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Abstract (English)

Introduction

Fat, a newly identified taste, has been associated with the cluster of differentiation 36 (CD36) gene,
which encodes the CD36 receptor protein, implicated in the perception of dietary free fatty acids in
the oral environment. The rs1761667 variant has been associated with fat taste sensitivity;
nevertheless, results reported in the literature are often contrasting. Further, umami is a well-
established taste with known receptors. The combination of these tastes is common in food, and
umami tastants have also been linked to variations in dietary fat intake. Nevertheless, these two
taste perceptions have not been extensively investigated together, thereby missing the opportunity
to understand better how tastes may interact and how this may influence food choices. This PhD
project aimed to assess whether there is an association between fat taste sensitivity and umami taste
perception with implications regarding dietary intake, BMI, and body composition. Furthermore,
the role of CD36 rs1761667 in the aforementioned phenotypes was investigated.

Methods

Three different studies were conducted: 1) a field study on 235 individuals from Italy, 2) a
laboratory study on 49 individuals from the UK, and 3) a laboratory study on 57 individuals
conducted at the Lake Lucerne Institute in Switzerland. Common data collected across all three
studies included demographics, anthropometrics, BMI, and CD36 rs1761667 genotyping.
Regarding Study 1, liking of fat and umami foods was assessed via questionnaire, and dietary intake
data were collected and converted into a Diet Quality Score (DQS). In Study 2, perceptions of fatty
and umami foods (intensity and liking) were assessed, and, as in Study 1, dietary intake data were
collected and converted into a DQS. For Study 3, fat taste sensitivity (FTS) was assessed using
Oleic acid detection threshold measurement, and umami perception (intensity and liking) and fatty
food perception (both regular and low-fat versions) were evaluated. Additionally, body composition
data were collected (e.g., fat mass percentage, visceral fat score).

Result

In Study 1, the rs1761667 A-allele was associated with a reduced liking for fatty and umami foods
in individuals with BMI > 25 kg/m?; nevertheless, no significant association was found between
BMI and DQS. In Study 2, the rs1761667 A-allele was associated with an increased intensity
perceived from tasting the umami food samples, and a significant positive association of rs1761667
with BMI and DQS was additionally found. Regarding Study 3, no association was found between
fat taste sensitivity and umami perception. Additionally, in our cohort, no association between FTS
and adiposity was found. Nevertheless, a positive association was found between the intensity
perceived from umami samples and the intensity perceived from fat food samples. Regarding
genetics, a negative pattern between CD36 rs1761667 GG genotype and liking reported from tasting
umami samples was observed, and, additionally, the rs1761667 A-allele was associated with
reduced perceived intensity from tasting fat food samples.

Conclusions

This study is the first to extensively address the potential links between fat taste sensitivity and
umami taste perception, thanks to the collection of a wide set of data spanning three different
research projects. Our results highlight a possible association between umami perception and fat
food perception, and that CD36 rs1761667, which is related to fat taste sensitivity, may also be a
predictor of differences in umami taste perception. Nevertheless, no association between CD36



rs1761667 and fat taste sensitivity has been reported, highlighting a previously described issue
regarding this link between genetics and the phenotype, and opening up the necessity of a better and
standardised approach to assess fat taste perception. Although further studies in wider cohorts are
needed to confirm the obtained results, our findings highlight a new potential taste interplay that
may be implemented in personalised nutritional practice.



Abstract (Italiano)

Introduzione

Il gusto grasso ¢ stato associato al gene Cluster of Differentiation 36 (CD36), che codifica per il
recettore CD36 coinvolto nella percezione degli acidi grassi liberi. La variante rs1761667 ¢ stata
associata alla sensibilita verso il gusto grasso; tuttavia, i risultati riportati in letteratura sono
contrastanti. L'Umami ¢ un gusto ben consolidato con recettori ben noti. La combinazione di questi
sapori ¢ comune a livello alimentare ed ¢ stato osservato che le molecole umami sono state
ulteriormente associate anche a differenze nell'assunzione di grassi alimentari. Queste due
percezioni gustative non sono state studiate in modo approfondito insieme, perdendo cosi la
possibilita di comprendere meglio come i sapori possano interagire tra loro e come cid possa
influire sulle scelte alimentari. Questo progetto di dottorato mira a valutare se esiste un'associazione
tra la sensibilita al gusto grasso e la percezione del gusto umami con implicazioni relative
all'assunzione alimentare e alla composizione corporea. Inoltre, abbiamo considerato il ruolo che la
variante rs1761667 del gene CD36 puo svolgere in tutti 1 fenotipi sopra menzionati.

Metodi

Sono stati condotti tre studi: 1) uno studio su 235 individui provenienti dall'ltalia, 2) uno studio su
49 individui provenienti dal Regno Unito e 3) uno su 57 individui condotto in Svizzera. I dati
comuni raccolti in tutti gli studi sono: demografici, antropometrici, IMC e genotipo della variante
CD36 1s1761667. Per quanto riguarda lo studio 1, il gradimento dei cibi grassi e umami ¢ stato
valutato tramite questionario e sono stati raccolti dati sull'assunzione alimentare poi convertiti in un
punteggio di qualita. Per lo studio 2, ¢ stata valutata la percezione dei cibi grassi e dei cibi umami e,
analogamente allo studio 1, sono stati raccolti dati sull'assunzione alimentare poi convertiti in un
punteggio di qualita (Diet Quality Score, DQS). Per lo studio 3, il gusto grasso ¢ stata valutato
mediante la misurazione della soglia di rilevamento dell'acido oleico, mentre sono state valutate la
percezione dell'umami e la percezione dei cibi grassi. Inoltre, sono stati raccolti dati sulla
composizione corporea.

Risultati

Nello Studio 1, l'allele A di rs1761667 era associato ad un ridotto gradimento per 1 cibi grassi e
umami in individui con IMC > 25 kg/m. Nello Studio 2, I'allele A ¢ stato associato a una maggiore
intensita percepita dai campioni di alimenti umami ed ¢ stata inoltre riscontrata un'associazione
positiva significativa tra la variante, I’'IMC e il DQS. Nello Studio 3, non ¢ stata riscontrata alcuna
associazione tra la sensibilita al gusto grasso e la percezione dell'umami. Tuttavia, ¢ stata
evidenziata un'associazione positiva tra l'intensita percepita dai campioni umani e l'intensita
percepita dai campioni grassi. Abbiamo osservato un pattern negativo tra il genotipo GG di
rs1761667 e il gradimento riportato dei campioni umani e, inoltre, abbiamo riscontrato che I'allele
A era associato a una ridotta intensita percepita dai campioni di cibi grassi.

Conclusioni

Questo studio ¢ il primo ad affrontare in modo approfondito i potenziali legami tra la sensibilita al
gusto grasso e la percezione del gusto umami grazie alla tre diversi progetti di ricerca. I nostri
risultati evidenziano una possibile associazione tra la percezione dell'umami e la percezione dei cibi
grassi e che la variante rs1761667 potrebbe anche essere un fattore predittivo delle differenze nella
percezione del gusto umami. Tuttavia, non abbiamo osservato alcuna associazione tra questa
variante ed il gusto grasso evidenziando una questione gia descritta in precedenza riguardo al



legame tra genetica e fenotipo e aprendo la strada alla necessita di un approccio standardizzato per
valutare la percezione del gusto del grasso. Sebbene siano necessari ulteriori studi in coorti pit
ampie per confermare i risultati ottenuti, questi evidenziano una nuova potenziale interazione tra
gusti che potrebbe essere implementata nella pratica nutrizionale personalizzata.
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1.0 Summary of the project

Taste (or gustation) is one of the five human senses. It is considered the gatekeeper of all ingested
substances, allowing individuals to assess the quality of food and potential treats (e.g., poisons,
spoiled foods). There are five recognised tastes: sweet, bitter, salty, sour, and umami [1]. In the last
decade, a new taste has been proposed: fat taste or oleogustus [2]. Fat taste is the perception of
dietary non-esterified free fatty acids (NEFAs or FFAs) in the oral environment (e.g., oleic acid,
linoleic acid, etc.). Humans can perceive FFAs [3]; however, distinguishing among different
tastants is difficult [4], and the scientific community has yet to reach consensus on classifying this
perception as a canonical taste.

Nevertheless, researchers have shown significant interest in the topic due to its potential
implications for human health. High-fat foods are highly palatable yet high in calories, so excessive
consumption may lead to weight gain and, in turn, burden health conditions (e.g., obesity) [4]. Fat
taste ability shows high interindividual variability [2,4], with multiple factors involved, including
saliva, texture, tongue morphology, and genetics [5]. As with the other tastes, a potential fat taste
receptor has been identified: Cluster of Differentiation 36 (CD36), a receptor-like glycoprotein
expressed apically on taste bud cells [7], which binds long-chain FFAs.

Genetics has been demonstrated to encompass taste perception [6]. The codifying gene CD36 for
the fat taste receptor has been investigated to elucidate the role of singe nucleotide polymorphisms
(SNPs) The most studied common variant rs1761667 (G>A), as reviewed by Jaime-Lara et al. [5],
has been associated with reduced protein expression [7] and then subsequently fat taste sensitivity
(FTS), dietary fat intake, and adiposity. Still, results are often contradictory [10—15], highlighting
the need for further research to better understand the role of this SNP in the aforementioned
phenotypes. Fat taste perception has already been associated with other taste perceptions (e.g.,
bitter) [8], but no work has been widely conducted considering umami.

The combination of dietary fats and umami is common in foods (e.g., meats, aged cheeses, etc.).
Umami is a well-established taste, first described by Dr. Kikunae Ikeda [1]. In Japanese, umami
means “deliciousness,” and amino acids elucidate its perception. The main chemical tastant is L-
glutamate (glutamic acid), which is found in foods such as meats, fish, aged cheeses, broths, and
more [9]. The most common umami compound, used for seasoning and research, is monosodium
glutamate (MSG).

Both fat and umami tastes can play a key role in human health. For example, individuals with
obesity have shown a high preference for foods that can be labeled as umami but also fatty [10].
High-fat and ultra-processed foods are highly palatable, and their excessive consumption has been
associated with weight gain and obesity [11]. On the other hand, MSG has been studied for its
possible role in reducing salt intake while maintaining palatability and reducing dietary fat intake
[12—-14]. These two tastes have never been extensively studied together; thus, how they interact is
unknown. This knowledge may influence nutritional practice, for example, developing taste-based
personalised nutrition strategies.

This project’s main aim is to address this gap by investigating whether there is an association
between FTS, umami food perception, fat food perception, BMI, adiposity, and diet quality
components, through three independent studies.



1.1 Aims of the studies.

Fat and umami have never been extensively studied together; thus, how they may interact is

unknown. This knowledge may influence nutritional practice, for example, developing taste-based
personalised nutrition strategies.

This project’s main aim is to address this gap by investigating whether there is an association
between FTS, umami food perception, fat food perception, BMI, adiposity, and diet quality

components, through three independent studies.

Considering the literature gap and the lack of comprehensive studies aimed at investigating fat and
umami tastes together, this project aimed to:

e Investigate the association between CD36 rs1761667 and fat and umami-tasting food liking.

As secondary aims, differences in BMI and diet quality were assessed based on the CD36
rs1761667 genotype. This investigation was conducted on Study 1, a study of 235

individuals from a larger data collection carried out in Friuli Venezia Giulia (FVG), a region
in north-eastern Italy, in 2014-2015.

¢ Investigate the association between CD36 rs1761667 and fat and umami food perception
(intensity and liking). As a secondary aim, similar to Study 1, the relationship between
CD36 rs1761667, BMI, and diet-quality components was assessed. This investigation was
carried out in collaboration with St. Mary’s University, London, UK, and conducted on 49
individuals from the United Kingdom (UK) in Study 2.

e Investigate whether FTS may encompass umami perception, assessed by food sample
tasting, fat food perception, BMI, and adiposity markers. As a secondary aim, CD36
rs1761667 was investigated for its possible role in the aforementioned phenotypes. These
investigations were conducted in Study 3 on 57 individuals from Switzerland, in
collaboration with the Lake Lucerne Institute, Vitznau.

This thesis provides a better insight into how fat and umami tastes may interact with each other and

influence food preferences and dietary choices. It features such as BMI and adiposity, and
subsequently health status. This information could affect personalised nutrition strategies. The

content of this thesis is summarised in Figure 1.
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All the analyses included in this Thesis were performed at the .R.C.C.S. “Burlo Garofolo” under the

supervision of Prof. Paolo Gasparini and Dr. Maria Pina Concas. Data collection for Study 3 was

conducted at Lake Lucerne Institute AG under the supervision of Dr. Catherine Anne-Marie Graham.

The complete workflow for the studies (Chapters I1I-V) is shown in Figure 2.
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Figure 2. Description of the workflow for every project.
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2.0 Chapter II - Introduction

2.1 Taste

Taste (or gustation) is one of the five human senses, along with hearing, sight, touch, and smell. It is
crucial to assess the quality of ingested food to identify its health-related components and potential
hazards (e.g., toxins). Commonly, taste and flavour are considered synonymous, despite a clearly
defined difference between them. Flavour is the integration of different perceptions such as taste,
smell, temperature, and texture. Taste is the sensation given by the interaction between chemical
tastants in foods and specific receptors on the tongue [15]. Humans can perceive five canonical
tastes: sweet, bitter, sour, salty, and umami [1]. A sixth taste is under debate and is called
Oleogustus, or fat taste (Figure 3) [2].
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Figure 3. A summary of the five established tastes: salty, sweet, bitter, umami, and sour. Also, Oleogustus, or fat taste, is described.
For every taste, receptors (and type), and chemical tastants (or effective stimuli) are described. Original picture from the work of

Jaime-Lara et al. 2022 [6].
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2.2 Structure of the tongue

The tongue is considered the primary organ for taste. The structures labelled "house of the sensorial
perception' are the papillae. The human tongue has four types of papillae: fungiform, foliate,
circumvallate, and filiform (Figure 4).

radl
% 7
Tasle buds 2

Circumvallate paplia

Tasts halrs /‘ms.m paca

Taste buds

Fungiiorm papilla Fildorm: papilla Foliate papilta / \

Basal cell Transitinnal el

Figure 4. Anatomy of the human tongue. Four types of lingual papillae (circumvallate, fungiforrﬁ, ﬁlifo;m, and foliate) can be observed
in detail. A cross-section of a circumvallate papilla is shown upper right. A representation of a taste bud (basal, gustatory, and
transitional cells highlighted) is shown lower right (original picture from OpenStax Anatomy & Physiology, 2016) [23].

Filiform papillae transduce sensations such as touch, temperature, and nociception (e.g., pain),
whereas the remaining ones harbour taste buds [16,17]. Fungiform papillae are mushroom-shaped
structures protruding on the surface of the tongue. On average, humans have ~195 fungiform
papillae, of which the majority (~87%) are located at the anterior 2cm of the tongue [17].

Foliate papillae are located on the lateral sides of the tongue, containing ~100 taste buds [17].
Circumvallate papillae are located at the posterior of the tongue, forming an inverted V and
harbouring over one hundred taste buds.

Taste buds are the primary sensory unit for taste. They are located under the keratinous layer of the
papillae with the taste pore exposed to the external environment. A taste bud is composed of ~150-
300 tightly packed epithelial cylindrical cells [23], which can be classified into five types: type I,
type I1, type III, basal cells, and neuronal processes.

Research has shown that each taste cell corresponds to only one taste modality (e.g., a type 2 cell
may express umami receptors but lacks bitter receptors) [18].

The transmission of the sensory information from the tongue to the central nervous system (CNS)
appears to be labelled line (each sensory receptor and its corresponding neural pathway are
dedicated to a specific sensory modality) [19]. Three CNs innervate the tongue: chorda tympani
(CN-VII), glossopharyngeal (CN-IX), and trigeminal (CN-V). Taste information is conducted and
processed to the gustatory cortex insula, for which a gustatory map has been developed [20].

2.3 Taste perception

2.3.1 Sweet, Bitter, Salty, and Sour taste

Sweet taste allows humans to identify foods that are rich in saccharides, which are the primary
energy source. Humans are, by instinct, attracted to sweetness (e.g., the positive stereotypical
behaviour displayed by children when exposed to sugar solutions) [21]. Genetically, sweet taste is
mediated by the expression of two genes, TASIR2 and TASIR3, on type Il taste cells. The two genes
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encode the C-class receptors, G protein—coupled receptors (GPCRs) T1R2 and T1R3. This receptor
is a dimer, with two subunits, and the active site features a Venus flytrap module (VFTM) [22]. The
module binds the ligand and mediates the activation of the respective G proteins. Regarding sweet
taste, the main ligands are small sugars (e.g., glucose), and both subunits of the receptor present a
VFTM that can bind a wide range of sweeteners [23]. The sweet taste transduction mechanism is
further explained in the dedicated paragraph on umami taste.

From a genetic perspective, SNPs encompassing the genes codifying for the two subunits (7AS/R2
and TASIR3) have been studied for the effect on sugar sensitivity [24], and, additionally, may be of
interest for the possible impact on health status due to the role of sugar intake on obesity
development and chronic diseases [25,26]. For example, rs35744813 and rs307355 have been
associated with sucrose sensitivity, and both are predicted to encompass the regulatory region of
TASIR3 [6,27].

