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“As we penetrate into matter, nature does not show us any isolated building blocks, but rather
appears as a complicated web of relations between the various parts of the whole”.
F. Capra
The Tao of Physics
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Chapter 1

Life is not possible without the maintenance of homeostatic processes (Schofield et al, 2014)
defined as stationary states of non-equilibrium. In fact, biological systems reach a state of thermal
and mechanical equilibrium with the external environment only when dead (Recordati et al, 2003).
In these terms, energy homeostasis is the time dependent oscillatory pattern given by the total
energy balance (the difference between the energy intake and the energy expenditure). Apart from a
small proportion lost in the feces and urine, energy expenditure may be attributed to three main
factors: physiological needs such as growth, pregnancy or lactation; physical activity, which can
range from less than half to two times the basal energy expenditure (Pinheiro et al, 2011); and
metabolic processes (Tseng et al, 2010). In the short term, even high fluctuations may be very well
tolerated without cause any physiological impairment. On the one hand, body has mechanisms such
that a low energy intake is followed by an increase in calorific efficiency which means a reduction
of the energy expenditure (Padwal et al, 2007, Redman et al, 2009). On the other hand, excessive
calorie intake is dissipated through the diet-induced thermogenesis that is a physiological
mechanism allowing individuals to eat without gaining weight (Ravussin, 2002). On the contrary,
long term unbalance between energy intake and energy expenditure result in malnutrition or
overweight, which can have serious consequences on individual health.
According to World Health Organization (WHO, 2012), over the past three decades, the prevalence
of obesity and overweight has increased substantially. In fact, this rapid prevalence increase and the
health consequences related to obesity have turned it into one of the most serious health challenges
of the last years. It was estimated that a total of 1.7 billion people are overweight while 310 millions
are obese with an obesity growing rate in the poor countries three times bigger than 20 years ago
(Demerath, 2012). Obesity and overweight pose a major risk for serious diet-related chronic
diseases, including type-2 diabetes, cardiovascular disease, hypertension and stroke, and certain
forms of cancer. The health consequences range from debilitating problems associated such as
respiratory difficulties, chronic musculoskeletal problems, skin problems and infertility to shorter
life expectancy, and to serious chronic conditions that reduce the overall quality of life (WHO,
2003). The WHO established category of underweight, overweight and obesity in adults using the
body mass index (BMI), defined as the weight in kilograms divided by the square of the height in
metres (kg/m2) (table 1). Besides the related health issue, individuals with a BMI greater than or
equal to 30 accrued medical costs approximately 30% higher than those with BMIs lower than 25
(Withrow and Alter, 2011). For instance, in the United States approximately 300,000 people die
annually from obesity-related causes and the associated morbidities account for a substantial
amount of the national healthcare expenditure in the country (Samaranayake et al, 2012). Around
8

8

General introduction

70% of type 2 diabetes appears to be related to a BMI higher than 25 kg/m². Hence, diabetes
mellitus type 2 appears to be the most common obesity-related comorbidity and the one that is
likely to cause the greatest health burden (Avenell et al, 2004).

Table 1. WHO classification of adult underweight, overweight and obesity according to BMI
Classification

BMI(kg/m2)
Principal
points

Underweight

cut-off Additional
points

<18.50

<18.50

Severe thinness

<16.00

<16.00

Moderate thinness

16.00 - 16.99

16.00 - 16.99

Mild thinness

17.00 - 18.49

17.00 - 18.49

Normal range

18.50 - 24.99

Overweight

≥25.00

Pre-obese

25.00 - 29.99

Obese

≥30.00

Obese class I

30.00 - 34.99

Obese class II

35.00 - 39.99

Obese class III

≥40.00

cut-off

18.50 - 22.99
23.00 - 24.99
≥25.00
25.00 - 27.49
27.50 - 29.99
≥30.00
30.00 - 32.49
32.50 - 34.99
35.00 - 37.49
37.50 - 39.99
≥40.00

Source: Adapted from WHO, 1995, WHO, 2000 and WHO 2004.

An “obesogenic environment” can be characterized as comprising the ready availability and
consequent high consumption of high-energy foods in a globalized economy, coupled with
increasing sedentary lifestyles (WHO, 2007). The increased availability of high calorie-foods
coupled to the diffusion of sedentary activities in Western Countries, where people were historically
habituated to restrictive dietary conditions and to a very active life, have conferred a great burden of
overconsumption and obesity (Shapira, 2013).
Diet and weight regain
As the laws of thermodynamics must be obeyed, all the treatments for body weight control and
body weight loss may be ultimately grouped in three main groups: treatments for reduction of total
9
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energy intake, treatments to increase energy expenditure or treatments which can combine both
(Tseng et al, 2010).
Weight loss is easily achieved with calorie restrictive short term dietary regimes. Body weight
management over time and after weight loss is much more difficult to be achieved. According to
different definitions of weight maintenance the percentage of people who successfully maintain
weight loss varies from 3% up to 28% (Kramer et al, 1989; Christiansen et al, 2007). Several
physiological changes which accompany diet-induced weight loss can explain the difficulties in
maintaining body weight after weight loss. Mainly, a reduction of body weight entails changes in
total energy expenditure and substrate metabolism. The total energy expenditure is lowered by
change in resting and non-resting energy expenditure, whereas regarding fuel utilization there is a
reduction of fat oxidation and a concomitantly increase of carbohydrate oxidation (Leibel et al,
1995; MacLean et al, 2004). Other physiological changes involve the suppression of the
hypothalamic–pituitary–thyroid axis, which is responsible to boost adaptive thermogenesis, and the
alteration of gastrointestinal hormones, which collectively promote weight regain and restoration of
energy balance (Mitchell et al, 2010; Sumithran et al, 2013).
Even though a sedentary lifestyle is an important cause of the obesity epidemic, it is not so obvious
that a moderate physical activity may help body weight control. In fact, there are good evidences
that long term exercise alone produces only a modest weight loss and in combination with diet does
not result always in an higher weight reduction (Catenacci et al, 2007). Moreover, a moderate
physical activity cannot limit a weight regain during weight maintenance (Martins et al, 2008). This
evidence can be completely understood only taking into account the three main factors that regulate
the eating behavior: restraint, disinhibition and hunger. Restraint is the control of food intake by
thought or cognitive restraint to eating, disinhibition is the inability to resist food cues and hunger is
the feeling to general hunger triggered by internal and external cues (Stunkard et al, 1985). In 1995
Hill and co-workers described a model where the overall energy balance was driven by the restraint
and disinhibition traits. Energy expenditure due to physical activity would be completely
compensated in unrestrained lean subjects, but not in unrestrained overweight. Restrained
individuals with a low levels of disinhibition would not compensate energy expenditure from
exercise with an higher energy intake, but restrained individuals with high levels of disinhibition
would (Hill et al, 1995). The eating behavior is a key factor even during weight loss and weight
maintenance. Subjects who increase their restraint levels obtain better results in either weight loss
during a diet or during the weight maintenance (Vogels et al, 2005).
10
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EFSA guidelines for health claims related to appetite control
The increasing population with excessive body weight and the ineffectiveness of dietary regimes to
avoid weight cycling and relapse of body weight stimulates the demand of product for appetite
control, weight control and weight loss.
Several drugs have been developed to reduce energy intake such as the Phentermine which should
increase satiety (Kaplan, 2005) or Orlistat, acting as enzymatic inhibitor of lipase and thus reducing
dietary fat absorption. Unfortunately, drugs may have also some side effects on human health. A
striking example is the case of the Sibutramine, marketed until 2010 as an anorexic drug, prescribed
for obesity in association to diet and exercise. Cause of cardiovascular events and strokes (Zhou et
al, 2012), it was finally withdrawn from the market in several countries including China and the
European Union.
On the contrary, the health potential of foods is well perceived by European consumers. The
development of functional foods for the prevention and/or treatment of obesity represents the direct
answer that food companies could give to this request of “health by food” for body weight control.
(Fogliano et al, 2005; Trigueros et al, 2013.) The Functional Food Science in Europe (FUFOSE)
proposed that a food to be defined as functional must combine basic nutritional properties to
beneficial effects on one or more functions on human organism thus improving the general and
physical conditions or/and decreasing the risk of diseases. Moreover, it must not be in the form of
pill or capsule but in a normal food form (Siro et al, 2008). Therefore, in order to the design an
innovative and effective functional food it is necessary to combine expertise from different areas
such as food technology, physiology, marketing. Figure 1.
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Source: from Fogliano V, Vitaglione P 2005 . Mol. Nutr. Food Res. 2005, 49, 256 – 262

Figure 1. Disciplines and professional figures involved in functional food planning and
development.

In this context the market of food products for body weight control represents a huge opportunity
for the food industry, since the value of this market is enormous and growing (Marketdata
Enterprises, 2010; Market Research.com, 2009). The number of the products available within
national markets is enormous and the offer on internet is immeasurable. Unfortunately, the evidence
of effectiveness of these products for the claimed activity are often very weak. It often happens that
the claims stated on the labels are not supported by scientific data or the evidences are limited to in
vitro or animal studies.
However, since in 2006 the European Commission adopted the regulation 1924/2006 on the use of
“nutrition and health claims made on foods”, the European market of functional foods is
systematically evaluated and regulated (EFSA, 2006).
The first aim of this regulation is to ensure a high level of protection for consumers, and to facilitate
their choice among the increasing number of foods having nutrition or health claims. To this
purpose, the principle is that products put on the market, including imported products, should be
safe and adequately labelled.
12
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A secondary objective is to make the use of nutrition and health claims across the single market
inboard the Community more homogeneous. Each claim should be scientifically substantiated by
taking into account the totality of the available scientific data, and by weighing the evidence. Two
different categories of claims were identified: function claims, for which the beneficial
physiological effect may relate to maintenance or improvement of a function, and reduction of
disease risk claims, for which the beneficial effect refers to a reduction (or beneficial alteration) of a
risk factor for the development of a human disease (not a general reduction of the risk of disease).
By June 2011 the European Food Safety Authority (EFSA) evaluated almost 3000 claims, but the
vast majority of them were rejected (Halford et al, 2012). This data, pose a major issue in the
formulation of healthy foods: more quality and innovation needed in the design of products in order
to have an health or a nutrition claim approved by the EC.
EFSA identified some common elements of weakness in the presentation of an healthy claim. First
of all it underlined that to develop a food which can be approved for an healthy claim, a special
attention has to be given to the population group (the target) for which health claims are intended.
Often, candidate products lack in effectiveness because the target group is not well defined. A
functional food may be developed for the general (healthy) population or specific subgroups
thereof, for example, elderly people, physically active subjects, or pregnant women. For instance,
where a health claim relates to a function which may be associated with a disease risk, patients with
that disease are not the target for the claim. Therefore, the principle is that a food cannot have a
therapeutic effect, but it can only be used to improve a physiological function.
Another key factor to develop a successful functional food is to characterize properly the
constituent from which the claim comes from. Characterization should also be sufficient to allow
definition of appropriate conditions of use. It may be necessary to distinguish between a specific
formulation or a specific constituent/combination of constituents.
Finally, in assessing each specific food/health relationship, a cause and effect relationship has to be
established between the consumption of the food/constituent and the claimed effect. The quantity
and the frequency of food consumption required to obtain the claimed effect should reasonably be
consumed within a balanced diet and realistically reflect its consumption pattern. For instance an
enriched milk may be consumed daily, whereas an entrée may be consumed less frequently (EFSA,
2011).
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In order to further assist applicants in preparing and submitting their applications for the
authorization of health claims, EFSA developed guidance documents about the scientific
requirements for the substantiation of health claims in selected areas. Specifically to the
substantiation of health claims related to appetite ratings and the weight management, EFSA
published a guidance in 2012 with two key issues: claimed effects which are considered to be
beneficial physiological effects; studies-outcome measures which are considered to be appropriate
for the substantiation of health claims (EFSA, 2012). However, the same document clarifies that it
does not provide an exhaustive list of the beneficial effects and studies/outcome measures which are
acceptable, but others considerations can be accepted.
Taking into account the complexity of a health claim, it is remarked that each claim will be
considered in the context of a specific application. This concept is extremely important as it
highlights the uniqueness of each functional food: the ingredient from which the functionality is
expected, a clearly defined population group and the food matrix have to be evaluated all together
for the claimed beneficial effect. Regarding the studies and outcomes, several aspects has to be
considered in order to assess whether the provided studies are properly conducted and pertinent.
The study must be carried out with the compounds for which the claim is made, with a good design
and appropriate outcomes measures and in a study group representative of the population group for
which the claim is intended.
In the context of body weight reduction, claims on appetite ratings (increase in satiety/reduction in
hunger) have been proposed. The scientific evidence for an effect on appetite ratings have to be
obtained from human intervention studies whereas animal or in vitro studies may be used as support
for the human studies. They are central for the substantiation of the claim; if there are no human
studies which are pertinent to the claim a cause and relation effect between the food constituent and
the benefic effect cannot be established. According to the EFSA hierarchy of evidence, randomized
controlled trials are the most robust studies which can be conducted to support the substantiation of
the claim (EFSA, 2007). Moreover, the measurement of the behavioral response has to be done
using methods with appropriate validity and precision: the golden standards for measuring the
effects of food properties on appetite are ratings made on visual analogue scales (VAS). However,
the reduction of appetite ratings cannot be considered as beneficial physiological effects per se:
eating motivations have to show a relationship with the subsequent energy intake. The use of clearly
recognized biochemical markers may be used only as a supportive materials of a satiety claim in the
context of behavioral assessment. Finally, to be suitable for an health claim for appetite control, a
food has to show sustainable and reproducible effects. The term sustainability has been sometimes
14
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interpreted as the persistence of the effect after discontinuation of the food. Instead, EFSA intends
the absence of any adaptation, through compensatory mechanisms or attrition, which entail the
maintenance of the effect over time during continuous consumption of the food. The reproducibility
of the effect is indicated by the consistency of results between studies. With regard to appetite
control, a food has to demonstrate a continuous effect during repeated dosing over a minimum of 28
days (Halford et al, 2012).
Designing an effective food for appetite control
The homeostatic physiological mechanisms that evolved with human history, allowing the survival
of the species during periods of famine, are now crucial to cope with a modern, westernized diet
and lifestyle. Significant cognitive processes are required to consciously control our energy balance
reducing energy intake through a reduced-calorie diet and increasing our energy expenditure
through physical exercise. However, this conscious control fails in most individuals such as
unrestrained people (Vogels 2005). Therefore, it is necessary to regulate the mechanisms that
control our feeding habits, such as hunger, satiation, and satiety to obtain an unconscious food
intake control. To achieve this objective novel food processing methods to modify food structure
have been developed.
For example, aeration of foods have been demonstrated an effective technology to reduce energy
intakes decreasing the energy content per volume of food ingested (Rolls et al. 2000; Osterholt et al.
2007). Gastric stretch receptors detect the distension of the stomach stimulating neuronal pathways
to trigger satiation and reduce hunger. Therefore, the incorporation of air into food provides a
valuable strategy to reduce energy intake especially from energy-dense foods.
A popular approach to slow down the gastric emptying and prolong feeling of fullness for as long as
possible is to increase the viscosity of food ingested. Several food fibres are used to this aim such as
β-glucan, lupin kernel fiber, rye bran, whole grain rye. Their effectiveness to enhance satiety was
shown in more than one publication (Clark et al. 2013). Unfortunately, fibre-rich products are not
appealing in terms of taste and therefore they may lead to a subsequent food overconsumption.
Among promising targets "ileal brake" received great attention in the last decade. The presence of
nutrients in the distal ileum stimulates the production of satiating peptides such as PYY and GLP-1.
An effective strategy to

