biap.org/en/recommendations/65-

ct-2-classification-des- surdites/5-recommandation-biap-021-bis). 
For each individual the hearing score was defined as “good” for average threshold ≤ 20, 
”poor” for average threshold>40, “medium” otherwise. 

Taste 
Taste responsiveness was determined using the Burghart filter paper method (Zhao L 

et al, 2003). The tastes were sweet (sucrose, 0.2 g/ml), sour (citric acid, 0.165 g/ml), salty 
(NaCl, 1.0 mol/l) and bitter (quinine hydrochloride, 0.0024 g/ml). At each subject was 
asked to individuate the correct taste (4-alternative forced choice).  A possible choice 
was also “I don’t perceive any taste” and this answer was considered as error. The 
number of errors was counted.  
The taste score was defined categorizing the individual taste ability as “good” if the 
individual showed 0 error, “medium” for 1 error and “poor” for number of errors ≥ 2, in 
agreement with other studies (Khil et al., 2015; Vennemann et al., 2008; Correia et al., 

2016).  

Definition of the number of impairments 
For each sensory score, “medium” and “poor” conditions were considered as signal of 
impairment. A multisensory score was defined as the number of impairments: 0 if the 
individual does not show impairments (“good” in all the senses), 1 for impairment in 
only one sense etc. 

Vegetables liking group 
As explained in section 1.2., liking for about 100 foods and beverages were assessed by 
means of questionnaire in a 9-point scale. A vegetables liking group was defined as the 
average of liking given by each individual for the following foods: fennel, chicory, 
beetroot, savoy cabbage, broccoli, cauliflower, beans, asparagus, artichokes, spinach, 
raw carrots, green salad, radicchio, eggplant, tomatoes, wild mushrooms and potatoes. 
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Cronbach reliability test confirms the goodness of the group (0.90 in FVG and 0.89 in 
VB).  

Food adventurousness 
Food adventurousness (to be willing to try novel and unfamiliar foods) was assessed by 
the answer to the question: “How often do you try unfamiliar foods?”. The response 
categories were: “never”, “rarely”, “some of the time”, “often” and “very often”. In the 
statistical analysis this trait was considered as score ranging from 0 (“never”) to 4 (“very 
often”).  

Statistical analysis 

Statistical analyses were performed in R 3.4.1. (www.r-project.org). 
Individuals without all three sensory phenotypes and individuals with pathologies that 
can cause damage to senses (cancers, neurodegenerative diseases, severe hearing-
related problems like as tinnitus) were excluded from the study.  
The prevalence of impairments was evaluated in all samples and by gender and age 
groups. 
The relationships between independent variables, as possible risk factors, and sensory 
impairments were assessed by means of ordinal logistic regression models (polr function 
in MASS R library) for each sense function (classified as good, medium and poor) and 
by means of linear regression model for the number of impairments. The explanatory 
variables set included gender, age, smoking habit and alcohol consumption. Age was 
considered in groups of 10 years in order to better capture the effect. Alcohol 
consumption was classified as low and high: a consumption of more than 30 grams/die 
in men and more than 20 grams/die in women was considered as high (Khil L et al., 

2015). 
To evaluate the association of eating behaviour phenotypes and the number of 
impairments, multiple regression analyses were conducted. Moreover, to better 
understand the complex interplay between variables, models were developed and tested 
with Structural Equation Modelling (SEM, lavaan R package, Rosseel Y (2012)). SEM 
(Wright SS, 1921) is a statistical technique that allows identifying the direct and 
indirect influences of variables and it is used when the response variable in one 
regression equation becomes a predictor in another. Potential confounders (sex, age and 
educational level) were included in the models.  Criteria for overall fit were chosen a 
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priori: chi-square p-value non-significant (χ2 p>0.05), Confirmatory Fit Index (CFI) ≥ 
0.92, Tucker-Lewis Index (TLI) > 0.87 and Root Mean Square Error of Approximation 
(RMSEA) < 0.05 (Tabachnick, B.G. and Fidell L.S., 2001).  

2.3. Results 

Sample characteristics 
The number of individuals included in the study was 1155, exactly 713 in FVG and 442 
in VB.  Age ranged from 18 to 89 in FVG and from 18 to 88 in VB and the percentage of 
female population was 57.1% in FVG and 56.6% in VB. Preliminary analysis conducted 
in each population separately (data not shown) revealed a similar trend, thus, we 
decided to combine the individuals in a single dataset. Sample characteristics are 
summarized in Table 6. 
 
Table 6. Characteristics of individuals included in the study. *P-value is referred to difference in no 
sensory/any sensory impairments groups (T-test for continuous variables, Chi-square for categorical). 

 All 
(n=1155) 

No impairment 
(n=361) 

Any impairment 
(n=794) 

P-
value* 

Age (years), mean (SD) 51.7 (16.7) 43.9 (13.9) 55.2 (16.6) <0.0001 

Age groups, % (n)    <0.0001 

18-29 12.6 (145) 18.3 (66) 9.9 (79)  

30-39 13.2 (153) 22.7 (82) 8.9 (71)  

40-49 16.8 (194) 23.0 (83) 14.0 (111)  

50-59 22.2 (256) 21.3 (77) 22.5 (179)  

60-69 19.4 (224) 11.6 (42) 22.9 (182)  

70+ 15.8 (183) 3.0 (11) 21.7 (172)  

Men, % (n) 43.1 (498) 32.4 (117) 48.0 (381) <0.0001 

Education (years), mean (SD) 11.0 (3.8) 12.4 (3.4) 10.4 (3.8) <0.0001 

Current smokers, % (n) 19.5 (225) 23.3 (84) 17.8 (141) 0.035 

High alcohol consumption, % (n) 25.9 (299) 22.7 (82) 27.3 (217) NS 

Food adventurousness, mean, 
median, SD 

2.0, 2.0, 
1.05 2.2, 2.0, 1.03 1.9, 2.0, 1.05 <0.0001 

Vegetables liking, mean, median, SD 6.6, 6.7, 
1.3 6.6, 6.8, 1.2 6.6, 6.7, 1.3 NS 
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Prevalence of sensory impairments 
Sensory damages were identified as medium or poor condition. The percentage of 
individuals without sensory damages (i.e. all the senses “good”) was 31.25%. As 
displayed in Figure 3, taste damages were the most prevalent (55.32% in total and 
31.17% without co-occurrence of other senses) followed by hearing (32.29% in total and 
9.61% without co-occurrence).  Smell impairments were the less prevalent: 13.07% in 
total and 1.65% without co-occurrence. 20.62% of population showed dual co-occurrence: 
taste plus hearing was the most prevalent (14.86%) and hearing plus smell the less 
prevalent (2.16%). 5.63% of population showed all the three senses impaired. 
 
Figure 3. Venn diagram of prevalence of single and multiple sensory impairments. 

 
 
Figure 4 shows the percentage of individuals with “good” (darkest shade), “medium” 
(medium shade) and “poor” function (lightest shade) for hearing (a), smell (b) and taste 
(c) in each age group for women (in the top) and men (in the bottom). It is evident the 
influence of age in decreasing of good function both for men and women, especially for 
hearing. In addition, men showed higher prevalence for medium and poor status, 
specifically in old age, compared to women. Considering the number of impairments 
(Figure 4 d)), the percentage of individuals with 2 or 3 senses damaged (lightest colours) 
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increased by aging. Men, compared to women, showed lower percentage of absence of 
impairments (darkest shade) in all the age classes. For example, while in the whole 
dataset analysed the percentage of all the senses impaired was 5.6% (Figure 3), in older 
adults (aged 70 and over) the prevalence becomes about 20% for women and 30% for 
men (lightest shade).    
 
Figure 4. Percentage of individuals with good, medium and poor sensory functions by age groups, 
respectively for a) hearing, b) smell and c) taste for women (top) and men (down). d) Percentage of 
number of impairments by age groups for women and men: medium and poor conditions of smell, taste 
and hearing were considered as sign of impairment; 0=no impairment, 1=impairment in one sense, 2= 
impairment in two senses, 3= impairment in all the three senses. 

	

 
 

Factors influencing sensory ability 

The influence of gender, age (10 years groups), education (years of schooling), high 
alcohol consumption (no/yes) and smoking habit (no/yes) on single sensory impairments, 
assessed by ordinal probit regression, are shown in Table 7 a).  Table 7 b) shows the 
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influence of the same independent variables, assessed by linear regression, on the 
number of impairments.  
 
Table 7. a) Factors influencing smell, taste and hearing abilities tested by ordinal logistic regression 
(category good, medium and poor). b) Factors associated to numbers of sensory impairments by linear 
regression. OR=Odds Ratio, CI= Confidence Interval. In bold significant associations (p-value<0.05). 

 

a) 

 Smell Taste Hearing 

 OR 95%CI 
(p-value) 

OR 95%CI 
(p-value) 

OR 95%CI 
(p-value) 

Sex (men) 1.5 [1.04;2.18] 
(0.03) 

2.0 [1.59;2.52] 
(<0.00001) 

1.64 [1.22;2.21] 
(0.001) 

Age, 10-y groups 1.47 [1.26;1.72] 
(<0.0001) 

1.11 [1.02;1.21] 
(0.019) 

3.15 [2.71;3.68] 
(<0.00001) 

Education, years of 
schooling 

0.91 [0.86;0.96] 
(0.0008) 

0.94 [0.91;0.97] 
(0.0005) 

0.95 [0.91;0.99] 
(0.02) 

High alcohol 
consumption, yes 

1.44 [0.97;2.11] 
(NS) 

0.8 [0.61;1.03] 
(NS) 

0.79 [0.57;1.09] 
(NS) 

Current smoker 0.93 [0.55;1.51] 
(NS) 

1.04 [0.79;1.38] 
(NS) 

0.97 [0.65;1.44] 
(NS) 

b) 

 Number of impairments 

 Beta 95% CI 
(p-value) 

Sex (men) 0.28 [0.19;0.37] 
(<0.0001) 

Age, 10-y groups 0.21 [0.18;0.24] 
(<0.0001) 

Education, years of 
schooling 

-0.03 [-0.05;-0.02] 
(<0.0001) 

High alcohol consumption, 
yes 

-0.03 [-0.13;0.07] 
(NS) 

Current smoker -0.02 [-0.12;0-09] 
(NS) 

 
As already observed in terms of prevalence, male gender was a significant risk factor 
for all the three senses and for the number of impairments and affects particularly taste 
with an odds ratio of 2.0. All the sensory abilities were affected by aging: a 10-years 
increase in aging produced an increase of the risk of 1.47 for smell ability, 1.11 for taste 
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and 3.15 for hearing (p-values < 0.05).  In addition, a 10-years increase in aging 
corresponded to an increase of 0.21 in number of impairments (p-value < 0.0001).  
Increasing educational level was a protective factor for each sense (OR for smell 0.91, 
taste 0.94, hearing 0.95, p-value < 0.05). Education was also related to the number of 
impairments with a significant decrease of number of impairments of 0.03 (p-value < 
0.0001) for the increase of one year of schooling. 
No significant associations were observed for smoking status and high alcohol 
consumption. 

Relationship between the number of impairments and eating 

behaviour 

Linear regression models were used to explore the relationship of the number of 
impairments with food adventurousness and vegetables liking, including as 
confounding variables, gender, age and educational level. As shown in Table 8, the 
number of impairments was associated with both food adventurousness and vegetables 
liking: higher number of sensory impairments corresponded to lower values of food 
adventurousness and vegetables liking.  
 
Table 8. Results of linear regression models to assess the relationship between the number of sensory 
impairments and eating behaviour. The explanatory variables are in rows and the response variables (food 
adventurousness and vegetables liking) are in columns). Food adventurousness has been included in the model for 
vegetables liking. The values are betas, confidence interval in square brackets and p-value in round brackets. 

 Food 
Adventurousness Vegetables liking 

Sex (male) 
-0.09 [-0.21;0.03] 

(NS) 
-0.42 [-0.56;-0.28] 

(<0.0001) 

Age (10y) 
0.03 [-0.07;0.02] 

(NS) 
0.23 [0.17;0.28] 

(<0.0001) 

Education (y) 
0.06 [0.04;0.08] 

(<0.0001) 
0.002 [-0.02; 0.02] 

(NS) 

Food adventurousness - 
0.23 [0.16;0.3] 

(<0.0001) 

Number of impairments 
-0.08 [-0.16;-0.0008] 

(0.048) 
-0.10 [-0.2;-0.01] 

(0.03) 

 
Because the effect of the number of impairments on vegetables liking could be mediated 
by the food adventurousness (Table 8), SEM models were performed to test the direct 
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and indirect associations. As shown in Figure 5, a direct effect of the number of sensory 
impairments on vegetables liking and food adventurousness emerged, controlling for 
sex, age and education.  The model has a good fit. 
	