Bitter taste perception is, evolutionarily, a defence form against toxins in nature. This mechanism is
not exclusive to humans and is common among vertebrates [28]. It has been demonstrated that
numerous toxic chemicals in vegetables are perceived as bitter. Nevertheless, this role, in humans,
in modern agriculture, is deemed near-redundant. Even if crops still present bitter toxins (e.g.,
“cassava’”) and their taste identification is still fundamental [36], bitter-tasting vegetables can also
be nontoxic (e.g., cruciferous vegetables) and, for this reason, bitterness is only discouraging
consumption, but not excluding it completely [29].

Bitter taste perception is mediated, as sweet taste perception, by GPCRs expressed on type Il taste
bud cells. These receptors were identified approximately 20 years ago and are designated TAS2Rs
[30,31]. Bitter taste transduction, as for sweet taste, will be further explained in the umami taste
dedicated paragraph.

From a genetic perspective, the discovery of these receptors occurred simultaneously with the
completion of the Human Genome Project. Thirty-three genes, 25 functional loci, and eight
pseudogenes were identified that codify for TAS2Rs. These genes are organised in clusters on
chromosomes 5, 7, and 12 [30-32]. They are expressed not only in taste bud cells but also, like
sweet taste receptor genes, in chemosensory cells in the gut and in bronchial smooth muscle,
detecting ingested and inhaled agonists [33,34]. TAS2Rs are usually coexpressed in taste bud cells.
On average, a cell may express a random subset of ~5-10 of the 25 possible receptors, mediating
sensitivity to a specific compound that differs for every cell [35]. Bitter taste is one of the most
studied tastes, and the genetics underlying this perception is among the best characterised. The
evolutionary role of bitter taste is to prevent ingestion of toxic agents [36]. Humans have developed
a wide family of genes (named TAS2Rs) that encode receptors that detect these chemicals. These
genes are allocated on chromosomes 7 and 12 [30]. All these genes are encompassed by SNPs that
have been associated with a wide range of responses to bitter tastants, from complete insensitivity to
the opposite extreme [37-39]. Among this vast gene family, one of the most studied and well-
characterised for the effect of genetics is TAS2R38. This gene is located on chromosome 7, in a
cluster of bitter receptor genes, and the receptor recognizes bitter chemical compounds such as
phenylthiocarbamide (PTC) and 6-n-propylthiouracil (PROP) [40], and sinigrin and goitrin in
vegetables [41-43]. The most studied variants that affect bitter taste perception are located in the
TAS2R38 gene, occurring at three amino acid positions: A49P (alanine or proline encoded), V262A
(valine or alanine encoded), and 1296V (isoleucine or valine encoded). The combination of these
three variants gives rise to two frequent haplotypes, PAV and AVI, plus three less common
haplotypes, AAIL PVI, and AAV. These three SNPs and their combination are strongly associated
with the perception of PTC and PROP. More specifically, PAV is classified as the “taster”
haplotype, while AV is the “non-taster” [40,44,45]. Individuals heterozygous for PAV/AVI,
interestingly, do not elucidate an intermediate phenotype between the two extremes but a wide
range of sensitivity to these two chemicals [40,45].
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Salt taste perception is mediated by Na"ions. The presence of Na"ions dissolved in foods and then
saliva triggers specific receptors on taste bud cells, activating and transmitting saltiness signals to
the brain. NaCl (table salt) is a condiment used to enhance the flavour of the food. It has been used
to prolong the shelf life of food, but it is also fundamental to maintaining body fluid balance and
regulating physiological functions. Sodium homeostasis is essential, and for this reason epithelial
cells express epithelial sodium channels (ENaC), which regulate the transport of Na* ions across
membranes. These channels are also expressed on taste bud cells, playing a key role in salt taste
perception. ENaCs mediate the uptake of Na+ ions from foods and beverages. Signal transduction is
mediated by two pathways, amiloride-sensitive (AS) and amiloride-insensitive (Al) [46]. The AS
pathway is Na+-specific, whereas the Al pathway is cation-nonselective. Another mechanism
involved in saltiness perception is the Transient Receptor Potential (TRP) channels, which are
divided into four subtypes and play a crucial role in taste perception (types I to IV) [47]. TRPV1,
for example, is a non-selective cation channel, and its role in saltiness perception has already been
confirmed [48]. This role differs across animal species [57]; its mechanism of action remains
unclear. Genetic variations associated with salt taste sensitivity have been found in genes regulating
sodium homeostasis [58] and in genes that may modify individuals’ salt preference [49]. The role of
genetics on salt sensitivity and, furtherly, intake, is of interest due to the potential impact on health
status (e.g., hypertension and cardiovascular diseases) [50,51]. As discussed previously, the TRPV1
channel has been associated with salt taste perception, and common variations in the coding gene
have also been investigated. For example, rs4790522 and rs222745 have been associated with salt
taste perception and salt preference among children [52,53].

Sour taste is commonly associated with lemons and other acidic substances. It is one of the five basic
tastes; nevertheless, its transduction mechanisms have been unclear for a long time [54]. This
perception, like the previous ones, occurs in the taste receptor cells (TRCs). The main understanding
of this taste coincided with the identification of a specific class of TRCs, Type III cells, which mediate
the gustatory response to sourness [55]. Regarding the specific receptor for sour taste, a candidate
channel was identified in 2018: Otopetrin 1 (OTOP1) [56]. This channel, encoded by the OTOP1
gene, is expressed on Type III TRCs and induces an inward proton current in response to a decrease
in extracellular pH. The channel is a dimeric protein containing 24 transmembrane regions, formed
by the shared N and C domains in each monomer [57]. This mechanism, despite not being fully
understood, is expected to play an essential role in sour taste transduction [58,59]. A sour taste is
commonly associated with spoiled foods and mammals; they usually reject intense acidic stimuli;
nevertheless, mild sour stimuli may be found palatable [52].

Genetics has been shown to play a significant role in palatability and consumption of sour foods,
compared with environmental conditions [60]. As previously described, acidic chemicals depolarise
type III taste bud cells, eliciting a sour taste [61]. The KCNJ2 gene encodes the potassium channel
KIR2.1 and may play a significant role in sour taste transduction, making it a good candidate gene
for SNP analysis [62].
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2.3.2 Umami taste

Umami taste, also described as savoury, is the fifth defined basic taste [63]. It was first described by
Dr. Kikunae Ikeda in 1908 [1] and, in Japanese, means “deliciousness”. It is associated with foods
such as meats, broths, dried fish (e.g., bonito flakes), aged cheeses, tomatoes, and mushrooms. Like
the other canonical tastes, it allows us to identify the quality of ingested food, and, specifically,
umami taste has been hypothesized to allow humans to identify food rich in free amino acids,
nucleotides, and peptides [64]. Umami taste receptors are part of the taste one receptors (T1Rs)
family and, specifically, the predominant receptor, identified in 2002, is the heterodimer
T1R1/T1R3 [75], which binds L-amino acids (Figure 5).
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Figure 5. The umami taste receptor dimer TASIR1+TASIR3 in the plasma membrane and the intracellular G-protein heterotrimer.
Highlighted in the figure, seven transmembrane domains (TMD) which stabilise the receptor across the membrane. Each monomer is
characterised by two lobes, on the extracellular side, which are stabilised together by CRDs. Both TMDs and CRDs function as
possible ligand binding sites. On the intracellular sites, the heterotrimeric G protein interacts with the GPCR by the C-termini of the
receptor. Original picture from the work of Adler ez al. 2000 [39].

Umami tastants are overall described as flavor enhancers, often associated with protein-rich foods,
as well as appetite and satiety enhancers [65,66]. The main chemical known to elucidate umami
sensation is glutamic acid (L-glutamate), which can be found in the form of monosodium glutamate
(MSG). Glutamic acid was the first umami tastant to be discovered, isolated by Dr. Kikunae Ikeda
in 1908 [67]. Nevertheless, the heterodimer T1R1/T1R3 has multiple ligand-binding sites and low
specificity, allowing it to respond to various ligands. This receptor is embedded in the membrane
and, like other GPCRs, has a seven-transmembrane helix structure with intracellular and
extracellular loops. The extracellular loops are characterized by cysteine residues (also known as a
cysteine-rich domain, or CRD), which participate in stabilizing the GPCR structure by forming
disulfide bonds. These loops expose the extracellular environment and bind tastants, triggering
downstream activation of second messengers that lead to the activation of afferent nerve fibres [15].
The cascade begins with the associated heterotrimeric G protein, which is composed of the Ga
monomer and the heterodimer GPy. The first step is the dissociation of the Ga-gustducin subunit
from the dimeric GB3/Gy13 subunit, which signals downstream effectors. Phospholipase C (isoform
B2) converts phosphatidylinositol 4,5-bisphosphate into diacylglycerol and the second messenger
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inositol 1,4,5-triphosphate (IP3). IP3 starts a release of Ca** from the endoplasmic reticulum (ER)
by the type 3 IP3 receptor. The elevated calcium levels activate TRPMS (transient receptor potential
cation channel subfamily M member 5) and induce sodium influx through voltage-gated sodium
channels, leading to cell depolarization [54]. This action potential opens calcium homeostasis
modulators 1 and 3, releasing adenosine triphosphate (ATP) as a neurotransmitter onto gustatory
afferent nerve fibers [68]. This pathway is also shared by sweet and bitter taste perception (Figure
6).
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Figure 6. Summary of taste transduction pathways for sweet, umami, and bitter taste. Tastant binding enables the GPCR dimer (top
left) to cause GTP-driven dissociation of gustducin subunit Ga. This leads the activation of phospholipase Cf32 (PLCB2) to convert
phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). Then Ca®" are released
from ER by the type 3 IP3 receptor (IP3R3) raising the cytosolic calcium [Ca?'] and opening channel protein TRPMS5. Subsequent
Na" inflow results in cell depolarization and the opening of calcium homeostasis modulators 1 and 3 (CALHM1 and 3), through
which adenosine triphosphate (ATP) is released (original picture from the work of Adler et al. 2000) [39].

Umami tastants are also known for their synergistic or suppressive activity over other tastes; for
example, umami can modulate sweet perception, enhance saltiness, and reduce bitterness and
sourness [69,70]. Most of the L-amino acids are perceived as sweet and bitter, whereas some, such
as glycine, alanine, serine, and glutamic acid, elucidate an umami taste [71]. L-glutamate is the
predominant umami tastant, often found in the form of MSG. Acetylation, esterification, or
methylation of MSG leads to a loss of the ability to elicit umami perception, indicating a robust
relationship between the chemical structure and tastant perception, as the tastant must be
structurally attached to the umami receptor, as already described by Kaneko in 1963.

In addition to MSG, multiple umami tastants have been discovered, such as amides and derivatives
of 5’-ribonucleotides (IMP or GMP), which are generally considered taste enhancers [72]. Umami
tastants have also been investigated for possible positive effects on overall health. It is known that
sodium enhances palatability, but excessive consumption is related to high blood pressure, heart
diseases, and stroke, and currently, according to the WHO, the general population has a sodium
intake exceeding the recommendation [73].

Glutamate has been investigated as a component that can reduce the need for sodium in foods
without losing palatability [14,74]. Additionally, MSG has been observed to reduce individuals’
dietary fat intake. In a study conducted by Imada et al., a MSG preload added to broth reduced
further fat intake [13]. This observation was further confirmed by Miyaki et al., who found that a
vegetable soup, with added MSG, reduced the consumption of high-fat foods in overweight and
obese women [75]. Nevertheless, MSG intake was also associated with higher BMI, even after
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accounting for energy intake and physical activity [76]. The link between MSG intake, fat
consumption, and obesity is of interest for future sensorial research, given MSG's role in eliciting
umami perception.

Nevertheless, current research on the genetics of umami taste perception remains limited [77-79].
SNPs (rs11122100 and rs12080675) encompassing the TASIR1 gene have been associated with
MSG sensitivity [52]. Further research is required to clearly address how much these common
variants may explain the interindividual predisposition to preferring umami foods. Exploring these
aspects further may be important given the potential role of umami-tastant-rich foods in health
status.

2.3.6 Fat taste (or oleogustus)

Fat taste, or oleogustus, is the perception of non-esterified long-chain free fatty acids (NEFAs) [80].
Dietary free fatty acids (FFAs) include monounsaturated FFAs (e.g., oleic acid), polyunsaturated
FFAs (e.g., linoleic acid), and saturated FFAs (e.g., stearic acid).

The ability to taste fat has been demonstrated both in rodents [81] and humans [3]. Rodents tend to
show a high degree of identification of FFAs [93], whereas humans struggle to distinguish them
[82]. Commonly, in foods, dietary fats are in the form of triglycerides; the lingual lipase in saliva
starts the formation of NEFAs in the oral environment. These enzymes exist in multiple isoforms,
and their activity on dietary fats results in the perception of FFAs in the oral environment [83].
Nevertheless, NEFAs are less soluble in saliva than other tastants, which may explain the high
interindividual variability in fat taste perception in the general population [2,4]. However,
individuals can be trained to recognize them [82]. Research is still debating whether oleogustus
should be classified as the sixth taste. Nevertheless, there is interest in this perception due to its
possible implications for human health, as demonstrated by over 80 articles listed on PubMed since
2016 [5].

CD36 is a transmembrane protein, codified by the CD36 gene. It has a high affinity for FFAs, such
as oleic acid (OA) or linoleic acid (LA) [84], and binding is possible thanks to the protein’s
hydrophobic region [85]. Like other taste receptors, CD36 is expressed apically on TBCs [84,86]
and on multiple other tissues (e.g., nasal epithelium, brain, and cardiovascular tissue) [87]. It has
been demonstrated that in human TBCs, the interaction between CD36 and linoleic acid activates
downstream pathways shared with those involved in bitter and sweet taste perception. This cascade
includes cyclic adenosine monophosphate (cAMP), inositol triphosphate (IP3), and phospholipase C
[88] (Figure 7).
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Figure 7. The figure highlights the mechanism of signal transduction involved in fat taste. In Section 1: a free fatty acid (FFA) binds
Cluster of Differentiation 36 (CD36). This binding leads to a signaling cascade which starts with a-gustducin and Ca?* dependent
phospholipase (PLC). In Section 2: PLC converts PIP2 into DAG and IP3. In Section 3: IP3 mediates the release of Ca?" from the
endoplasmic reticulum (ER) In Section 4: the increasing [Ca?"] triggers multiple events: Na* inflow from TRPMS5 and prevention of
K" leaving the cytosol; activation of Orail and promotion of Ca?" inflow. In section 5: the increasing [Ca?'] and the activation of
Fyn/Src kinase (CD36 mediated) lead to phosphorylation of ERK1/2 pathway activating cAMP production. In Section 6: cell
depolarisation leads to the release of Serotonin and ATP, which are neurotransmitters (Original picture from the work of Jaime-Lara
et al. 2022) [6].

Furthermore, fat taste perception is also affected by ingestive cues such as texture, saliva, and the
tongue itself. Eating is a dynamic event, and when food is ingested, it goes through a series of
transformations (mechanical and chemical), and this, as mentioned before, leads to the release of
FFAs that contribute to fat taste perception [89]. Fat taste perception, according to recent studies, is
independent of texture, but texture contributes to the flavour of fat [90]. For example, high-fat
concentrations have been rated as more pleasant in texture by individuals than low-fat
concentrations [91,92].

The tongue is the main tasting structure. It possesses papillae and TBCs, which are mandatory for
food chemosensation. An individual’s tongue features may encompass fat taste perception. For
example, Zhou et al. observed that individuals classified as hypersensitive to OA, a common FFA
used to evaluate fat taste perception, had a higher density of fungiform papillae than hyposensitive
individuals. The authors hypothesized that a greater number of fungiform papillae may be
associated with a higher density of fat taste receptors [93].

The CD36 gene has been studied for its possible effects on fat taste perception, including the role of
common genetic variants. The importance of these studies lies in the potential link between the
consumption of high-fat foods, fat sensitivity, and body weight [94,95]. The most studied SNP
regarding fat taste perception is CD36 rs1761667 (G>A). This variant has been associated with
reduced protein expression [7,96], and the possible effect of fat taste sensitivity has been
investigated accordingly. The A allele of the variant has been associated with reduced protein
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expression and, potentially, with a higher detection threshold (hyposensitivity), reducing
individuals’ ability to detect fat [10,106]; nevertheless, the association has not always been
replicated in the literature [97]. The contrasting results reported in the literature may be due to
differences in study designs and methods used to assess fat taste sensitivity [98—101]. The variant
may reflect a potential risk of high-fat food consumption and weight gain [102]. CD36 rs1761667
has also been studied in relation to dietary intake, but the results remain unclear [101,103—-105].

2.4 Nutrition and dietary intake

Nutrition is the process of eating and absorbing nutrients. It involves breaking down food into
nutrients, which are the chemicals that maintain the body's physiology. Diet is defined as the
habitual foods an individual consumes. It can be influenced by multiple factors such as taste
perception, genetics, socio-economic status, and religious belief [106]. A diet is considered
“balanced” when it ensures adequate intake of macro- and micronutrients, according to
country/region-specific reference values, based on epidemiological studies of health and well-being
[107].