induce feelings of satiety and reduce energy intake is to slow the

macronutrients breakdown and hydrolysis (Wilde 2009). Micro and nano-encapsulation have been
demonstrated a reliable technology to slow the nutrients digestion and to deliver nutrient directly in
15
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the distal ileum (Kuang et al. 2010). Microencapsulation is described as a process of enclosing
micron-sized particles of solids or droplets of liquids or gasses in an inert shell, which in turn
isolates and protects them from the external environment (Ghosh 2006). It was developed by the
pharmaceutical industry to improve the bioavailability of drugs, to control drug release kinetics, to
minimize drug side effects, and to mask the bitter taste of drug substances. Then
microencapsulation

has

been

extended

to

the

food

industry

also

to

protect

some

compounds/ingredients unstable to processing (Kuang et al. 2010).
In the perspective of developing ingredients to target the ileal brake, a key to the success is to
improve our understanding of the food digestion and food structures in order to develop food
ingredients that can prolong digestion and reduce appetite. The behaviour of micro-particles per se
or in foods during digestion can be tested using in vitro models in order to predict the satiating
power of novel ingredients (Logan 2015).

Food intake: biochemichal control and assessment
Appetite sensations are a bridge between energy intake and expenditure. Hunger and satiety are the
main psycho-physiological states which elicit or inhibit food intake determining meal by meal
eating behavior. Hunger is defined as the motivation to seek and consume food initiating a feeding
episode. It cannot be directly measurable, but can be inferred from modifications occurring in some
organs, such as stomach or head, and from feelings such a weakness. (Blundell et al, 2010). On the
opposite, satiety is defined as the feeling of fullness after a meal has finished. It leads to inhibition
of further eating and therefore regulates the inter-meal food intake affecting the period of time
between eating occasions (Benelam, 2009). Conversely, the intra-meal satiety, also called satiation,
leads one to the termination of a meal thus affecting the meal size (Allirot et al, 2014). Since
hunger, satiety and satiation are subjective constructs, it is not possible to obtain a direct
measurement. Three common methods frequently used are: the measurement of subjective
disposition to eat, measurement of food intake and measurement of biomarkers (Mattes et al, 2005).
The measure of appetite sensations through self-report scale, such as Visual Analogue Scales
(VAS), before and in response to meals, are a reliable and a valid method to establish the subjective
states of motivation to eat (Flint et al, 2000). They consist of questions that assess subjective
appetite related sensations in a controlled setting. Normally, they are asked right before and after
consuming a preload or a test meal, and then at regular time intervals and the answers are collected
16
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on a 100 mm horizontal line, anchored at each end with opposing extremes of a specific scale
(Blundell et al, 2009). (table 2). The study participants are instructed to make a mark on the line
which corresponds to their feelings. The subjective sensation is quantified by measuring the
distance from the left end of the line to the mark. They are noninvasive to participants and easy to
use and found to be sensitive to experimental manipulation, reproducible in repeated protocols
where the effect of different treatments are compared under similar circumstances and exhibit a
good degree of within subject reliability (Livingstone et al, 2000).
Table 2. Appetite sensations. Questions and scale anchors.

Scale

Questions

Anchors
Low
Hunger
How hungry are you?
Not at all hungry
Fullness
How full are you?
Not at all full
Desire to eat
How strong is your desire to eat?
Not at all strong
Prospective Food Consumption How much do you think you could eat? None at all

High
Extremely hungry
Extremely full
Extremely strong
A large amount

Source: Adapted from Blundell et al. 2009 in Allison DB and Baskin ML.

However, according to the EFSA, appetite VAS needed to be used together with a measure of food
intake. In appetite research, a gold standard method does not exist and a compromise needs to be
found between the precision and the naturalness. Laboratory studies have a high internal validity
since they are sensitive and reproducible over the intervention and the outcome measures. In this
case, the test meal has typically been either a buffet style meal or a single meal preselected by the
participant from a list of foods offered by the experimenter (Blundell et al, 2010). The
macronutrient composition and the amount of each course eaten from the volunteers is known in
order to determine the kcal consumed during the experiment. The other possibility to determine the
energy intake is to use a free living study. On the one hand, this choice allows subjects to be in a
natural environment, but on the other hand the internal validity is low. In fact, the precision in data
collection is low due to errors in the registration of consumed foods that may occur ( Livingstone et
al, 2003). All in all, both laboratory and free-living studies have advantages and problems therefore
the preference of one instead of the other depends from the study design and outcomes.
In agreement with EFSA the use of biomarkers may reinforce the evidence and explain the
biological mechanism effect in humans. Therefore, their analysis in an experiment to assess the
effect on

appetite control is suitable and recommended. Food intake is regulated by two
17
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complementary systems: the homeostatic and the hedonic pathways. The homeostatic pathway
controls energy balance by increasing the motivation to eat as a consequence of energy depletion
stores while hedonic or reward-based regulation incentives eating in absence of metabolic needs.
Under some circumstances, such as an environment rich in appetizing foods, the reward system can
override the homeostatic increasing the desire to consume foods that are highly palatable (Lutter et
al, 2009).
All the appetite sensations involve a complex interaction between cognitive, sensory, post-ingestive
and post-absorptive signals generated by the ingested food or drink, and are conceptualized in the
notion of a “satiety cascade” in which the relative importance of the different cue types varies over
time from the point at which food is ingested (Yeomans, 2010). The satiety cascade involves preprandial events which stimulate food intake, prandial ones which are the processes triggered by the
ingestion of food and they terminate intake and those post-prandial ones which occur right after the
termination of eating (Harrold et al, 2012). According to Blundell et al (2012), the physiology of
appetite regulation comprises episodic signals arising from the mouth and GI tract in response to the
periodic consumption of food. The role of several peptides is well recognized in the regulation of
the satiety cascade.
Leptin is an adipose tissue hormone which acts as an afferent signal in a negative feedback loop and
which maintains homeostatic control of adipose tissue mass and reduces food intake. Circulating
leptin concentrations are directly proportional to body fat stores. Its receptors are expressed in
dopaminergic and GABAergic neurons in the ventral tegmental area (VTA), but also occur in
peripheral organs, such as adipose tissues, skeletal muscles, pancreatic beta cells, and the liver,
indicating endocrine, autocrine, and paracrine roles of leptin in energy regulation. Activation of
hypothalamic leptin signaling results in reduced food intake and enhanced energy expenditure.
Moreover, leptin produced in the gastric epithelium locally amplifies gut satiation signals such as
cholecystokinin (CCK) (Domingos et al, 2011; Feng et al, 2012; Yu & Kim, 2012).
Ghrelin is a 28-amino-acid peptide which is produced predominately by the stomach and, to a lesser
extent, by the duodenum. It is the only circulating hunger-inducing hormone known so far in
humans. It acts stimulating the gastric motility and is involved in central stimulation of appetite and
energy. Circulatory levels of ghrelin increase before meals and decrease after food intake in humans
(Reinehr et al, 2014). There is also strong evidence for the role of endogenous cholecystokinin
(CCK), glucagon-like-peptide (GLP-1) and peptide YY (PYY) in the regulation of the satiety
enhancing effects of macronutrients. Food consumption (mainly protein and fat) stimulates the
18
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release of CCK while GLP-1 is released from the gut into the blood stream in response to intestinal
carbohydrate and fat, and PYY in response to intestinal fat and other nutrients (Halford et al, 2008).
Another class of compounds which are recently demonstrated to influence food intake are the
endocannabinoids (ECs). They are a family of biologically active lipids that bind to and activate G
protein-coupled CB1- and CB2-cannabinoid receptors (DiPatrizio et al, 2011). Endogenous ligands
to CB1 such as anandamide (AEA) and 2-arachidonoylglycerol (2-AG) have been shown to play a
major role in the regulation of energy balance and body composition. Two cannabinoid receptorinactive and biosynthetically related congeners of AEA, oleoylethanolamide (OEA) and
palmitoylethanolamide(PEA), have been suggested to activate the peroxisome proliferator-activated
receptor-α (PPAR-α) and, therefore, to control hyperlipidemia (Côtè et al, 2007). In general, the
stimulation of the ECs system has an anabolic effect promoting pleasure and motivation to eat, on
the contrary its suppression has an anorexigenic result (Cristino et al, 2014).
Mounting evidence pointed out that the brain endocannabinoid system controls food intake at two
levels. First, possibly by interacting with the mesolimbic pathways involved in reward mechanisms,
which tonically reinforces the motivation to find and consume foods with a high incentive value.
Secondly, it is activated on demand in the hypothalamus after short-term food deprivation and then
transiently regulates the levels and/or action of other orexigenic and anorectic mediators to induce
appetite (Di Marzo et al, 2005).
In addition to the gut peptides and endocannabinoids, recent studies focused on the potential role of
saliva in food intake regulation. In fact, salivary composition influence food perception in the
mouth mainly affecting the flavor release and initiating the breakdown of food (Engelen et al,
2007). In some kind of food, such as custards, alpha-amylase induced breakdown of starch is the
main determinant of the viscosity-related sensations and could also boost high desirable food
sensation as perceived creaminess. (de Wijk et al, 2004). Since the presence in the mouth of specific
receptors for fatty acids responsible for the “fat taste” was hypothesized, also salivary lipase may
play a role in this context. The role of salivary lipase may be the digestion in the mouth of food
triglycerides to enhance the fat taste. Some recent experiments found a correlation between the
individual salivary lipolytic activities and sensitivities for triglycerides (Voigt et al, 2014).
Therefore it was suggested that the salivary enzymatic activity, influencing the oral starch viscosity
and fat perception, in turn may contribute significantly to individual differences in dietary starch
and fat intake and consequently, to overall nutritional status (Mandel et al, 2010; Neyraud et al,
2011).
19
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All-in-all, appetite control is a dynamic and very complex system. In fact, as recently highlighted by
Mars et al. (2012) it is unlikely that a single peptide can contribute to a difference in satiating
capacity of foods, but it is more likely that a combination of biomarkers can affect the post-prandial
appetite response. Therefore, in developing a food for appetite control and in testing its
effectiveness a multidimensional approach is strongly recommended.
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Abstract
Mounting evidence shows that hedonic eating, leading to overeating just for pleasure, can be driven
by orosensory factors through the activation of reward processing and learning in the brain. Foods
rich in sugars and fats are potent rewards and saliva composition influences oral taste, texture and
aroma perception. A role for salivary α-amylase and lipase in the gustatory systemand a link
between salivary α-amylase activity and dietary habits were recently hypothesized.
The objective of this studywas to verify the relationship among salivary lipase and α-amylase
activities as well as zinc concentration with food preference and choice of people with different
body mass indices. Forty-two (23 normal weight and 19 overweight) healthy subjects participated in
the study. Data showed that α-amylase and lipase were 1.8 and 2.4 folds higher in overweight than
in normal weight subjects, respectively. On the other hand, overweight subjects showed a 33%
reduced salivary zinc concentration compared to normal weight subjects. Only lipase activity
positively correlated with individual preference for high-fat foods and with fat content of the diets.
All in all data suggested that high salivary lipase activity in overweight subjects could be an
adaptive response to the lowfat-taste perception related to the reduced zinc concentration. It cannot
be ruled out that other factors but diet might influence salivary α-amylase activity in overweight
subjects.
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Introduction
Obesity is dramatically increasing worldwide (Nguyen et al, 2012). Its etiology is very complex
involving genetic, environmental and behavioral factors, and ultimately resulting from the
imbalance between energy intake and expenditure. Eating can be triggered by metabolic needs,
hedonic drive, or an interaction between the two (Berthoud, 2011). In this respect, nutritive
properties of foods satisfy metabolic needs while orosensory properties may be fundamental in
hedonic eating since they can drive neurotransmitter responses activating reward processing and
learning (Hammond et al, 2012). Particularly, foods rich in sugars and fats are potent rewards
(Lenoir et al, 2007; Toepel et al, 2010) in fact, it is known that sugars are able to stimulate
dopamine production (Wise, 2004), and that oro-sensory pleasantness to stimuli with different fat
content and texture differently activates the brain lateral hypothalamus and amygdala (Grabenhorst
et al, 2010). Moreover, the very recent discovery that the long chain fatty acid receptors CD36 and
GPR120 are present on the surface of the circumvallate and foliate taste buds cells in humans
(Simons et al, 2011; Stratford et al, 2009; Galindo et al, 2012) corroborated the idea that free fatty
acids released by the lingual lipase action on dietary triglycerides, may play a role in satiety system
also acting as primary taste (Khan et al, 2009; Smeets et al, 2006). These findings supported the
hypothesis that the efficiency of the “taste of fat” might influence the food choice and, as
consequence, energy balance. The actual knowledge on the taste of fat and on the regulatory
mechanisms in mammals was recently reviewed by Passilly-Degrace et al (2014).
On the other hand oral taste and texture perception, as well as aroma, is highly influenced by saliva
that dissolves and diffuses substances to the taste receptors (Matsuo, 2000; Salles et al, 2011), and
can enhance salty and bitter taste thanks to its hypotonicity and its proteolytic activity, respectively
(Humphrey et al, 2001; Dsamou et al, 2012). Among salivary minerals, zinc plays a crucial role in
taste perception by activating a zinc-dependent metalloprotein [carbonic anhydrase VI (CA6)], also
known as gustin (CA6), whose action as trophic factor promoting the growth and development of
taste buds, was also suggested (Henkin et al, 1999; Henkin et al, 1988). Among salivary proteins, αamylase is the most abundant in humans, accounting for 40 to 50% of the total proteins (Noble,
2000). Its involvement in the perception of a food textural property, such as viscosity, has been
recently showed by Mandel and co-workers (Mandel et al, 2010). They suggested that the genetic
variability for salivary α-amylase among population might influence food liking and preference and,
as a consequence, carbohydrate-related dietary habits. This hypothesis was recently tested, by the
same authors in normal weight subjects (Mandel et al, 2012), but no data are present in the literature
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about salivary α-amylase activity and dietary habits in overweight subjects (Body Mass Index
(BMI)>25 kg/m2).
On the other hand, a role for human salivary lipase in the human gustatory system can be also
hypothesized. Salivary lipase has not a digestive role in adult humans (Hamosh, 1990), and recent
studies suggested that it plays a role in fat taste and texture perception. Rats preferred triolein
emulsion compared to the same emulsion added with orlistat, a potent lipase inhibitor (Kawai et al,
2003) and, similarly, fat detection threshold increased in humans when triolein emulsions added
with orlistat was administered (Pepino et al, 2012). Moreover, very recently Kulkarni et al, (2013)
demonstrated that free fatty acids are formed (at range concentration of 20-60 μM) in the mouth by
chewing high fat foods thus reinforcing previous evidence by Stewart et al, (2010), that micromolar
amounts of free fatty acids produced by the saliva lipolytic activity are sufficient to stimulate oral
sensors in humans.
In this framework, the aim of this work was to verify the relationship between salivary lipase and
α-amylase activities as well as zinc concentration with food preference and choice of people with
different nutritional status, basing on the concept that those parameters may influence gustatory
stimuli from dietary fats and sugars as well as overall taste sensitivity. Saliva samples, from normal
weight (NW) and overweight (OW) subjects were collected, and enzyme activity and zinc
concentration data were analyzed with respect to individual fatty food preference and habitual diet
composition.
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Materials and methods