Figure 5. Results of SEM models (Lavaan R package). The model showed a good fit (CFI=0.998, TLI=0.978, p-
value Chi-square=0.15, RMSEA=0.031). Reported value are the effect of the variables in left side on the variable in 
right side and p-values *<0.05, **<0.001. NS=not significant; y=years. 

	

	
 

 

2.4. Discussion 
This study examined the prevalence of hearing, smell and taste impairments and their 
association with possible risk factors as well as their link with eating behaviour. 
 

In our sample, taste deficits were the most prevalent impairments followed by hearing 
and smell. In a past work, Khil and co-authors (2015) investigated the sensory deficit 
in a total of 1208 Germany individuals aged 25-74. They found a prevalence of one or 
more deficits comparable to ours (73.6% versus 68.75% in our sample) and reported a 
similar co-occurrence of the deficits of the three senses together (3.2% versus 5.6% in 
our work). Indeed, their results showed a prevalence of single senses deficit different 
from ours, higher for hearing and smell and lower for taste. Liu et al. (2016), found a 
prevalence for smell impairments of 13.5% in about 3500 US individuals aged 40 and 
older, which is comparable with our results, while the prevalence of taste dysfunctions 
was very different (17.3%). In addition, they found a percentage for the co-occurrence of 
smell and taste deficits of 2.2% in line with our results. In a study of 2968 US individuals 
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aged 57-85, Correia et al. (2016) used the same method, the same tastes and the same 
classification as we did. They found that taste impairment was the most prevalent 
sensory deficit with 74%, similar to our results for older people.  
 
We found an association of both single sensory deficit and the number of impairments 
with age, gender and educational level, while no link was found with smoking habit and 
high alcohol consumption. Our results on the effect of aging were in agreement with 
other studies (Khil et al., 2015; Correia et al., 2016).  Indeed, it is already well known 
that the aging process is associated with a decline in the function of senses (Murphy C 

et al., 2002; Michikawa T et al., 2011; Mathieu et al., 2019). Many studies reported that 
male gender is a risk factor for sensory decline. For example, Khil et al. (2015) results 
were very similar to ours, while Liu et al. (2016) reported an association only for smell 
impairments but not for taste. Khil et al. (2015) found, like us, that a low educational 
level was a risk factor for smell, hearing, taste decline and the grade of impairments, 
whereas Liu et al. (2016) reported association only for smell but not taste. Regarding 
the relationship of hearing, smell and taste with smoking and alcohol habit, 
controversial results were reported, some of which in accordance with ours. For 
example, Khil et al. (2015) found smoking as a risk factor for smell deficit and the grade 
of impairments, but not for taste and hearing decline, and found high alcohol 
consumption as a risk factor only for hearing impairments. Liu et al. (2016) found no 
association of smell and taste impairments with smoking habit while found that alcohol 
consumption was a risk factor for smell. 
 
In our study the increase of the number of sensory impairments was associated with 
lower food adventurousness and lower liking for vegetables. Our results are in line with 
the ones from previous studies, which showed that taste, smell and hearing alterations 
could affect nutritional response (Mathieu et al., 2019). In particular, other studies 
agree with our results, even though the considered eating phenotypes were different, 
and a single deficit was taken into account (Mathieu et al., 2019). For example, some 
studies showed that individuals with smell deficits had a reduced preference for fruits 
and vegetables (Duffy VB et al., 1995) or consumed low quality diet (Gopinath B et al., 

2016). Other studies showed that food neophobia (i.e. the reluctance to try novel foods, 
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almost the opposite measure of food adventurousness) is associated with impaired 
chemosensory abilities such as the smell and taste (Wildes et al., 2012). 
 
In conclusion, we observed that the relationship between sensory deficits and diet-
related phenotypes is complex. This aspect highlights that many factors could have been 
included in this kind of studies and appropriate statistical instruments, such as 
Structural Equation Modelling, are needed.  
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CHAPTER III 
	

GENETIC FACTORS AFFECTING FOOD LIKING 
	
In this chapter, the genetics of food liking is investigated. The first part is a brief review 
of the current knowledge, starting from heritability to candidate genes and Genome-
Wide Association Studies (GWAS). Precisely, I report the results of past studies that 
have investigated the role of taste and olfactory genes on food liking. Subsequently, are 
explored the results of GWAS on food liking, some of which were performed in INGI 
populations in the previous years. In the second part, I present my work about the 
discovery (by GWAS) and the replication of a new gene (CAV1) found associated with 
eating disinhibition and food liking. 

3. Genetics of food liking: a review of the current knowledge 

3.1. Background and aim 
The first evidence for genetic influences on food liking came from family and twin 
studies (Faust J, 1980; Falciglia GA, Norton PA, 1994; Reed DR et al, 1997; Breen FM 

et al, 2006; Keskitalo K, Knaapila A et al., 2007; Keskitalo K, Tourila H et al, 2007; 

Törnwall O et al., Physiol Behav 2012; Törnwall O et al., Appetite 2012; Fildes A et al, 

2014; Smith AD et al, 2016; Pallister T e al., 2015). 
However, over the last decades, rapid advances in molecular genetics have 
revolutionized the understanding of individual differences in many aspects of human 
behavior. These advances give researchers the tools to conduct genetic association 
studies on a large scale, to better understand the role of specific gene loci in sensory 
perceptions, food liking, intake as well as on food-related habits (Reed DR et al., 2010; 

Hwang LD et al., 2019; Pirastu N et al., 2012; Pirastu N et al., 2015; Pirastu N et al., 

2016; Eriksson N et al., 2012). 
To date, the vast majority of genetic studies on food liking have focused on identifying 
specific loci associated with sensory perceptions (mainly taste and smell perception). 
The effects of taste and smell genes on food habits (Kim UK et al., 2003; Guo SW et al., 

2001; Bufe et al., 2002; Kuhn et al., 2004; Pronini AN et al, 2007; Beherens M et al, 2006; 

Mainland JD et al., 2009; Fushan AA et al, 2009; Shigemura N et al., PlosOne 2009; 

Shigemura N et al., Am J Clin Nutr 2009; Dias AG et al., 2013; Laugerette F et al, 2005; 



	 37	

Keller KL et al., 2012; Reed DR et al, 2015; Ugawa S, 2003; Ishimaru Y, Matsunami H, 

2009; Bachmanov AA et al, 2007; Bachmanov AA et al, 2014) and health status (Keller 

KL et al., 2012; Reed DR et al., 2015; Hayes JE et al., 2011; Tepper BJ, 2008; Feeney E, 

2011; Hayes JE et al., 2013; Feeney E et al, Proc Nutr Soc 2011; Negri R et al., 2012; 

Garcia-Bailo B et al., 2009; Chamoun E et al., 2018; Eny KM et al., 2010; Kulkarni GV 

et al, 2013; Ma X et al., 2004; Dotson CD et al, 2010) have also been extensively 
investigated.  
However, gaps in understanding still exist, and emerging evidence suggests that novel 
genes (not necessarily related to taste or smell perception) may play a critical role in 
these relationships (Reed DR et al, 2010; Hwang LD et al, 2019; Pirastu N et al, 2012; 

Pirastu N et al, 2015). 
Thus, a potential new area in nutrition research is the investigation of the genetic bases 
of food liking to include both taste/smell-related and non-related genes.  
Specifically, this is a brief review of studies on both food preferences (defined as the 
selection of one food rather than another) and food liking (meaning the degree of liking 
or disliking towards a food).  In the text these terms are used as synonyms. 

3.2. Genetic dissection of food preferences 
The genetic background of a trait can be investigated through several methods. Firstly, 
heritability analysis allows one to estimate the proportion of variation of a phenotype, 
which is due to genetic differences between individuals. However, heritability studies 
do not provide any information on specific genes and polymorphisms related to a given 
trait. Specific information can be identified through genetic association analysis such 
as candidate gene and genome-wide approaches.  
A candidate gene study investigates variations within specific genes of interest selected 
on the bases of the existing knowledge or hypotheses. In contrast, a GWAS is conducted 
without suppositions or previous knowledge and the whole genome is scanned, so that 
new genetic variants may be discovered (Mackay TF, 2001; Yang J et al., 2011; Rao DC, 

2008).  
Here, different approaches through which the genetic of food liking can be dissected are 
reported: firstly, studies that provided evidence for a genetic basis of food liking 
(heritability studies) and then studies that identified associations with genes (candidate 
gene and genome-wide association).  
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Heritability studies 
Heritability is the proportion of the phenotypic variation in a population explained by 
genetic effects; it is a measure of inheritance of a trait. Usually, heritability estimation 
requires data where familial relationships are known (twins or family studies) and does 
not provide information about which genes are responsible for the trait. Heritability has 
been widely estimated in twin studies, where monozygotic twins (identical twins with 
almost no differences in their DNA) are compared to dizygotic twins (fraternal twins 
who share on average half of their DNA). This comparison allows one to evaluate the 
proportion of variation of a trait ascribable to genetic factors, while the remaining 
variance is assumed to derive from environmental factors. Heritability estimation 
ranges from 0 to 1: a high value indicates that genetics plays a major role, while low 
values indicate that most of the variation is due to environmental factors. High 
heritability does not necessarily imply a single gene is the cause of trait variation. 
It is possible that multiple genes, each of them having a small effect, contribute to this 
variation (Visscher PM et al., 2008). 
Evidences on the heritability of food liking have been reported in both adults and 
children twin studies.  For example, studies in 3-5 years old children provide evidence 
for high or moderate heritability for liking of vegetables (from 0.37 and 0.54), fruits 
(from 0.51 to 0.53) and proteins (from 0.48 to 0.78) (Breen FM et al, 2006; Fildes et al, 

2014). Moderate heritability for specific food liking such as vegetables (0.54), fruits 
(0.49), meat or fish (0.49) and dairy (0.44) has also been observed in adolescents (18–19 
years of age) (Smith AD et al, 2016). Similar findings have been reported in adults. In a 
cohort of about 600 adult female twins in the UK, Keskitalo and colleagues reported 
that 49%, 54%, and 53% of the variation in liking for a sweet solution, liking and use-
frequency of different sweet foods (sweet desserts, sweets, sweet pastry, ice cream, hard 
candy, and chocolate) respectively, was explained by genetic factors (Keskitalo K, 

Knaapila A et al, 2007; Keskitalo K, Tuorila H et, 2007). Similarly, a study in young 
adult Finnish twins showed that genetic effects account for 18%-58% of the variation in 
the pleasantness of oral pungency, spicy foods and pungent sensations (Törnwall O et 

al., Physiol Behav 2010). In the same cohort, genetic influences on sour foods were 
studied, and 14% and 31% of the variation in pleasantness and intensity of orange juice 
spiked with citric acid was reported (Törnwall O et al., Appetite 2012). Moreover, these 
same authors also found that genetic effects accounted for 34%-50% of the variation in 
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pleasantness and use-frequency of sour foods categorized in three groups as follow: sour 
fruits and berries (red currant, red currant juice, cranberry, lingonberry, lemon and 
rhubarb), sour dairy products (natural cultured milk, natural yogurt and sour milk) and 
less-sour berries and fruits (strawberry, orange, blueberry, peach and banana) 
(Törnwall O et al., Appetite 2012).  
Differences in heritability results across studies can be explained by the small sample 
size of most studies and by the minimal number of foods analyzed (i.e. different from 
study to study and mainly focused on taste perception of foods). Moreover, differences 
in the data collection and analysis (i.e. age differences of participants, use of different 
questionnaires and measurements, analysis of single foods or a set of clustered foods) 
could also be responsible for this variability. 
More recently, a large study of more than 2,000 UK twins analyzed heritability of 
different liking patterns using data from an online food liking-disliking questionnaire 
including 87 different foods and beverages. This study revealed four food-liking patterns 
by principal component analysis (PCA): fruit and vegetables; sweet and high 
carbohydrates; meat; distinctive tastes (including chilly paper, garlic or other foods with 
strong taste). Moderate heritability was obtained for all of them (fruit and vegetables: 
0.36; sweet and high carbohydrates: 0.52; meat: 0.44; distinctive tastes: 0.58), 
corroborating past works on genetic influences of food liking-disliking (Pallister T et al, 

2015). However, similar heritability estimates reached by studies with both large and 
small sample size suggest that environmental factors also play a crucial role.  
Overall, these studies are useful in providing a quantitative estimate of the heritability 
of food liking and in supporting the idea that genetic determinants play a role. However, 
as already mentioned, they do not give information concerning specific genes accounting 
for food liking. 