Nutrients are classified as macronutrients (carbohydrates, lipids, and proteins) or micronutrients
(e.g., vitamins and minerals), and water. The catabolism of the three macronutrients (carbohydrates,
lipids, and proteins) provides energy to perform tasks, maintain homeostasis, and support overall
metabolism [108]. “Dietary energy” (or metabolised energy) is the energy remaining after
obligatory losses (e.g., incomplete digestion and absorption) [108]. This energy supports all
physiological functions by generating high-energy bonds in the form of adenosine triphosphate
(ATP) [109]. The energy obtained from macronutrients is measured in kilocalories (or kilojoules).
One kilocalorie equals the amount of heat needed to raise the temperature of one kilogram of water
by 1 °C, from 14.5 °C to 15.5 °C. The energy obtained from the three macronutrients is as follows:
4kcal/g (17 kJ/g) for carbohydrates, 4kcal/g (17 kJ/g) for proteins, and 9 kg/g (29 kJ/g) for lipids
[110]. Alterations in taste perception may encompass dietary patterns and lead to adverse health
outcomes. This has been demonstrated in individuals affected by persistent taste alterations, which
may lead to reduced appetite and psychological negative implications (e.g., depression) or even
generating a shift to unhealthy eating habits (e.g, taste impairments contribute to malnutrition
development in cancer patients) [111]

2.4.1 Carbohydrates

Carbohydrates usually provide >50% of the total energy requirements and are a major energy
source [112]. Usually, men have a higher carbohydrate intake than women. In the human diet, the
primary sources of carbohydrates are: grains, vegetables, fruits, seeds, nuts, and dairy [113].
Classification is based on: chemical structure, degree of polymerisation, and functional groups
[114]. During digestion, carbohydrates are cleaved into glucose, fructose, and galactose, which are
then taken up by gut epithelial cells via transporter proteins [115]. Carbohydrates are used to
synthesize ATP through cellular respiration, enabling tissues to perform their biological functions.

2.4.2 Lipids

Lipids are a group of small hydrophobic or amphiphilic molecules and provide ~35% of total
energy intake. In the human diet, the primary sources of lipids are: meats, dairy, oils, and nuts
[116]. The most common dietary lipids are glycerophospholipids and sterol lipids ( 98% of total);
nevertheless, the LIPID MAPS Consortium divided lipids into eight classes: fatty acids,
glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids, and
polyketides [117]. Lipids’ digestion starts in the oral cavity and stomach, by lingual and gastric
lipases; nevertheless, the primary digestive step is in the small intestine, where these molecules are
cleaved into FFAs and glycerol. FFAs are transported into enterocytes, then reassembled into
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dietary fats and packed into chylomicrons [115]. Triglycerides (TGs) are the main dietary fats, and
in humans, excess nutrients are stored as TGs in adipose tissue. In situations of nutrient deprivation
or high energy demand, humans convert TGs into glycerol and FFAs in energy-demanding tissues.
Carbon atoms present in glycerol are metabolised in the liver into gluconeogenesis, while FFAs are
oxidized into Acetyl-CoA, which enters the Krebs cycle to produce ATP. TGs also play a structural
function, being essential in membrane formation and stabilisation [118].

2.4.3 Proteins

Proteins are the most abundant and diverse molecules in cells, and their abundance and diversity
reflect their wide roles. All proteins are composed of 20 amino acids, linked by peptide bonds. The
amino acid sequence of this chain is the main distinction between proteins, and it is genetically
determined [119]. On average, proteins provide 12-20% of daily total energy intake (55-62¢g for
women and 71-101g for men). In the human diet, the primary sources of protein are both animal-
and plant-based, but animal sources provide all essential amino acids. Animal sources are: meats,
fish, eggs, and more, while plant sources are: legumes, seeds, and dried fruits [120].

Protein classification is based on shape and function: globular, membrane, fibrous, and intrinsically
disordered proteins [121]. Digestion occurs in the stomach, where the acidic environment converts
pepsinogen into pepsin, a protease that cleaves proteins into polypeptides. In the small intestine,
polypeptides stimulate the release of CCK, which stimulates the release of pancreatic fluid rich in
proteases (e.g., trypsinogen). These enzymes are activated and complete the cleavage of the
polypeptides. Peptides are absorbed into the cell by both passive and active transport systems and
then are hydrolysed. Free amino acids, then, are excreted in the bloodstream by basolateral
membrane transporters [122]. Amino acids are distributed among tissues, including muscles, where
they serve as precursors for protein synthesis, as previously described. In a nutrient-deprived
condition, the human body can use the amino acids as a secondary energy source. All carbon atoms
in amino acids can be converted into pyruvate or intermediates of the Krebs cycle. In the hepatic
cells, the amino group is removed and the carbon skeleton is channelled into gluconeogenesis [123].
Excessive nutrient deprivation may lead to the degradation of muscle as a reserve of essential amino
acids and, subsequently, to a loss of muscle mass [124]. On the contrary, excessive protein intake
may impair renal function through glomerular hyperfiltration [125].

2.4.4 Water and micronutrients

Water is the main component of the human body (~60% of total weight) [126]. The balance
between loss and gain regarding water is strictly regulated around <2% mass loss. Events (e.g.,
illness, physical activity) that may alter this balance could potentially compromise overall health
[127]. Micronutrients — vitamins and minerals — are consumed at lower levels than
macronutrients (mg/d to pg/d) and are involved in multiple physiological processes that sustain the
human body [128].

Minerals serve as enzymatic cofactors, as second messengers in several pathways, and as regulators
of acid-base balance [129]. According to human requirements, minerals are classified into primary
and trace elements [130]. Vitamins are organic compounds present in trace amounts in the human
body. They are classified by solubility (water- and fat-soluble), and there are 13 in total. Fat-soluble
vitamins are A, D, E, and K. Water-soluble vitamins are B complex (B1, B2, B3, B5, B6, B7, B9,
B12) and C. Fat-soluble vitamins are stored in fatty tissues and the liver. In contrast, water-soluble
vitamins are stored in the liver and other tissues. The former are stored in fatty tissues and the liver,
while the latter are absorbed by diet (excesses are lost from the body) [131].
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2.4.5 Dietary intake data collection

A precise evaluation of dietary intake is fundamental for revealing and understanding diet effects on
human health and for understanding how taste perception contributes to the differences observed in
the general population.

The high interindividual variability in eating habits leads to inaccurate measurement of dietary
exposures, with significant differences in types and amounts of food consumed. Furthermore,
individuals are often unaware of how they perceive what they consume, which can lead to
inaccurate self-reports [132].

Dietary assessment methods can be divided by their scope (e.g., total diet or specific nutrients),
study design, and time. Short-term tools are relevant for studies that, for example, examine the
relationship between sodium intake and pressure [133]. Long-term tools report daily intake over
weeks to a year, making them more reliable for assessing daily dietary exposures [133]. Dietary
assessment common methods are food record, 24-Hour dietary recall, food-frequency
questionnaires, and screening tools [132]:

e A food record is the registration of all food and beverages consumed by an individual within
a defined period. The intake track is measured using easy household references (e.g., a
spoon or a cup). Visual aids are additionally provided as a reference [134].

e The 24-hour dietary recall (24HR) method is an interview with probing questions to
evaluate dietary intake over the past 24 hours. The interview is conducted by a trained
investigator or by automated questionnaires. Questions are tailored around preparation
methods, recipe ingredients, additions made after preparation, brand-name products, and the
consumption time [135].

e A food frequency questionnaire (FFQ) is a tool formed by ~130 commonly and less
commonly consumed foods with closed-ended food frequency questions. Participants
indicate how often they eat each item using frequency categories (e.g., “never or less than
once a month” to “over 6 times per day”) and portion size, based on typical units (e.g., one
banana) or household measures [135].

e Screening tools are self-administered or interviewer-administered. A limited number of
questions are used to assess intake of a specific macronutrient. They also ask about general
or specific dietary habits[136].

2.4.6 Taste perception and dietary intake

Variations in taste perception have been associated with dietary intake in the general population.
For example, sensitivity to bitterness has been linked to consumption and acceptance of bitter-
tasting vegetables. Sensitivity to PROP, a bitter chemical compound, has been linked to the intake
of Brassica vegetables [137].

Sweet sensitivity has been studied for its possible association with energy (and sugar) intake.
Besides being a potential driver of sweet foods, sweetness sensitivity has also been linked to
bitter/sour vegetable consumption [138]. Furthermore, as highlighted by Tan and Tucker in their
review, only a small proportion of studies found an association between sweetness sensitivity and
energy (or sugar) intake [139].
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Sourness is linked to innate rejection in newborn children. Nevertheless, it has been reported that
children have a higher preference for citric acid, which elicits sourness, and that they consume more
fruit [140].

Umami taste has been correlated with protein intake, and sensitivity for this perception has been
directly linked to this macronutrient [141]. Additionally, in an Asian population, Kubota et al.
reported a direct link between umami sensitivity and intake of foods typically associated with these
taste perceptions (e.g., dried mushrooms, tomatoes, shellfish) [142]. Additionally, as previously
reported in the umami taste-dedicated section, MSG intake, via broth supplementation, has been
linked to reduced high-fat food intake [13,75].

Fat taste perception has also been linked to dietary intake. Hyposensitivity to FFAs has been linked
to a greater number of eating occasions and, in addition, to higher consumption of meats, eggs,
snacks, and fast food [143]. A similar association was reported by Martinez-Ruiz et al., who found
that differences in oral fatty acid perception were associated with a higher preference for foods rich
in dietary fats [144]. Nevertheless, Costanzo et al. found no direct association between fat taste
sensitivity and liking for fatty foods or anthropometric measurements [145].

2.5 Body composition: as a health indicator

Evaluation of body composition is a key element in nutrition. According to the WHO, the
nutritional status of an individual is defined as the condition of the body resulting from the balance
of intake, absorption, and utilisation of nutrients, and the influence of particular physiological and
pathological states [146]. Nutritional status evaluation is fundamental at both the individual and
population levels to understand the risk of nutrition-related conditions among adults and youths,
such as overweight and obesity, obesity-related conditions (e.g., diabetes), and undernutrition [147].
Multiple approaches are available for diagnosing obesity. An approach to evaluating health status
and obesity is the waist-to-hip ratio (WHR), which is the ratio of the waist circumference to the hip
circumference (/). According to the WHO protocol, waist circumference should be measured at
the midpoint between the lower margin of the last palpable ribs and the top of the iliac crest, using a
stretch-resistant tape. Hip circumference should be measured around the widest portion of the
buttocks, with the tape parallel to the floor. Abdominal obesity is defined as a WHR above 0.90 for
males and above 0.85 for females.

Body mass index (BMI) is the most commonly used measure in research, including in taste-related
literature [148]. BMI has been used as a health risk indicator; it is calculated as weight (kg) divided
by height? (m?). It is a diagnostic tool to classify individuals as: overweight, a BMI greater than or
equal to 25kg/m?; obesity, a BMI greater than or equal to 30kg/m?; healthy weight, a BMI between
18.5 and 24.9kg/m?; underweight, a BMI below 18.5kg/m?. Nevertheless, BMI does not give
information about actual body composition, which is an assessment that divides an individual’s
total body mass into fat mass (FM) and fat-free mass (FFM) [149]. FFM is composed of water,
muscles, bones, and organs. BMI, lacking this information, has been criticised for failing to reflect
true body fatness [150]. One of the best, simplest methods to investigate body composition is
bioelectrical impedance analysis (BIA). BIA is a low-level electrical current passing through an
individual’s body, while the impedance (opposition to the current) is measured. Not only is BIA a
diagnostic tool for obesity and a monitoring tool of treatment response and progress, but it is also
fundamental for detecting undernutrition, which manifests as a progressive decrease in FFM and
FM [151].

Overall, taste perception and body composition markers have already been associated. For example,
Papantoni et al. reported, in a longitudinal study, that a lower sensitivity to sweet taste was
associated with a higher hedonic response to high-sugar foods and, possibly, associated with weight
gain [152]. In contrast, in a study by Hardikar et al., individuals with a BMI > 30kg/m2 showed
greater sensitivity to sweet, bitter, salty, and sour tastes than individuals with a BMI < 25kg/m?
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[153]. Further research is necessary to better define how taste changes according to adiposity
markers, and, subsequently, how this may encompass human health.
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3.0 Chapter III — Study 1

This chapter focuses on elucidating the association between CD36 rs1761667 and fat and umami
food liking, and, as secondary aims, differences in BMI and diet quality were assessed. This
investigation has been conducted on 235 individuals from the Friuli-Venezia Giulia region, in
Northern East Italy (Figure 8). This group is part of the Italian Network of Genetic Isolates (INGI),
which is a project created with the aim of identifying genetic variants associated with complex traits
[154]. Italy, as a country, has been identified as rich in isolated populations from a genetic point of
view, due to its demographic and topographic complexity [155]. Genetic isolates are human
populations that, due to isolation (e.g., cultural, geographical), have a limited gene pool and low
genetic variability. This can favour the transmission of rare genetic traits, making them ideal
populations to investigate complex genetic characteristics (e.g., taste perception). The cohort
investigated for this study has been previously confirmed as a genetic isolate due to multiple studies
investigating its genetic population structure. The individuals part of the FVG cohort are from
several villages in the region: Clauzetto, Erto-Casso, Resia, Illegio, San Martino del Carso, and
Sauris [155].

.Sauris
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Erto e Casso a> Q
®) - X
| Clasetto
<
San Martino
del'Carso
C_Q_D

Figure 8. Geographic map of the INGI-FVG Genetic Park. This INGI-FVG genetic cohort includes six villages:
Clauzetto, Erto-Casso, Resia, San Martino del Carso, and Sauris (original picture from the thesis work done by
Elisabetta Tassin).
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3.1 Introduction and aims of the study.

The aim of Study 1 was to investigate the role of CD36 rs1761667 on the liking of fat and umami
foods. This variant has been associated with differences in fat taste sensitivity but with inconclusive
results [97,99,156]. Palatability is food’s pleasantness, and it is proportional to the pleasure that an
individual experiences during food consumption. It is strictly associated with food’s sensorial
properties such as taste, aroma, texture, and even sight and sound [157]. Palatability is a significant
driver in food consumption, and genetic variants have been previously associated with food and
nutrient intake. For example, Hwang ef al., in a study conducted on the UK biobank, found a
significant association between the fat mass and obesity associated gene (F70) rs11642841 and
total sugar intake [158]. Regarding the same gene, Brunkwall ef al. found a positive association
between the F'7T0O 1s9939609 A-allele with the consumption of biscuits and pastries, which are
energy-dense foods [159]. Additional examples can be found in the literature, as reviewed by Hejazi
et al. [160].

Previous research has been conducted on CD36 to elucidate its role in food liking and,
consequently, intake. Nevertheless, results are contrasting at present. Shen et al., in an adult UK
cohort, found no association between CD36 rs1761667 and ice cream liking, with different fat
concentrations [161], whereas Keller ef al. found a positive association with the rs761667 AA
genotype and high acceptance of “added fats and oils” (seasoning and cooking purposes) [162].

As previously mentioned, CD36 rs1761667 has been studied for its possible association with
dietary fat intake, with contrasting results [103,104,163]. Nevertheless, a role is also played by
MSG, which is the main umami chemical tastant. Umami, overall, has been associated with appetite
and, at the same time, satiety [66], and MSG supplementation has been shown to reduce the intake
of dietary fats [13].

Considering the significant role that liking has on food intake, and how palatable high-fat foods are,
with consequences on human health in case of excessive intake, this study aimed to better
understand the role that this SNP may play in food liking, with respect to both fat and umami foods.

The aims of this study are as follows:

¢ Elucidate the role of CD36 rs1761667 on food liking, considering food groups, considering
both fat and umami flavour.

e Considered how strictly interconnected the consumption of high-fat foods is with weight
gain and then, obesity, the possible role that CD36 rs1761667 may play on BMI, as a health
status indicator and diagnostic parameter for obesity, and, as well, on elements of diet
quality was investigated.
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3.2 Methods

Study 1 cohort is formed by 235 individuals from the INGI-FVG of European ancestry, as
determined by Principal Component Analysis using the genetic data (SNP array), The study was
conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethical
Committee and Institutional Review Board of IRCCS “Burlo Garofolo” (under the univocal code
Prot. CE/V-78, approval date: 6 August 2007).

Workflow data collection for
Study 1

6Age and Sex @ == \

O Height (m) and Weight (kg) ——=> BMI (kg/m?)

l:> CD36 1s1761667 genotype
—O Dairy
—O Cheeses

(O Other fatty foods
——( Fatty/ Umami

Dietary history interview I:> Diet quality score
\ - Umami (no meay

Figure 9. Workflow for the data collection adopted for Study 1. Participants were instructed by trained staff, available
during the entire data collection process. Age and sex were collected by a self-administered questionnaire. Height (m)
and weight (kg) were measured, and then BMI (kg/m2) was calculated. Fasting blood samples were collected from all
participants. DNA was extracted using the phenol-chloroform extraction protocol. All participants were genotyped for
CD36 rs1761667. Food liking was investigated by questionnaire (a 9-point Hedonic scale) and food liking groups
calculated (R Studio). Forty-eight participants agreed to conduct a dietary history interview (EPIC-FFQ). Average daily
nutritional intake, compared to population reference values, was used to create a Diet Quality Score.