Ethics Statement
This study was conducted according to the guidelines laid down in the Declaration of Helsinki and
all procedures involving human subjects were approved by the Ethics Committee of University of
Naples “Federico II. Selected subjects participated in the study after reading and signing an
informed consent document.

Subject selection and enrollment
Forty two subjects were selected among students and workers of the Agriculture Faculty of
University of Naples (Italy) basing on a medical history interview. Eligible subjects were those who
did not have any kind of disease (hyperlipidemia, gastro-intestinal disease, chronic infections,
dental diseases, allergies), were nonsmokers, did not take drugs and were not regular consumers of
alcohol or energy drinks, were not participating in body weight reducing programs or did not
experience body weight variations over the three months before the study. Selected subjects were
all Caucasian. Participant descriptive characteristics are reported in Table 1. Based on individual
BMI the whole sample was divided in two groups: the normal weight (NW) and overweight (OW)
groups including subjects with BMI≤24.9 kg/m2 or with BMI≥25 kg/m2, respectively. Within the
second group only three subjects had BMI >30 kg/m2.
Table 1: Descriptive characteristics of the subjects participating to this study grouped according to
the body mass index (BMI) into normal weight (NW) and overweight (OW). All values are
expressed as mean and/or range. BMI is expressed also as mean (range and standard deviation, SD).
* p<0.0001 vs NW, one-way ANOVA.
NW

OW

Number (n)

23

19

Sex (M/F)

11/12

11/8

Age, mean (range) (years)

27 (25-35)

31 (19-54)

BMI, mean (range, SD) (kg/m²)

22.2 (19.4-24.4, 1.7)

28.5*
2.1)

(25.3-34.8,
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Subject treatment and saliva collection
Whole unstimulated saliva was collected by subjects at 10 am after a 2h fasting period following the
procedure described by Navazesh et al (2008). Briefly, subjects were instructed to have their usual
breakfast at 08 am, to brush their teeth and to avoid eating foods or drinking beverages for the next
2 h before saliva collection; only water was allowed. Moreover, subjects were asked to abstain from
doing stressful activities 30 min before saliva collection, so that actual stress level did not influence
salivary enzymes secretion and/or activity (Thoma et al, 2012). At 10.00 h subjects came to our
laboratory to collect the saliva sample. In order to measure the salivary flow rate saliva samples
were obtained using the gold standard method that is the direct and passive salivating from subject
mouth for five minutes into pre-weighted tubes. Total salivary flow rate was measured calculating
the difference between the post and pre weight and expressed as g/min. Samples were stored at 20°C until the assays were performed. Samples on three consecutive days were collected from each
subject and all analyses were performed in triplicate.

Lipase activity by spectrophotometric assay
Lipase activity was measured by the method described by Kurooka et al (1977) slightly modified.
Into 1.5 mL centrifuge tubes 0.1 mL saliva were mixed with 1 mL of 100 mM Tris-HCl buffer (pH
8.5) containing 0.3 mM 5-5'-dithio-bis (2-nitrobenzoic acid) (DTNB). Then 20 µL of
phenylmethylsulfonyl fluoride (PMSF) 20 mM in ethanol were added as non-specific esterase
inhibitor and tubes incubated for 5 minutes at 37°C. The ability of 0.4 mM PMSF to inhibit salivary
esterases, without modifying lipase activity as described by Kurooka et al (1977) was demonstrated
during the set up of the assay. Finally, 0.1 mL of 20 mM 2,3-dimercapto-1-propanol tributyrate in
ethanol were added and samples were incubated for 60 min at 37°C. Salivary lipase released 2,3dimercapto-1-propanol that reacted with DTNB to release TNB anions. Tubes were then
centrifuged at 6500 rpm for 10 min and the absorbance at 412 nm was measured. Color intensity
was proportional to the lipase activity that was quantified in saliva samples using a specific
calibration curve. It was done using triacylglycerol lipase from Aspergillus Niger (200U/g,
purchased by Sigma, St. Louis, MO, USA) as standard. A mother solution of 1U/mL was prepared
dissolving the powder in Tris-HCl buffer (pH 8.5) and consecutive dilutions were carried out to
obtain a curve ranging from 6.25 to 200 U/L. The intra-assay CVs were 6.7%, 3.3% and 1.1% for
the control at 10 U/L (low), 100 U/L (medium) and 200 U/L (high), while the inter-assay CVs
values were 8.5% and 3.2% for low and high controls, respectively.
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Lipase activity by Gas Chromatography (GC) method
The triacylglycerol lipolytic activity of saliva samples was verified using tripalmitin (Sigma, St.
Louis, MO, USA) as specific substrate. Fifty microliter of tripalmitin (12.4 µM in hexane) was
added to 300 µL of saliva and the mix was kept at 37°C in agitation for 1 hour. Then the lipids were
extracted by hexane and free fatty acids were esterified with born trifluoride (BF3) in methanol
(Sigma, St. Louis, MO, USA) as described by Chapman (1979). A blank of each sample (skipping
addition of tripalmitin) was prepared using the same procedure. Finally the samples were mixed
with heptanoic acid as internal standard and injected into a Shimadzu GC17A gas chromatography
(Shimadzu Italia, Milan, Italy) equipped with split/splitless injection port, flame ionization detector
and a 60 m fused-silica capillary column (Quadrex Corporation, New Heaven, U.S.A.) coated with
cyanopropyl methyl silicone (0.25 μm film thickness). Helium was used as the carrier gas and the
flow rate was 1.8 mL min-1 at a split ratio of 1:60. The temperature of both the injector and detector
was 250 °C. The oven temperature was set at 160°C for 10 min prior to being ramped to 220°C at
10° C/min and hold 10min for GC separation. The total amount of palmitic acid produced in the
reaction was calculated subtracting the free fatty acid in the blank from that found in the added
sample. The analysis was repeated in duplicate for each sample.

Salivary α-amylase activity
Salivary α-amylase activity was measured using a commercial assay kit purchased by Salimetrics
(State College, PA, USA). Samples were brought to room temperature, vortexed and then
centrifuged at 1500 x g for 15 minutes. A dilution of 1:200 was performed with the provided
diluent. Eight microliters of controls (high and low) or samples and then 320 μL of preheated
(37ºC) α-amylase substrate solution were added to each well. Plate reader was set at 405 nm and
37°C and absorbance was read twice at 1 minute and at 3 minutes. For accurate timing, one strip
once was performed. The α-amylase activity was calculated following the kit instruction: the one
minute readings were subtracted to the three minutes readings and the values were multiplied by the
conversion factor. The intra-assay CVs were 2.5% (high control), 6.7% (medium control) and 7.2%
(low control) while the inter-assay CV were 3.6% and 5.8% for the high and low control,
respectively.
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Salivary zinc concentration
Ionic zinc concentration was measured with a QuantiChrom zinc-assay kit (Gentaur, Brussels,
Belgium) in saliva samples after centrifugation at 1700 g for 10 min to discard cellular debris and
after exclusion, by microscopic examination, of food and blood contamination. The last action and
the use, upon assay development, of glassware and plasticware that were being soaked for 24 h in 4
M HCl and thoroughly rinsed with metal-free water, were adopted to minimize possible zinc
contamination. Reagents were equilibrated at room temperature and then the working solution was
prepared mixing the three reagents in the proportion described in the instruction. A calibration
curve from 10 to 0 µM was performed using the Zinc standard 50 µM provided with the kit. Two
hundreds microliters of samples or samples blank (samples plus EDTA 8 µL 100 mM) were added
to 800 µL of working, reagent incubated for 30 minutes in the dark and the absorbance was read at
425 nm. Quantification was performed subtracting blank from sample values and plotting the result
against Zn2+ standard concentrations.

Fat Preference Questionnaire
A slightly modified version of “The Fat Preference Questionnaire” as described by Ledikwe et al
(2007) was used. The questionnaire contained 17 sets of foods comprising of items from a variety
of food groups each containing two similar foods only differing for fat content. For each food set,
the questionnaire instructed respondents to indicate if they had ever eaten the foods, which food
(only differing in fat content) tasted better (TASTE), and which food they ate more often (FREQ).
The TASTE and FREQ scores were calculated and expressed as percentage of food sets in which
high-fat foods were reported to ‘‘taste better’’ and to be ‘‘eaten more often’’, respectively. The food
sets were considered in the calculation only if both items were eaten by subject at least once. The
FREQ score was subtracted from the TASTE score to create a DIFF score: a measure of dietary
restraint specific to fat consumption as validated by the Eating Inventory (Stunkard et al, 1985). The
questionnaire was completed by all subjects.

Food Frequency Questionnaire (FFQ)
Habitual nutrient and food intake of subjects was measured using a FFQ. All participants were
interviewed about the type of foods, recipes used for their preparation (if any) and portion size of
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each food consumed over the 24h of the past week (7 days record). The portion sizes were
established using a pictorial display of standard meal/food sizes.

Statistical analysis
Statistical analysis was performed using STATISTICA 8 software (StatSoft, Tulsa, OK). The
sample size was based on power calculations derived from a preliminary study. We calculated that,
at α = 0.05 with a power of 80%, 34 subjects would allow us to detect a 25% difference in salivary
enzymes activity. Normality and variance homogeneity were systematically checked and it was
found for all variables using the K – S normality test. Data were analyzed for differences by oneway analysis of variance (ANOVA). When appropriate, differences between means were tested
using the student’s t-test. The significance level was set at p<0.05. Scatter plots, linear regression
lines and Pearson correlations were calculated between salivary α-amylase, lipase and BMI.
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Results

Salivary flow rate
A high inter individual variability was present and no difference between salivary flow rate of NW
and OW was found (0.79 ± 0.14 g/min and 0.80 ± 0.09 g/min, respectively, p>0.05).

Salivary enzyme activity
The activity of monitored enzymes showed a large inter individual variability: lipase activity ranged
from 8 U/L to 173 U/L, and α-amylase from 11 U/mL to 311 U/mL in the whole sample of subjects.
As shown in the scatter plot graph and regression lines for enzyme activities vs BMI (Figure 1,
panel A), a significant correlation was present only between lipase activity and BMI (r=0.67;
p<0.0001) while no significant correlation with BMI was found for α-amylase activity (r=0.29;
p=0.07). Moreover, data analysis for subjects grouped based on BMI showed a significant
difference between NW and OW for lipase (40.9 ± 1.7 U/L vs 100.0 ± 10.1 U/L, respectively,
p<0.0001). The same trend, although at a lower significance level, was also observed for α-amylase
activity (69.3±10.9 U/mL vs 126.0±22.6 U/mL, respectively, p=0.02) (Figure 1, panel B). No
differences were found in the salivary enzyme activity when subjects were divided based on the
gender.
The measure of lipase activity by the GC method showed that the amount of palmitic acid produced
incubating saliva samples with tripalmitin was twice higher (p=0.0002) in OW than NW. These
data fully confirmed those observed with the previous assay demonstrating that saliva of OW
subjects release a double amount of free fatty acids compared to that of NW people.
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Figure 1: Salivary lipase and α-amylase activities. A) Scatter plots and regression lines for mean
values of enzyme activities vs BMI. Continue line is for lipase while dot line is for α-amylase.
Lipase activity was positively correlated with BMI (r=0.67, p<0.0001). B) Mean ± SEM enzyme
activities in normal weight (NW, n=23) and overweight (OW, n=19) subjects. Both enzyme
activities were higher in OW than in NW (**p<0.0001 for lipase and *p=0.02 for α-amylase
activity in OW vs NW, one-way ANOVA).
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Zinc concentration
Data shown in Figure 2 indicated that NW had a significant higher salivary zinc concentration than
OW (15.35±1.30 µM vs 9.94±SEM 1.55 µM, respectively, p=0.01). Interestingly the interindividual variation on this parameter was relatively low, thus increasing the significance of the
difference observed.