Candidate gene studies 

A candidate gene study requires “a priori” hypothesis based on a potential role of a given 
gene on a given trait of interest (Zhu M, Shuhong Zhao S., 2007). Regarding food liking, 
this approach has been used to examine the possible role of polymorphisms in genes 
already known to be involved in taste or smell perceptions. These two senses allow us 
to recognize and to discriminate foods and are among the most important determinants 
of food liking (Glanz K et al, 1998; Drewnowski A et al, 1999; Boesveldt S et al, 2017). 
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For these reasons, DNA polymorphisms in taste and smell genes have played an 
important role in individual variability on food choices. 

Taste receptor genes  
It is well ascertained that genetic factors influence taste perception. Genes encoding 
taste receptors have been identified and genetic variability of sweet, umami and bitter 
perceptions have been intensely investigated; although knowledge gaps exist for sour 
and salty perception (Tepper BJ, 2008; Feeney E., Nutrition Bulletin 2011; Hayes JE et 

al., 2013; Feeney E et al, Proc Nutr Soc, 2011; Negri R et al, 2012; Garcia-Bailo B et al, 

2009; Chamoun E et al, 2018). 
A very well known example is that of the TAS2R38 bitter receptor, a major contributor 
to individual differences in bitter taste perception of PROP (6-n-propylthiouracil) or 
PTC (phenylthiocarbamide). About 30-40% of the European population is taste-blind to 
these compounds or perceive them weakly bitter (so-called non tasters), while the 
remaining 70-60% can perceive them moderately or intensely bitter (so-called tasters). 
Three SNPs in TAS2R38 gene (rs1726866, rs10246939, rs713598) result in three amino 
acid substitutions defining two main haplotypes, namely AVI and PAV that confer 
differences in the ability to taste PTC/PROP. Indeed, individuals homozygous for the 
AVI haplotype are mainly non taster, while homozygous for the PAV haplotype and 
heterozygous individuals are likely to be tasters (Kin UK et al, 2003; Guo SW, Reed DR, 

2001; Kin UK et al, 2005; Bufe B et al, 2005).  
Although controversial results have emerged in the literature, the variation in the 
ability to perceive PROP has been widely related to liking for different foods such as 
brassica vegetables, other bitter foods, sweets, added fat, spicy foods and alcoholic 
beverages (Hayes JE et al, 2011; Tepper BJ, 2008; Dinehart ME et al, 2006; Keller KL et 

al, 2002; Ullrich NV et al 2004; Hayes JE, Duffy VB, 2008). For example, Mennella and 
collaborators showed that in children, but not in adults, TAS2R38 variations partially 
explained individual preferences for sucrose or beverages and cereals with high sugar 
content (Mennella et al, 2005). A study in Malaysian adults showed mixed results. 
Specifically, the authors reported that aversions to individual foods such as green tea, 
mayonnaise and whipped cream were associated to TAS2R38 genotypes, while no 
associations were observed for vegetables and sweet/fat foods (Ooi SX et al, 2010). More 
recently, a study by Shen et al. showed that AVI/AVI subjects liked brassica vegetables 
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more than PAV/AVI and PAV/PAV individuals (Shen Y et al, 2016). In another recent 
work, Perna and collaborators reported that one specific polymorphism in the TAS2R38 
gene was associated with liking for beer, butter and cured meat (Perna S et al, 2018).  
However, a link between TAS2R38 genetic variants and food liking has not been 
observed in other studies and several reasons could be responsible for the inconsistent 
findings such as food assessment methods, sample size, cultural habits or other 
environmental factors that may influence the association. 
Evidences of a relationship between other bitter taste receptors genes and liking of 
common foods and beverages have also been reported. For example, variation in the 
TAS2R19 bitter-taste gene showed associations with grapefruit juice bitterness and 
liking (Hayes JE et al, 2011), while another bitter-taste gene, TAS2R43, has been 
related to coffee liking (Mennella JA et al, 2005). Data also suggested a possible 
influence of genetic variation in the TAS1R3 sweet receptor gene on sweet liking in 
children (Mennella JA et al, 2012), as well as a link between variations in CD36 gene 
(responsible for fat taste perception) and fat preferences (Keller KL et al, 2012). 
The studies mentioned above have limited implications for general food liking because 
they analyze only one or few genes (or SNPs) and they examine liking for just one or 
few foods. To address this shortcoming, our group examined the relationship between a 
broad spectrum of food liking and DNA variants in 27 taste and olfaction genes in a 
large cohort of > 400 individuals coming from Caucasus and Central Asia (Pirastu N et 

al, 2012). Statistically significant associations were identified for genes involved in 
chemosensory functions (i.e., TRPV1 and TAS1R2) or in signal transduction (i.e. PLCβ2 
and ITPR3). One of the most interesting associations was found between the TAS1R2 
gene (coding for a sweet taste receptor) and liking of alcoholic beverages, according to 
data reporting a link between ethanol preference and liking for sweet taste. In 
particular, the less frequent alleles for two different SNPs (rs3935570 and rs4920566) 
in the TAS1R2 gene were positively associated with the liking of vodka and white wine. 
Another noteworthy association was detected for tea and the PLCβ2 gene, a marker for 
type II taste bud cells, involved in caffeine response and also expressed in the sensory 
cells of the olfactory epithelium. In this case, the rarest allele of rs2290550 SNP was 
negatively correlated with tea liking.  
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Olfactory receptor genes  
Humans vary in the capacity to perceive several odors and variation in olfactory 
receptor (OR) genes may be responsible for these differences (Wysocki CJ and 

Beauchamp GK, 1984; Keller A et al, 2007). Despite more than 400 genes/receptors being 
involved in smell perception, little is known about the link between these genes and 
specific odorants as well as their possible influence on food liking. One of the most 
recognized examples is the role of olfactory receptor gene OR7D4 that is partially 
responsible for individual differences in the ability to smell androsterone (Wysocki CJ 

and Beauchamp GK, 1984). Androsterone is undetectable for some people while others 
define it as foul smelling or urine and sweat smelling and others describe it as sweet or 
floral smelling. Two SNPs in OR7D4 gene are responsible for two amino acid 
substitutions that impair the ability to perceive androstenone (Keller A et al, 2007). 
Androstenone is present in male pork meat. A recent study confirmed that OR7D4 
variants were associated with the sensory perception of pork meat containing 
androstenone as well as lower liking for the flavor and odor of pork meat by 
androstenone-sensitive individuals (Lunde K et al, 2012). 
Another example is the OR2J3 gene associated with individual differences in detecting 
Cis-3-hexen-1-ol (C3HEX), an odorant with green/grassy smell present in several fruits 
and vegetables. Polymorphisms in this gene are responsible for amino acid substitutions 
impairing the ability to smell C3HEX. Subjects can be classified in C3HEX-sensitive or 
C3HEX-insensitive (Jaeger SR et al, 2010; McRae JF et al, 2012). Moreover, foods 
spiked with C3HEX were less acceptable than the unspiked foods; however, the 
reductions in acceptability were more marked in C3HEX-sensitive individuals if 
compared to C3HEX-insensitive individuals (Jaeger SR et al, 2012).  
Finally, studies examined variation in the OR5A1 gene, related to β-ionone odor 
sensitivity. β-ionone aroma is a fruity/floral aroma present in several foods and 
beverages (Etievant PX et al, 1983; Larsen M et al, 1991; Tandon KS et al, 2000; 

Mahattanatawee K et al, 2005). A series of studies by Jaeger and co-workers showed 
that a DNA variation (rs6591536 SNP) in the OR5A1 gene is the causal variant for β-
ionone odor sensitivity, explaining the 96,3% of the phenotypic variation. They also 
reported that β-ionone sensitive individuals can easily differentiate between foods (such 
as milk chocolate or apple juice) with and without added β-ionone, and they can also 
recognize β-ionone in foods when compared to less-sensitive individuals. Moreover, 
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sensitive individuals prefer foods without β-ionone rather than with β-ionone (Jaeger 

SR et al 2013). 

GWA studies 
Over the past decade, the GWAS approach has become one of the most common tools 
for the identification of genes associated with complex traits and diseases. In this kind 
of studies, a large number of participants are genotyped for a hundreds of thousands of 
genetic markers (usually SNPs) covering the whole genome and their relationships with 
the trait of interest are examined, allowing the identification of novel gene variants and 
genomic loci (Visscher PM et al, 2017). 
To date, very few GWAS have been conducted on food liking, which are summarized in 
Table 9. Although a genome-wide scan typically analyzes thousands or even millions of 
SNPs, Table 9 reports only GWAS significant SNPs with p-value <5x10-8. This p-value 
is equivalent to the Bonferroni-corrected threshold (α=0.05) for 1 million independent 
variants (approximately the number of independent SNPs analyzed in a GWAS). 
The first GWAS was carried out on cilantro (or coriander) liking in a large cohort of 
unrelated European subjects belonging to the 23andMe cohort (Eriksson N et al, 2010), 
who responded to an online questionnaire asking whether they taste cilantro as soapy 
and whether they like it. An association among the rs72921001 SNP, soapy taste and 
disliking of cilantro was found. This SNP falls within a cluster of eight olfactory receptor 
genes on chromosome 11. Among them, the authors suggested that a good candidate for 
cilantro preferences could be the OR6A2 gene coding for a receptor that can be activated 
by several aldehydes responsible for the characteristic odor of cilantro (Eriksson N et al, 

2012). More recently, in our lab was conducted the first GWAS on red and white wine 
liking assessed by survey-reported food liking in 3885 adults coming from different 
geographic areas (Italy, the Netherland and Central Asia) (Pirastu N et al, 2015). In 
this work, a significant association between white wine liking and rs9276975 SNP in 
the HLA-DOA gene, encoding for a non-canonical MHC (major histocompatibility 
complex) II molecule was detected. Although the mechanism of how MHC could be 
linked to wine liking is unknown, the possible involvement of the olfactory system was 
hypothesized. 
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Table 9. GWA studies of food liking. Only genome-wide significant SNPs (p-value< 5x10−8) were included. 
Associated trait refers to the associated food liking; SNP shows the name polymorphism; Locus refers to the gene 
closest to the most significant SNP. 

 

 
Moreover, another GWAS on the liking of 20 different foods was carried out on a large 
cohort of 4611 individuals from Europe and Central Asia, which identified 15 novel 
significant variants associated with 12 different foods (Pirastu N et al, 2016). Some of 
these variants are located within genes that might represent good candidates for food 
choices. Interestingly, none of them belong to taste or olfactory receptors gene families 
but are likely to be involved in reward response to food (i.e., BPNT1, IRX4, CNTN5 and 

Reference Subjects 
(n) 

Population Food liking 
assessment 

 

Associated 
trait 

SNP Locus 

Eriksson 
et al. 2012 

26455 Unrelated  
(European) 

Responses to an online 
survey asking the 
following questions: 
- Does fresh cilantro 
taste like soap to 
you?” (Yes/No/I’m not 
sure)  
-Do you like the taste 
of fresh (not dried) 
cilantro?” (Yes/No/I’m 
not sure) 

Cilantro rs72921001 OR6A2 

Pirastu et 
al. 2015 

3885 Isolated 
population 
(European 
and Central 
Asia) 

Survey-reported food 
liking (5-point scale or 
9-point scale) 

White wine rs9276975 HLA-DOA 

Pirastu et 
al. 2016  
 
 
 

4611 
 
 
 
 
 
 
 
 
 
 
 

Isolated 
population 
(European 
and Central 
Asia) 
 
 
 
 
 
 
 
 
 
 
 

Survey-reported food 
liking (5-point scale or 
9-point scale)  
  
 
 
 
 
 
 
 
 
 
 

Artichokes 
 

rs28849980 
 

CCRN4L 
 

Artichokes 
 

rs28849980 
 

ADAMTS19-CHSY3 
 

Artichokes 
 

rs8034691 
 

LOC100128714 
 

Broccoli 
 

rs2530184 
 

NA 
 

Broccoli 
 

rs9832668 
 

RYBP 
 

Broccoli 
 

rs138369603 
 

CSMD1 
 

Bacon 
 

rs140738262 
 

CNTN5 
 

Oil or 
Butter          
on Bread 

rs6661761 
 

BPNT1 
 

Blue 
Cheese 
 

rs12994253 
 

KCMF1-TCF7L1 
 

Ice Cream 
 

rs2035613 
 

IRX4 
 

Liver 
 

rs34088951 
 

RNU6-66 
 

Coffee 
 

rs145671205 
 

FIBIN 
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CSMD1 genes). For example, an association was detected between the liking of bacon 
and rs140738262 SNP in the CNTN5 gene. This polymorphism showed marginal 
association also with the liking of other fatty foods such as lamb, pork chops and goat 
cheese. This gene is expressed in the brain and has previously been associated with 
anorexia nervosa, suggesting a possible link with preferences for palatable food and 
response of the brain reward system to these foods. For vegetables, an association 
between chicory liking and rs138369603 SNP in the CSMD1 gene has emerged. Pirastu 
and colleagues hypothesized a possible role of this gene in the regulation of food reward 
response since its variants were linked to differential activation of the cuneus, an area 
possibly involved in central reward processing.  
Overall, these results represent a step in understanding the biological bases of food 
liking and suggest that the GWAS approach may be useful in identifying novel 
candidate genes for food preferences. Nowadays, thanks to the reduction of SNP 
genotyping costs as well as to the existence of large population biobanks, GWA studies 
could contribute to identifying many more loci that will enhance insight into the genetic 
architecture of food liking. Thus, further studies should be conducted to confirm 
previous findings, to extend the range of examined foods and analyze also food groups. 
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4. CAV1: a new candidate gene for eating disinhibition and food 
liking? 