Food liking groups

3.2.1 Data collection

An age range of 18 to 56 years was selected for the cohort, both males and females, and with the
following data available: BMI, food liking questionnaire, and CD36 rs1761667 genotype. A subset
of the cohort has available dietary intake data. Informed consent was obtained from all participants
in the study. A summary of the data collection workflow is described in Figure 9.

Demographic data were collected for both cohorts by a self-administered questionnaire after a
detailed explanation by trained staff who were available during the process. All data collection
happened in government-provided accommodations. Anthropometric data, including height (m) and
weight (kg), were also measured, and body mass index (BMI; kg/m2) was calculated.
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3.2.2 Genetic analysis

Fasting blood samples were collected during separate early morning sessions; blood was either
processed on the same day or aliquoted and stored for future analysis. Genomic DNA was extracted
using a phenol-chloroform extraction protocol. CD36 rs1761667 was genotyped in the FVG cohort
as previously described [164]. Briefly, all samples were genotyped with an I/lumina 370/700 k high-
density SNP array, and the genotypes of rs1761667 were extracted.

3.2.3 Food liking

Food liking was assessed by questionnaire due to the lack of a laboratory setting for testing and the
high number of individuals enrolled.

The questionnaire consisted of approximately 100 foods and beverages, using a 9-point Hedonic
scale: from 1 (dislike extremely) to 9 (like extremely) [165].

Food liking groups were created, and their reliability was assessed by the Cronbach alpha function
available in the R package psy. For each participant, the mean liking value for all foods selected was
used for group creation. Non-available data were excluded from the calculation.

The food groups were named, according to the content, as:

e Dairy

e Cheeses

e Other Fatty Foods (meats excluded)
e Fatty / Umami

¢ Umami (meats excluded)

A single food used for every group can be found in Supplementary Table 3.1.

3.2.3 Dietary intake

Only 48 individuals agreed to attend a dietary history interview, conducted by professionals, to
evaluate the average daily food intake for each participant. The interview was conducted using the
EPIC-FFQ, created by the European Prospective Investigation of Cancer and Nutrition. It is
characterised by a list of 130 foods with a multiple response grid where volunteers estimate the
average frequency of consumption for each food.

Participants must choose between nine response categories:

“Ever or less than once a month”
“1-3 times per month”

e “Once aweek,” “2-4 per week”
e “5-6 per week”

e “Once aday”
e “2-3 perday”
e “4-5per day”

e “6 or more times per day”

Once these data were collected, the software WinFood, 2.7. (Medimatica; San Benedetto del
Tronto, Italy) was used to process, calculate, and return quantitative estimates of average daily
dietary intake.
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Dietary intake data were used to assess compliance with the nutritional guidelines for Italy [166],
creating a DQS. Each dietary component was rated from 0 for non-compliance to 1 for compliance.
In Study 1, the following data were available: carbohydrates (g/die), total fats (g/die), saturated fatty
acids (g/die), fibre (g/die), and sodium (mg/die). The final DQS assigned to each participant ranged
from 0 (no compliance at all) to 5 (compliance for every component).

3.2.4 Statistical analyses

Association of the CD36 rs1761667 genotypes with food liking groups, DQS, and BMI was
assessed using linear regression models. An additive inheritance model was used for all analyses
performed (0 = GG, 1 = GA, 2 = AA). Additionally, the possible association between food liking
groups and DQS was investigated using a linear regression model.

Covariates used for the model were age, sex, and BMI for every analysis performed. In study 1,
participants were divided into those with a BMI > 25 kg/m? (overweight / obesity) and those with a
BMI < 25 kg/m? (healthy weight/underweight) according to the WHO guidelines in adults [167].
Stratification by sex was also assessed.

R Studio was used throughout (R version 4.4.0 (2024-04-24 ucrt) -- "Puppy Cup" Copyright (C)
2024 The R Foundation for Statistical Computing). Throughout, the significance criterion was p <
0.05. The Hardy-Weinberg Equilibrium (HWE) of CD36 rs1761667 was assessed using the “R”
package “genetics”. We performed a priori power analyses using G*Power (version 3.1. for Mac)
[168,169]. As there was limited prior research, we assumed a medium effect size of the SNP. For
this study, which employed a linear multiple regression with four predictors, a sample of 55
individuals was necessary to detect a medium effect size (f* = 0.15) for a single predictor with 80%
power at alpha = 0.05.

3.3 Results

3.3.1 Participants' features and food liking.

Two hundred and thirty-five participants were analysed. A summary of the cohort’s main features
can be found in Table 1. For every food liking group, the Cronbach alpha value was > 0.5. The
CD36 1s1761667 genotype followed HWE (p > 0.05).

Table 1. Participants’ features and food liking scores were described according to the CD36
rs1761667 genotype in Study 1 (FVG cohort).

Total AA AG GG
(n =235) rs1761667 rs1761667 rs1761667
(n =58, 25%) (n=108, (n =69, 29%)
46%)
Female % (n) 54 (128) 45 (26) 56 (61) 59 (41)
Age (years), mean = SD 34+9.2 33+£9.7 34+£93 34+ 8.8
BMI (kg/m?), mean + SD 24+ 4.4 24+£5.1 24+£42 24+£42
BMI>25 (kg/m?), mean = SD 28.75+ 29.21+5.15  28.53+3.28 28.67+297
3.75
BMI<25 (kg/m?), mean + SD 21.63 £ 21.69+2.36  21.64+2.23 21.55+2.13
2.22
Dairy, mean = SD 6.0+1.19 6.1+£1.22 5.8+ 1.11 6.2+1.25
Cheeses, mean = SD 63+1.44 64+1.48 6.1 +1.35 6.6 £1.51
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Other Fatty Foods, mean + SD 6.2+1.5 6.0 +£1.69 6.2+1.5 6.3+1.37

Fatty / Umami, mean + SD 63+1.44 63+1.35 6.4+ 1.41 6.2+1.57
Umami foods (meats excluded), mean 59+122 59+1.14 5.7+£1.27 6.3=+1.15
+SD

DQS, mean + SD* 239+1.31 2.71+1.49 2.6+ 1.22 1.93+1.34

FVQG, Friuli-Venezia Giulia; AA/AG/GG, rs1761667 genotype; DQS, diet quality score; SD, Standard deviation; n:
sample size. *DQS data available for 48 participants.

3.3.2 Associations between CD36 rs1761667 and food liking

A summary of all analyses is reported in Table 2. No significant association was found between
CD36 1s1761667 and liking for all food liking groups (p > 0.05). Models revealed that BMI was a
positive significant predictor for the liking of Cheeses (5 = 0.04, SE = 0.02, p = 0.05), Other Fatty
Foods (= 0.07, SE = 0.02, p = 0.03) and for, in male participants only, for Fatty / Umami group
liking (5 = 0.05, SE =0.03, p = 0.05) (Supplementary Table 3.3).

After BMI stratification, in those with a BMI > 25 kg/m? a significant, negative association was
found between the rs1761667 A-allele (5 =-0.47, SE = 0.18, p = 0.01) and liking of Cheeses, and
with liking of Umami (no meat) (f =-0.47, SE = 0.16, p = 0.02). No other significant associations
were found with BMI, nor sex (p > 0.05).

Table 2. Results of the linear regression models assessing the association between the SNP
rs1761667 (independent variable) and food liking (dependent variable) in the entire sample and
stratified by BMI and sex.

AllFVG BMI<25kg/m? BMI>25kg/m? Only females Only males
(n = 235) (n = 155) (n = 80) (n = 128) (n=107)
Food
oroups  BOE P BOSE p  FGE p BGE) p  B(SE) p
. -0.07 -0.33 -0.08 -0.06
Dairy on 05 0080 05 006 to 06 0 0T
-0.14 0.05 -0.47 " -0.20 -0.07
Cheeses (0.13) 0.3 0.17) 0.7 (0.18) 0.01 (0.19) 0.3 0.17) 0.7
Other
-0.19 -0.17 -0.18 -0.08 -0.29
Fatty 0.1 0.3 0.3 0.7 0.09
oy (0.13) (0.17) (0.19) (0.19) (0.17)
Fatty / 0.002 0.04 -0.07 -0.01 0.008
Umami  (0.12) °7  (0.15) 08 21y 08 0200 %0 014 °°
Umami -0.18 -0.03 -0.47 " -0.23 -0.23
foods 01y 1 013 08 016 992" 016y %1 (016 02

B, effect size (Beta value); SE, Standard error; p, p-value. The following covariates were included in the models: age,
sex, and BMI, in the whole sample; age and sex in the BMI subsamples; age and BMI in the sex specific analyses. *

Indicates significant results.

3.3.3 Associations between CD36 rs1761667 and DQS, and DQS and Food Liking

Regarding the DQS, no significant associations were found (p > 0.05) (Supplementary Table 3.2).
No stratification was applied due to the sparse number of individuals due to the lack of dietary
intake data.
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3.3.4 Associations between CD36 rs1761667 and BMI

No significant association was found between CD36 rs1761667 with BMI. The same was true also
after stratification according to BMI (>/< 25 kg/m?) and sex (p > 0.05).

3.4 Discussion for Study 1

This study aimed to investigate the possible association between CD36 rs1761667 and fat and
umami food liking, as part of the overall aim of this PhD project. The study has been conducted on
235 individuals from the FVG region in Italy as part of the INGI dataset.

3.4.1 CD36 rs1761667 and food liking

In this population-based study, for which food liking was assessed by questionnaire, the CD36
rs1761667 A-allele was negatively associated with liking for the fatty food group “Cheeses” in
participants with a BMI > 25 kg/m?.

This result does not align with Keller et al., where AA genotype carriers reported higher liking for
the “added fats and oils” food group, also assessed by questionnaire [162], and Shen ef al., where
no differences for ice cream liking with differing fat contents were found, assessed by food tasting
[161]. Furthermore, the A-allele was associated with reduced umami food group liking in
participants with a BMI > 25 kg/m?. Due to the complexity of the components that are found in real
food, this aspect is not to be excluded. Dietary fats are present in umami-based foods, for example,
in hard cheese, the fat content is generally >30g/per serving, and in sardines, the fat content is
approximately 5g/per serving [170]. This may account for the genetic association between CD36,
the possible fat taste receptor gene, and the liking of umami foods, which highlights the complex
interplay between flavours and food liking. This is not the first study to identify an association
between genetics and umami food liking in a variant that has previously been associated with a
different taste. Han ef al. reported an association between 74S1R3 rs307355 and rs35744813,
previously associated with sugar intake, and a higher consumption of protein-rich and savoury
foods in a buffet setting [171,172].

These results support that BMI is a positive predictor for fatty and umami food liking, as observed
in previous works [173], and may alter food choices [174—178]. Nevertheless, the effect size
reported between BMI and food liking groups, even if statistically significant, is small, and no
definitive conclusions can be drawn regarding health outcomes. It has been suggested that obesity
may impact gene expression in type II taste bud cells [179], which may respond to free fatty acid
stimuli [84], possibly causing differences in food liking across the general population.

This warrants further research assessing genetic differences in taste receptors and food liking, whilst
considering body composition. This lack has been further investigated in Study 3, where not only
BMI was calculated but also fat mass percentage and visceral fat score were gathered from all the
participants.

3.42 CD36 rs1761667 and dietary intake

Whether taste receptor genes that have been associated with food liking influence actual dietary
intake is not known. Regarding rs1761667, previous literature has returned contrasting results
[163,180,181]. These studies were conducted in different populations with distinct cultural
backgrounds. In Study 1, there was no association with rs1761667, and dietary intake was found.
This may be due to the distinct cultural food behaviour. Italy, traditionally, has always been
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associated with a “Mediterranean” dietary pattern [182], and the strong role of this cultural
behaviour around food may also encompass the reproducibility of the results.
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4.0 Chapter IV — Study 2

This chapter focuses on Study 2 which was conducted on a cohort of 49 individuals from the United
Kingdom (UK) to study the role of common genetic variants and their association with food
perception, dietary intake, and BMI as a health status marker.

4.1 Introduction and aims of the study.

As previously defined in Chapter I, Taste, or gustation, is part of the human senses. It allows the
quality assessment of the food ingested, and it is elucidated by the interaction between chemical
tastants (e.g., L-glutamate) and specific receptors on taste buds. Taste and flavour are often
considered synonyms, but they are different. Taste is the specific sensation given by the interaction
between chemicals and receptors on the taste buds. Flavour is the integration of multiple sensorial
perceptions such as taste, smell, texture, and temperature [183].

As previously described, CD36 rs1761667 has been associated with differences in individuals’ fat
taste sensitivity, with contrasting results also regarding food liking, dietary intake [5], and an
increased risk of developing overweight/obesity [102], although results are inconsistent [94,98,184—
186]. Further, carrying the A-allele has been shown to influence consumption of other tastes in
humans [187], and rodent models allow the hypothesis of the interaction of CD36 with both sweet
and umami tastes [188].

Individuals with obesity have shown a preference for foods labelled as salty, umami, and fatty [10].
However, the combination of taste may influence consumption; for example, a preload of
monosodium glutamate (MSG), the most common umami compound used for seasoning, can
reduce dietary fat intake and salt consumption [11,12,14,189], although clear conclusions cannot be
drawn because fat and umami have not been extensively studied together. Therefore, further
research is required to assess the perception and liking of fatty foods and umami foods.

This study aimed to:

¢ Investigate the possible association between CD36 rs1761667 and fat and umami food
perceptions, rating both intensity and liking perceived, using actual food samples.

e Considering how food perception is strongly associated with food consumption, investigate
the possible association between CD36 rs1761667 and BMI, as a health status indicator, and
elements of diet quality.

4.2 Methods

The cohort for study 2 (laboratory-based) was derived from a novel data collection in the UK. The
study was approved by the ethical committee of St Mary’s University (SMU_ETHICS 2021-

22 217). Inclusion criteria were any sex, healthy, aged 18-65 years. Majority of participants
identified themselves as white Europeans (67%). Exclusion criteria were pregnancy, affected by
diseases (e.g., hypertension, cardiovascular diseases, any illness that permanently alters taste, food
allergies), and lactose intolerance. Informed consent was obtained from all subjects involved in the
studies. The workflow for data collection in Study 2 is summarized in Figure 10.
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Study 2
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Figure 10. Workflow for the data collection adopted for Study 2. Participants were instructed by trained staff, available
during the entire data collection process. Age and sex were collected by a self-administered questionnaire. Height (m)
and weight (kg) were measured, and then BMI (kg/m2) was calculated. Saliva samples were collected from all
participants. DNA was extracted by the PSP® SalivaGene 17 DNA Kit 1011 (Stratec Molecular GmbH). All participants
were genotyped for CD36 1s1761667. Food perception (intensity and liking) for fat and umami food samples was assessed
by a 10cm Visual Analogue Scale (VAS). Dietary intake data were assessed by 24-hour 5-step multiple pass recalls (JISC
platform). Average daily dietary intake, compared to population reference values, was used to create a Diet Quality Score.

4.2.1 Demographic and Anthropometric data

Demographic data were collected by a self-administered questionnaire. All questionnaires were
conducted on the same day, after a detailed explanation by trained staff. Anthropometric data,
including height (m) and weight (kg), were also measured, and body mass index (BMI; kg/m2) was
calculated.

4.2.2 Genetic analysis

For Study 2, 2ml saliva samples were provided, and pure genomic DNA was isolated by the PSP®
SalivaGene 17 DNA Kit 1011 (Stratec Molecular GmbH), in agreement with the manufacturer's
procedures. Genotyping was then conducted using the predesigned TagMan SNP genotyping assay
by quantitative real-time polymerase chain reaction (qQPCR) technique (StepOnePlus thermocycler;,
Applied Biosystems). Two technical replicates of each sample were performed, and individual
samples were accepted with a quality of >98%.

4.2.3 Food perception

Participants were assessed for fat and umami food perception using three food samples per flavour,
due to the laboratory setting. Fatty flavour was assessed using commercially available foods with
differing fat contents, similar to previous literature [190,191]. Milk samples were selected
specifically: skimmed milk (0.6g per 200ml), semi-skimmed milk (3.6g per 200ml), and whole milk
(7.4g per 200ml) (TESCO). Umami flavour was assessed by dilution of commercially available
vegetable stock cubes (OX0), prepared according to the manufacturer’s instructions, as per previous
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literature [189]. Three MSG concentrations were used: 0.3%, 0.75%, and 1.5%. Concentrations
were piloted internally due to the lack of commercially available reference values.

Participants were instructed to swirl the sample in their mouth for approximately 10 seconds before
expectorating. A five-minute break was given between the fatty and umami tastings. Liking and
intensity perceived were rated by a visual analogue scale (VAS) (0.0 cm = lowest to 10.0 cm =
highest) as per previous literature [192].

4.2.4 Dietary intake and Diet Quality Score (DQS)

Dietary intake data were measured using two 24-hour 5-step multiple pass recalls. Participants
provided information regarding all food and drinks consumed within the past 24-hour period,
together with quantities and a detailed description. The recall was administered online using the
JISC survey platform.