Figure 2: Salivary zinc ion concentration in normal weight (NW) and overweight (OW)
subjects. NW showed a significantly higher concentration of zinc than OW (*p=0.01; one-way
ANOVA). Data are expressed as mean ± SEM.

Fat food preference and consumption frequency
Figure 3 showed that taste preference and consumption frequency for high fat food items versus the
low fat counterparts were higher in OW than NW (differences being at a p level of 0.002 for both
TASTE and FREQ scores). Moreover, DIFF score was not different (p=0.88) between the two
groups, indicating that OW and NW were homogeneous for dietary fat restriction. No significant
difference between genders was found for anyone of measured score (p>0.05).
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Figure 3: Preference and consumption frequency for high vs low fat foods in normal weight
and overweight. Overweight (OW) subjects showed a significantly higher taste preference
(TASTE) and consumption frequency (FREQ) score than normal weight (NW) (*p=0.002; one-way
ANOVA). Data are expressed as mean ± SEM (score, %).

Diet composition
Table 2 reported the total energy intake and macronutrient composition of habitual diets consumed
by NW and OW subjects. It showed that the amount of carbohydrates, proteins and fats as well as
the energy intake of diets of OW were higher than those of NW (p<0.0001). However, no difference
was present in the energy repartition of macronutrients in the diets from the two groups. No
correlation between gender and energy or macronutrient intake was found. A positive correlation
was found between lipase activity and total fat (r= 0.382; p=0.0125), protein (r=0.468, p=0.0018) or
carbohydrate (r=0.484, p=0.0012) intakes. No similar correlations were found in the case of αamylase activity.
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Table 2: Daily energy intake (EI, kcal), and macronutrient composition (g and % EI) of habitual
diets consumed by normal weight (NW) and overweight (OW) subjects. Data are expressed as mean
± SEM, n=23 NW, n=19 OW. * p<0.001 of OW vs NW (one-way ANOVA).
Amount

Nutrient
(%EI)

(g)
NW
Mean

OW
SEM

Energy intake (kcal) 1716.8 61.7

Mean

composition

NW
SEM

2218.3* 103.1

Mean

by

EI

OW
SEM

---

Mean

SEM

---

Proteins

72.0

2.9

92.8*

4.4

16.9

0.5

16.8

0.4

Carbohydrates

187.0

8.3

245.7*

12.8

42.6

1.3

44.3

0.9

Fats

66.1

3.9

85.0*

4.5

34.3

1.0

34.6

0.6

Dietary fibre

16.4

0.8

19.2

1.3

1.9

0.1

1.7

0.1

Alcohol

14.7

0.6

13.6

0.4

6.0

0.7

4.3

0.5

Discussion
Literature studies reported a high variability of salivary α-amylase and lipase activities among
general population (Voho et al, 2006; Neyraud et al, 2012; Thoma et al, 2012). Several genetic,
cognitive and environmental factors were indicated to play a role in differentiating people for
salivary amylase (Nater et al, 2007; Perry et al, 2007) while a gap of knowledge still exist to
explain the role of salivary lipase and its variability among people.
This study was designed to verify the possible link among individual salivary enzyme activities,
food preference and dietary habits, and nutritional status. Salivary enzyme activity variability was
studied in a group of 42 healthy and nonsmoker subjects, with BMI ranging between 19.4 kg/m²
and 34.8 kg/m² and it was correlated to habitual diets. Data showed, for the first time, that salivary
α-amylase and lipase activity were significantly higher in OW than in NW subjects, despite similar
salivary flow rates between the groups were recorded. Lipase activity significantly correlated with
BMI, with the high-fat food preference and consumption frequency as well as with amount of fats
in habitual diet. Data had significant relevance since they showed that a double amount of free fatty
acids could be released by salivary lipase in OW subjects compared to NW. These findings were in
accordance with studies on human behavior indicating that a preference for high fat foods was
related to a higher fat consumption (Drewnowski et al, 1999; Pangborn et al, 1985) and with animal
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studies demonstrating the ability of high-fat diet to increase salivary enzyme activity (Hamosh et al,
1978; Armand et al, 1990).
Unfortunately OW subjects consumed more of all macronutrients and, as a consequence, an
exclusive role of dietary fats in modulating lipase activity level could not be established.
Data of this paper supported the hypothesis that the preference for high fat foods in subjects with
high BMI is due to their low fat taste perception. In other words, OW preferred and consumed highfat foods more frequently than NW because they could not perceive the fat taste in low fat foods
thus attributing them a low hedonic value. Tepper et al (1997) demonstrated that subjects with
higher BMI could not discriminate fat content in the test food because of a lower density of
fungiform taste papillae in their mouths. Moreover, Henkin et al (1999b) showed that gustin, as well
as salivary and serum zinc concentration were lower in patients with impaired taste and smell
function. In this study, OW were shown to have a 33% salivary zinc concentration lower than NW.
This finding was in contrast with a previous work by Padiglia et al (2010) who found an inverse
correlation between salivary zinc concentration and BMI. However, it should be noticed that the 75
volunteers involved in that study were all normal weight so probably the correlation with BMI had
little physiological relevance in such a narrow range.
Taken together data suggested that, even if the fatty acids delivered by triacylglycerol due to lipase
action in saliva of OW is higher than in NW, other oral physic-chemical conditions (namely zinc
concentration in saliva) may play a major role in determining a reduced fat taste sensitivity in OW
subjects compared to NW. In this framework, the enhanced lipase activity in OW subjects may be
an adaptive response to increase the fat taste perception.
Regarding salivary α-amylase activity several studies demonstrated that it is genetically
predisposed; it accounts for individual variation in the oral perception of starch viscosity and it is
positively associated with improved short-term glycemic homeostasis following starch ingestion in
normal weight adults (Mandel et al, 2010; Mandel et al, 2012). In accordance to Mandel et al
(2012), who showed no different intake of carbohydrates depending on the salivary amylase
activity, our data confirm the lack of a link between the activity of this enzyme and dietary intake of
carbohydrates also in overweight subjects.
It is possible that OW subjects presented a high AMY1 gene copy number in their DNA than NW
and it cannot be excluded that other factors than genetic, such as psychological stress level,
inflammatory status or some metabolic pathways, that can be unbalanced in OW people, might
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significantly influence their salivary α-amylase activity (Ali et al, 2012). Future studies integrating
neuro-functional, biochemical and behavioral approaches should verify this hypothesis.
Conclusion
In conclusion, in this study it was shown for the first time that OW have higher salivary lipase and
α-amylase activities than NW. Data indicated that also in humans the amount of dietary fats usually
consumed by subjects may influence lipase activity as previously found in animals. Moreover, it
was hypothesized that the higher lipase activity in OW could not ameliorate the sensitivity to fat
perception in these subjects who might experiment an altered gustin activity due to a reduced
concentration of salivary zinc. This condition might influence the high-fat food taste preference and
consumption frequency in OW subjects who need a higher amount of fatty foods to compensate the
low oral fat sensitivity. Future studies are needed to confirm our results and to determine a stronger
link between salivay lipase activity, eating behavior and overweight.
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Abstract
Background. Food palatability increases food intake and may lead to overeating. Mechanisms
behind this observation are still largely unknown.
Objective. The aims of this study were i) to elucidate the plasma responses of endocannabinoids, Nacylethanolamines and gastrointestinal peptides to a palatable (sweet, SW), unpalatable (bitter, BT)
and sensory acceptable (tasteless control, CT); and ii) to verify if some of these bioactives can serve
as plasma biomarkers of food liking in humans.
Methods. Three puddings providing 60 kcal (of which 35% from proteins, 62% from carbohydrates
and 3% from fats) but with different taste were developed. Twenty healthy subjects (11 women / 9
men, mean age 28 years and BMI 22.7 kg/m2), selected because they liked the puddings in the order
SW>CT>BT, participated in a randomized crossover study based on a modified sham feeding
(MSF) protocol. Blood samples at baseline and every 5 min up to 20 min following the MSF were
analyzed for gastrointestinal peptides, endocannabinoids, and N-acylethanolamines. Thirty minutes
after MSF, energy intake at an ad libitum breakfast was measured.
Results. Following MSF, no response was observed with 7 out of the 9 gastrointestinal peptides
measured. Ghrelin concentration at 20 min after SW and BT was 25% lower than after CT (p=0.04)
and pancreatic polypeptide response after SW was 23% greater than after BT (p=0.02). The plasma
response of 2-arachidonoylglycerol after SW was 37% and 15% higher than BT (p<0.001) and CT
(p=0.03), respectively. Trends for greater responses of anandamide (p=0.06), linoleoylethanolamide
(p=0.07), palmitoylethanolamide (p=0.06) and oleoylethanolamide (p=0.09) after SW than BT were
found. No differences in subsequent energy intake were recorded.
Conclusion. Data demonstrated that food palatability influenced some plasma endocannabinoids
and N-acylethanolamines concentration during the cephalic phase response and indicated that 2arachidonoylglycerol and pancreatic polypeptide can be used as biomarkers of food liking in
humans.
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Introduction
Food palatability is a very complex property deriving from the interaction of intrinsic food
characteristics such as taste, smell, texture, temperature, visual appearance, sound, trigeminal input
and personal feature driven by previous experience and cultural subdomains (1-3).
Among tastes, sweet acts as a key that unlocks activation of brain ‘liking’ systems, whereas bitter
elicits aversion and disgust (4). These preferences are innate in animals as well as in humans and
might have had a role in human evolution to detect plant poisonous substances (5). Nevertheless,
social factors may lead to conditioned learning preference for bitter foods, as happen for coffee or
some bitter vegetables (6-7).
Food palatability is generally assessed in humans using psychometric methods that are based on
tasting of food and self-recording of a score for food pleasantness on hedonic visual analogue scales
(VAS) or fixed point scales (FPS) (8). Cephalic phase response of eating can be efficiently
investigated by using a modified sham feeding (MSF) protocol. In MSF experiments the food is
tasted, chewed, but finally expectorated (9). The magnitude of the cephalic phase response is
relatively small compared to the post-ingestive processes (10). However, using MSF it is possible to
assess the biochemical variations without the confounding effects of nutrient digestion for a period
of 10 to 60 minutes (9, 11). Both sensory and cognitive stimuli such as sight, smell, taste or even
the thought of food can elicit cephalic responses to food (12). At these pre-ingestive phase, the
activation of endocrine and exocrine gastrointestinal (GI) secretions is mostly mediated by the
efferent component of the vagus nerve while involving different brain centers (13).
Food palatability may influence food intake in both a positive and a negative manner. In general,
the higher is palatability of the food the higher is the intake (14), and the cephalic phase response
plays a major role in this phenomenon (15). In fact, high palatable foods induced the secretion of
pancreatic polypeptide (PP); sweet palatable stimulus being more effective than salty stimulus (10).
On the other hand, oral stimulation with a high fat meal mobilizes lipid metabolites in blood (16),
but it does not elicit significant differences in plasma responses of PP, insulin, glucagon and
glucose compared to the fat free food (17). Interestingly, the cephalic response to an unpalatable
bitter tasting food was reported to cause a delay in gastric emptying (18), however no data are
available about the associated hormonal response.
Mounting evidence indicated that the endocannabinoid anandamide (AEA) and several other
acylethanolamines (NAEs), including oleoylethanolamide, palmitoylethanolamide (PEA), and
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linoleoylethanolamide (LEA), may contribute with GI hormones to the regulation of food intake
(19). Moreover, both the ECs, AEA and 2-arachidonoyl glycerol (2-AG), may modulate the
palatability of foods by altering peripheral sweet taste responses (20) as they increased in peripheral
tissues and brain of animals sham fed with a lipid or nutrient mixed meal (21). A major role of 2AG and ghrelin in hedonic eating in humans was also recently demonstrated by Monteleone et al.
(22). However, the role of ECs and NAEs in the cephalic phase response to palatable and
unpalatable food is largely unknown.
In this context, the main objective of this study was to investigate the modifications of the
concentration of plasma endocannabinoids (ECs), N-acylethanolamines (NAEs) and GI peptides
due to the cephalic phase response to a palatable (sweet, SW), unpalatable (bitter, BT) and sensory
acceptable (tasteless control, CT) food.
To this purpose, a MSF protocol was carried out using foods specifically designed to have different
taste and the same macronutrient composition and selecting participants according to the hedonic
value attributed to those foods. The plasma response of GI peptides, of ECs and NAEs to gustatory
stimulation every 5 minutes over the following 20 minutes and the effects on appetite sensation as
well as was on subsequent energy intake were measured.
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Methods

Food products
Experimental foods
Three milk puddings differing in taste - control (CT) with no taste, sweet (SW) and bitter (BT) were developed and used as test foods. Their macronutrient composition is summarized in Table
1. The three foods were isocaloric, providing 60 kcal, 3% of daily estimated energy needs. CT was
formulated using skimmed milk (91 %), wheat flour (7 %) and gelatin (2%). Bitter taste of BT was
obtained by addition to CT of Gentiana lutea extract (1%), whereas sweet taste of SW was
provided by addition to CT of Stevia® (1.3%) and sorbitol (9.8%).