4.1. Background and aim 
Human eating disinhibition, a loss of restraint resulting in overeating, is a complex trait 
influenced by genetic and environmental factors (Grimm and Steinle 2011).  
High disinhibition has been associated with making less healthy food choices. Indeed, a 
positive correlation with higher liking or consumption of alcohol and high-fat and high-
sugar foods was reported in previous studies, as well as a negative association with the 
consumption of vegetables, fruit and high-fiber bread (Contento et al. 2005; 

Lahteenmaki et al. 1995; Bryant et al. 2006; Bryant et al. 2008; Borg et al. 2008; Higgs 

et al. 2007). A relationship between disinhibition and high-energy intakes was also 
reported in obese subjects (Lindroos et al. 1997) and several studies have shown a link 
between this eating behavior and BMI, weight gain over time and the development of 
obesity (Löffler et al. 2015; Bryant et al. 2008; Bellisle et al. 2004; Hays et al. 2008; 

Williamson et al. 1995). Higher disinhibition was also associated with diabetes, 
increased insulin levels and glycemic control (Schwab et al. 2016; Straub et al. 1996) as 
well as hypertension or hyperlipidemia (Hainer et al. 2006). 
Moreover, evidence for a genetic contribution to individual eating disinhibition has been 
reported. Heritability was estimated between 0.19 and 0.45 (Steinle et al. 2002; 

Provencher et al. 2003; Neale et al. 2003) and through linkage analysis two loci on 
chromosomes 7 and 16 were identified as likely linked to this eating behavior (Steinle 

et al. 2002). Another genome-wide linkage analysis led to the identification of a locus on 
chromosome 15 surrounding the neuromedin β gene (NMB). NMB is widely expressed 
in the brain, pancreas, adrenals, and gastrointestinal tract; it is known to inhibit food 
intake in rat and it is involved in the modulation of the serotonergic (5-HT) system and 
the stimulation of pancreatic hormones. A missense mutation in this gene resulted 
associated with disinhibition and susceptibility to hunger as well as changes in body fat 
(Bouchard et al 2004).  
Candidate gene studies have also been conducted, supporting the role of genetics in 
eating behavior. For example, genes associated with taste perception, have been studied 
in relation to eating disinhibition and an association with genetic variation in TAS2R38 
bitter taste gene has been reported in Old Order Amish (Dotson et al. 2010). 
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Furthermore, genes previously associated with BMI or obesity, such as FTO gene, have 
been investigated. For instance, a study reported that rs9939609 SNP in this gene 
resulted also linked with loss of control overeating and selection of fat foods (Tanofsky-

Kraff et al. 2009). Another obesity-related gene studied as a possible candidate gene 
linked to eating disinhibition has been GAD2 (glutamate decarboxylase), implicated in 
the GABA (gamma-aminobutyric acid) formation, a neurotransmitter involved in food 
intake regulation. In a French cohort, a functional polymorphism in the 5' promoter 
region of this gene was related to disinhibition and hunger scores in obese subjects 
(Boutin et al. 2003). Meyre et al. (2005) further reported an association between the 
promoter variant in GAD2 and lower birth weight and subsequently higher BMI in 
French children. Moreover, another SNP in GAD2 gene (rs992990) was associated with 
increased disinhibition, emotional susceptibility to disinhibition, susceptibility to 
hunger and weight gain over time in women from the Quebec Family Study (Choquette 

et al. 2009).  
In other work, the relation between eating disinhibition and genetic variants located in 
the AKR1B10 gene was investigated. AKR1B10 encodes for an enzyme involved in 
detoxifying processes during digestion and its expression in brain regions potentially 
involved in eating behavior, such as nucleus accumbens and the frontal cortex, is 
diminished (Rohde et al. 2015). 
Nonetheless, to date little is yet known about genetic influences on eating disinhibition. 
In this work, a GWAS and replication study for eating disinhibition were carried out. 
Moreover, we evaluated the relationship between disinhibition (and identified variants) 
with food liking groups and anthropometric phenotypes such as BMI and waist-hip 
ratio. 

4.2. Materials and methods 

Study populations  

The discovery sample was comprised of 1124 individuals belonging to the Val Borbera 
cohort, while replication analysis was carried out in 426 individuals coming from the 
Carlantino village. More details about these populations are reported in section 1.2.. 
The ethical committees of San Raffaele and IRCCS Burlo Garofolo approved the study, 
and all participants signed written informed consent. 
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Eating disinhibition 
Eating disinhibition was evaluated based on the statements from the three-factor eating 
questionnaire, as already described in section 1.2.. Briefly, disinhibition was assessed 
with the following three questions: “Sometimes things just taste so good that I keep on 
eating even when I am no longer hungry”, “I usually eat too much at social occasions, 
like parties and picnics” and “When I feel blue, I often overeat”. An affirmative answer 
was marked 1 point each one, with total scores ranging from 0 to 3.  

Food liking groups 

As explained in section 1.2., liking of different foods and beverages was assessed 
utilizing a questionnaire administered to each subject in a 9-point hedonic scale ranging 
from “dislike extremely” (score 1) to “like extremely” (score 9). The foods were 
aggregated into food groups based on similar liking ratings using cluster analysis and 
then confirmed by Cronbach reliability test. Each “food liking group” was defined as the 
average of liking given by each individual to the foods belonging to a particular group. 
In this work three food liking groups were studied: alcoholic beverages (alcohol, Grappa, 
beer, dark beer, red wine, white wine, Cinzano, Cherry), sweet foods (ice cream, 
panettone, whipped cream, milk chocolate, marzipan, biscuit, cake, icing, Nutella, 
chocolate with cream) and high-fat foods (gorgonzola, goat cheese, pork chops, capicola, 
bacon, mortadella). The Cronbach alpha of each group was higher than 0.6, supporting 
internal reliability. 

Anthropometric traits 

Body Mass Index (BMI) was obtained by the Bioelectrical Impedance Analysis 
technique using the Body Composition Analyzer (Tanita BC-420MA; Tanita, Tokyo, 
Japan). Waist and hip circumference (both in cm) were measured and waist-hip ratio 
(WHR) was calculated. 

Genotyping and imputation 
All discovery and replication samples have been genotyped with Illumina 370 k high-
density SNP array. Genotype imputation was conducted after standard quality control 
using IMPUTE2 (Howie et al., 2009) considering as reference a custom panel generated 
merging the 1000 Genomes phase 3 reference panel (Abecasis GR et al., 2012) and whole 
genome sequences of INGI samples (Cocca M et al., 2019). After imputation, SNPs with 
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MAF<0.01 and Info Score<0.4 were discarded from the statistical analyses. 

Genome Wide Association study and replication analysis 

Association studies were conducted using mixed linear models as implemented in ABEL 
R packages (Aulchenko YS et al., 2007). Genomic kinship matrices were used as random 
effects in order to take into account the relatedness. The models were adjusted by sex 
and age.  
A two-step approach was used. First, a genome-wide discovery was carried out in 1124 
individuals of the VB cohort. The SNPs showing association with the trait at the 
significance level of p-value<1x10-5 were selected to be replicated in 426 individuals of 
the CAR population. The results were meta-analyzed using an inverse-variance method 
(METAL, Willer CJ et al. 2010). After meta-analysis, SNPs with p-value<5x10−8 were 
considered as significant.  
Linkage disequilibrium between SNPs was assessed in 424 whole genome sequences 
from VB and 124 from CAR using R library Genetics. 
 

Relationship between eating disinhibition/SNPs and food liking 

groups and anthropometric traits 

In order to evaluate the association of eating disinhibition and associated 
polymorphisms with food liking groups and anthropometric parameters, linear mixed 
models were constructed. Food liking groups and anthropometric traits were considered 
as dependent variables and disinhibition and polymorphisms genotypes as explanatory 
variables. Age and sex were added as covariates in all models. Because of the 
relatedness structures of VB and CAR samples, genomic pairwise kinship coefficients 
matrices were included in the models as a random effect, as implemented in ‘coxme’ R 
package. The analyses were performed in each population separately and then the 
results were meta-analyzed (‘rmeta’ R package). Statistical significance was set at p-
value < 0.05. 
Moreover, to better understand the complex interplay with variables, models were 
developed and tested with Structural Equation Modeling (SEM, lavaan R package; more 
details are reported in section 2.2.) in order to identify the direct and indirect influences 
of polymorphisms on food liking. Gender, age and population (CAR or VB) were included 
in the models as potential confounders. Criteria for overall fit were chosen a priori: chi-
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square p-value non-significant (χ2 p>0.05), Confirmatory Fit Index (CFI) ≥ 0.92, Tucker-
Lewis Index (TLI) > 0.87 and Root Mean Square Error of Approximation (RMSEA) < 
0.05 (Tabachnick, B.G. and Fidell L.S., 2001).  
 

4.3. Results 

Sample characteristics 

1124 adults (age range 18-90 years) were included in the discovery sample and 426 (age 
range 18-89) in replication sample. Table 10 shows the sample characteristic for both 
populations. 
 
Table 10. Characteristics of individuals included in the study. The values are median and interquartile 
interval when not specified. 

	
 

Discovery sample  
VB 

Replication sample  
CAR 

N (% women) 1124 (60.7%) 426 (54.2%) 

Age, mean (standard 
deviation) 

56.1 (16.5) 51.8 (17.1) 

Disinhibition 2 [1-2] 1 [1-2] 

Liking of Sweet foods 6.6 [5.4-7.4] 6.6 [5.2-7.7] 

Liking of Alcoholic beverages 4.5 [3.2-6.0] 5.6 [3.8-7.0] 

Liking of high-fat foods 6.8 [5.8-7.5] 7.2 [6.2-8.0] 

BMI (Kg/m2), n, mean (sd) 1118, 25.6 (4.4) 365, 26.4 (4.8) 

Hip (cm), n, mean (sd) 1105, 89.9 (12.3) 310, 88.02 (13.87) 

Waist (cm), n, mean (sd) 405, 98.72 (9.75) 310, 100.97 (11.44) 

Waist Hip ratio, n, mean (sd) 405, 0.90 (0.07) 310, 0.87 (0.08) 

 

GWAS and meta-analysis results 

The effect of population stratification on the GWAs on discovery sample was negligible 
as confirmed by the value of the genomic inflation factor (lambda=0.9971). QQ-plot and 
Manhattan-plot were shown in Figure 6 a) and b)).  
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Figure 6 a). Manhattan plot of GWAs of eating disinhibition on 1124 individuals of Val Borbera. The line 
is set at p-value=1×10− 5 and the SNPs above the line were selected for replication step. b). QQ-plot of 
GWAs of eating disinhibition on 1124 individuals of Val Borbera. 

a) 

 
 
b) 

 
 
 
118 SNPs achieved the suggestive threshold of p-value < 1x10-5 and were selected for 
replication in the CAR cohort (data not shown). After meta-analysis, 7 SNPs achieved 
the genome-wide significant threshold of 5x10-8 (Table 11).  
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Table 11. Top SNPs from the meta-analysis of GWAS and replication study results for eating 
disinhibition. All SNPs are in CAV1 gene in chromosome 7 and showed info score>0.9. *Effect allele/Other 
allele; ** frequency of effect allele; beta=effect; se=standard error. 