Dietary intake data were used to assess compliance with the dietary guidelines in each respective
country [193], creating a DQS. The following data were available: free sugars (g/die), total fats
(g/die), saturated fatty acids (g/die), fibre (g/die), and sodium (mg/die). The final DQS assigned to
each participant ranged from 0 (no compliance at all) to 5 (compliance for every component).

4.2.5 Statistical analyses

Differences in intensity and liking ratings for the three fat and umami samples were evaluated using
repeated measures analysis of variance (ANOVA), with fat and MSG concentration as the repeated
measures for the respective food samples (within factor). The main effect of CD36 rs1761667
genotypes (between factor) as well as the interactions with concentrations were examined in the
ANOVA models. Testing for normality was done with the Shapiro—Wilk test. Post hoc comparisons
were made using Tukey’s test following Bonferroni adjustment. The effect of CD36 rs1761667
genotypes on DQS and BMI was investigated using the same statistical approach as in Study 1.
Then, the relationship between the perception of the fatty and umami food samples was assessed by
Pearson correlation, and as an exploratory analysis, the possible association between fatty and
umami food perception on DQS by a linear regression model was investigated.

Age, sex, and BMI were included in the model as covariates for every analysis performed.

No stratification was applied during the analyses due to the reduced number of participants in Study
2. R Studio was used throughout (R version 4.4.0 (2024-04-24 ucrt) -- "Puppy Cup" Copyright (C)
2024 The R Foundation for Statistical Computing). Throughout, the significance criterion was p <
0.05. The Hardy-Weinberg Equilibrium (HWE) of CD36 rs1761667 was assessed using the “R”
package “genetics”. We performed a priori power analyses using G*Power (version 3.1. for Mac)
[168,169]. As there was limited prior research, we assumed a medium effect size of the SNP.
Regarding this study, for which a mixed ANOVA design was used (between-subjects: 3 groups;
within-subjects: 3 measurements), a sample of 36 participants (12 per group) was needed to detect a
medium effect size (Cohen’s f= 0.25) with 80% power at alpha = 0.05.
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4.3 Results

4.3.1 Participants' characteristics and food perception

A total of 49 participants were analysed, as summarised in Table 3. The CD36 rs1761667 genotype
followed HWE (p > 0.05).

Table 3. Participants’ features and food samples perception and liking according to CD36
rs1761667 genotype in study 2 (UK cohort).

Total AA AG GG
(n =49) rs1761667 rs1761667 rs1761667
(n =7, (n =28, (n=14,
14%) 57%) 29%)

Female % (n) 63 (31) 86 (6) 57 (16) 64 (9)
Age (year), mean = SD 32+£11.1  36=%12.3 30+£9.7 35+£12.8
BMI (kg/m?), mean + SD 23.6+39 247+25 244+44 21.4+2.6
Fat (Milk) Intensity Skimmed 29+1.9 43+1.7 29+22 23+1.3

Semi- 43+£18 54+1.5 42+18 40£19

skimmed

Whole 63+22 6.8+1.8 6.1 +2.1 64+25
Fat (Milk) Skimmed 46=+24 52+22 41+24 54+24
Liking Semi- 54+24 5.8+24 5.0+2.6 59+1.9

skimmed

Whole 55+29 52+3 5.0+£2.9 6.5+2.8
MSG (Broth) Intensity 0.3% 57+1.8 6.4+ 1.1 6.0+1.7 47+1.9

0.75% 6.7+£1.6 73+1.4 7.0+1.5 57+ 1.6

1.5% 73+1.9 7.8+1.0 7.6+2.1 6.4+1.5
MSG (Broth) Liking 0.3% 53+£2.7 6.0£2.5 49+29 5.8+23

0.75% 49+26 59426 44+£27 5.7+23

1.5% 51+28 5.8+2.7 48+29 55+2.6
Diet Quality Score, mean + 1.8+1.3 26+14 1.8+1.2 1.5+1.2

SD
UK, United Kingdom; AA/AG/GG, rs1761667 genotype; SD, Standard deviation; n, sample size; MSG, Monosodium
Glutamate; DQS: diet quality score. In the second column, the type of milk (based on the concentration of fat) is
reported, while for the broth, the concentration of MSG is reported.

4.3.2 Associations between CD36 rs1761667 and food samples perception

A statistically significant effect of the concentration of fat on the perceived intensities from the
three milk samples was found (p < 0.001). More specifically, post-hoc tests revealed that each
comparison between the intensities reported for the three different concentrations (Skimmed-;
Semi-skimmed-; Whole) was statistically significant (p < 0.05). Nevertheless, we found no
significant effect of CD36 rs1761667 genotype (p = 0.252) (Figure 11.A).

Regarding the umami perception, both the effect of the three different MSG concentrations (p <
0.001) and the CD36 rs1761667 genotype were detected (p = 0.009) (Figure 11.B). No interaction
between concentration and genotypes was observed (p = 0.9). All comparisons of intensity between
different concentrations (0.3%, 0.75%, 1.5%) were statistically significant, as were the comparisons
between genotypes, except for the comparison between AA and AG.

Additionally, we found no statistically significant effect of concentrations or CD36 rs1761667
genotype, for both fatty and umami liking in food samples (p > 0.05).
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Figure 11. Line plots describing the perceived intensity of fat (A) and umami (B) flavour in food samples for each
concentration according to CD36 rs1761667 genotype. Blue lines represent the lowest concentration, grey solid lines
represent the intermediate concentrations, and yellow lines represent the highest concentration. The legend is reported
on the right for both graphs. Dots represent the average value for every genotype, and bars represent the standard error.
The effect of different concentrations is statistically significant for both fatty and umami samples (p < 0.001), while the
effect of the SNP is significant only for umami (p = 0.009), for which the GG carriers perceived the lowest intensity
compared to AA and AG individuals at each concentration. No interaction effect was detected (p = 0.963).

4.3.3 Correlation between intensity and liking for fat and umami food samples.

A significant, negative correlation was observed between the intensity and liking of umami food
samples (Broth 0.3% MSG, cor =-0.35, p =0.01; Broth 0.75% MSG, cor =-0.37, p = 0.009; Broth
1.5% MSG, cor =-0.32, p = 0.03; Figure 12.B). No correlation was observed between the intensity
and liking of fatty food samples (Figure 12.A), or the intensity of fatty and umami food samples,
the liking of fatty and umami food samples, the intensity of fatty food samples and the liking of
umami food samples, and the intensity of umami food samples and the liking of fatty food samples
(» > 0.05; Supplementary Table 4.1).
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Figure 12. Scatter plot illustrating the correlation between intensity and liking for the three fat (milk) samples (A) and
for the three MSG (broth) samples (B). The X-axis represents intensities for each sample. The y-axis represents the
liking for each sample. Points represent individual observations, while the solid red line indicates the linear regression
line and direction of the correlation. The Pearson correlation coefficient () and p-value (p) are indicated, for every
analysis, in the top right corner of each plot.

4.3.4 The role of CD36 rs1761667 on DQS and BMI

A significant, positive association was found between the CD36 rs1761667 A-allele and DQS (f =
0.64, SE = 0.30, p = 0.03). Additionally, the CD36 rs1761667 A-allele was associated with an
increased BMI (f = 2.0, SE = 0.8, p = 0.02). However, BMI as a covariate showed no significant
association with DQS.

4.3.5 The role of food sample perception on DQS

As an exploratory analysis, the possible association between fat and umami perception with DQS
and BMI was investigated. A significant, positive association was found between intensity
perceived from the skimmed milk sample and DQS (= 0.2, SE =0.13, p = 0.04). Additionally, a
significant, negative association was found between liking of the whole milk sample and DQS (f =
-0.14, SE = 0.06, p = 0.03). No other associations regarding DQS were apparent (p > 0.05)
(Supplementary Table 4.2).

4.4 Discussion for Study 2

This study has been conducted on 49 individuals from the United Kingdom, aiming to investigate
the possible association between CD36 rs1761667 and fat and umami food perception as part of the
overall aim of this project.

4.4.1 CD36 151761667 and food sample perception

In this exploratory laboratory-based study, the role of genetics and food perception was assessed.
Regarding fat, no associations were found between the CD36 rs1761667 SNP and intensity of
perception or liking. In contrast, Melis ef al. found that carriers of the AA genotype showed reduced
sensitivity to oleic acid compared to carriers of the GG genotype [8]. Nevertheless, multiple studies
have failed to demonstrate any associations as seen in our work [156,185]. The heterogeneity
reported in the literature may be due to the different methodologies adopted to investigate fat taste;
for example, this study (study 2) utilised commercially available foods as per previous literature
[190,191]. While this allows for better translation to nutrition practice, whole foods are often a
complex mixture of tastes with a vast array of fat types and concentrations, which may confound
results. However, even with consistent, simple taste mediums, results can differ potentially due to
other sensory aspects, i.e., texture, which may also influence results when using whole foods. For
example, Daoudi et al. utilised oleic acid water emulsion to evaluate fat taste sensitivity [156],
finding no association with rs1761667, contrasting the association reported in Graham et al., which
used oleic acid fat-free UHT milk emulsion [12], considered to be more homogeneous than water
emulsion [194]. Further research is required to assess the differences between fat taste assessment
vehicles and their relationship to fat taste receptor genetic variability, to ensure clear conclusions
can be drawn.

Regarding umami, in this study, there was an association between rs1761667 and umami flavour
perception but not liking. This is the first time, to our knowledge, that an association between
umami flavour perception and CD36 has been reported. However, associations between other
genetic variants and umami perception have previously been shown (e.g., TASI/RI rs11122100 and
rs12080675) [52], and genetic interactions between taste perception and dietary intake have been
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reported, for example, the TASIR1 rs34160967 SNP has been associated with umami taste
perception [195] and is separately related to a higher dietary fat intake [171]. Additionally, the
TASIRI rs34160967 SNP has been associated with umami, sweet, and salty taste sensitivity [196].
All considered, and accounting for the exploratory nature of our study, our results warrant further
research to assess genetic interactions between all known taste-related genes and all known tastes,
and whether this may influence dietary intake and other health markers.

4.4.2 Correlation between intensity and liking for food samples.

Study 2 demonstrates a negative correlation between intensity and liking for all the umami food
samples, following the assumption that the degree of liking changes according to the intensity of the
sensation [197]; however, this was not observed for the fatty food samples. The correlation between
intensity and liking may vary according to the taste studied [198]. Additionally, the familiarity of
foods assessed may be confounding; for example, individuals may show higher liking for the type
of milk they have regularly been exposed to [199]. Future research should be conducted to further
validate the results previously discussed, including all known tastes, with an adequate sample size,
which will provide better insight into how we perceive tastes and how this can influence our food
choices.

4.4.3 CD36 rs1761667 and DQS, and DQS and food perception

Taste perception has previously been identified as a driver for different dietary patterns [200], as
well as genetics [180]. Study 2 revealed a positive association with DQS and the CD36 rs1761667
A-allele and with skimmed milk sample intensity. Conversely, liking for the whole milk sample
was negatively associated with DQS. The role of CD36 rs1761667 on dietary intake has been
investigated previously. For example, Fujii ef al., in a Japanese cohort, observed a positive
association between total fat intake and the CD36 rs1761667 A-allele. In contrast, Pioltine et al.
found the same allele associated with a lower daily fat consumption in a South American cohort
[186], while Chmurzynska et al. showed no association with fat food consumption in a Polish
cohort [163]. These works included three differing ethnicities and three different methodologies to
investigate dietary intake (Food Frequency Questionnaire, 24-h food recalls, and a mobile phone
application, respectively), making direct comparison challenging. Dietary intake data are commonly
considered limited and challenging to interpret [201], which may explain the heterogeneity in
results observed. Taste is one of the major factors that influences dietary choice [202—-204]; thus,
the potential effect that CD36 rs1761667 may have on food perception, and food perception on
dietary intake and quality, warrants further research.

4.4.4 CD36 rs1761667 and BMI

Fat food consumption has previously been associated with increased adiposity parameters
[184,205]. Here we report that rs1761667 A-allele carriers had an increased BMI, which is a disease
risk indicator [206] that has been linked to eating habits [207]. However, BMI, although associated
with body fat, does not directly measure body fat [208]. When discussing body fat and taste
perception, various mechanisms have been hypothesised related to increasing dietary intake [209],
including reward circuitry and microbiota, factors that are related to body composition, of which
BMI does not reliably measure. Therefore, to better understand the relationship between rs1761667
and adiposity alluded to in this current study, it is recommended that future research integrate
measurements of body composition (hip-to-waist ratio/bio-electrical impedance/dual-energy X-ray
absorptiometry) with an adequate sample size for such stratification.

39



5.0 Chapter V — Study 3

This chapter focuses on Study 3, which has been conducted to validate, using a better-characterised
cohort, the results obtained in Studies 1 and 2, which were limited by a lack of specific data and, in
Study 2, by a low sample size. This study was conducted on a cohort of 57 individuals gathered at
the Lake Lucerne Institute AG, Vitznau, in Switzerland.

5.1 Introduction and Aim

In the previous chapters, fat taste, or Oleogustus, has been introduced and described. Briefly, it is
the sensation elucidated by interaction between long-chain free fatty acids and the possible fat taste
receptor, cluster of differentiation 36, codified by the CD36 gene, as reviewed by Jaime-Lara et al.
2022 [210]. This perception, even if not confirmed yet as a taste, may be implicated in the
consumption of dietary fats [2].

It has been hypothesized that a lower sensitivity to FFAs may lead to increased intake of high-fat
food [190]. In humans, for example, previous studies have reported that individuals hypersensitive
to FFAs consumed less dietary fat and showed a lower BMI compared to individuals classified as
hyposensitive [94]. The key role that fat taste perception may play in defining human diet and then,
health status is at the basis of the high number of research articles published in the last decade.
Umami, opposingly, is a canonical taste, and it has never been studied with regard to fat taste, as
described in the previous chapters, even if the combination of the two tastes is common in foods,
and umami tastants have been associated with different dietary intake for dietary fats [10,189].

In Study 1 and Study 2, the CD36 common variant rs1761667 (G>A) was investigated, due to its
previously described association with differences in FTS among individuals, and fat and umami
food liking and perception. A novel association between CD36 rs1761667 A-allele and a higher
intensity perceived from tasting umami food samples, in Study 2, and between the same allele and
reduced liking for umami food, in Study 1, was described in the previous chapters.

The experience of these studies warrants further research to better understand these new
associations and overcome the previous limitations.

The main aims of the study are:

¢ Flucidated the possible association between FTS and umami perception, fat food perception,
and anthropometric data.

¢ Investigate the possible association between umami food perception, fat food perception,
and anthropometric data.

e Re-investigate the CD36 rs1761667 (G>A) and the possible associations with the previously
mentioned phenotypes to replicate the previous observations.
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5.2 Methods

The cohort for study 3 (laboratory-based) was derived from a novel data collection in Switzerland at
the Lake Lucerne Institute, Vitznau. The study was approved by the ethical committee of
SwissEthics (BASEC number: 2023 - 01441). Fifty-seven participants were recruited via word of
mouth and emails. Majority of participants identified themselves as White Europeans (87%).
Exclusion criteria were pregnancy, breastfeeding, allergies, or intolerances to any of the compounds
used for testing, or being affected by diabetes or cancer. Informed consent was obtained from all
individuals enrolled. A summary of the data collection workflow can be found in Figure 13.

Workflow data collection for
Study 3

In a sensory booth
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Figure 13. Workflow for the data collection adopted for Study 3. Participants were instructed by trained staff, available
during the entire data collection process. Age and sex were collected by a self-administered questionnaire. Height (m)
was self-reported by the participants, and weight (kg) was measured (TANITA MC-780). BMI (kg/m?), fat mass
percentage, and visceral fat score were measured by the instruments and then reported. Saliva samples were collected
from all participants. DNA was extracted using the Isohelix GeneFix™ Saliva-Prep 2 DNA Kit. All participants were
genotyped for CD36 rs1761667. OA detection threshold was measured using the 3-Alternate Forche Choice method as
per previous literature [194]. The perception of umami food samples was assessed by tasting three broth samples with
increasing MSG concentration by rating intensity and liking. The perception of fat food samples was assessed by tasting
five different fatty foods (regular and low-fat versions) by rating intensity and liking. Rating was performed using a 10cm
Visual Analogue Scale (0.0 lowest — 10.0 highest) as per previous literature [192].

5.2.1 Demographic and Anthropometric data

Individuals were interviewed to collect all the main demographic information. Instructions were
explained by trained personnel that was available all the time during the testing procedure. All
participants reported age (years), sex, and height (m). Allergies and intolerances were asked about
during the interview. Participants were asked to refrain from eating and drinking anything except
water for 3 hours before testing. Additionally, they were asked not to do intense training before the
test.
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Data regarding BMI (kg/m?), fat mass percentage, and visceral fat score were assessed by electric
bioimpedance (TANITA MC-780). All participants were asked to remove any metallic objects.
Individuals with a pacemaker or metallic prosthesis were excluded from the measurement.
Individuals were instructed by the personnel regarding the right position to keep during the
measurement.