Table 1. Energy values and macronutrient composition of the experimental puddings.
Portion

Energy

Protein

Carbohydrate
1

Fat

g

kcal

g (% E)

g (% E)

g (% E)1

Control (CT)

100

61.8

5.5 (35.6)

9.5 (61.5)

0.2 (2.9)

Sweet (SW)

100

56.6

5.0 (35.3)

8.7 (61.5)

0.2 (3.2)

Bitter (BT)

100

62.2

5.5 (35.4)

9.6 (61.7)

0.2 (2.9)

1

1

Percentage of energy

Test Meal

The test meal consisted of a variety of foods that were selected from those normally eaten for
breakfast/snack by the volunteers taking into account their nutritional content (low/high) and taste
(sweet/savory). The foods were selected among those getting by participants an average preference
of 6 on a scale from 0 to 10 (data not shown). The test meal was offered on a tray where foods
were always presented in the same order and subjects were allowed to eat ad libitum as much as
they wanted. The test meal macronutrient composition is given in Table 2.
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Table2. Energy values and macronutrient composition of the test meal by serving size.
Portion
g
Jelly roll

28

102

1.6

17.5

2.6

Dietary
fiber
g
1.0

Chocolate snack

42

195

2.4

18.3

15.3

1.2

Vanilla cream filled biscuits

55

278

3.2

35.9

13.2

1.4

Biscuits

60

295

4

38.5

13.5

2.0

Dietary fiber rich biscuits

28

120

3

16.5

3.5

4.0

Salty biscuits

18

90

1.4

11.5

4.0

0.36

23.5

129

1.9

13.2

7.6

0.4

27

102

1.9

22.7

0.24

0.8

Chocolate cereal

34

131.6

2.8

25.9

1.4

2.1

Semi-skim milk

125

59

4

6.3

2

0

Fruit Juice

125

55.3

0.3

13.4

0

0.4

Cheese finger snack
Corn flakes

Energy
kcal

Protein
g

Carbohydrate
g

Fat
g

Subjects
Recruitment was performed at the Department of Agricultural and Food Science of University of
Naples. Subjects were recruited by public announcements in local public sites, online social
networks, and among students and staff of the Department. Subjects were excluded from the study
if they had a BMI≥25 kg/m2, any chronic illnesses such as diabetes, hypertension, or heart
arrhythmia, if they were smokers or they were taking any medication, with food allergy, dieting or
those who were under a controlled dietary regimen over the previous three months. Twenty-eight
subjects were screened on the basis of a palatability test were they had to express hedonic values
for the three experimental foods (BT, SW and CT). Subjects reporting a low preference (but not
disgust) for BT, average preference for CT and high preference for SW were included in the study.
Twenty participants were recruited and completed the protocol. Eating behavior was assessed
using a validated Italian translation of the three factors eating questionnaire TFEQ (23) and
volunteers with a restraint score >9 were excluded from participation (24). The participants’
characteristics are summarized in the Table 3. Subjects were unaware of the exact aim of the study
and entered into the study by signing a written informed consent. All experimental procedures
were approved by the Ethics Committee of the University of Naples.
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Table 3. General characteristics of participants.
20
Subjects, n
11/9
Sex, M/F
Age, y 1
28±1
1
2
BMI , kg/m
22.7±0.61
Fasting blood glucose 1, mg/dL
83.4±2.3
1,2
6.7±0.6
Restraint , score
6.3±1.3
Disinhibition 1,2, score
1,2
3.1±0.7
Hunger , score
1
Values are means ±SEMs, n=20.
2
Results from the Three Eating Factor Questionnaire.

Range

24-36
20.2-24.6
78-86
5-9
3-12
1-6

Study design
Eligible subjects who accepted to enter into the study were instructed about the MSF protocol and
they underwent a training test two days before the first experimental day.
The experimental tests were conducted on three separate days (one for each pudding) in a
randomized crossover design and with a 1-week wash-out period from each other. The
experimental tests took place early in the morning with fasting subjects. Participants were
instructed to consume a standardized dinner on the evening before each test and to refrain from
eating and drinking energy-containing foods and beverages from 22:00h on the day before each
test day.
Once arrived to the nutritional laboratory of the Department of Agricultural and Food Science,
subjects had a 10 min rest and then they were instructed to rate their hunger, thirst, fullness and
desire to eat on a 100 mm VAS, anchored on the left as ‘‘not at all’’ and on the right as
‘‘extremely’’. The questionnaire comprised 4 main questions (How satiated do you feel? How full
do you feel? How thirsty are you now? How great is your desire to eat?), and subjects were asked
to answer by indicating on the scale the point corresponding to their sensations. Then, to be sure
that all the subjects were in a fasted state blood glucose concentration by finger pricking was
measured and experimental testing was postponed if blood glucose was higher than 100 mg/dL
(10). Subsequently, a peripheral catheter was placed into an arm vein for venous blood collection
at specific time points. After a 15 min acclimation period, subjects were submitted to the first
blood drawing (baseline, t0) and 5 min later they started the MSF protocol. During MSF subjects
were presented with one of experimental foods and were instructed to palpate the food until the
point at which they would normally swallow and then to expectorate the food into a plastic cup.
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They were continually reminded not to swallow any food and they repeated the procedure for 3
minutes, in order to elicit a cephalic phase response (10). A recovery measure of the dried weight
of food in the spit material was performed to check that subjects did not swallow (25).
Blood samples were collected at 5, 10, 15 and 20 min later MSF started. Ten minutes later the last
blood drawing (30 min after the start of MSF), each subject rated thirst and appetite sensations on
VAS questionnaire and a tray containing weighted and nutritionally known portions of selected
foods was offered for breakfast. Subjects sat separately and they were not allowed to see or talk to
each other while having their breakfast. Energy intake (EI) at the breakfast was measured by
weighting the foods left by subjects in their trays. A scheme of the experimental study design is
shown in Figure 1.

Figure 1. Study design. Outcomes and times are reported in circles and in boxes, respectively.
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Biochemical analysis
Blood glucose
Blood glucose concentration was measured by finger pricking using a bedside glucometer
(OneTouch Sure Step; Life Scan Inc., Milpitas, CA, USA). Accuracy of the glucometer was
evaluated by the manufacturer using least-squares linear regression analysis and found to be 97%
‘‘clinically accurate’’ when compared with reference (YSI2700) results.
Blood collection
For each time point, 3 mL of blood were collected into two different vacutainer® tubes with
EDTA. Only the blood for the GI peptide analysis (one tube) was immediately mixed with a
protease inhibitor mix consisting of dipeptidylpeptidase IV (DPPIV) inhibitor (Millipore’s DPPIV
inhibitor; St Charles, MO, USA), protease inhibitor cocktail (Sigma, St. Louis, MO, USA) and 4(2-Aminoethyl)-benzenesulfonyl fluoride hydrochloride (AEBSF, Pefabloc® SC, Rochediagnostics). After sample preparation, both tubes were centrifuged at 4000 g for 10 min and
plasma samples were aliquoted and frozen at -80°C, within 30 min from collection.
Plasma gastrointestinal peptides
Plasma GI peptides were determined in duplicate in 25 μL of plasma by using Milliplex® human
hormone magnetic bead panel (Merck Millipore, Millipore S.p.A., Via XI Febbraio, 99, 20090
Vimodrone - MI) and by using Luminex Technology (Bio-Plex; Bio-Rad, Nazareth, Belgium). The
procedure described in the booklet was strictly followed from the collection of samples up to the
data analysis. The Milliplex® immunoassays kits allowed the simultaneous quantification of the
following biomarkers: ghrelin, leptin, glucose-dependent insulinotropic peptide (GIP), glucagonlike peptide -1 (GLP-1), glucagon, insulin, polypeptide pancreatic (PP), total amylin and total
peptide YY (PYY). The sensitivity levels of the assay (in pg/mL) correspond to the following:
ghrelin 2.0; leptin, 27.0; GIP, 0.6; GLP-1, 7.0; glucagon, 6.0; insulin, 58.0; PP, 2.0; total amylin,
14.0; PYY, 8.0. The intra-assay variation (%CV) was 2% for ghrelin, total amylin and PYY; 3%
for GIP, glucagon, insulin and leptin; 4% for PP and 7% for GLP-1. The inter-assay variation
(%CV) was 4% for leptin; 5% for GIP; 6% for insulin; 7% for PP and glucagon; 8% for ghrelin;
10% for GLP-1; 11% for PYY and 33% for amylin.
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Plasma endocannabinoids and N-acylethanolamines
Plasma concentrations of the ECs (AEA and 2-AG), and the NAEs (OEA, LEA, and PEA), were
simultaneously quantified by liquid chromatography-mass spectrometry as previously described by
Mennella et al. (26). Briefly 500 μL of sample was mixed with 3 volumes of acetone and
centrifuged for protein precipitation. The supernatant was extracted with 1.5 mL of
methanol/chloroform (1:2) containing 5 pmol of d8-anandamide as internal standard. The organic
phase was then dried under nitrogen, and re-suspended in 100 µL of acetonitrile:water (1:1) before
chromatrographic separation. This was performed using an HPLC apparatus equipped with two
micropumps Perkin-Elmer series 200 (Norwalk, CT, USA). A Synergi Max RP 80 column, 50x2.1
mm (Phenomenex, USA) was used and the flow rate was set to 0.2 mL/min. Injection volume was
10 µL. Mobile phases and the gradient program were the same as in (18). MS/MS analyses were
performed on an API 3000 triple quadrupole mass spectrometer (Applied Biosystems, Canada).
All the analyses were performed with a TurboIonSpray source set as previously described (26)
The acquisition was carried out in Multiple Reaction Monitoring (MRM) in positive ion mode for
each compound. Data acquisition and processing were performed using Analyst software v. 1.4.
Acquisition parameters were already published (26).

Statistical analysis
Results are expressed as the mean ± SEM. Analysis of variance was done to exclude any
difference at baseline between treatments for both appetite scores and biochemical parameters.
Since no differences were found the results were analyzed and expressed as the absolute changes
from the baseline to reduce possible effects of inter-subject fasting variability. The total area under
the curves (AUC) of desire to eat, fullness and satiety ratings as well as of GI hormone, EC and
NAE plasma concentrations from the baseline until 20 min after MSF were also estimated using
the linear trapezoidal rule. The subjective appetite sensations recorded after the MSF with the three
puddings and the response of hormones and ECs were compared and tested for the effect of
treatment and of time as factors by the analysis of variance (ANOVA) for repeated measures. For
all the tests, following a significant main effect in ANOVA, individual means were compared
using Tukey’s test. Results were considered statistically significant for p<0.05. Bivariate
correlation analysis between variables was carried out using the Pearson product-moment
correlation coefficient. Statistical analyses were performed using Statistical Package for Social
Sciences (version 16.0; SPSS, Inc., Chicago, IL, USA).
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Results

Puddings recovery
The recovery of puddings was calculated on the total weight (immediately after the MSF) and on
the dried weight (after freeze-drying) of the chewed puddings. A recovery of 102 ± 6.71 % on the
total weight and 98.3 ± 5.80 % on the dried weight, respectively, was found.

Appetite ratings
Subjective appetite ratings were recorded before (baseline) and after the MSF, immediately before
the ad libitum breakfast. No difference in appetite scores at baseline among treatments and
between time x treatments was found (Figure 2). Interestingly, the desire to eat after the MSF with
CT negatively correlated with individual disinhibition (F2) (r=−0.41; p=0.001) and hunger factor
(F3) (r=−0.47; p=0.02); moreover F2 negatively correlated with fullness (r=−0.43; p=0.01) and
satiety (r=−0.34; p=0.02).
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Figure 2: Appetite ratings recorded at baseline (t = 0 min) and before ad-libitum test meal (t =30
min) following MSF with Control, Sweet and Bitter pudding. No significant differences were
found within and between the treatments. Data are means ± SEMs, n=20. VAS, Visual Analogue
Scale.
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Energy intake at test meal
No differences in energy intake (592±49 kcal, 608±63 kcal and 604±48 kcal after CT, SW and BT,
respectively; p>0.05) or macronutrient composition of meals following the different puddings
were found.

GI peptides
No significant differences in specific GI peptides at baseline among treatments were found. No
significant changes of plasma GIP, GLP-1, glucagon, insulin, leptin, total amylin and PYY
concentrations over the 20 min following the MSF for any experimental condition was found
(Figure 3).
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Figure 3: Concentration-time curves of plasma GI peptides following sensory stimulation with
palatable (sweet, SW), unpalatable (bitter, BT) and sensory acceptable (tasteless control, CT)
pudding. Data are means ± SEMs, n=20. No significant differences were found over time within
and between treatments for these 7 out of 9 GI peptides monitored.
The time-concentration curves of plasma ghrelin and PP are shown in Figure 4. Ghrelin
concentration was significantly lower 20 min after BT (p=0.04) and SW (p=0.04) than after CT
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whereas PP concentration was significantly lower 15 min and 20 min after BT (p=0.02 and
p=0.03, respectively) than after SW. As a consequence, AUC10-20 of PP following BT was
significantly lower than after SW (p=0.02) and tended to be lower than after CT (p=0.06).
Moreover, a tendency for a reduced response of PP over all 20 min following BT vs SW was
found (AUC0-20 being 1.65•103±138 pg/mL·min vs 2.15•103±144 pg/mL·min, respectively;
p=0.07).

Figure 4. Plasma response of ghrelin and pancreatic polypeptide (PP) found in subjects following
sensory stimulation with palatable (sweet, SW), unpalatable (bitter, BT) and sensory acceptable
(tasteless control, CT) pudding. Data are means ± SEMs, n=20. Labelled means at a time without a
common letter differ, P < 0.05.
Endocannabinoids and N-acylethanolamines
Plasma concentration-time curves and AUC of each EC and NAE are shown in Figure 5. No
significant differences in concentrations of the specific molecules at baseline and over time
compared to baseline were found between the treatments. However, the direction of plasma
responses was always after SW>CT>BT and significant differences in 2-AG, AEA, and PEA
concentrations at some time points following SW and BT were also observed. These differences
were for 2-AG at 10 min (p=0.001), at 15 min (p=0.004) and at 20 min (p=0.001), for AEA at 10
min (p=0.015), and for PEA at 20 min (p=0.042). However, only the AUC of 2-AG after SW was

61

61

Chapter 3

15% higher than after CT (p=0.03) and 37% higher than after BT (p<0.10•10-2). Moreover, a trend
for greater responses of AEA (p=0.06), LEA (p=0.07) and PEA (p=0.06) over 20 min following
SW than BT were observed; for OEA the same trend was found when AUC10-20 was considered
(p=0.09).
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Figure 2. Plasma response of endocannabinoids (ECs) and N-acylethanolamines (NAEs) found in
subjects following sensory stimulation with palatable (sweet, SW), unpalatable (bitter, BT) and
sensory acceptable (tasteless control, CT) pudding. Data are means ± SEMs, n=20. Labelled means
at a time without a common letter differ, P < 0.05.
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Associations between variables
Pearson’s correlation analysis between variables showed several significant associations
summarized in Table 4. Data showed that energy intake at ad libitum meal test were positively
correlated with the desire to eat only after MSF with CT and SW, whereas they were inversely
associated with fullness and satiety feelings only after MSF with CT. Moreover the desire to eat
after SW stimulation was also positively associated with ghrelin concentration at 20 min and
plasma ghrelin response (AUC) negatively correlated with the individual disinhibition factor (F2
score). Interestingly, individual disinhibition factor positively correlated with plasma response of
AEA, OEA, LEA and PEA following SW whereas it negatively correlated with plasma response
of OEA and LEA following BT. This biochemical response was in turn positively associated with
the response of PP and reduced individual desire to eat only after BT. Indeed, only after the MSF
with CT the concentration of PP at 20 min positively correlated with satiety score and PP response
(AUC) following CT positively correlated with that of OEA.