	
   Discovery sample 

VB (n=1124) 
Replication sample 

CAR (n=426) 
Combined sample 

(n=1550) 

SNP Genomic 
location Alleles* freq 

A1** 
Beta 
(se) p-value freq 

A1** 
Beta 
(se) p-value Beta (se) p-value 

rs6466582 
upstream 
variant 

2KB 
A/G 0.84 0.2854 

(0.058) 8.55E-07 0.80 0.223 
(0.0802) 5.42E-03 0.264 

(0.047) 1.98E-08 

rs6950593 
upstream 
variant 

2KB 
T/C 0.84 0.2876 

(0.0581) 7.27E-07 0.81 0.2124 
(0.0810) 8.77E-03 0.2622 

(0.0473) 2.86E-08 

rs2215448 
upstream 
variant 

2KB 
G/A 0.84 0.2876 

(0.0581) 7.30E-07 0.81 0.1997 
(0.0813) 1.40E-02 0.2581 

(0.0473) 4.89E-08 

rs3807986 intron A/G 0.77 0.2547 
(0.0499) 3.30E-07 0.79 0.1771 

(0.0776) 2.25E-02 0.2321 
(0.042) 3.28E-08 

rs976739 intron C/A 0.81 0.2821 
(0.0543) 2.01E-07 0.82 0.1945 

(0.0825) 1.85E-02 0.2558 
(0.0454) 1.75E-08 

rs3779514 intron C/T 0.81 0.2821 
(0.0544) 2.19E-07 0.82 0.1954 

(0.0826) 1.80E-02 0.256 
(0.0455) 1.85E-08 

rs6961694 intron A/G 0.81 0.2821 
(0.0543) 2.01E-07 0.82 0.1945 

(0.0825) 1.85E-02 0.2558 
(0.0454) 1.75E-08 

 
 
These SNPs are located in a region of about 39 Kb in Caveolin 1 (CAV1) gene in 
chromosome 7. All SNPs are in linkage disequilibrium (LD) in both samples: the 
minimum D’ score was 0.94 in VB and 0.9994 in CAR. Because of this high LD, only one 
SNP was selected for the follow-up analysis: the hit rs6961694. 
The results showed that individuals carrying the A allele in homozygous state for the 
selected SNP showed higher disinhibition level than individuals carrying G allele (AG 
or GG), as shown in Figure 7.  
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Figure 7. Distribution of eating disinhibition levels by rs6961694 genotypes. 

 
 

rs6961694 and CAV1 gene expression levels  

The association between rs6961694 and CAV1 gene expression levels was analysed in 
multiple tissues using the GTEx (Genotype-Tissue Expression) Database (“Human 

genomics. The Genotype-Tissue Expression (GTEx) pilot analysis: multitissue gene 

regulation in humans”, 2015). GTEx eQTL browser is a central resource that records 
and shows the results of a national research project for determining the association 
between genetic variation and high-throughput molecular-level expression phenotypes, 
and this information can help to understand better the biological relevance of results 
from GWA studies.  
A significant eQTL association between rs6961694 SNP and CAV1 expression levels 
was observed in adipose subcutaneous and visceral tissues (p-value = 0.00028 and p-
value = 0.047 respectively). As shown in Figure 8, A allele was correlated with reduced 
expression of CAV1 gene. 
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Figure 8. GTEx eQTL analysis of rs6961694. 

  

Effect of disinhibition and rs6961694 on food liking 

We checked the association of eating disinhibition and rs6961694 with food liking 
groups. Different models were carried out in order to better understand the effect of 
disinhibition and rs6961694 genotypes and their interplay. Table 12 shows the results 
of association of food liking groups with eating disinhibition and CAV1 variant. 
Associations with disinhibition were found for the all food liking groups (p-values 
<0.05): increasing disinhibition corresponded to higher foods liking. The SNP resulted 
associated with alcohol beverages and sweet liking groups, but no high-fat foods, with 
the same direction of the association with eating disinhibition: AA carriers showed 
higher disinhibition and higher liking compared to AG or GG carriers. 
 
Table 12. Results of association of food liking (response variable) with eating disinhibition and 
rs6961694 (independent variables). Models are sex and age adjusted. 

	
 Disinhibition rs6961694 

Liking group Effect (95% CI) p-value Effect (95% CI) p-value 

Alcoholic beverages 0.127 (0.032,0.223) 0.0088 0.265 (0.44, 0.092) 0.00258 

Sweet foods 0.317 (0.237,0.397) <0.0001 0.154 (0.302,0.006) 0.041 

High-fat foods 0.149 (0.08,0.217) <0.0001 0.056 (-0.068,0.18) 0.37 
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Because of the association of both SNP and disinhibition with alcoholic beverages and 
sweet liking, SEM models were performed to test the direct and indirect effects of the 
SNP. Figure 9 shows the results of the models: the effect of rs6961694 on sweet food 
liking was completely mediated by disinhibition (Figure 9 a)) while the effect on 
alcoholic beverages was both direct and indirect (Figure 9 b)). Both models had a good 
fit. 
 
Figure 9. Results of SEM models (Lavaan R package) for sweet liking (a) and alcoholic beverages (b) 
liking groups. Reported values are betas and p-values *≤0.05, **≤0.01, ** ≤0.0001. Pop=population (CAR/VB). In 
brackets are the values before eating disinhibition was added to the model. Both models had a good fit (CFI=1.0, 
TLI=1.04, p-value Chi-square=0.63, RMSEA=0.0 for sweet foods and CFI=0.999, TLI=0.994, p-value Chi-
square=0.269, RMSEA=0.012 for alcoholic beverages). The relationship of the SNP with sweet liking was completely 
mediated by eating disinhibition while the relationship with alcoholic beverages was both direct and indirect.  

a) 

 
b) 

 

-0.08 NS

0.274 ***

-0.07 NS

-0.277 **

-0.008 ***

Sex (male)	

Age (years)	

Population	

Eating 
disinhibition	 Sweet foods 

liking

0.26 **
0.07 NS (0.154 *)rs6961694	

0.31 ***

-0.08 NS

0.274 ***

-0.86 *

1.33 ***

-0.008 ***

Sex (male)	

Age (years)	

Population	

Eating 
disinhibition	

Alcoholic 
beverages 

liking

0.26 **
0.23 *rs6961694	

0.10 *
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Effect of disinhibition and rs6961694 on anthropometric traits 
In Table 13 the results of mixed models used to test the association between 
anthropometric measures and disinhibition and rs6961694 are displayed. Eating 
disinhibition showed significant association with all the traits except WHR: increasing 
disinhibition corresponded to higher values of BMI, waist and hips. No association was 
found with the SNP.  

Table 13. Results of association of anthropometric measures (response variables) with eating 
disinhibition and rs6961694 as independent variables (sex and age adjusted). 

 Disinhibition rs6961694 

Anthropometric 
traits 

Effect (95% CI) p-value Effect (95% CI) p-value 

BMI, Kg/m2 0.751 (0.537,0.966) <0.0001 -0.202 (-0.619,0.215) 0.34 

WHR 0.003 (-0.002,0.007) 0.23 -0.001 (-0.009,0.007) 0.81 

Waist, cm 1.794 (1.230,2.358) <0.0001 -0.655 (-1.732,0.423) 0.23 

Hips, cm 1.82 (1.098,2.542) <0.0001 -0.775 (-2.141,0.59) 0.27 

 

4.4. Discussion 
	
Through GWAS and replication study, we found an association between CAV1 gene and 
eating disinhibition. The top SNP rs6961694 resulted also associated with the liking for 
alcoholic beverages and sweet foods, but not with the liking for high-fat foods and 
anthropometric measures. Finally, using GTEx, a significant eQTL association between 
rs6961694 and CAV1 expression levels was observed in adipose tissues.  
 
Based on our knowledge, this is the first GWAS on eating disinhibition. Indeed, most of 
the researches about the genetics influences on this trait were linkage analysis based 
(Steinle et al. 2002; Bouchard et al 2004) or studies on candidate genes involved in taste 
(Dotson et al. 2010) or related to obesity (Tanofsky-Kraff et al. 2009; Boutin et al. 2003; 

Meyre et al. 2005; Choquette et al. 2009).  
Although in our samples no association was found between CAV1 SNP and 
anthropometric measures, many studies showed relationship between this gene and 
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obesity related traits such as hypertension (Grilo A et al., 2006; Yamada Y et al., 2007; 

Pojoga LH et al., 2011) or metabolic syndrome (Baudrand R et al., 2015; Baudrand R et 

al, 2015; Grilo A et al., 2006). The link between CAV1 and obesity was also investigated 
using animal models. For example, Razani et al (2002) showed that CAV1 knockout 
mice are protected from diet-induced obesity. 
 
As expected, in our sample high eating disinhibition resulted associated with higher 
obesity related traits such as BMI, waist and hips, in agreement with other studies 
(Löffler et al. 2015; Bryant et al. 2008; Bellisle et al. 2004; Hays et al. 2008; Williamson 

et al. 1995). Moreover, a link between high eating disinhibition and higher liking for 
alcoholic beverages, sweet foods and high-fat foods was confirmed (Concas et al., 2019).   
 
In conclusion, our results suggest that CAV1 is a possible candidate gene for eating 
disinhibition and specific food liking groups and represent a starting point for further 
studies linking eating behaviors and health status. Additional studies are needed to 
confirm our results and to better understand these relationships. 
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CHAPTER IV 

RELATIONSHIP BETWEEN FOOD LIKING AND HEALTH 
 
In this chapter, I present my work on the association between food liking and health. 
This section is divided into two parts: the first is about the relationship between food 
liking and metabolic parameters and the second about genetic variants found in 
association with food liking and their link with health through polygenic risk score 
analysis. 

5. Relationship between food liking and metabolic traits 

5.1. Background and aim 
Past works assessed the relationship between liking for fat-rich foods and adiposity, 
reporting a positive correlation between fat preference and body fat or anthropometric 
measurements such as Body Mass Index and waist to hip circumference ratio 
(Nakamura, Shimai, Kikuchi, & Tanaka, 2001; D J Mela & Sacchetti, 1991). Studies on 
children also showed that preferences for fat-rich foods correlate positively with high 
dietary fat intake and BMI (Ricketts, 1997). Duffy and collaborators have reported that 
food preferences for fat and fibres are better than reported food consumptions, 
explaining variability in adiposity and in blood pressure, suggesting that preferences 
are more reliable markers in estimating the impact of nutrition on health (Duffy, Hayes, 

Sullivan, & Faghri, 2009; Duffy et al., 2007; D J Mela & Sacchetti, 1991; Sharafi et al. 

2018). More recently, a study conducted in our laboratory showed a positive association 
between caries prevalence and sweet food liking, but not with simple sugar intake, 
suggesting that food liking, rather than reported food intake, can be a valid determinant 
of health outcomes (Robino et al., 2015). 
Here, the results of a study of more than 3000 samples to investigate the relationship 
between food liking groups and some metabolic phenotypes, such as BMI, cholesterol, 
glucose and blood pressure, are shown.  
Despite past works have already examined the relationship between food liking 
measures and metabolic parameters, comparing them also with intake measures, most 
of these works analysed small cohorts and focused on few health parameters and liking 
for specific foods or food groups. On the contrary, although our study did not measure 
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reported dietary intake, we can exploit the advantages of a large sample size to analyse 
simultaneously demographic variables, metabolic traits and liking for different food 
groups.  

5.2. Materials and methods 

Data collection 
3219 individuals belonging to the INGI populations were included in the study. More 
details are reported in section 1.2.. 
BMI and Fat Mass were obtained by the Bioelectrical Impedance Analysis technique 
using the Body Composition Analyzer (Tanita BC-420MA; Tanita, Tokyo, Japan). Waist 
and Hip circumference (both in cm) were measured and WHR was calculated. Fasting 
venous blood was collected and used to perform routine biochemical analyses through 
Cobas 6000 analyzer (Roche). Blood pressure measurements were obtained in the sitting 
position and with at least a two-minute interval between each measurement. A 
standard mercury sphygmomanometer was used. 