5.2.2 Genetic data collection

Saliva collection samples were collected by all participants (IsoHelix GFX-02 2ml saliva). DNA
was extracted using the Isohelix GeneFix™ Saliva-Prep 2 DNA Kit. Concentration for all samples
was assessed by Nanodrop One (ThermoScientific). Genotyping was conducted with a 10ul
reaction volume using the 96-well Fast thermal cycling parameters and predesigned TagMan SNP
genotyping assay by quantitative real-time polymerase chain reaction (qQPCR) technique (Quant
Studio 3; Applied Biosystems). The primers and the probes were pre-designed by Applied
Biosystems with the following code: C_ 8314999 10. Two negative controls were included
during the process, as well as two positive controls. Two technical replicates of each sample were
performed, and individual samples were accepted with a quality of >98%.

5.2.3 Fat Taste Sensitivity (Oleic Acid detection threshold)

Oral Fatty Acid Threshold Assessment and Ascending Forced Choice Triangle Procedure was used
to determine each participant’s oleic acid (OA) detection threshold (FTS). Full description of the
methodology can be found in the original manuscript [194]. Testing was conducted in a sensory
booth under red light to avoid any risk of bias given by visual cues, and participants were instructed
to wear nose clips to avoid any cues from smell.

Each participant was presented randomly with three cups (randomly two-digit number for labelling)
containing 15 ml of vehicles at room temperature, two were controls, and the third contained oleic
acid (0.02, 0.06, 1, 1.4,2,2.8,3.8,5,6.4,8,9.8, 12, 20 mM).

Participants had to identify the cup with the added OA. To define the OA threshold, individuals
were required to choose the OA solution sample correctly three times at the same concentration.

If they were incorrect at any point, they would be presented with three further cups at the upper
concentration level (1 sample and two controls). Previous research has detailed that hypersensitive
tasters have a fat taste threshold below 3.8 mM, hyposensitive tasters have a fat taste threshold
equal to or above 3.8 mM, and a proportion of participants fail to identify the oleic + sample at the
maximum concentration (20 mM) and are defined as non-tasters [194].

5.2.4 Umami food perception

Testing was conducted in a sensory booth, under red light, after a 5-minute break from the previous
test. Participants were presented with three broth samples at room temperature with increasing
concentrations of MSG to evaluate umami perception. A vegetable broth (Knorr brand) was
selected that did not list MSG as an ingredient. Broth was prepared according to the manufacturer's
instructions. The three concentrations used were: 29 mM (low), 200 mM (medium), and 400 mM
(high) as per previous literature [211]. All samples were presented at room temperature.
Participants were presented with the three broth samples and were instructed by the available
personnel. Samples were tasted for 5-10 seconds and then expectorated. Water was used to rinse the
mouth between each sample. Intensity and liking for each sample were rated with a VAS (0.0cm —
10.0 cm) as per previous literature [192].
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5.2.5 Fat food perception

Testing was conducted in a sensory booth. Participants were presented with five different fatty
foods in regular and low-fat versions using the same brand for each couple.
Samples were as follows:

e Cream cheese (Philadelphia Original and Balance, Mondelez),

e  Hummus (Karma Hummus Nature and 45% reduced, Coop),

e Yogurt, unsweetened (Yaos Natural Greek Style Yogurt Original and 0%),

e Cheese (Leerdammer Sliced Cheese Original and Lightlife),

Mozzarella (Mollini Mozzarella Original and 60% Less Fat).

Samples were presented at room temperature. Presentation order was randomised, and all samples
were labelled with a random 3-digit ID number. Samples were presented in pairs (regular and low-
fat order randomised). Water was given to allow mouth rinsing between each sample. Participants
were instructed to taste each sample and rate both intensity and liking using a VAS (0.0cm — 10.0
cm) as per previous literature [192].

5.2.6 Statistical analyses

Mean intensity and liking scores for the umami food samples were calculated for each participant.
Internal reliability for each group was assessed by the Cronbach alpha function available in R.

A sum score, for both intensity and liking (regular and low-fat), was calculated for each participant.
Differences in distribution of categorical variables (e.g., OA taster status) by biological sex and
BMI (< 25kg/m? or > 25kg/m?) [167] were assessed by Pearson's Chi-squared test or Fisher's
Exact Test for Count Data according to the number of observations for each group. The differences
in distribution of continuous variables (e.g., umami perception scores) by biological sex and BMI
categories (< 25kg/m2 or > 25kg/m?2) were assessed by Student’s T test (for parametric variables) or
Mann—Whitney U test (for non-parametric variables). Normal distribution of the data was assessed
by the Shapiro-Wilk test.

To investigate the associations between FTS (Non taster — 0; Hyposensitive - 1; Hypersensitive - 2)
and umami perception (intensity and liking) scores, linear regression models were used.

The associations between FTS and umami single samples perception (as repeated measurements)
were assessed using a mixed model (Type 11l Analysis of Variance). Umami samples concentrations
(29 mM, 200mM, and 400mM) were investigated as within factor, while FTS (status) was the
between factor. The possible association between FTS and fat food perception (intensity and liking)
scores was evaluated with the previously described methodology in Chapter III. The same was true
also regarding the possible association between fat mass percentage and visceral fat score.
Additionally, we have also investigated the possible association between umami perception scores
(intensity and liking) with fat food perception, BMI, fat mass percentage, and visceral fat score,
using the same statistical approach previously described.

To assess any differences in the distribution of CD36 rs1761667 and FTS, a Fisher's Exact Test for
Count Data was used to assess the differences in the distribution of the genotype according to OA
taste status.

To investigate the association between CD36 rs1761667 and umami and fat food perception
(scores), linear regression models were used. The CD36 rs1761667 genotype was assessed with an
additive inheritance model (GG =0; AG=1; AA =2).
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To investigate the associations between CD36 rs1761667 and umami sample perception (as
repeated measurements), a mixed model (Type Il Analysis of Variance) was used. Umami samples
concentrations (29 mM, 200mM, and 400mM) were investigated as within factor, while the CD36
rs1761667 genotype (GG-AG-AA) was the between factor. For the linear regression model,
analyses were adjusted according to age, sex, and BMI (kg/m?). No stratification according to sex or
BMI was performed in the analyses due to the resulting low sample size after applying the
stratification. Throughout, the significance criterion was p < 0.05.

Analyses were performed on R version 4.4.2 (2024-10-31 ucrt) -- "Pile of Leaves" Copyright (C)
2024 The R Foundation for Statistical Computing Platform: x86 64-w64-mingw32/x64. The Hardy-
Weinberg Equilibrium (HWE) of CD36 rs1761667 was assessed using the “R” package “genetics”.
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5.3 Results

5.3.1 Participants’ features

A total of 57 participants were included in the study, as summarised in Table 4.

Table 4. Participants’ features and food samples perception and liking according to FTS (OA taster
status) in Study 3.

Total OA non- OA OA
(n=157) taster hyposensitive hypersensitive
(n=15, (n =24, 42%) (n=18,32%)
26%)
Female % (n) 53% (30) 53% (8) 50% (12) 56% (10)
Age (year), mean = SD 28.0£7.6 27.0£5.7 29.0£9.6 28.0+ 6.0
BMI (kg/m?), mean + SD 23.0+3.3 22.0+£3.2 23.5+3.5 23.1+£2.9
Fat mass percentage, mean = SD 214+7.2 20.8+£6.7 21.2+7.8 222472
Visceral fat score, mean + SD 3.0+25 3.0+1.7 32+3.1 3.0+2.1
Umami intensity score, mean+=SD 7.7+1.2 8.0+ 0.9 7.6+1.1 73+1.5
Umami liking score, mean = SD 6.4+ 1.7 5.8+1.7 6.9=+1.6 6.1+1.8
L antensity (regular) score, Mean 243462 243+635 241454 245+7.1
g;t liking (regular) score, mean% 3y 5, 51 313156 31.6+6.6 32.8+6.0
Tatsntensity (low-fat) score, mean 344467 246469 23.6+5.3 253484
g;t liking (low-fat) score, mean £ 504, 56 283457 28.9+6.2 29.6+5.0

n, sample size; OA, Oleic Acid; SD, standard deviation,

5.3.2 FTS and umami food perception

All participants were classified according to the OA detection threshold [194]. Fifteen participants
failed to identify three samples in a row at the same concentration across all 13 concentrations and
were then classified as non-tasters (OA detection threshold >20mM). Twenty-four participants
showed a detection threshold > 3.8mM and were classified as hyposensitive. Eighteen participants
showed a detection threshold < 3.8mM and were classified as hypersensitive. No differences in the
distribution of the OA taster status were found between the two biological sexes (p > 0.05).

No statistically significant association between OA taster status and both intensity and liking umami
perception scores was found (p > 0.05).

When investigating the three samples as repeated measurements, a statistically significant effect of
the MSG concentration (29mM; 200mM; 400mM) in the perceived intensities from the three broth
samples was found (p < 0.001). Nevertheless, no significant effect of the OA taster status was
found (p > 0.1). Regarding liking, as per intensity, a statistically significant effect of the MSG
concentration (29mM; 200mM; 400mM) in the liking rating for the three broth samples was found
(» <0.001). Nevertheless, like intensity, no statistically significant effect of the OA taster status was
found (Figure 14).
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Figure 14. Line plots describing the perceived intensity (left) and liking (right) for umami food samples according to
MSG concentration (X-axis) and variation according to OA taster status. Red lines represent the OA non-taster
participants. Green lines represent the OA hypo-sensitive participants. Blue lines represent the OA hypersensitive
participants. Legend is reported on the top right for both graphs. Dots represent the average value for every MSG
concentration, and bars represent the standard error. The effect of different concentrations is statistically significant for
both intensity and liking (p <0.001), while no significant effect of the OA taster status has been observed (p > 0.05).

5.3.3 FTS and fat food perception

For all participants, a sum score regarding fat food perception (separately for regular and low-fat
versions) was calculated. A summary of the values can be found in Table 4. Using a linear
regression model, we have found no statistically significant association (p < 0.05) between the OA
taster status and intensity and liking scores (both regular and low-fat) for the fat food samples
perceptions. A summary of these analyses can be found in Supplementary Table 5.1

We have then investigated the perception of the single foods rated by the participants. A positive
statistically significant association (5= 0.8 / SE = 0.3 / p = 0.03) between liking for hummus
(regular) and OA taster status was reported. Individuals with a higher sensitivity to this fatty acid
showed a higher liking for this specific food sample. No other statistically significant association
was found regarding FTS and fat food samples perception (p > 0.05). A summary of all analyses
conducted can be found in Supplementary Table 5.2.

5.3.4 FTS, BMI, and adiposity

No significant differences in the distribution of the OA taster status were found by dividing all
participants according to BMI (underweight / normal-weight and overweight / obesity) using
Fisher's Exact Test for Count Data (p > 0.05). No statistically significant association was found
between OA taster status and fat mass percentage (p > 0.05). Additionally, the same was true for

visceral fat score (p > 0.05). A summary of all analyses conducted can be found in Supplementary
Table 5.3.

5.3.5 Umami food perception and fat food perception

There was no difference between intensity and liking umami score by the two biological sexes (p >
0.05). Additionally, the same was true also for fat food intensity and liking (regular and low-fat)
scores (p > 0.05). As exploratory analyses, we have investigated the possible association between
umami food perception (as an independent variable) and fat food perception. A positive significant
association (f=3.0/SE=0.6/ p <0.0001) was found between fat intensity score (regular) and
umami intensity score, as described in Figure 15. A similar significant association (f = 2.8 / SE =
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0.7/ p=0.0002) was found between fat intensity score (low-fat) and umami intensity score. No
statistically significant association was found between fat food liking scores (regular and low-fat)
and umami intensity score (p > 0.05).

Fat intensity (regular) rating score
Fat intensity (low-fat) rating score

Umami mean intensity score Umami mean intensity score

Figure 15. Scatter plots illustrating the association between umami mean intensity score (X-axis) and fat intensity
rating score (regular — left / low-fat right) (Y-axis). Yellow dots represent single observations. The solid red line
indicates the linear regression line and direction of the correlation.

No statistically significant association was found between fat food intensity and liking score
(regular and low-fat) and umami liking score (p > 0.05).

Furthermore, as previously done regarding OA taster status, we have investigated single fat food
perception (regular and low-fat). Similar positive association were found between umami intensity
scored and regular (6 =0.7/SE=0.2/ p=0.0001) and low-fat hummus intensity (5 = 0.5 / SE =
0.2/ p=0.008), regular (=0.7/SE=0.2/p=0.001) and low-fat (= 0.7/ SE=0.2 / p = 0.008)
cheese intensity and regular cheese liking (= 0.7/ SE = 0.2 / p = 0.005), regular yogurt intensity (f
=0.8/SE=0.2/p=0.0009), and low-fat yogurt intensity (5= 0.9 / SE= 0.2 / p =0.0009). No
other statistically significant associations were apparent (p > 0.05).

No statistically significant associations were found between fat food samples perception and umami
liking score (p > 0.05). A summary of all analyses can be found in Supplementary Table 5.4.

5.3.6 Umami food perception, BMI, and adiposity

Dividing individuals by BMI (< 25kg/m? or > 25kg/m?), a significant difference for the umami
intensity score (p = 0.02) was reported. Participants classified as underweight or normal-weight
showed a lower intensity score rating (7.5) compared to participants with overweight or obesity
(8.3). No significant difference was found regarding umami liking score (p > 0.05).

No significant association was found between fat mass percentage and umami intensity and liking
score (p >0.05). Additionally, the same was true for visceral fat score (p > 0.05). A summary of all
analyses can be found in Supplementary Table 5.5.

5.3.7 Fat food perception, BMI, and adiposity

Dividing individuals by BMI (< 25kg/m? or > 25kg/m?), no significant difference was found for the
fat intensity and liking (regular and low-fat) scores (p > 0.05), and the same was true also for single
fat foods perception (p > 0.05).
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No statistically significant associations were found between fat mass percentage and fat intensity
and liking (regular and low-fat) scores (p > 0.05). The same was true also for visceral fat score (p >
0.05).

When investigating single food perception, a positive significant association was found between fat
mass percentage and regular (=0.6/SE=0.2/p=0.01) and low-fat (=0.8/ SE=03/p=
0.01) cheese liking, as described in Figure 16. No other statistically significant associations were
reported. A summary of all analyses can be found in Supplementary Table 5.6.
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Liking rating for cheese (regular) Liking rating for cheese (low-fat)

Figure 15. Scatter plots illustrating the association between liking rating for regular (left) and low-fat (right) cheese (X-
axis) and fat mass percentage (Y-axis). Blue dots represent single observations. The solid red line indicates the linear
regression line and direction of the correlation.

Regarding visceral fat score, a negative and significant association was found with intensity
perceived from cheese (regular) (6 =-0.2 / SE= 0.1/ p =0.05) and with liking for yogurt (low-fat)
(f=-0.2/SE=0.1/p=0.02). Additionally, a positive and significant association was found with
liking for cheese (low-fat) (6 =0.2 /SE=0.1/p = 0.03). No other statistically significant
associations were reported. A summary of all analyses can be found in Supplementary Table 5.6.

5.3.8CD36 151761667 and FTS

A total of 36 individuals were genotyped for CD36 rs1761667 (AA =10; AG=17; GG =9). The
distribution of the genotypes was in line with the Hardy-Weinberg equilibrium (p > 0.05). No
differences in the distribution were found according to sex using Fisher's Exact Test for Count Data
(» > 0.05). No difference in the distribution of the CD36 rs1761667 was found according to OA
detection threshold status using Fisher's Exact Test for Count Data (p > 0.05).

5.3.9 CD36 rs1761667 and umami food perception

No associations were found between CD36 and umami perception mean scores (both intensity and
liking) (» > 0.05). When investigating the three samples as repeated measurements, a statistically
significant effect of the MSG concentration (29mM; 200mM; 400mM) in the perceived intensities
from the three broth samples was found (p < 0.001). Nevertheless, no significant effect of the CD36
151761667 genotype was found (p > 0.1). Regarding liking, as per intensity, a statistically
significant effect of the MSG concentration (29mM; 200mM; 400mM) in the liking rating for the
three broth samples was found (p < 0.001). Nevertheless, a suggestive trend was observed
according to CD36 rs1761667 genotype (p = 0.06) (Figure 17), and, more specifically, individuals
carrying CD36 1s1761667 GG genotype seem to perceive a reduced liking for MSG samples at
higher concentrations (200mM; 400mM).
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Mean umami liking ratings, = SE
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Figure 16. Line plots describing the perceived intensity (left) and liking (right) for umami food samples according to
MSG concentration (X-axis) and variation according to CD36 rs1761667. Red lines represent CD36 1s1761667 AA
individuals. Green lines represent CD36 rs1761667 AG individuals. Blue lines represent CD36 rs1761667 GG
individuals. Legend is reported on the top right for both graphs. Dots represent the average value for every MSG
concentration, and bars represent the standard error. The effect of different concentrations is statistically significant for
both intensity and liking (p < 0.001), while no significant effect of CD36 rs1761667 genotypes was observed for
intensity (p > 0.05); a suggestive pattern was observed for liking (p = 0.06).