64

64

Food liking enhances the plasma response of 2-arachidonoylglycerol
and of pancreatic polypeptide upon modified sham feeding in humans

Table 4. Associations between some variables monitored during the MSF experiments with CT, BT
and SW, n=20.

r

CT

P

r

BT

P

r

SW

P

Energy intake (kcal)1
Desire to eat (cm) 2
Fullness (cm) 2
Satiety (cm) 2

0.46
-0.55
-0.51

0.008
0.01
0.006

0.15
0.36
0.59

0.67
0.29
0.07

0.72
0.05
0.25

0.01
0.9
0.5

Plasma ghrelin (pg/mL) 3
Desire to eat (cm) 2
Fullness (cm) 2
Satiety (cm) 2

-0.61
0.42
0.54

0.11
0.22
0.11

-0.19
0.18
0.21

0.58
0.6
0.56

0.71
0.26
0.36

0.032
0.49
0.34

Plasma PP (pg/mL) 3
Desire to eat (cm) 2
Fullness (cm) 2
Satiety (cm) 2

0.26
0.85
0.85

0.83
0.09
0.04

-0.36
-0.36
0.15

0.55
0.54
0.81

0.02
0.19
0.16

0.96
0.74
0.78

Plasma PP (pg/mL•min) 4
AEA (pg/mL•min) 4
2-AG (pg/mL•min) 4
OEA (pg/mL•min) 4
LEA (pg/mL•min) 4
PEA (pg/mL•min) 4

0.32
0.21
0.86
0.24
0.31

0.29
0.74
0.03
0.69
0.16

0.33
0.26
0.84
0.85
0.29

0.2
0.39
0.04
0.04
0.39

0.2
0.32
0.26
0.36
0.49

0.93
0.18
0.56
0.37
0.18

Individual disinhibition (factor)5
AEA (pg/mL•min) 4
-0.01
2-AG (pg/mL•min) 4
0.12
OEA (pg/mL•min) 4
0.16
LEA (pg/mL•min) 4
0.02
PEA (pg/mL•min) 4
0.38

0.96
0.60
0.47
0.92
0.08

-0.26
-0.36
-0.39
-0.41
-0.31

0.29
0.11
0.03
0.04
0.16

0.65
0.16
0.58
0.49
0.59

0.001
0.47
0.004
0.02
0.04

Energy intake were measured at ad libitum test meal offered to subjects 20 min after MSF procedure
Appetite feelings measured by Visual Analogue Scale before ad libitum test meal
3
Plasma concentration of gastro-intestinal peptides 20 min after MSF were measured by multiplexed assay
4
Plasma concentration of PP, ECs and NAEs every 5 min over 20 min following MSF were measured by LC/MS/MS
method and AUC(0-20) was calculated for each parameter
5
Individual disinhibition indicates an eating behavior trait and was measured by TFEQ
1
2

Discussion
The present study is the first to describe the cephalic response induced by three foods specifically
developed to be palatable and sweet (SW), unpalatable and bitter (BT), sensory acceptable and
tasteless (CT) in healthy subjects by measuring 9 GI peptides, 2 ECs and 3 NAEs in plasma and by
evaluating the subsequent appetite and energy intake.
The semisolid pudding was used as test food because it could easily induce a cephalic phase
response upon a MSF protocol (10). Its low fat and sugar content reduced their confounding
effects on ECs and insulin release (25, 27-29). A pudding could also be produced in three
formulations differing only for the taste and sharing the same macronutrient composition, texture
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and color. In fact, the low temperatures used for preparation prevented the heat-induced formation
of compounds that could influence sensory properties of the final products (30).
The most important result of this study was the demonstration of a significant effect of food
palatability (liking) on the plasma response of 2-AG. Moreover, the oral stimulation with the
palatable food (SW) elicited a tendency to increased plasma responses of all ECs and NAEs
compared to unpalatable (BT) food.
The arousal of ECs tone upon the consumption of rewarding fatty food was already demonstrated
in animals (21) and when it was induced by sweet and fatty taste it could even enhance the taste
sensitivity and drive the food preference (31-33). This might result in a self-reinforcing
mechanism that could have been a fundamental role in human evolution (34).
The finding that the magnitude of the 2-AG response increases with the liking of the food is in line
with a previous study by Monteleone et al. (22). They suggested that wanting of high palatable
food increased plasma 2-AG in non-fasting subjects and found that food liking heightened the 2AG tone over the 120 min following consumption of high palatable compared to a non-palatable
food. Thus, the link established in the present study between circulating concentration of 2-AG in
response to the hedonic value of the chewed food in fasting subjects demonstrates a main role of
this compound in the cephalic phase of eating. This suggests a potential involvement of 2-AG in
the habit of eating in absence of metabolic needs. Further studies should demonstrate the latter
hypothesis in hedonic eaters.
As the foods used in this study had the same macronutrient composition the results also suggest that
the taste and liking value of a food influence the 2-AG spillover from the brain, the peripheral
organs, or vascular endothelium independently from food macronutrient composition and energy
value. Further human studies may verify this hypothesis. The reduced tone of 2-AG and AEA
following bitter stimulus is in line with Janssen et al. (35) who demonstrated that intra-gastric
administration of bitter compounds increased satiety and reduced food intake in rats. The data of
our study suggest that a decrease in 2-AG plasma levels might have contributed to the satiating
effect elicited by bitter compounds in those animals (35). After ingestion, bitter compounds may
bind to the taste receptors distributed throughout the GI tract (36) and may trigger a satiating effect
thanks to the reduction of the ECs tone.
No response of 7 out of 9 GI peptides monitored was recorded following the MSF with the
puddings. This result confirmed our expectations and strengthened the decision of using puddings
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with a low fat and carbohydrate content to evaluate the plasma ECs response without the potential
interference of insulin, which is known to lower ECs concentration after eating (37). However, SW
elicited a 23% greater response of PP than BT, thus confirming that individual liking of a food
modulates the response of PP: the higher is the food palatability, the higher is the PP response (10).
Despite a general low response of ghrelin was recorded, it positively correlated with the 2-AG
response after SW. Similarly, positive correlations were found between PP and OEA after both CT
and BT. All these correlations suggest the existence of a link between GI hormones, ECs and NAEs
responses in humans.
Taken together, data demonstrated that food palatability is associated with modifications in plasma
ECs, NAEs and PP concentrations during cephalic phase of eating. Although these modification
were expected to induce orexigenic effect (38), we found that they did not influence subsequent
appetite sensations and eating behavior in the short term. This might be due to the short length (3
min) of the MSF as in a previous study Wijlens et al. (39) demonstrated that the duration of the
orosensory stimulation modulate the subsequent appetite and energy intakes: the longer the
stimulation, the lower the hunger and energy intakes (39).
The correlations between individual disinhibition factor and biochemical response to MSF are
worth of notice. “Disinhibition” (which is the propensity to overeating) is recognized as closely
related to food sensitivity and to the onset of eating (40). Hence, it would be positively associated
with increased food intake as well as with response to palatability (41). Data showed that over MSF
with SW individual disinhibition positively correlated with LEA and OEA responses and negatively
correlated with ghrelin (that in turn correlated with desire to eat); whereas following MSF with BT
a negative correlation between disinhibition and OEA and LEA (which negatively correlated with
the desire to eat) was found.
In other words, present data indicate that individual propensity to overeating is associated with
NAEs response in the early phase of eating and LEA and OEA may trigger disinhibited eating (that
is eating in absence of metabolic needs) in normal weight subjects. A specific study with
overweight and obese subjects should be performed to verify this hypothesis.
This study had also some limitations. The first one is related to the low fat and carbohydrate content
of puddings which might have caused the lack of a response of most of the of GI peptides measured
and the general low responses of all biochemical parameters thus possibly causing an
underestimation of the physiological response occurring when a pudding with regular amount of
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fats and sugar is tasted. Secondly, no specific correction was made for multiple comparisons, this
possibly leading to some false-positive findings.
In conclusion, data obtained in this study provided some fundamental clues on the physiological
role of ECs, NAEs and GI peptides during a cephalic phase response to palatable and unpalatable
food. It was demonstrated that:


food palatability influenced plasma responses of ECs and NAEs over 20 min following oral
stimulation, without swallowing;



2-AG and PP were the main physiological biomarkers of ECs and GI hormone response
associated to palatable foods, respectively;



food palatability did not influence appetite, energy intake or food choice following a 3
minutes oral stimulation in healthy and fasting subjects.

As greater biochemical responses are expected during post-ingestive phase than pre-ingestive, these
data support the idea that bitter compounds may modulate GI hormones, ECs and NAEs upon
ingestion in humans and may elicit satiety and reduce energy intake, as already shown in animals
(35).
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Abstract
Animal data suggest that dietary fat composition may influence endocannabinoids (ECs) response
and dietary behavior. This study tested the hypothesis that fatty acid composition of a meal can
influence short-term response of ECs and subsequent energy intakes in humans. Fifteen volunteers
in three occasions were randomly offered a meal containing 30g of bread and 30 mL of one of three
selected oils: sunflower oil (SO), high oleic sunflower oil (HOSO) and virgin olive oil (VOO).
Plasma ECs concentrations and appetite ratings over 2h and energy intakes over 24h following the
experimental meal were measured. Results showed that after HOSO and VOO circulating
oleoylethanolamide (OEA) was significantly higher than SO; concomitantly, a significant reduction
of energy intake was found. For the first time oleic acid content of a meal was demonstrated to
increase post-prandial response of circulating OEA and to reduce energy intakes at subsequent meal
in humans.
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Introduction
Endocannabinoids (ECs) are a class of lipid mediators acting as endogenous ligands of the G
protein-coupled cannabinoid receptors. In the early nineties, the two primary ECs were discovered:
the arachidonoylethanolamide (AEA) and the 2-arachidonoylglycerol (2-AG)1,2. AEA together with
palmitoylethanolamide (PEA), oleoylethanolamide (OEA), linoleoylethanolamide (LEA) belong to
the chemical group of N-acylethanolamines (NAEs)3-5. All these compounds take part to a wide
range of biological processes: pain, anxiety and depression, nausea, addiction and withdrawal 6,
innate immunity7. Moreover, they are involved in feeding regulation by influencing metabolic and
reward system8. In particular, AEA and 2-AG showed orexigenic properties in rodents as they dosedependently increased food intake by central and peripheral administration 9,10 and were shown to be
modulated by fasting and feeding states in brain11. In humans, a role of 2-AG in hedonic eating was
demonstrated by Monteleone et al.12 who found a significant increase of 2-AG concentration in
plasma 2 h after consumption of a high palatable meal but not after consumption of non-palatable
meal.
On the contrary oral or intraperitoneal administration of OEA, as well as its duodenal increase,
determined a decrease of food intake in mice and rats13-20 (for a review of the literature see
Piomelli21); the mechanism underlying such effect being recently demonstrated to involve the
histaminergic system.22
The chemical composition of the ingested food plays a primary role in the OEA formation: infusion
into the duodenum of glucose or proteins did not show any effect, whereas among several fats, only
oleic acid elicited OEA production in animals23.
Interestingly, in humans Joosten and co-workers24 found that fasting and non-fasting plasma
concentrations of AEA, OEA, PEA and stearoylethanolamide (SEA) were positively associated
with both serum total free fatty acids and their specific fatty acid precursors namely arachidonic,
oleic, palmitic and stearic acid, respectively.
However, in humans the evidence of diet influence on ECs system is still scarce and limited on
macronutrient ratios25. Moreover, to the best of our knowledge, the post-prandial ECs response was
never associated to appetite cues and following energy intakes in humans.
The objective of this study was to test the hypothesis that fatty acid composition of a meal, and
mainly its oleic acid content, can influence short-term response of ECs and subsequent energy
intakes in humans. To this purpose three equicaloric meals with the same macronutrient
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composition but containing oils providing different amounts of oleic acid were offered to healthy
and fasted volunteers. Blood drawings were performed over the following two hours and energy
intakes at subsequent meal and over the following 24h were measured by self-recorded food diaries.