Data analyses 

Statistical analyses were performed in R 3.3.0. (www.r-project.org). 
Food liking groups were defined as already explained in section 1.2.. 
To assess the relationship between food liking groups and health, for each metabolic 
parameter (anthropometric measures, lipids and blood pressure) as outcome variable, a 
multivariate regression model was carried out using food liking groups as predictors. 
Gender, age, education and physical activity were included in all models. BMI was also 
included as explanatory variable in regression models for serum lipids, glucose and 
blood pressure. 
A log-transformation was applied, since the glucose and triglycerides were not normally 
distributed. 
To consider possible differences in food liking groups among sampling, all the analyses 
were conducted in each sampling separately (CAR, FVG first and second survey, VB 
first and second surveys) and the results were combined using meta-analysis with an 
inverse variance fixed effect method (R package “rmeta”). We fixed the statistical 
significance at a p-value of 0.05. The analyses were carried out first on the whole sample 
and then stratified by gender. 
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5.3. Results 
 
A total of 3219 individuals were included in the study and their personal and lifestyle 
characteristics are already reported in section 1.3.. Table 14 describes the features of 
samples as regards to anthropometric parameters, lipids, glucose and blood pressure. 
 
Table 14. Characteristics of samples: anthropometric measures, lipids, glucose and blood pressure. The 
values are mean (standard deviation). In bold are reported significant differences between men and women (p-
value<0.05). BMI=Body Mass Index; WHR=Waist to Hip Ratio; SBP=Systolic Blood Pressure; DBP=Diastolic Blood 
Pressure. 

 CAR FVG VB 

 Men Women Men Women Men Women 

BMI, kg/m2 
26.733 
(4.107) 

26.792 
(5.634) 

26.818 
(4.289) 

24.223 
(4.683) 

26.229 
(3.863) 

24.996 
(4.623) 

Normal (BMI<25), % 34.9 44.6 37.7 61.8 41.3 56.6 
Overweight 

(25£BMI<30), % 
45.0 23.9 42.0 26.3 43.6 30.3 

Obese (BMI³30), % 20.1 31.5 20.3 11.9 15.1 13.1 

WHR 
0.923 

(0.063) 
0.83 

(0.064) 
0.939 

(0.083) 
0.832 

(0.078) 
0.959 
(0.06) 

0.853 
(0.062) 

Fat Mass, Kg NA NA 
19.948 
(8.952) 

21.236 
(9.681) 

17.312 
(7.566) 

20.18 
(8.845) 

LDL Cholesterol, mg/dL NA NA 
134.211 
(40.4) 

133.147 
(40.288) 

125.444 
(35.591) 

129.525 
(33.789) 

HDL Cholesterol, mg/dL NA NA 
53.265 

(13.884) 
64.677 

(16.386) 
52.643 

(13.523) 
63.238 

(14.899) 

Total Cholesterol,mg/dL 
200.856 
(45.353) 

199.785 
(47.311) 

213.096 
(46.166) 

217.944 
(43.614) 

203.669 
(40.774) 

213.47 
(37.882) 

Tryglicerides, mg/dL 
137.016 
(65.326) 

109.926 
(54.205) 

120.635 
(62.944) 

99.266 
(46.524) 

122.851 
(68.079) 

101.912 
(52.906) 

Glucose, mg/dL 
97.091 

(16.761) 
92.427 

(15.146) 
96.212 

(17.213) 
91.01 

(14.915) 
90.694 

(14.727) 
86.955 
(14.62) 

SBP, mmHg 
131.121 
(18.166) 

127.793 
(20.572) 

137.82 
(20.505) 

132.133 
(22.52) 

129.636 
(16.482) 

125.224 
(19.996) 

DBP, mmHg 
80.719 
(9.965) 

79.174 
(11.069) 

86.136 
(10.141) 

81.86 
(10.846) 

79.17 
(8.738) 

75.445 
(9.117) 

 

After cluster analysis and Cronbach reliability test, seven food liking groups were 
defined as explained in section 1.3.. 
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Results of multivariate models assessing the relationship between food liking groups 
and some metabolic phenotypes, such as BMI, cholesterol, glucose and blood pressure 
are shown in Table 15.  
	
Table 15. Results of multivariate models for health parameters. In rows are the explanatory variables and in 
columns the dependent variables. The values are beta and p-value in brackets. In bold are the results with p-value 
<0.05. BMI=Body Mass Index; WHR=Waist to Hip Ratio; SBP=Systolic Blood Pressure; DBP=Diastolic Blood 
Pressure. * logarithm of trait. 

 

 
BMI 

kg/m2 
Fat Mass 

Kg 
WHR 

HDL-
Chol 

mg/dL 

LDL-
Chol 

mg/dL 

Total-
Chol 

mg/dL 

Glucose 
mg/dL* 

Triglycerides 
mg/dL* 

SBP 
mmHg 

DBP 
mmHg 

Gender, 
male 

1.513 
(<0.0001) 

-1.868 
(<0.001) 

0.099 
(<0.0001) 

-9.361 
(<0.0001) 

-3.414 
(0.055) 

-9.095 
(<0.0001) 

0.013 
(<0.0001) 

0.052 
(<0.0001) 

4.271 
(<0.0001) 

3.132 
(<0.0001) 

Age, 
years 

0.066 
(<0.0001) 

0.132 
(<0.0001) 

0.002 
(<0.0001) 

0.082 
(0.001) 

0.457 
(<0.0001) 

0.641 
(<0.0001) 

0.001 
(<0.0001) 

0.002 
(<0.0001) 

0.536 
(<0.0001) 

0.13 
(<0.0001) 

Education, 
years 

-0.139 
(<0.0001) 

-0.223 
(0.002) 

-0.001 
(0.007) 

0.142 
(0.16) 

0.113 
(0.67) 

0.307 
(0.25) 

0 
(0.83) 

0 
(0.79) 

-0.279 
(0.009) 

0.06 
(0.32) 

Physical 
activity 

-1.392 
(<0.0001) 

-3.481 
(<0.0001) 

-0.013 
(<0.0001) 

1.08 
(0.15) 

1.464 
(0.47) 

-0.124 
(0.95) 

-0.003 
(0.31) 

-0.007 
(0.44) 

-1.338 
(0.10) 

-0.019 
(0.97) 

BMI 
Not 

included 
Not 

included 
Not 

included 
-1.013 

(<0.0001) 
0.651 

(0.0004) 
0.449 

(0.018) 
0.003 

(<0.0001) 
0.013 

(<0.0001) 
0.808 

(<0.0001) 
0.543 

(<0.0001) 

Meat 
0.362 

(<0.0001) 
0.557 

(0.006) 
0.003 

(0.055) 
-0.063 
(0.82) 

-0.399 
(0.58) 

-0.428 
(0.56) 

0.001 
(0.33) 

0.003 
(0.45) 

0.403 
(0.17) 

-0.02 
(0.90) 

Cheeses 
0.155 

(0.026) 

0.351 

(0.077) 

0 

(0.92) 

0.441 

(0.10) 

-0.84 

(0.23) 

-0.826 

(0.23) 

-0.001 

(0.16) 

-0.008 

(0.0087) 

0.131 

(0.63) 

-0.036 

(0.82) 

Vegetables 
-0.144 
(0.069) 

-0.127 
(0.57) 

-0.002 
(0.12) 

0.606 
(0.036) 

0.79 
(0.28) 

0.658 
(0.39) 

0 
(0.97) 

-0.004 
(0.33) 

0.474 
(0.12) 

0.188 
(0.28) 

Sweet foods 
-0.036 
(0.55) 

-0.159 
(0.37) 

-0.002 
(0.041) 

-0.254 
(0.27) 

-1.461 
(0.013) 

-2.121 
(0.0004) 

0 
(0.68) 

-0.007 
(0.016) 

-0.403 
(0.086) 

-0.085 
(0.53) 

Fruit 
-0.089 
(0.21) 

-0.125 
(0.60) 

0 
(0.91) 

-0.484 
(0.08) 

0.351 
(0.62) 

0.487 
(0.48) 

-0.002 
(0.083) 

0.006 
(0.063) 

0.105 
(0.70) 

0.037 
(0.81) 

Fish 
0.003 
(0.95) 

-0.064 
(0.67) 

0 
(0.63) 

-0.258 
(0.15) 

0.60 
(0.20) 

0.635 
(0.18) 

0.002 
(0.022) 

0.001 
(0.79) 

-0.711 
(0.0001) 

-0.102 
(0.35) 

Alcoholic 
beverages 

-0.044 
(0.36) 

0.022 
(0.87) 

0.001 
(0.14) 

0.599 
(0.001) 

0.303 
(0.52) 

0.968 
(0.041) 

0 
(0.55) 

-0.001 
(0.50) 

-0.093 
(0.62) 

-0.143 
(0.19) 

 
 
Overall, it emerged that specific food liking groups affect adiposity measures in addition 
to gender, age, education and physical activity. Specifically, the strongest association 
emerged between meat liking, BMI and fat mass (p-value<0.0001, p-value=0.006 
respectively). Independent of physical activity, age and education level, a greater liking 
of meat was associated with a greater adiposity (beta=0.362 for BMI and 0.557 for fat 
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mass). Moreover, a weaker association was found between higher cheese liking and 
greater BMI (beta=0.155, p-value=0.026). Finally, higher sweet foods liking resulted 
weakly associated with lower WHR (beta=-0.002, p-value=0.04).  
As regard lipids different associations were found: HDL cholesterol was higher in older 
women with lower BMI and higher preference for alcohol beverages and vegetables; 
greater LDL cholesterol was seen in older individuals with greater BMI and lower liking 
for sweet foods; total cholesterol resulted higher in older women with higher BMI and 
lower liking for sweets and higher for alcoholic beverages; higher triglycerides were seen 
in older men with high BMI and lower liking for cheeses and sweet foods.   
Our results also show that higher levels of glucose are present in older men with higher 
BMI and higher liking for fish. 
Additionally, we found associations between food liking groups and blood pressures: 
individuals with higher systolic blood pressure are older men with higher BMI, lower 
education level and with low liking for fish. Diastolic blood pressure is not influenced 
by food liking but only by age, gender and BMI.  
The results of the analyses in men and women separately are displayed in Appendix 
section in Table A.2. a) e b) respectively. 
 

5.4. Discussion 
Our results confirm previous findings (Duffy et al., 2007; Duffy et al., 2009; Robino et 

al., 2015;  Sharafi et al. 2018) showing that food preferences are associated with 
measures of health status. In particular, we found that adiposity measures, such as BMI 
and fat mass, are associated with food liking measures in addition to factors as age, 
gender, education and physical activity. In the present work, higher liking for meat was 
associated with an increase in BMI and fat mass and higher liking of cheeses was 
associated with an increase in BMI. These findings are in line with previous data 
showing an association between fat liking and increased cardiovascular disease risk 
factors, such as waist circumference, BMI and cholesterol (Duffy et al., 2007; Duffy et 

al., 2009).  
Nonetheless, present efforts led to the identification of other interesting associations 
between food liking and serum lipids. The liking for specific food groups showed 
associations with serum lipids that were separate from effects of age, gender and level 
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of adiposity.  For example, vegetable liking resulted associated with favourable serum 
lipid level and specifically older women with lower BMI also showed higher liking for 
vegetables and higher HDL cholesterol. 
Furthermore, in agreement with what reported on sugar consumption (Stanhope, 2016; 

Bravo, Lowndes, Sinnett, Yu, & Rippe, 2013; David Wang et al., 2014), we did not find 
adverse effects on lipid levels associated with sweet foods liking.   
The data obtained also shows that higher alcohol liking was associated with increased 
HDL-cholesterol levels, again in line with literature on intake measure reporting that 
light-to-moderate alcohol consumption increase HDL-cholesterol levels (Choudhury et 

al., 1994; Tolstrup, Grønbaek, & Nordestgaard, 2009; Tabara et al., 2017; Duffy et al., 

2007). Finally, a higher fish liking resulted associated with increased fasting glucose 
levels and decreased systolic blood pressure (always in cooperation with other factors). 
Although we did not distinguish between fatty and non-fatty fish, these results agree 
with past works on fish consumption (Lee et al., 2013; Panagiotakos et al., 2007; Appel, 

Miller, Seidler, & Whelton, 1993). 
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6. From genetic variations in food liking genes to health 

6.1. Background 
There is a well-developed body of research examining relationships between taste 
receptor genes and their downstream effects on food preferences and intake, that may 
in turn affect nutritional and health status (Keller KL et al., 2012; Garcia-Bailo B et al., 