5.3.10 CD36 rs1761667 and fat food perception

No significant associations between CD36 rs1761667 genotypes and fat food perception scores
(intensity and liking), both for regular and low-fat versions, were found. A summary of these
analyses can be found in Supplementary Table 5.7. Then, we have investigated the perception of
the single foods rated by the participants according to the CD36 rs1761667 genotype. We have
suggestive patterns regarding the association with the rs1761667 A-allele. More specifically, the
CD36 151761667 A-allele was associated with a reduced intensity perceived from tasting regular (/8
=-0.9/SE=0.5/p=0.06) and low-fat (£ =-0.9/ SE=0.5/p = 0.08). A similar pattern was
reported for the intensity perceived from tasting regular yogurt (f =-0.8 / SE = 0.5/ p = 0.09). No
other significant or suggestive statistical associations were found. A summary of all analyses can be
found in Supplementary Table 5.8.

5.3.11 CD36 rs1761667, BMI, and adiposity

In our cohort, we found no differences in the distribution of CD36 rs1761667 genotypes, dividing
all participants according to BMI (underweight / normalweight and overweight / obesity), using
Fisher's Exact Test for Count Data (p > 0.05). No significant association between CD36 rs1761667
and fat mass percentage using linear regression models (p > 0.05) was found. The same was true
also for visceral fat score (p > 0.05). A summary of all analyses can be found in Supplementary
Table 5.9.

5.4 Discussion

In study 3, the possible interplay between FTS and umami perception was investigated in a cohort
of 57 individuals gathered at the Lake Lucerne Institute, Switzerland. We have reported no
significant associations between FTS and umami food perception; nevertheless, we have found a
positive and significant association between the umami food perception and fat food perception.

5.4.1 FTS and umami food perception

In our study, the majority of the participants were classified as hyposensitive or non-tasters for OA
as per previous literature [185]. We have found no statistically significant association between FTS
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and umami food perception (as mean score and as repeated measurement), highlighting that, at the
current state, we exclude that OA detection threshold status may encompass umami perception. An
explanation may be found in the methods used in this study. To assess FTS, we have selected the
method described by Haryono et al., which consists of oleic acid milk solutions [194]. To the best
of our knowledge, this technique is one of the most used in research to assess FTS [185,185,190],
and this choice was made to ensure replicability. Nevertheless, it is important to mention that this
approach has multiple issues. The preparation of solutions is not free from the risk of human error
(e.g., pipetting, volume measuring), and grouping based on the detection threshold reported by each
participant can only partially reduce the risk of bias. This is demonstrated by the lack of replication
of previous results that can be found in the literature. For example, Graham et al. found no
associations between FTS and CD36 rs1761667 [185], even if the effect of the variant on FTS has
been alluded to in multiple studies [210]. Additionally, using milk, even if considered to be more
stable for an oleic acid emulsion compared to water [194], may generate bias due to the flavour that
may not be appreciated by all participants, causing underperformance during the testing phase.
Further research should consider the use of different approaches that do not involve actual food for
the emulsion. A new protocol has been developed by Costanzo et al. that avoids the use of milk
without losing any emulsion stability and avoiding the risk of bias due to the possible averse
reaction to milk flavour among individuals [212].

5.4.2 FTS and fat food perception

In our study, we have reported that there was no association between FTS and fat food perception
score, both intensity and liking, regular and low-fat versions. This result is in contrast to previous
literature, where individuals marked as hyposensitive regarding fat taste showed higher acceptance
for fatty foods compared to hypersensitive individuals [213]. Nevertheless, opposing results have
also been reported in the literature [214]. For example, Costanzo ef al., in a cohort of Australian
adult women, found no association between FTS and fatty food liking [145]. In our study, we have
evaluated intensity and liking perceived from tasting a panel of five different fatty foods. We have
found no association between FTS and intensity of the flavour perceived; nevertheless, we have
reported that higher FTS was associated with higher liking for regular hummus samples. As
previously described, literature reports contrasting results regarding FTS and fatty food liking, but
overall, it has been observed that a higher sensitivity to fatty acids may lead to a reduced liking for
high-fat foods [121,213]. Our result contrasts this association; nevertheless, an explanation may
also be found in hummus's extraordinarily complex flavour that may not be related to fattiness.
Nevertheless, these results are in line with those observed in Study 1, where individuals carrying the
CD36 rs1761667 A-allele, commonly related to fat taste hyposensitivity, were also related to
reduced liking for fatty foods. The inconsistencies found in the literature may be due to the
difference between taste and flavour, which is elucidated by actual food and may not be directly
associated with OA detection threshold. Further research should include multiple sensorial taste
assessments to validate replicability and association with food perception.

5.4.3 FTS, BMI, and adiposity

In our study, no association between FTS and adiposity/health markers (BMI, fat mass percentage,
and visceral fat score) was found. The association between FTS and adiposity is quite controversial
in the literature. When assessing the association between FTS and BMI, studies have reported that
individuals with a lower FFA sensitivity showed higher BMI [213,215,216] while others reported
no association [217-219]. Furthermore, a meta-analysis by Tucker et al., conducted in 2017 on
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seven cross-sectional studies, found that FTS does not contribute to or result from obesity [217].
The investigation between FTS and adiposity lies in the assumption that an FFA hypersensitivity
may lead to higher liking, and consequently, intake of fatty foods; nevertheless, the current
evidence regarding the association between fat perception and overall health status is weak [220]. In
our study, we have not only investigated BMI as a health status marker, but also fat mass
percentage and visceral fat score, which are direct and accurate measures of adiposity [149], but we
have found no significant association. A limitation of our study is the lack of data regarding the
physical activity levels, and, also, due to the young age of our cohort, it is possible that a possible
association may have been masked; nevertheless, considering the current research, our results
confirm the non-association between fat taste and obesity [217].

5.4.4 Umami perception and fat food perception

In this new cohort, a higher sensitivity score for the umami samples was strongly associated with
the fat food intensity score. Individuals who rated a higher intensity score for umami samples also
reported a higher intensity score for the perception of single fat food samples. To the best of our
knowledge, this is a novel association. In Study 2, we found no direct association between umami
food perception and fat food perception. Nevertheless, in Study 2, fat food perception was assessed
by tasting milk at different dietary fat concentrations (Skimmed-; Semi-skimmed-; and Whole
Milk), while in Study 3, fat food perception was assessed by a wider panel of different fatty food,
avoiding again the selection of milk for which the flavour was possibly linked to bias to the strong
exposition factor related to milk liking [197]. In literature, it has been reported that individuals with
umami taste impairments reported an overall improvement in food palatability after umami taste
was improved separately [221], linking to a possible taste interplay. Nevertheless, it is important to
specify that we cannot exclude the multisensorial aspect of flavour perception coming from food
tasting. It is known that food flavour cannot be associated with only one taste component and with
only one sensorial perception (e.g. smell, texture, temperature), so future research, in order to
confirm a possible association between fat and umami perceptions, should also consider a direct
assessment of umami taste sensitivity, as example reporting for participants MSG detection
threshold [222]. Additionally, in our study, to avoid additional burden for the participants, we have
not reported other possible taste-associated variables such as papillae density [223] and salivary
flow rate [224]. Nevertheless, the strong association highlights an interplay between fat and umami
flavour perception, assessed by actual food tasting. Future research should focus on how this
interplay may encompass dietary patterns and then, subsequently, health status.

5.4.5 Umami perception, BMI, and adiposity markers

In Study 3, we found that individuals with a BMI > 25kg/m? reported a higher intensity score
compared to individuals with a BMI < 25kg/m?. Nevertheless, no association was found regarding
fat mass percentage and visceral fat score levels. Literature is inconsistent regarding the association
between BMI and umami perception. In a study conducted by Pepino et al. to assess differences in
umami taste perception in women, the authors reported that women with obesity showed a higher
MSG detection threshold [225], whereas, in a study conducted by Feeney et al., no differences in
umami sensitivity were found according to BMI and body fat [226]. An explanation for this
association may be found in the effect that MSG has on energy intake. MSG plays a biphasic role in
food intake, increasing appetite during a meal and, consequently, enhancing satiety and reducing
further energy intake [227]. It is possible that an individual reporting a higher intensity score may
have an adverse reaction to MSG containing foods and, for this reason, have a higher energy intake
leading to a higher BMI. Nevertheless, it is important to mention that in our study, only 14
individuals out of 57 showed a BMI > 25kg/m?. To confirm the association reported, further
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research should be conducted in a cohort with a higher number of individuals with a BMI >
25kg/m?.

5.4.6 Fat food perception, BMI, and adiposity

It is known that high-fat foods are palatable and high-energy dense, thus possibly leading to
overconsumption of these foods and weight gain with negative outcomes on human health [4]. As
previously observed in our study, we found no association between FTS and adiposity markers
(e.g., BMI, fat mass percentage, and visceral fat score), and the literature has reported conflicting
results regarding the topic [217]. In Study 3, no association was found between FTS and adiposity
markers, in line with previous literature [222-224]; nevertheless, we have additionally investigated
fat food samples perception, which may better reflect a real-world scenario. We have found no
association between BMI (< 25kg/m? or > 25kg/m?) and fat food perception (as a score and as
single food perception). Nevertheless, when investigating fat mass percentage, even if no significant
association was found regarding fat food perception scores, we have reported a positive and
significant association with liking for cheese, both regular (27.5g of fat per 100 g of product) and
low-fat versions (16g of fat per 100 g of product). In our study, we have not investigated dietary
intake; nevertheless, it is known that liking is one of the major drives of food intake [228-230]. The
association reported is in line with previous literature, where it has been observed that a major
preference for fats is linked to a major risk of obesity [231]; nevertheless, the association between
cheese consumption and obesity is controversial. For example, in a study conducted by Alegria-
Lertxundi et al., it was observed that a lower or moderate intake of cheese was associated with a
higher prevalence of excess weight compared to a higher consumption [232].

When investigating visceral fat score, we have found no associations with fat food perception
scores; nevertheless, when investigating single food perception, we have reported multiple
associations. We have found negative associations with regular cheese flavour intensity and liking
for low-fat yogurt. It is possible that a stronger sensitivity to fatty flavour may lead to a reduced
consumption of high-fat food. This trend has been previously alluded to in research. For example, in
a study conducted by Cornelis ef al., it was reported that the recalled intensity of fatty foods was
negatively related to liking and consumption [233]. Opposingly, a preference for a low-fat version
of a food (e.g., yogurt) may lead to a reduced intake of the regular whole-fat version of it.
Regarding the topic, the literature is still controversial. In a study conducted by Raynor et al., it was
reported that a preference for high-fat food and lower liking for low-fat foods was predictive of a
higher dietary fat intake, and the authors concluded that dietary interventions, in order to reduce
dietary fat intake, should focus on increasing acceptance for low-fat foods [233].

5.4.7 CD36 1s1761667 and FTS

In our cohort, we have found no difference in the distribution of the CD36 rs1761667 genotype. In
literature, the A-allele variant of this SNP has been previously associated with fat taste
hyposensitivity [8]. Nevertheless, these associations have not always been replicated. Our study is
in line with previous literature where no direct association between CD36 rs1761667 and FTS was
reported [156,185]. In our study, we selected the same methodology used by Graham et al.,
resulting in a similar outcome; nevertheless, our results are still preliminary due to the lack of data
for 21 individuals, and all the analyses will be repeated when all data are available. As previously
described in the discussion for Study 2, it is possible that the contrasting results reported regarding
CD36 1s1761667 and FTS may be due to the different methods used to assess FTS. Even if the OA-
milk emulsion is considered to be more stable than a water emulsion [194], it is possible that the
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flavour of the milk samples may lead to bias in participants with an aversion to it [10]. For future
research, the development of a standardised and commercial kit to assess FTS would be an
improvement for the replicability of the results in order to clarify the contrasting associations
between CD36 and FTS.

5.4.8 CD36 rs1761667 and umami perception

In our preliminary results, we have found no associations between CD36 rs1761667 and umami
perception scores (both intensity and liking). Nevertheless, when investigating umami perception
considering the three samples as repeated measurements, we have found a suggestive pattern
regarding liking, but again not for intensity. At this preliminary stage, we have, then, not replicated
the previous association between CD36 rs1761667 and intensity from tasting umami samples.
Currently, in our study, the CD36 rs1761667 GG genotype carriers showed a negative pattern with
umami sample liking. Carriers of the GG genotypes showed reduced liking at the intermediate and
highest (200mM and 400mM) levels of MSG added in broth samples. These results contrast with
the associations found in Study 1, where the CD36 rs1761667 A-allele was associated with reduced
liking for umami food groups, assessed by questionnaire. An explanation may be found in the
different methodologies used for the two studies. Due to the high number of individuals enrolled in
Study 1, a food liking questionnaire (9-Point Hedonic Scale) was used. This approach is cost-
effective for larger cohorts, but results often are affected, and the correlation between the two
methods is usually weak or moderate and may not fully represent food hedonic response [234]. It is
known that the CD36 rs1761667 G-allele is associated with a higher protein expression [9] and,
possibly, with fat taste hypersensitivity [8,235]. If these associations are confirmed in the full
dataset, it may indicate that differences in FTS may also encompass umami perception.

5.4.9 CD36 rs1761667 and fat food perception

In this study, we have evaluated the direct association between CD36 rs1761667 and the perception
of actual fat food samples. This has been scarcely studied in previous literature. For example, a
study conducted by Ong et al. investigated commercially available foods with different fat content,
but CD36 rs1761667 only significantly affected the perception of cream crackers [191].
Furthermore, a study conducted by Shen et al. found no direct effect of CD36 rs1761667 on ice-
cream liking at different fat content [161]. In our preliminary analyses, we have found several
suggestive patterns that showed the A-allele, commonly related to fat taste hyposensitivity [12,108],
associated with reduced intensity ratings for cream cheese and yogurt samples. It is known that
different sensitivities to fat taste can encompass dietary patterns with negative health outcomes
[236]. If these results are confirmed in the full-size dataset, a direct link between genetics and food
perception will be identified, opening the possibility to investigate how these changes may
encompass dietary choices. Future research should consider gathering a wider range of food panels,
covering all the tastes, and multiple health markers (e.g., adiposity, cholesterol levels, glycemia) to
better understand how food perception may encompass the aforementioned phenotypes.

5.4.10 CD36 rs1761667 and adiposity

In this study, we have investigated the possible association between CD36 rs1761667 and adiposity
markers such as BMI, fat mass percentage, and visceral fat score. CD36 rs1761667 has been
previously investigated for its possible role in adiposity markers due to its possible impact of fat
food intake [210]. Literature has reported contrasting results regarding CD36 1rs1761667 and obesity
markers. For example, the variant AA genotype has been associated with lower BMI compared to
carriers of AG or GG genotype [237]. Opposingly, in the study conducted by Boghdady ef al., the
AG genotype was observed to be involved in obesity development and higher BMI [238], while in
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the study conducted by Pioltine ef al., no associations between CD36 rs1761667 and adiposity were
found [181]. In our study, we found no association between CD36 rs1761667 and BMI, and the
same was true also for fat mass percentage and visceral fat score, which are direct markers of body
composition [149]. This outcome is in line with a large meta-analysis conducted by Yazdanpanah et
al. in 2022, where no associations were found between CD36 rs1761667, using different inheritance
models, and BMI [239]; nevertheless, the analyses will be replicated when the full-size dataset is
genotyped to confirm the described associations. At the current state, we can not define a
conclusive association between this common genetic variant and adiposity markers. Future research
should consider investigating not only markers such as BMI and fat mass percentage, but also
information regarding physical activity levels, dietary intake, other health markers such as glycemia
and cholesterol, and consider not only one variant but multiple SNPs that together may have a
larger and wider effect on the aforementioned phenotypes.

6.0 Chapter VI — Conclusions

During this PhD project, I have deepened my understanding of the possible interplay between fat
and umami taste perception, conducting three different studies.

In Study 1, we assessed population-level food liking regarding both fatty foods and umami foods
and the role played by CD36 rs1761667, which may be implicated in fat taste sensitivity. In this
study, we have reported that the A-allele is negatively associated with the liking of fatty foods and,
additionally, with the liking of umami foods in individuals with overweight or obesity. Food liking
is one of the major drivers for food choices, and the possible role of CD36 rs1761667 has been
previously investigated with mixed results. Our results corroborate that genetics may play a role in
driving individuals’ food preferences; nevertheless, no association was found regarding BMI and
elements of diet quality, highlighting the complexity of these associations, often conflicting and not
replicated between studies, as already reported in the literature. Dietary patterns are not only
influenced by sensorial perceptions (e.g., taste and smell), but a role is also played by socio-
economic elements (e.g., income, cultural background), and future research should also consider
these aspects to obtain a clear understanding of how genetics and environmental elements shape
food choices among the general population. In Study 2, we assessed laboratory-based real food
perception, assessing both intensity and liking, selecting fatty food samples, but also umami food
samples. Even if we found no association between CD36 rs1761667 and fat food samples
perception, which has been a controversial topic in previous literature, we have observed that the A-
allele was positively associated with perceived intensity from tasting umami food samples, which
was, to the best of our knowledge, a novel association. Additionally, we have also reported that the
A-allele was positively associated with BMI and elements of diet quality. Again, these results
highlight the complexity of the association between this common variant and the aforementioned
phenotypes, hinting that future research should aim to gather a wider range of data that are known
to influence these traits (e.g., socio-economic elements, physical activity). Considering that the
gustatory features of whole foods are extremely complex and involve multiple sensorial perceptions
(e.g., taste, smell, texture, temperature), a new study was designed after the associations found in
Study 1 and Study 2 in order to obtain further validation in a larger and better characterised cohort,
in order to overcome the limitations previously highlighted.