Materials and methods
Materials
AEA, LEA, OEA, PEA, 2-AG and d8-AEA were purchased by Cayman (Cayman Chemical, Ann
Arbor, MI). Ethanol (EtOH), methanol (MeOH), chloroform, acetone, water, were from Merck
(Darmstadt, Germany). Plastic vacutainer® serum tubes (16x100mm, 10ml) were purchased from
Becton & Dickinson (1 Becton Drive, Franklin Lakes, NJ, USA). Polypropylene 1.5 ml tubes were
from Eppendorf (Hamburg, Germany), 12 × 75 mm glass tubes from Corning (Corning S.r.l., Via
Mercantini 5,Turin, Italy). Verex™ Vial, 9 mm, screw top, μVial i3 (Qsert) and PTFE/Silicone Cap
were purchased from Phenomenex (Torrance, CA, USA). Sunflower seed oil, high oleic sunflower
oil and virgin olive oil were provided by the Oleifici Mataluni (Montesarchio, Benevento, Italy).
Subjects
Healthy subjects were selected among students and staff of Department of Agriculture of “Federico
II” University of Naples. Thirty five subjects were screened. Subjects taking any kind of drug, or
presenting endocrine, hepatic, renal, tumoral, autoimmune, cardiovascular, hematological,
neurological or psychiatric diseases, sleep disorders, or allergies requiring treatment, as well as
those who experimented variation of their body weight over the previous three months or who were
on a restrictive diet, were excluded. The 51-items Three Factor Eating Questionnaire (TFEQ) was
used to exclude restraint subjects (score in the restraint subscale F1>8)26. Fifteen subjects were
eligible and they were enrolled to participate after signing an informed written consent. They were 7
Male and 8 Female, between 22 and 40 years old with a BMI between 18.1 and 25.0 kg/m². All
experimental procedures were approved by the Ethics Committee of the University of Naples.
Meals
Three oils differing for their fatty acid compositions were used in this study (Table 1). They were
sunflower seed oil (SO), high oleic sunflower oil (HOSO) and virgin olive oil (VOO).
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Table 1: Fatty acid composition and differences among sunflower seed oil (SO), high oleic
sunflower oil (HOSO) and virgin olive oil (VOO) used in this study.
composition (%)
difference (%)
Fatty acid
SO
HOSO
VOO
HOSO - SO
VOO - SO
Myristic acid
Palmitic acid
Palmitoleic acid
Heptadecanoic acid
Heptadecenoic acid
Stearic acid
Oleic acid trans
Oleic acid
Linoleic acid trans
Linoleic acid
Arachidic acid
Linolenic acid
Eicosenoic acid
Behenic acid
Lignoceric acid

0.07
6.42
0.14
0.04
0.02
3.29
0.04
33.20
0.45
55.02
0.24
0.07
0.17
0.64
0.21

0.05
4.42
0.16
0.03
0.04
2.67
0.04
79.04
0.09
11.99
0.24
0.04
0.24
0.73
0.23

0.01
12.08
0.69
0.04
0.06
2.34
0.00
75.26
0.00
8.25
0.28
0.67
0.25
0.04
0.01

-0.02
-2.00
0.02
-0.01
0.02
-0.62
0.00
45.84
-0.36
-43.03
0.00
-0.03
0.07
0.09
0.02

-0.06
5.66
0.55
0.00
0.04
-0.95
-0.04
42.06
-0.45
-46.77
0.04
0.60
0.08
-0.60
-0.20

Thirty milliliters of each oil together with 30 g white bread were offered to fasting subjects in 3
different occasions. Each meal provided an energy intake of 357 kcal, of which 75.9% came from
lipids, 2.9% from proteins and 21.2% from carbohydrates. A higher content of lipids than a
nutritionally balanced meal was used in order to exclude the potential confounding factors from
other meal components on both short-term physiological response of ECs and appetite cues.
Study protocol
The study was conducted at the Department of Agriculture of the University of Naples. It was a
randomized intervention trial with a cross-over design. Volunteers were invited to reach the
nutrition laboratory at 8:00 a.m. in a fasting condition from 10 hours on three occasions with a 1week wash-out period from each other. On the evening before each test volunteers were instructed
to consume a standardized dinner and to refrain from eating and drinking alcoholic or energy-drinks
from 22:00h. Once arrived to the laboratory participants had a 10 min rest and they were instructed
to rate their hunger, fullness, satiety, thirst and desire to eat on 100 mm visual analogue scales
(VAS)27 anchored on the left as ‘‘not at all’’ and on the right as ‘‘extremely’’. The questionnaire
comprised 3 main questions (How great is your desire to eat?, How full do you feel?, How satiated
do you feel?), and subjects were asked to answer indicating on the scale the point corresponding to
their sensations. After the first blood drawing (baseline) each subject was asked to seat in a specific
position isolated from the others, and was presented a tray containing the experimental meal
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including the type of oil he/she was randomized to consume in that occasion. Subjects were asked
to consume the meal within 15 minutes and the compliance was evaluated by controlling that the
glass and plate containing the foods were empty at the end of breakfast. At the following 30, 60,
120 minutes subjects rated their appetite sensations on VAS and underwent to blood drawings.
After the last blood drawing, before participants left the laboratory, they were instructed to fill a
24h-food diary by recording the exact time, the types and amount (weight) of foods and beverages
consumed from the moment they left the laboratory until the day after. On the next day volunteers
had to return their 24h-food diary to the expert nutritionist of the research group and were submitted
to a 24h diet recall interview in order to assess the compliance and to validate the 24h-food diary.
Biochemical analysis
Blood was collected in vacutainer® serum tubes and centrifuged at 2400 x g per 10 min at 4 °C.
Serum was aliquoted (by 500 µL) and kept frozen at -80 °C until analysis 28. Concentration of AEA,
LEA, OEA, PEA, 2-AG were determined by isotopic dilution liquid chromatography-mass
spectrometry as described previously by Cote and co-workers 29. Five hundred microliters of each
sample were added in polypropylene 1.5 mL tubes and protein precipitation was obtained by adding
3 volumes of acetone and centrifuging at 14000 x g per 10 min at 4°C. The supernatants were
collected, transferred into 12 × 75 mm glass tubes and subjected to lipid extraction adding 1.5 mL
of methanol/chloroform (1:2) containing 5 pmol of d8-anandamide as internal standard. The organic
phase was then dried under nitrogen, the resulting residue re-suspended in 100 µL of
acetonitrile:water (1:1) and centrifuged (4°C; 2400 g; 10 min).
Chromatographic separation was performed using an HPLC apparatus equipped with two
micropumps Perkin-Elmer series 200 (Norwalk, CT, USA). A Synergi Max RP 80 column, 50x2.1
mm (Phenomenex, USA) was used and the flow rate was set to 0.2 mL/min. Injection volume was
10 µL. Mobile phase A consisted of H2O, 0.2% formic acid, while mobile phase B was CH3CN.
The gradient program was as follows: 50-79 % B (10 min), 79-95 % B (1 min), constant at 95% B
(2 min), finally returning to the initial conditions in 2 min. MS/MS analyses were performed on an
API 3000 triple quadrupole mass spectrometer (Applied Biosystems, Canada). All the analyses
were performed with a TurboIonSpray source with the following settings: drying gas (air) was
heated to 300 °C, capillary voltage (IS) 5000 V. The declustering potential (DP) and the collision
energy (CE) were optimized for each compound by directly infusion of standard solutions (10
g/mL) into the mass spectrometry at a flow rate of 6 µl/min, using a Model 11 syringe pump
(Harvard, Apparatus, Holliston, MA, USA). The acquisition was carried out in MRM (Multiple
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Reaction Monitoring) in positive ion mode for each compound. Data acquisition and processing
were performed using Analyst software v. 1.4. Acquisition parameters are summarized in Table 2.

Table 2: Acquisition parameters used for the LC/MS/MS analysis.
Precursor Ion
[M+H]+

Product Ion
[M+H]+

DP

CE

AEA

348.0

62

40

35

OEA

326.0

62

40

35

LEA

324.0

62

60

30

PEA

300.0

62

60

30

379.5
2-AG

396.5

287.3

11
35

268.9
AEA-d8

356.5

63.2
209.3

14
18

50

31
18

Data analysis and statistics
The sample size needed to detect an effect of meal composition on primary outcome (post-prandial
response of ECs) and secondary outcome (the effect of meal composition on subsequent energy
intakes) was estimated on the basis of previous studies. A sample size of 13 participants was
calculated to be adequate to find changes in ECs response significantly different using variation in
accordance with Monteleone et al.12 and Gatta-Cherifi et al. 30 , with an 80% power and an α = 0.05.
A sample size of 12 subjects was adequate to detect a 19% difference in energy intake with a power
of 80% and α = 0.05 using variation in accordance with findings of our previous studies 31,32.
Statistical analyses were performed using the statistical package SPSS for Windows (version13).
The results of both appetite scores and of biochemical analyses were analyzed and expressed as the
absolute changes from the baseline to reduce possible effects of inter-subject fasting variability. The
subjective appetite sensations recorded after the consumption of the three types of oils and the ECs
curves were compared and tested for the effect of treatment and of time as factors using ANOVA
for repeated measures. The total area under the curves (AUC) for hunger, fullness and satiety
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ratings (from baseline over 2 h from breakfast consumption) as well as for ECs blood
concentrations were also estimated using the linear trapezoidal rule. Differences in the AUC values
were analyzed by one-way ANOVA and by Newman-Kleus multiple comparison test as post hoc.
Differences were considered significant at p<0.05.

Results

Biochemical analysis
No significant difference of plasma concentrations of ECs at baseline among experimental meals
was found. Figure 1 (panel A) shows the variations of plasma concentration of AEA, 2-AG, LEA
and PEA over 2 hours following the three meals. A tendency for reduced concentrations of AEA, 2AG and PEA irrespective to the type of breakfast consumed was found. However, OEA
concentrations following HOSO and VOO were 23.7% and 20.5% significantly higher than that
following SO consumption, AUC0-120 being 858±54 pmol•min/mL, and 823±28 pmol•min/mL vs
654±70 pmol•min/mL, respectively (Figure 1, panel B). LEA concentrations did not change over
time upon the three meals.
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Figure 1: Post-prandial response of endocannabinoids - A) Concentration-time curves of AEA,
2-AG, LEA and PEA over 120 min following experimental meals; no significant difference of
concentrations at baseline and following time points among experimental meals was found; B)
Concentration-time curve and AUC of OEA over 120 min following experimental meals; no
significant difference of baseline concentrations among experimental meals was found. Values are
expressed as means ± SEM. * p<0.05 vs SO; ** p<0.001 vs SO).

Energy intakes at subsequent lunch and over 24h
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Energy intakes at subsequent lunch and over 24h
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All participants returned a well done 24-food diary and were submitted to 24-h diet recall interview.
Data indicated that no difference in timing of subsequent lunch was present among participants
following the three experimental meals. All subjects had their lunch always 3h after the
experimental meal. However, subjects had a significant 261 kcal and 250 kcal energy reduced lunch
after HOSO and VOO compared to SO, respectively (Figure 2).

Figure 2: Energy intakes - Energy intakes (kcal) consumed during the lunch subsequent each
experimental meal expressed as means ± standard deviation. * p<0.05 for VOO and HOSO vs SO.
No significant difference of energy intakes over the 24h was found (1787 ±602 kcal 1803±542 kcal
and 1646 ±430 kcal following HOSO, VOO and SO, respectively).
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Appetite ratings

Figure 3: Appetite - Appetite rating-time curves and AUC of appetite sensations over 120 min
following experimental meals. Values are expressed as means ± SEM. No significant difference of
appetite sensations at baseline among experimental meals was found. At 120 min: *p<0.01 for
hunger following VOO vs SO; **p<0.001 for fullness following VOO vs SO; # p<0.01 from
baseline; ## p<0.001 from the baseline. AUCs of hunger, fullness and satiety after VOO are
significantly different from SO.

No significant difference of sensations of hunger, fullness and satiety at baseline among
experimental meals was found. Figure 3 shows appetite ratings and AUC over the 2h following the
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consumption of breakfasts containing VOO, HOSO or SO. A trend of hunger reduction at 30 min
and return to baseline value over the following 60 min after the three meals were recorded. Only
after 120 min from SO consumption subjects perceived a hunger sensation higher than baseline and
that perceived after HOSO and VOO consumption. Interestingly, increased fullness and satiety
compared to baseline were found between 30 min and 60 min after meals containing HOSO and
VOO, but not after SO. These perceptions were prolonged at 120 min only following VOO
consumption. Looking at the appetite sensations over the 2h after the breakfasts (AUC0-120),
significant reductions of hunger and increase of fullness and satiety were found after VOO
compared to SO consumption.

Discussion
The main finding of this study is that the content of oleic acid ingested at a meal influences postprandial ECs response, appetite sensations and energy intake at subsequent meal in humans.
Few human studies investigated the response of ECs to meals with specific chemical composition.
In this study a trend to reduced postprandial concentrations of all ECs except that of OEA after
HOSO and VOO and of LEA after all experimental conditions were found.
The reduced post-prandial concentrations of ECs were in accordance with findings of previous
studies24,33,30. A physiological reason to this response might be linked to the peripheral action of
post-prandial insulin and to the direct influence of meal lipids on ECs biosynthesis/hydrolysis route
in the upper intestine. In fact, Di Marzo and co-workers27 suggested that insulin reduces ECs levels
in a way inversely related to insulin resistance and it is known that dietary monounsaturated or
polyunsaturated fatty acids can increase post-prandial insulin sensitivity in healthy subjects34. Thus,
it is likely that the consumption of a meal rich in unsaturated fatty acids might have generally
reduced ECs response through insulin.
On the other hand, the consumption of meals providing higher amount of oleic acid (such as that
including HOSO and VOO vs SO) might sustain post-prandial concentration of OEA independently
from insulin action. In fact, oleic acid may act as precursor of OEA formation in the intestine as
previously demonstrated in animals35-37 and/or trigger some physiological mechanisms modulating
its selective spillover from the intestinal membrane phospholipids. This hypothesis is consisting
with a previous study demonstrating that the consumption of virgin olive oil and high-oleic
sunflower oil determined, over the following 2 hours, a significant increase of circulating oleic acid84
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rich phospholipids38, which are known to be the precursors of intestinal biosynthesis of ECs at level
of mucosa, epithelial cells and serosa39. In addition, a strict connection between circulating ECs and
free fatty acids was recently suggested in humans by Joosten and co-workers24.
Other factors than fatty acid composition of oils might have influenced post-prandial response of
LEA whose concentration did not change vs baseline after the three meals.
It could not be excluded in the present study that different cephalic responses triggered by oral taste
and/or different preference for the oils might contribute to influence the circulating pattern of ECs,
through their well-known interaction with the gut metabolism. That dietary fat (but not other
nutrients) can modify gut metabolism of ECs through oral sensing and selectively mobilize ECs in
the upper gut, also influencing dietary behavior, was demonstrated in rats40. On the other hand a
link between circulating 2-AG and food preference was found by Monteleone and co-workers12
who showed increased plasma 2-AG in humans after consumption of their preferred food but not
after the non-preferred one12.
Further human studies should clarify the role of meal lipid composition on formation of different
ECs induced by cephalic response.
Strikingly, both the meals eliciting the highest post-prandial OEA response (VOO and HOSO vs
SO) were associated with the highest reductions of energy intakes at subsequent meal. These
findings were in disagreement with the animal study conducted by Gaetani and co-workers15, where
OEA administration in free-feeding rats reduced only meal frequency without altering meal size,
whereas they were perfectly in line with Provensi and co-workers 22.
Social and cognitive cue could majorly influence the timing of eating in humans compared to
animals thus rendering insignificant the effect of OEA response on time of eating while evidencing
OEA effect on food intake at subsequent meal in our free-living participants. Several researchers
aimed at ranking the effect of lipid composition on satiety41-43. Alfenas and co-workers44 proposed
that the satiety effect of fatty acids was linked to their oxidation rate: the higher is the number of
double bonds, the faster is the rate of oxidation, the higher is satiety. However other studies did not
confirm this suggestion45,46. Several differences among the studies, including the amount and source
of fats provided to the volunteers might cause such discrepancies rendering the debate still open.
Only appetite ratings after consumption of the meal containing VOO were coherent with the
reduced energy intake compared to the meal with SO. This might be a matter of dietary habits and
cognitive factors on appetite sensations. In fact, data from food frequencies questionnaire (not
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shown) indicated that all study participants were used to consume virgin olive oil as conditioning
fat, while the consumption of seed oils was sporadic. Familiarity with a food and expected satiation
are interrelated. More familiar foods are expected to be more filling 47 and measures of expected
satiety are highly correlated with actual satiety48. From a mechanistic point of view it could not be
excluded that non-fat components present in VOO (but not in SO or HOSO) such as several volatile
compounds (attributing to VOO the characteristic aroma) and phenolic compounds might contribute
to the effect of VOO on energy intake and appetite regulation as recently suggested in the elegant
study by Frank and co-workers49 or reviewed by Panickar50, respectively.