2009; Chamoun E et al., 2018; Eny KM, Wolever TM et al., 2010; Kulkarni GV et al., 

2013; Ma X et al., 2004; Dotson CD et al., 2010). For instance, SNPs in the TAS1R2 and 
TAS1R3 genes, which codify for sweet taste receptors and are related to a higher 
preference and intake of sweet foods, have also been associated to increased dental 
caries (Kulkarni GV et al., 2013; Haznedaroglu E et al., 2015; Robino A et al., 2015). 
Another example is the relationship between variations in the TAS2R38 bitter taste 
gene and eating behaviour as well as anthropometric and adiposity measures. Increased 
disinhibition (i.e., loss of eating control) has been described in women carrying the 
PROP-insensitive allele for the rs1726866 SNP (Dotson CD et al., 2010); while another 
finding reported higher BMI and waist circumference among PROP non-taster women 
with low dietary restraint (Tepper BJ e al., 2008). In another study, differences in body 
fat percentage were associated with the three TAS2R38 genetic variants, while no 
significant relationships with BMI and eating behaviour were found (Keller M et al., 

2013). Other studies did not support a relationship between TAS2R38 variants and 
adiposity measures (Ooi SX et al., 2010; Tepper BJ et al., 2008; Keller M et al., 2013; 

Timpson NJ et al., 2005). These inconsistent results could be ascribed to the presence 
of several confounding factors (i.e., sex, age, ethnicity, etc.) that may modulate the 
relationship among taste receptors and health status parameters. Differences in bitter 
taste perception have also been associated with bitter taste receptor mRNA levels in 
taste cells (Lipchock SV et al., 2013; Lipchock SV et al., 2017), suggesting that gene 
expression is another factor to consider when the relationship with health measures is 
studied. Moreover, recent findings showed that the gene expression profile of fungiform 
taste papillae differs between lean and obese subjects (Archer N et al., 2019). Together, 
these findings highlight the need to conduct future studies to clarify their association.  
Recent evidence also raises the possibility that taste and smell receptors residing in 
different bodily tissues, may have multiple functions in health and disease. For 
example, taste receptors are also expressed in extra-oral tissues such as the 
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gastrointestinal tract, where they seem to be involved in digestive functions or 
homeostasis and energy metabolism (Wu SV et al., 2002; Kokrashvili Z et al., 2009; 

Pham H et al., 2016; Kok BP et al., 2018; Avau B et al., 2015; Jang HJ et al., 2007; 

Behrens M et al., 2010; Finger TE & Kinnamon SC, 2011; Depoortere I., 2014; Avau B 

& Depoortere I, 2016; Feng R et al., 2017; Lee SJ et al., 2018). 
It is also well known that the sense of smell is impaired in neurodegenerative diseases 
(Doty RL, 2017; Marin C et al., 2018) and associations between olfactory genes 
(expressed in olfactory and non-olfactory tissues) and diet-related diseases such as 
obesity have also been demonstrated (Doty RL , 2017; Riera CE et al, 2017; Mariman 

EC et al, 2015).  
Notably, the OR7D4 gene, recently related to preference for pork meat containing 
androstenone (described in Lunde K et al, 2012), was previously associated with 
adiposity, cognitive dietary restraint and susceptibility to hunger in another study 
(Choquette AC et al, 2012).  
Despite these positive findings, very large GWAS on BMI or other health-related 
parameters have not found associations with SNPs in chemosensory genes (Locke AE et 

al., 2015; Yengo L et al., 2018; Evangelou E et al., 2018), suggesting that their effects 
are likely to be very small and limited in predictive power. 
 

6.2. Combining several genetic variants: the polygenic risk score 
The evidence presented above suggests a new paradigm may be needed to accelerate 
progress in understanding the relationships between food preferences and nutrition and 
health. 
Studies (Pirastu N et al, 2016) using the GWAS approach identified novel genes 
associated with food preferences with no known effects on chemosensory function. Thus, 
looking beyond the involvement of traditional chemosensory genes in food preferences 
may be important for gaining new insights. 
Although GWA studies have led to progress in identifying common variations associated 
with many complex traits, the modest effect sizes have prevented risk prediction based 
on single genetic variants. More recently, polygenic risk score analyses that combine 
the effects of several genetic variants have shown some predictive ability for a wide 
range of complex traits (Torkamani A et al, 2018). In polygenic score (PGS) analysis, a 
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set of SNPs identified in a GWAS is used to build a score that is used for association 
testing or risk prediction. 
To our knowledge, polygenic risk score analyses for food preferences have not yet been 
conducted. Although the link between vegetable intake and adiposity measures was 
widely investigated (Ledoux TA et al., 2011; Schwingshackl L et al., 2015; Nour M et al, 
2018), few studies focusing on the relationship between hedonic measures and adiposity 
have been conducted. These studies have identified none or weak association (Duffy VB 

et al, 2009; Laureati M et al., 2015; Concas MP et al, 2019), suggesting that this complex 
relationship could be modulated by several factors, including genetic ones. Here, we 
report the data obtained from a polygenic risk score analysis to evaluate the predictive 
power of SNPs associated with food liking on adiposity measures (BMI and fat mass).  
A total of 1140 individuals belonging to the INGI were used in this study for calculation 
of polygenic risk score (PGS): 706 coming from six villages located in the Friuli Venezia 
Giulia Region in Northern-Eastern Italy and 434 from the Val Borbera Valley in 
Northern-Western Italy. All participants gave written informed consent, and the ethical 
committees of IRCCS Burlo Garofolo and San Raffaele Hospital approved the study.  
Personal information, such as physical activity level (never/light/moderate/intense) and 
educational level (elementary (5 years), lower secondary (3 years), upper secondary (5 
years), university (5 years)) were assessed in each participant by standard 
questionnaires. BMI and fat mass were measured by the Bioelectrical Impedance 
Analysis technique using the Body fat Composition Analyzer (Tanita BC-420MA; 
Tanita, Tokyo, Japan).  
Genotyping was carried out with Illumina 370k high-density SNP array. Genotype 
imputation was conducted after standard quality control using a custom reference panel 
integrating Whole Genome Sequence data available for INGI samples with resources 
from the 1000 Genomes project using the method implemented by the IMPUTE2 
software (Cocca M et al, 2019).  
Statistical analyses for PGS calculation were carried out with R 3.3.0. (www.r-
project.org). For this analysis, 6 SNPs previously associated at genome wide significance 
p-value (p-value <5x10-8) with liking of different vegetables were selected (Pirastu N et 

al., 2016). Specifically, artichokes liking resulted associated with rs28849980 (β=–
0.052), rs10050951 (β=0.031) and rs8034691 (β=0.040), broccoli liking with rs2530184 
(β=–0.048) and rs9832668 (β=–0.127) and chicory liking with rs138369603 (β=0.084). 
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For each SNP, the individual’s genotypic score (0, 1, or 2 for genotyped SNPs or any 
value between 0-2 for imputed SNPs) was extracted and for each individual this value 
was multiplied by the effect size (β) of the SNP. All SNPs were coded according to higher 
preference for the associated vegetable. Then, for each individual a PGS-vegetables was 
the summed values obtained for each SNP, as follow: 
 

PGS-vegetables = β1*X1+ β2*X2+…+ β6*X6 

 
in which βi is the effect of SNPi on the vegetable and Xi is the genotypic score of the 
SNPi. 
Linear regression analysis was conducted to test the associations between adiposity 
measures (BMI and fat mass as dependent variables) and PGS-vegetables as the 
predictor variable, in models adjusted for sex, age, education level and physical activity. 
Table 16. shows the characteristics of samples.  
 
Table 16. Sample characteristics 

 Friuli Venezia Giulia Val Borbera 

N 706 434 
Women, % 60.74 39.26 

Age (years), 
mean (standard deviation) 

52 (16.4) 58.7 (15.2) 

Education level (years), 
mean (standard deviation) 

10.6 (3.6) 10.5 (4.1) 

Physical activity, % 
Never 
Light 

Moderate 
Intense 

 
13.2 
29.3 
45.3 
12.2 

 
19.4 
28.6 
46.5 
5.5 

BMI, Kg 
mean (standard deviation) 

25.5 (4.9) 25.1 (4.1) 

Fat Mass, Kg 
mean (standard deviation) 

20.9 (9.5) 19.6 (8.5) 

Waist Hip ratio 
mean (standard deviation) 

0.9 (0.1) 0.9 (0.08) 

 
In Figure 10 the distribution of PGS-vegetables by sex (A) and by population (B) are 
shown. 
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Figure 10. PGS-vegetables distribution by sex (A) and population (B). 

 
 

Table 17 shows that PGS-vegetables was a significant negative predictor of BMI and fat 
mass (p-value <0.05), in cooperation with sex, age, education and physical activity. 
Specifically, higher PGS-vegetables (corresponding to higher preferences for vegetable 
foods) was predictive of lower BMI and fat mass. 
 
Table 17. Results of association analysis of polygenic risk score for vegetables and anthropometric 
measures. The results are beta and p-value in brackets. 

 BMI, Kg/m2 Fat Mass, Kg 

Sex, male 2.85 (<0.0001) -0.67 (0.2) 

Age, years 0.04 (<0.0001) 0.09 (<0.0001) 

Education level, years -0.14 (<0.001) -0.26 (0.002) 

Physical activity -1.19 (<0.0001) -2.56 (<0.0001) 

Vegetables PGS -0.98 (0.028) -2.08 (0.023) 

 
The PGS-vegetables variable accounted for 0.28% of the variation in BMI and 0.33% of 
the variation in fat mass.  

6.3. Discussion 
These results on PGS represent a starting point in studying polygenic effects of food 
preferences on health status. As the number of GWAS on food preferences increase, 
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further studies considering more SNPs and other food categories should be conducted. 
Adopting the PGS approach would allow the development of more powerful genetic 
profiles to better predict the risk of disease. Although the PGS-vegetables variable 
accounted for only 0.28% of the variation in BMI and 0.33% of the variation in fat mass, 
the low number of SNPs included in the study could explain this finding.  
 
In conclusion, these data highlight the role of genetic variations in food liking and their 
important contributions for nutrition and health. There is a need to identify and 
investigate other genes involved in food preferences, besides those already implicated 
in olfactory and taste perception. These novel genes can be discovered through GWAS 
or other genomic approaches. The use of polygenic risk analysis to assess associations 
between food preferences and disease outcomes could lead to important new insights in 
nutrition research. 
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CHAPTER V 

CONCLUSIONS  
 
The purpose of these three years of my doctoral program was to examine the genetic 
and non-genetic bases of food liking and investigate the possible relationships between 
food-related phenotypes and health status, analysing a large database of three Italian 
isolated populations.  
 
Overall, the reported results indicate that: 

- food liking is associated with genetic and non-genetic factors (including gender, 
age, educational level, physical activity and eating behaviour traits) (CHAPTER 
II and III).   

- a complex relation between sensory deficits and eating behaviour exists 
(CHAPTER II); 

- Genome-Wide Association Study and replication analysis allowed the 
identification of a new candidate gene (CAV1) associated with eating 
disinhibition and food liking (CHAPTER III); 

- food liking is associated with metabolic measures (adiposity, serum lipids, fasting 
glucose and systolic blood pressure) (CHAPTER IV); 

- a polygenic risk score analysis based on genetic variants previously associated 
with food liking may be predictive of health parameters (CHAPTER IV). 