In Study 3, we gathered a new cohort in a laboratory and standardised environment, with data
collection centred around fat and umami perception. In our new cohort, we found no association
between FTS and umami perception. Nevertheless, as previously highlighted, there could be an
elevated risk of bias regarding the OA detection threshold assessment method, due to human error
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and participants’ aversion towards milk flavour. Future research should, then, move to a different
method to assess FTS that should avoid the use of actual food for solution or samples preparation
(e.g., milk, custard) and minimize the risk of human error (e.g., commercial kit). Furthermore, we
have found a strong association between the intensities perceived when tasting umami samples and
fat food samples. This association may highlight, as previously hinted in Study 1 and Study 2, an
interplay between fat and umami taste perception that was further highlighted using actual food
samples, which may be a better approach to translate scientific observations into real-world
scenarios. This is also highlighted by the preliminary results obtained regarding CD36 rs1761667.
The variant, currently, seems not to be associated with FTS, as previously observed in multiple
studies, but seems to encompass, with the reported suggestive patterns, umami samples perception
and fat food samples perception. The analyses will be repeated once all participants’ data are
available. If the results are confirmed in the whole dataset, they may corroborate the hypothesis that
genetics influences food perception and, consequently, dietary patterns. Further, considering that
gustatory characteristics of whole foods cannot be associated solely with one taste, future research
should explore the interactions between all six researched tastes, including their genetic receptor
variability. Future research should focus on gathering a wider range of genetic data to have a better
insight into how common genetic variants shape individuals’ sensorial profiles and affect food
choices.

In conclusion, this thesis is the first study to investigate the potential links among the fat taste
sensitivity, CD36 gene, flavour perception, and liking of both fat and umami foods, and population-
level food liking, with comments on dietary patterns, BMI, and body composition. Due to the
limitations previously highlighted regarding the methods used to assess FTS and low sample size
which limits the generalizability of the findings and statistical power for some sub-group analyses,
future research would benefit from replicating these findings in larger, more diverse and better
characterized populations by a wider range of data that are necessary to have a complete view of all
elements that shape individuals’ food choices, dietary patterns, and adiposity. These results
represent a starting point for highlighting the possible interplay between fat and umami taste
perception and, possibly, for implementing the associations reported into personalised nutritional
practice and real-world scenarios.
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7.0 Supplementary Materials

Supplementary Table 3.1 Single foods used to create the food groups in Study 1 (FVG cohort

from the Italian Network of Genetic Isolates).

FOOD GROUP NAME SINGLE FOOD USED
DAIRY FOODS Butter, dairy, fontina, gorgonzola, mozzarella, plain y(?gurt, sheep cheese, skimmed milk, whipped cream, whole milk,
ice cream.
CHEESES Sheep cheese, fontina, mozzarella, dairy.
OTHER FATTY FOODS Hazelnut spread , French fries, chips, mayonnaise, fat food.
UMAMI/ FATTY MEAT Bacon, capicola, fried chicken, grilled meat, meat, mortadella, pork chops, sausage, fried fish, salmon, sardines.
UMAMI (no meat) Wild mushrooms, tomatoes, fontina, tuna, sardines, sheep cheese, soy sauce.
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Supplementary Table 3.2 Summary of analyses conducted to assess the association between food
liking groups and DQS in Study 1 (FVG cohort from the Italian Network of Genetic Isolates).

Food group liking (as independent variable)

DQS (as dependent variable)

BGSE) p
Dairy (-8)13 70) 0.07
R
Other fatty foods (})9'1159) 0.2
Fatty / Umami (-00,.1145) 0.3
Umami foods (_(?12 64) 0.14

Supplementary Table 3.3 Summary of the analyses to assess the association of BMI as a covariate
with food liking groups (as dependent variables) in Study 1 (FVG cohort from the Italian Network
of Genetic Isolates).

BMI as covariate

Food liking group AllFVG Only females Only males

Beta (standard error) |p-value | Beta (standard error) [p-value | Beta (standard error) |p-value
Dairy 0.024 (0.02) 0.2 0.03 (0.03) 0.2 0.01 (0.03) 0.7
Cheeses 0.04 (0.02) 0.05* ]0.05 (0.03) 0.1 0.04 (0.03) 0.3
Other fatty foods [0.07 (0.02) 0.003* 10.07 (0.03) 0.03* 10.07 (0.03) 0.04*
Fatty / Umami 0.03 (0.02) 0.18 0.01 (0.03) 0.7 0.05 (0.03) 0.05*
Umami foods 0.001 (0.002) 0.9 0.01 (0.03) 0.7 -0.01 (0.03) 0.7
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Supplementary Table 4.1 Correlation between fat and umami food samples perception in Study 2

(UK cohort).
Food ti LK
00 crception
P P Cor. D

Skimmed -0.2 | 0.16

Fat (Milk) Intensity / Fat (Milk) Liking |Semi-skimmed -0 0.98

Whole -0.07 1 0.6

_ 0.30%| -0.351 0.01*

MSG (Broth) Intensity / MSG (Broth)

Liking 0.75%] -0.37 [0.009*

1.50%| -0.32 ] 0.03*

Skimmed 0.30%| 0.14 | 0.36

Fat (Milk) Intensity / MSG (Broth)

Intensity Semi-skimmed 0.75%] 0.19 | 0.2

Whole 1.50%| 0.2 | 0.17

Skimmed 0.30%| 0.14 | 0.33

Fat (Milk) Liking / MG (Broth) Liking [ - immed 0.75%| 0.16 | 0.29
Whole 1.50%| 0.2 | 0.17

Skimmed 0.30%| 0.01 | 0.93

Fat (Milk) Intensity / MSG (Broth)

Liking Semi-skimmed 0.75%| 0.1 0.48

Whole 1.50%] -0.09 | 0.5

Skimmed 0.30%| -0.01 | 0.92

Fat (Milk) Liking / MSG (Broth)

Intensity Semi-skimmed 0.75%] -0.05 | 0.74

Whole 1.50%] -0.06 | 0.7
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Supplementary Table 4.2: Summary of the analyses conducted to assess the possible association.

Between food perception and DQS in Study 2 (UK cohort).

UK
Food perceptior.l (as independent DQS (as dependent variable)
variable)
B (SE) P
Skimmed 0.2 (0.1) 0.04*
Fat (Milk) Intensity |Semi-skimmed 0.06 (0.1) 0.57
Whole 0.05 (0.09) 0.57
Skimmed -0.15 (0.08) 0.07
Fat (Milk) Liking  [Semi-skimmed | -0.14 (0.08) 0.08
Whole -0.14 (0.06) 0.03*
0.30%| 0.19 (0.1) 0.08
MSG (Broth) Intensity 0.75%| 0.19 (0.11) 0.096
1.50%] 0.03 (0.1) 0.75
0.30%| -0.06 (0.07) 0.4
MSG (Broth) Liking 0.75%| -0.05 (0.07) 0.52
1.50%| -0.02 (0.07) 0.72

Supplementary Table 5.1: Summary of the analyses to assess the possible association between
FTS and fat food perception scores in Study 3.

: Study 3
Fat food perf]?zitigll;)as dependent FTS (as independent variable)
p (SE) p
Fat intensity score (regular) 0.005 (1.1) 0.9
Fat liking score (regular) 0.9 (1.0) 0.4
Fat intensity score (low-fat) 0.4 (1.2) 0.8
Fat liking score (low-fat) 0.8 (0.9) 0.4




Supplementary Table 5.2: Summary of the analyses to assess the possible association between
FTS and single fat food samples perception in Study 3.

i Study 3
Fatfood percepjuon (as dependent FTS (as independent variable)
variable)
p (SE) p
Cream Cheese intensity (regular) 0.1(0.4) 0.8
Cream Cheese liking (regular) 0.1(0.3) 0.7
Cream Cheese intensity (low-fat) 0.2 (0.4) 0.6
Cream Cheese liking (low-fat) 0.001 (0.4) 0.9
Hummus intensity (regular) 0.1(0.3) 0.7
Hummus liking (regular) 0.8 (0.3) 0.03*
Hummus intensity (low-fat) -0.01 (0.3) 0.9
Hummus liking (low-fat) 0.07 (0.3) 0.8
Cheese intensity (regular) -0.03 (0.3) 0.9
Cheese liking (regular) -0.2 (0.4) 0.6
Cheese intensity (low-fat) 0.08 (0.4) 0.8
Cheese liking (low-fat) 0.009 (0.3) 0.9
Yogurt intensity (regular) -0.4 (0.4) 0.3
Yogurt liking (regular) 0.2 (0.3) 0.6
Yogurt intensity (low-fat) 0.1(0.4) 0.8
Yogurt liking (low-fat) 0.2 (0.4) 0.6
Mozzarella intensity (regular) 0.2 (0.3) 0.6
Mozzarella liking (regular) 0.05 (0.9) 0.9
Mozzarella intensity (low-fat) -0.01 (0.3) 0.9
Mozzarella liking (low-fat) 0.5 (0.4) 0.2

Supplementary Table 5.3: Summary of the analyses to assess the possible association between
FTS and adiposity markers in Study 3.

. Study 3
Adiposity mj;(;jlgs dependent FTS (as independent variable)
p (SE) p
Fat mass percentage -0.2 (0.7) 0.8
Visceral fat score -0.2(0.2) 0.6




Supplementary Table 5.4 Summary of the analyses to assess the possible association between
umami perception scores (intensity and liking) with single fat food samples perception in Study 3.

Study 3 Study 3
Fat food perception (as dependent variable) Umami intensity score (as independent variable Umami liking score (as independent variable)
B (SE) p B (SE) p
Cream Cheese intensity (regular) 0.4 (0.2) 0.06 -0.04 (0.2) 0.8
Cream Cheese liking (regular) 0.2 (0.2) 0.3 -0.04 (0.1) 0.8
Cream Cheese intensity (low-fat) 0.3(0.3) 0.2 -0.2 (0.2) 0.4
Cream Cheese liking (low-fat) -0.2(0.2) 0.3 0.06 (0.2) 0.7
Hummus intensity (regular) 0.7 (0.2) 0.0001* -0.07 (0.1) 0.6
Hummus liking (regular) 0.02 (0.2) 0.9 0.2 (0.2) 0.2
Hummus intensity (low-fat) 0.5 (0.2) 0.009* 0.04 (0.1) 0.8
Hummus liking (low-fat) 0.2 (0.2) 0.3 -0.02 (0.2) 0.9
Cheese intensity (regular) 0.7 (0.2) 0.001* 0.03 (0.2) 0.8
Cheese liking (regular) 0.7 (0.2) 0.005* 0.3(0.2) 0.1
Cheese intensity (low-fat) 0.7 (0.2) 0.008* -0.004 (0.2) 0.9
Cheese liking (low-fat) 0.08 (0.2) 0.7 0.1(0.1) 0.4
Yogurt intensity (regular) 0.8(0.2) 0.0001* -0.09 (0.2) 0.6
Yogurt liking (regular) 0.04 (0.2) 0.9 0.2 (0.1) 0.3
Yogurt intensity (low-fat) 0.9(0.2) 0.0009* -0.1(0.2) 0.5
Yogurt liking (low-fat) -0.2(0.2) 0.3 0.3 (0.2) 0.07
Mozzarella intensity (regular) 0.2 (0.2) 0.3 -0.1(0.1) 0.3
Mozzarella liking (regular) -0.07 (0.2) 0.8 -0.1(0.2) 0.4
Mozzarella intensity (low-fat) 0.3 (0.2) 0.07 0.07 (0.1) 0.6
Mozzarella liking (low-fat) -0.1(0.3) 0.6 0.1(0.2) 0.5
Supplementary Table 5.5: Summary of the analyses to assess the possible association between
umami perception scores (intensity and liking) with adiposity markers in Study 3.
Study 3 Study 3
Adiposity markers (as dependent variables) Umami intensity score (as independent variable) Umami liking score (as independent variable
B (SE) p B (SE) p
Fat mass percentage 0.01 (0.5) 0.9 0.3(0.3) 0.3
Visceral fat score 0.04 (0.1) 0.8 -0.2(0.1) 0.1
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Supplementary Table 5.6: Summary of the analyses to assess the possible association between
single fat food samples perception (intensity and liking) with adiposity markers in Study 3.

Study 3 Study 3
Fat food perception (as independent variable) Fat mass percentage (as dependent variable) Visceral fat score (as dependent variable)
B (SE) p B (SE) p
Cream Cheese intensity (regular) 0.08 (0.3) 0.8 -0.0(0.1) 0.8
Cream Cheese liking (regular) 0.18(0.3) 0.8 0.1(0.1) 0.3
Cream Cheese intensity (low-fat) 0.2(0.2) 0.5 -0.01 (0.1) 0.9
Cream Cheese liking (low-fat) 0.1(0.3) 0.8 -0.06 (0.1) 0.5
Hummus intensity (regular) -0.1(0.3) 0.7 0.01(0.1) 0.9
Hummus liking (regular) 0.1(0.3) 0.6 0.01(0.01) 0.8
Hummus intensity (low-fat) 0.2(0.3) 0.6 -0.08 (0.1) 0.5
Hummus liking (low-fat) 0.01(0.3) 0.9 0.04 (0.01) 0.6
Cheese intensity (regular) -0.5(0.3) 0.08 -0.2 (0.1) 0.05*
Cheese liking (regular) 0.6 (0.2) 0.01* 0.1(0.1) 0.08
Cheese intensity (low-fat) -0.3(0.2) 0.3 -0.08 (0.1) 0.3
Cheese liking (low-fat) 0.8(0.3) 0.01* 0.2(0.1) 0.03*
Yogurt intensity (regular) 0.1(0.3) 0.8 0.07 (0.3) 0.8
Yogurt liking (regular) -0.01 (0.3) 0.9 0.02 (0.1) 0.8
Yogurt intensity (low-fat) -0.2 (0.2) 0.5 -0.1(0.1) 0.4
Yogurt liking (low-fat) -0.3(0.3) 0.3 -0.2(0.1) 0.02*
Mozzarella intensity (regular) 0.2(0.3) 0.6 -0.01 (0.1) 0.9
Mozzarella liking (regular) 0.4 (0.3) 0.2 0.1(0.1) 0.2
Mozzarella intensity (low-fat) -0.002 (0.3) 0.9 -0.1(0.1) 0.6
Mozzarella liking (low-fat) 0.5(0.2) 0.07 0.1(0.1) 0.5

Supplementary Table 5.7: Summary of the analyses to assess the possible association between
CD36 1s1761667 genotype and fat food perception scores in Study 3.

Fat food perception scores (as dependent

Study 3

CD36 151761667 (as independent variable)

variable) 5 (SE) »
Fat intensity score (regular) -1.9(1.5) 0.2
Fat liking score (regular) 0.7 (1.6) 0.7
Fat intensity score (low-fat) -1.2 (1.6) 0.4
Fat liking score (low-fat) -0.3(1.4) 0.8
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Supplementary Table 5.8: Summary of the analyses to assess the possible association between
CD36 151761667 genotype and single fat food samples in Study 3.

Study 3
Fat food perception (as independent variable) CD36 rs1761667 (as dependent variable)
p (SE) p
Cream Cheese intensity (regular) -0.9 (0.5) 0.06
Cream Cheese liking (regular) 0.03 (0.5) 0.9
Cream Cheese intensity (low-fat) -0.9 (0.5) 0.08
Cream Cheese liking (low-fat) -0.02 (0.5) 0.9
Hummus intensity (regular) -0.4 (0.4) 0.4
Hummus liking (regular) 0.4 (0.5) 0.5
Hummus intensity (low-fat) 0.5(0.4) 0.2
Hummus liking (low-fat) -0.02 (0.4) 0.9
Cheese intensity (regular) 0.2 (0.4) 0.7
Cheese liking (regular) -0.03 (0.6) 0.9
Cheese intensity (low-fat) -0.5(0.5) 0.4
Cheese liking (low-fat) -0.2 (0.4) 0.6
Yogurt intensity (regular) -0.8 (0.5) 0.09
Yogurt liking (regular) 0.1(0.4) 0.8
Yogurt intensity (low-fat) -0.5(0.5) 0.3
Yogurt liking (low-fat) -0.4 (0.5) 0.5
Mozzarella intensity (regular) -0.001 (0.5) 0.9
Mozzarella liking (regular) 0.2 (0.5) 0.7
Mozzarella intensity (low-fat) 0.2 (0.4) 0.6
Mozzarella liking (low-fat) 0.3(0.6) 0.6

Supplementary Table 5.9: Summary of the analyses to assess the possible association between
CD36 151761667 genotype and adiposity markers in Study 3.

Study 3
Adiposity markers (as dependent variables) CD36 151761667 genotype (as independent variable)
S (SE) p
Fat mass percentage -0.7 (1.1) 0.5
Visceral fat score -0.04 (0.3) 0.9
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