 
Despite some limitations already discussed in the above chapters, the main strength of 
this study consists in the availability of comprehensive information on lifestyle, food 
behaviour, clinical parameters and genetic data in a large adult individuals’ cohort. 
Moreover, the use of genetic isolated populations turned out effective in the study of 
determinants of a complex trait such as food liking and eating behaviour.   
Besides, the use of appropriate statistical approaches as Structural Equational 
Modelling allowed us to understand the complex relationship between food liking, 
eating behaviour and associated factors (both genetic and non-genetic) better. It 
emerged that the interplay between genetic and environment is a crucial aspect in the 
study of food liking. Thus, as a future perspective, other studies could be carried out to 
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extricate better the complex structure of food liking considering the gene-environment 
interaction. For example, examine social and cultural effects may provide new insight 
into the comprehension of the biological mechanisms of food preferences as well as their 
impact on health outcomes. 
In conclusion, this work emphasizes the importance of the study of food liking in 
combination with other factors and suggests the possible use of liking as a proxy of food 
intake measures in nutritional studies. These results also represent a starting point for 
a better knowledge of the complex interplay existing between food liking, associated 
factors and diet-related phenotypes. 
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APPENDIX 
	
	
Table A.1. Factors related to liking groups as assessed by multivariate regression models implemented 
in each population sample in men (a) and women (b) and aggregated by meta-analysis. The values are beta 
and p-value in brackets. Significant results (p-value<0.05) were reported in bold. The explanatory variables are 
reported in rows, and response variables in columns. For non-quantitative variables, the reference categories are: (1) 
non-smokers, (2) none/light physical activity, (3) less adventurous individuals, (4) less conscious individuals, (5) 
inhibited individuals. Each variable was first tested on a base model with age and if not significant (p-value<0.05) it 
was not included in final multivariate model. Not included variables are indicated by “Not included”. 

a) 
Explanatory  

variables 
Alcoholic 
beverages 

Cheeses Fish Fruit Meat 
Sweet 
Foods 

Vegetables 

Age (5-years) -0.02 
(0.30) 

Not 
included 

0.064 
(<0.0001) 

Not 
included 

Not 
included 

-0.037 
(0.010) 

0.138 
(<0.0001) 

Smoking (1) 0.106 
(0.39) 

Not 
included 

0.177 
(0.102) 

Not 
included 

Not 
included 

-0.481 
(<0.0001) 

Not 
included 

Education 
(years) 

0.012 
(0.46) 

0.006 
(0.547) 

-0.012 
(0.389) 

-0.007 
(0.475) 

-0.029 
(0.00031) 

Not 
included 

0.015 
(0.228) 

Exercise (2) Not 
included 

Not 
included 

0.163 
(0.100) 

0.125 
(0.131) 

Not 
included 

Not 
included 

0.266 
(0.0013) 

PROP Intensity Not 
included 

Not 
included 

Not 
included 

Not 
included 

Not 
included 

0.004 
(0.083) 

Not 
included 

Food 
adventurousness 

(3) 
0.365 

(0.0008) 
0.428 

(<0.0001) 
0.582 

(<0.0001) 
0.243 

(0.0019) 
0.298 

(<0.0001) 
0.137 

(0.148) 
0.542 

(<0.0001) 

Cognitive 
restraint (4) 

Not 
included 

Not 
included 

Not 
included 

Not 
included 

-0.212 
(0.0006) 

-0.15 
(0.096) 

Not 
included 

Dishinibition (5) 0.277 
(0.0067) 

0.143 
(0.055) 

0.291 
(0.0012) 

Not 
included 

0.242 
(<0.0001) 

0.398 
(<0.0001) 

Not 
included 

 
 
 
b) 

Explanatory  
variables 

Alcoholic 
beverages 

Cheeses Fish Fruit Meat 
Sweet 
Foods 

Vegetables 

Age (5-years) 0.019 
(0.34) 

Not 
included 

0.101 
(<0.0001) 

Not 
included 

Not 
included 

Not 
included 

0.084 
(<0.0001) 

Smoking (1) 0.351 
(0.0083) 

Not 
included 

0.47 
(0.00016) 

Not 
included 

Not 
included 

-0.16 
(0.085) 

Not 
included 

Education 
(years) 

0.079 
(<0.0001) 

-0.006 
(0.46) 

0.037 
(0.016) 

0.016 
(0.051) 

-0.024 
(0.0021) 

Not 
included 

0.019 
(0.052) 

Exercise (2) Not 
included 

Not 
included 

0.182 
(0.072) 

0.138 
(0.043) 

-0.094 
(0.19) 

Not 
included 

0.22 
(0.0006) 

PROP Intensity -0.004 
(0.038) 

Not 
included 

Not 
included 

Not 
included 

Not 
included 

Not 
included 

Not 
included 
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Food 
adventurousness 

(3) 
0.435 

(<0.0001) 
0.37 

(<0.0001) 
0.641 

(<0.0001) 
0.353 

(<0.0001) 
0.25 

(0.00014) 
0.172 

(0.022) 
0.438 

(<0.0001) 

Cognitive 
restraint (4) 

Not 
included 

Not 
included 

Not 
included 

Not 
included 

-0.244 
(<0.0001) 

-0.184 
(0.0098) 

Not 
included 

Dishinibition (5) Not 
included 

0.277 
(<0.0001) 

Not 
included 

Not 
included 

0.134 
(0.028) 

0.441 
(<0.0001) 

Not 
included 

 
 
 
 
 
 
 
Table A.2. Results of multivariate models for health parameters in men (a) and women (b) separately. In 
rows are the explanatory variables and in columns the dependent variables. The values are beta and p-value in 
brackets. In bold are the results with p-value <0.05. BMI=Body Mass Index; WHR=Waist to Hip Ratio; SBP=Systolic 
Blood Pressure; DBP=Diastolic Blood Pressure. * logarithm of trait. 

 
a) 
 

 BMI 
kg/m2 

Fat 
Mass 

Kg 
WHR 

HDL-
Chol 

mg/dL 

LDL-
Chol 

mg/dL 

Total-
Chol 

mg/dL 
Glucose 
mg/dL* 

Triglycerides 
mg/dL* 

SBP 
mmHg 

DBP 
mmHg 

Age, 
years 

0.054 
(<0.0001) 

0.134 
(<0.0001) 

0.001 
(<0.0001) 

0.094 
(0.0069) 

0.184 
(0.063) 

0.299 
(0.0042) 

0.001 
(<0.0001) 

0.001 
(0.14) 

0.426 
(<0.0001) 

0.065 
(0.0035) 

Education, 
years 

-0.075 
(0.055) 

-0.079 
(0.45) 

-0.001 
(0.48) 

-0.139 
(0.34) 

0.191 
(0.64) 

0.026 
(0.95) 

0.001 
(0.29) 

0 
(0.84) 

-0.352 
(0.024) 

0.005 
(0.96) 

Physical 
activity 

-1.333 
(<0.0001) 

-3.042 
(<0.0001) 

-0.019 
(0.00015) 

1.889 
(0.097) 

-2.116 
(0.52) 

-5.517 
(0.087) 

-0.004 
(0.42) 

-0.033 
(0.022) 

-1.992 
(0.11) 

-0.814 
(0.27) 

BMI Not 
included 

Not 
included 

Not 
included 

-1.06 
(<0.0001) 

0.441 
(0.15) 

0.332 
(0.31) 

0.003 
(<0.0001) 

0.012 
(<0.0001) 

0.798 
(1<0.0001) 

0.554 
(<0.0001) 

Meat 0.356 
(0.0063) 

0.947 
(0.0095) 

0 
(0.86) 

0.479 
(0.31) 

-2.285 
(0.088) 

-1.968 
(0.16) 

0.002 
(0.27) 

-0.003 
(0.66) 

0.707 
(0.17) 

-0.163 
(0.59) 

Cheeses 0.118 
(0.26) 

0.185 
(0.54) 

0.001 
(0.77) 

0.121 
(0.77) 

-2.054 
(0.076) 

-2.713 
(0.019) 

0 
(0.84) 

-0.015 
(0.0076) 

0.191 
(0.66) 

-0.103 
(0.69) 

Vegetables -0.068 
(0.55) 

-0.024 
(0.94) 

0 
(0.91) 

0.875 
(0.038) 

0.898 
(0.45) 

0.997 
(0.42) 

0.001 
(0.49) 

-0.004 
(0.49) 

0.701 
(0.11) 

0.62 
(0.019) 

Sweet 
foods 

-0.06 
(0.49) 

-0.193 
(0.46) 

-0.001 
(0.76) 

-0.58 
(0.090) 

-0.562 
(0.56) 

-1.451 
(0.14) 

-0.002 
(0.22) 

-0.004 
(0.44) 

-0.805 
(0.023) 

-0.293 
(0.17) 

Fruit -0.124 
(0.23) 

-0.391 
(0.27) 

-0.002 
(0.28) 

-0.755 
(0.070) 

1.506 
(0.197) 

0.674 
(0.56) 

-0.003 
(0.051) 

0.008 
(0.15) 

0.305 
(0.46) 

0.175 
(0.48) 

Fish 0.022 
(0.77) 

-0.126 
(0.61) 

0 
(0.87) 

-0.393 
(0.18) 

0.352 
(0.69) 

0.568 
(0.49) 

0.003 
(0.024) 

0.004 
(0.296) 

-0.95 
(0.0018) 

-0.295 
(0.108) 

Alcoholic 
beverages 

0.043 
(0.57) 

0.035 
(0.86) 

0.002 
(0.14) 

0.811 
(0.0049) 

1.549 
(0.058) 

2.163 
(0.0097) 

-0.001 
(0.26) 

0.003 
(0.499) 

0.022 
(0.94) 

-0.086 
(0.64) 
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b) 
 

 BMI 
kg/m2 

Fat Mass 
Kg 

WHR HDL-
Chol 

mg/dL 

LDL-
Chol 

mg/dL 

Total-
Chol 

mg/dL 

Glucose 
mg/dL* 

Triglycerides 
mg/dL* 

SBP 
mmHg 

DBP 
mmHg 

Age, 
years 

0.077 
(<0.0001) 

0.129 
(<0.0001) 

0.002 
(<0.0001) 

0.071 
(0.047) 

0.679 
(<0.0001) 

0.925 
(<0.0001) 

0.001 
(<0.0001) 

0.003 
(<0.0001) 

0.626 
(<0.0001) 

0.187 
(<0.0001) 

Education, 
years 

-0.178 
(<0.0001) 

-0.331 
(0.0016) 

-0.002 
(0.0050) 

0.325 
(0.025) 

0.253 
(0.45) 

0.632 
(0.066) 

-0.001 
(0.19) 

0.001 
(0.50) 

-0.151 
(0.30) 

0.122 
(0.139) 

Physical 
activity 

-1.457 
(<0.0001) 

-3.908 
(<0.0001) 

-0.009 
(0.025) 

0.672 
(0.519) 

2.743 
(0.267) 

2.47 
(0.319) 

-0.001 
(0.707) 

0.008 
(0.478) 

-0.742 
(0.501) 

0.631 
(0.31) 

BMI Not 
included 

Not 
included 

Not 
included 

-0.956 
(<0.0001) 

0.657 
(0.0032) 

0.384 
(0.094) 

0.003 
(<0.0001) 

0.013 
(<0.0001) 

0.792 
(<0.0001) 

0.511 
(<0.0001) 

Meat 0.326 
(0.00065) 

0.323 
(0.202) 

0.004 
(0.015) 

-0.304 
(0.38) 

0.274 
(0.73) 

0.215 
(0.80) 

0.001 
(0.64) 

0.004 
(0.28) 

0.345 (0.35) 0.081 
(0.69) 

Cheeses 0.159 
(0.090) 

0.464 
(0.085) 

-0.001 
(0.71) 

0.683 
(0.061) 

-0.255 
(0.77) 

0.131 
(0.88) 

-0.003 
(0.041) 

-0.006 
(0.16) 

0.023 (0.95) -0.081 
(0.68) 

Vegetables -0.189 
(0.089) 

-0.295 
(0.34) 

-0.005 
(0.015) 

0.35 
(0.38) 

0.327 
(0.73) 

0.515 
(0.60) 

-0.001 
(0.55) 

-0.003 
(0.53) 

0.358 (0.40) 0.011 
(0.96) 

Sweet 
foods 

-0.011 
(0.89) 

-0.122 
(0.62) 

-0.003 
(0.019) 

-0.099 
(0.75) 

-1.723 
(0.0195) 

-2.345 
(0.0017) 

0.002 
(0.12) 

-0.007 
(0.053) 

-0.138 
(0.66) 

0.081 
(0.65) 

Fruit -0.099 
(0.31) 

-0.021 
(0.95) 

0.001 
(0.46) 

-0.192 
(0.60) 

-0.038 
(0.97) 

0.485 
(0.58) 

-0.001 
(0.66) 

0.007 
(0.10) 

0.036 (0.92) -0.055 
(0.79) 

Fish -0.007 
(0.92) 

0.033 
(0.87) 

-0.001 
(0.57) 

-0.208 
(0.38) 

0.898 
(0.11) 

0.645 
(0.26) 

0 
(0.61) 

-0.001 
(0.75) 

-0.599 
(0.012) 

-0.042 
(0.76) 

Alcoholic 
beverages 

-0.088 
(0.16) 

0.017 
(0.92) 

0.001 
(0.46) 

0.459 
(0.056) 

-0.316 
(0.58) 

0.194 
(0.73) 

0.002 
(0.047) 

-0.005 
(0.077) 

-0.099 
(0.68) 

-0.174 
(0.20) 
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