Conclusion
In conclusion, in this study for the first time it was demonstrated that oleic acid content of a meal
can increase post-prandial response of circulating OEA and it may reduce energy intakes at
subsequent meal in humans. The present data offer a concept to design new food ingredients for
energy intake control using edible oils rich in oleic acid. Further studies should evaluate whether
these findings can be reproduced also in overweight/obese subjects and in the context of meals
nutritionally balanced for macronutrients ratio.
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Abstract
Mounting evidence showed that bitter tasting compounds may modulate appetite and eating
behavior through bitter receptors in the gastrointestinal tract. Human studies were performed by
nasogastric administration of bitter tasting compounds.
The aim of this study was to evaluate the influence on human appetite and energy intakes of
microencapsulated bitter compounds consumed in a food.
A new microencapsulated food ingredient (EBI) with a core of bitter Gentiana Lutea root extract
and a coating of ethylcellulose-stearate (to mask the bitterness in the mouth but allowing the
delivery of bitter seicoridoids in the gastro-intestinal tract), was developed and included in a
palatable vanilla pudding (EBIP). A cross-over randomized study was performed: 20 healthy
subjects consumed at breakfast EBIP (providing 100 mg of seicoridoids) or the control pudding
(CP), without bitter compounds, in two different occasions. Blood samples, glycaemia and appetite
ratings were collected at baseline, and 30 min, 1, 2, and 3 h after breakfast. Gastro-intestinal
peptides, endocannabinoids (ECs) and N-acylethanolamines (NAEs) were measured in plasma
samples. Energy intakes were measured at an ad libitum lunch offered 3h after breakfast and over
the remaining part of the day (post-lunch) through food diaries.
No difference of plasma gastro-intestinal hormone, glucose, ECs and NAEs responses as well as
appetite ratings between EBIP and CP over 3h post-breakfasts was found.. EBIP determined a 30%
kcal reduction of energy intakes (p<0.05) over post-lunch period compared to CP .
In conclusion, it was demonstrated that microencapsulated bitter seicoridoids from gentian root are
effective to reduce daily energy intakes in humans.
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Introduction
The knowledge that cells with taste receptors are not only in the mouth but they are widely
distributed in the human digestive tract (trachea, stomach, intestine, bile duct) posed the basis of
several researches aimed at understanding the physiological roles of these taste circuits in humans
(1). Mounting evidence indicated that taste cells in the gastrointestinal tract play a major role in
nutrient sensing and in triggering a specific gut-brain response (2). In fact, taste receptors agonist
elicit in enteroendocrine cells in vitro and in animals in vivo the release of peptides (including CCK,
GIP, PYY and GLP1) that are involved in the regulation of gastrointestinal secretion and motility,
glucose homeostasis, food intake and satiety (3). In particular, several studies on cell lines and
animals suggested that bitter-tasting compounds may modulate energy intake by delaying gastric
emptying through inhibition of gastric contractility and triggering the secretion of CCK, GLP-1 and
ghrelin (4-8). In addition a link between the bitter taste receptors and the endocannabinoids system
(ECs), a group of molecules also involved in the regulation of energy homeostasis and reward (9),
has been suggested. In fact, Tomassini et al. (2013) showed that the sensitivity to the bitter
compound PROP was associated with higher plasma levels of the endocannabinoids (ECs) 2arachidonoylglycerol (2-AG) and arachidonoylethanolamide (AEA). They speculated that the
genetic of bitter taste receptors may influence the eating behavior through the modulation of the
ECs system (10,11).
Moreover, a long-term study conducted in high fat diet fed rats demonstrated that isohumulones, the
bitter compounds derived from hops in beer, improved insulin sensitivity and lipid metabolism
through activation of both proliferator-activated receptor (PPAR) -α and –γ (12). An effect of
isohumulones in controlling glycemia in mild diabetic subjects was also ascertained by the same
authors and confirmed by Obara and co-workers (2009). Contrasting results were found in the two
studies on the ability of hop derived bitter compounds to control body weight upon a 12 week
intervention (12,13).
However, in in vivo studies bitter compounds were always used as gastric gavage or drugs in form
of capsules, in order to skip the natural aversion for this taste and possible anticipated physiological
responses induced by oral tasting. Therefore the use of bitter compounds as a food ingredients with
specific benefic effects is limited by the repulsion for this taste. The aversion for bitter is not an
intrinsic value of this tastant, but it comes from the ability of bitter compounds to stimulate brain
center of disgust (14). In an elegant experiment Mueller et al. (2005) clearly demonstrated that the
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behaviour attraction or aversion for bitter compounds is mediated by the specific activation of taste
receptors cells, rather than a property of the tastant molecules (15).
On the other hand, social interactions may influence the food palatability leading to recognize
certain bitter foods, such as coffee or beer, as high palatable (16). Food palatability has a crucial
role in eating behavior. The relation between food palatability and the appetite sensations or the
energy intakes (EI) is not clear, but several studies demonstrated that hunger and food intakes
increase as palatability increases (17).
Among novel technologies encapsulation has been demonstrated as a reliable strategy to design a
palatable food enriched with functional compounds with unpleasant taste. In fact, the formation of a
specific external coating around the desired compound avoid the perception in the mouth and allow
the delivery of the encapsulated compound directly in the gastrointestinal tract (18).
In this frame, this study tested the hypothesis that a new food ingredient consisting of bitter
compounds encapsulated with a coating material able to mask oral taste and to release the core
material in the intestine, might influence appetite in humans. To this purpose a concentrated extract
of Gentiana lutea root with a known amount of bitter compounds, was encapsulated in a stearic acid
coating and was included in a new vanilla pudding. The appetite rating, gastrointestinal hormones,
ECs and NAEs response over 3h from consumption of the new pudding and the control pudding
(without encapsulated ingredient) were recorded in healthy subjects in two different occasions.

Materials and methods

Encapsulated bitter ingredient (EBI)
An aqueous extract of gentian lutea root was provided by (Polcaro Fitopreparazioni SRL). In order
to mask bitterness in the mouth and to allow the release of bitter compounds in the intestine, the
gentian root extract was submitted to spray drying technique and coated with ethylcellulose and
stearate coating following the procedure described by (19). An encapsulated bitter ingredient (EBI)
containing 8% of bitter compounds including (Loganic acid 11,5%; Swertiamarin 9,5%;
Gentiopicroside 53,9%; Sweroside 25,1%;) was obtained and used in pudding preparation.
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Puddings
Two iso-caloric and macronutrient equal vanilla puddings were formulated. They were an EBIenriched pudding (EBIP) and a control pudding (CP). EBIP contained 1.25 g of EBI per a 100 g
portion, providing 100 mg of bitter compounds. CP contained the same amount of EBI coating
except the bitter core. The two puddings were also very similar for sensory properties as assessed
by a preliminary test conducted with volunteers (data not shown). In order to provide about 20% of
the total daily EI three biscuits were served together with one of the two pudding for individual
breakfast. The macronutrient composition, energy values and bitter compound content of the two
puddings and breakfasts were reported in Table 1.

Table 1. Nutritional composition and bitter compounds content of the two puddings (encapsulated
bitter ingredient -EBI- pudding and Control pudding), biscuits and of the breakfasts offered to
volunteers.
EBI
pudding
Carbohydrates (g)

9.5

Protein (g)

5.5

Fat (g)

0.2

Energy (kcal)

62

Bitter compounds (mg)

100

Control
pudding
9.5

Biscuits

5.5

3.2

0.2

10.4

62

252

---

---

35.6

EBI
breakfast
45.1
8.7
10.6
314
100

Control
Breakfast
45.1
8.7
10.6
314
---

Subjects
Recruitment was performed at the Department of Agricultural and Food science of University of
Naples among students and staff of the Department. Subjects were excluded from the study if they
had a BMI≥25 kg/m2, any chronic illnesses such as diabetes, hypertension, if were smokers or
taking any prescription medication, or those who were under a controlled dietary regimen or loosed
weight over the previous three months, and pregnant or lactating women. Fifteen participants were
recruited (8F/7M, aged between 22 to 33 years; mean age 26 ± 3.45 years) and participating to two
experimental sessions.
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Study design
The study had a 2 side cross-over randomized design with a 1-week wash-out period. On the
evening before the experimental day volunteers were instructed to consume a standardized dinner
until 22:00h. On the experimental day fasted subjects arrived at 08:15 h to the nutritional
laboratory of the Department of Agricultural and Food Science. After 10 minutes they rated their
appetite sensations (hunger, thirst, fullness and desire to eat) on a 100 mm visual analogue scale
(VAS), anchored on the left as ‘‘not at all’’ and on the right as ‘‘extremely’’. Subsequently, a
venous catheter was placed into an arm vein and a baseline blood sample was collected and
glycaemia was measured by finger-pricking. After 30, 60, 120 and 180 minutes that subjects
consumed their breakfast (in 15 min), appetite sensations, glycaemia and blood samples were
collected. At 3h post-breakfast an ad libitum lunch was offered to the volunteers who were free to
take all the time they wanted to consume a self-selected meal. During the lunch each subject sate
in a single place cabin separated by the others and energy intake (EI) were measured as the
differences between the amount of food contained in each plate taken and the foods left in the plate
by the subject. Before leaving the laboratory, subjects were asked to fill out a food diary over the
following 24 hours to register all foods and beverages consumed together with the post-ingestive
sensations.
All experimental procedures were approved by the Ethics Committee of the University of Naples
and subjects joined the protocol only after signing an informed agreement document.
Test meal
The food offered in the test meal included a variety of typical Italian dishes. They were chosen on
the basis of a food preference questionnaire filled out during the enrollment procedure: those not
rated by participants as very high or very low in a hedonic scale from 0 to 10 were selected (data
not shown). The dishes were prepared following always the same recipes in order to accurately
know the energy value and the macronutrient composition. Food was portioned in coded plates and
subject were free to compose their tray and eat ad libitum.
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Biochemical analysis
Blood collection
For each time point, two different vacutainer® tubes of 4 mL each were used to collect plasma
samples. A protease inhibitor mix, consisting of dipeptidylpeptidase IV (DPPIV) inhibitor
(Millipore’s DPPIV inhibitor; St Charles, MO, USA), protease inhibitor cocktail (Sigma, St. Louis,
MO, USA) and 4-(2-Aminoethyl)-benzenesulfonyl fluoride hydrochloride (AEBSF, Pefabloc® SC,
Roche-diagnostics), was immediately added only into the blood destined to the GI peptide. After
sample preparation, tubes were centrifuged at 4000 g for 10 minutes and plasma samples were
aliquoted and frozen at -80°C, within 30 min from collection.
Gastrointestinal peptides
Luminex Technology (Bio-Plex; Bio-Rad, Nazareth, Belgium) was used to determine GI peptides.
A magnetic bead panel kit provided by Milliplex® (Merck Millipore, Millipore S.p.A.) allowed
the simultaneous determination of the following nine hormones: ghrelin, glucagon, glucagon-like
peptide -1 (GLP-1), glucose-dependent insulinotropic peptide (GIP), insulin, leptin, polypeptide
pancreatic (PP), total amylin and total peptide YY (PYY). The sensitivity levels of the assay (in
pg/mL) were: ghrelin 2.0; leptin, 27.0; GIP 0.6; GLP-1 7.0; glucagon 6.0; insulin 58.0; PP 2.0;
total amylin 14.0; PYY 8.0.
The intra-assay variation (%CV) was 2% for ghrelin, total amylin and PYY; 3% for GIP,
glucagon, insulin and leptin; 4% for the PP; 7% for the GLP-1. The inter-assay variation (%CV)
was 4% for leptin; 5% for GIP; 6% for insulin; 7% for PP and glucagon; 8% for ghrelin; 10% for
GLP-1; 11% for PYY and 33% for amylin.
Endocannabinoids and N-acylethanolamines
Two ECs, 2-arachidonoylglycerol (2-AG) and arachidonoylethanolamide (AEA), three NAEs,
linoleoylethanolamide (LEA), oleoylethanolamide (OEA) and palmitoylethanolamide (PEA), were
determined by LC/MS/MS. Samples were extracted following the method set up by Lam et al
(2010). Briefly 1ml of sample were added into Oasis HLB 1 cc, 30 mg cartridges (Waters)
preconditioned with 1 mL methanol and 1 mL H2O. The cartridges were washed with 1 mL 40%
aqueous methanol and eluted in 1 mL acetonitrile. The eluants were then dried under nitrogen, and
re-suspended in 100 µL of acetonitrile:water (1:1) before chromatrographic separation (20).
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This was performed using an HPLC apparatus equipped with two micropumps Perkin-Elmer series
200 (Norwalk, CT, USA). A Synergi Max RP 80 column, 50x2.1 mm (Phenomenex, USA) was
used and the flow rate was set to 0.2 mL/min. Injection volume was 20 µL. MS/MS analyses were
performed on an API 3000 triple quadrupole mass spectrometer (Applied Biosystems, Canada).
All the analyses were performed with a TurboIonSpray source set as previously described (21).
The acquisition was carried out in Multiple Reaction Monitoring (MRM) in positive ion mode for
each compound. Data acquisition and processing were performed using Analyst software v. 1.4.
Acquisition parameters were already published (21).
Blood glucose
Blood glucose concnetration was measured by finger pricking and using a bedside glucometer
(OneTouch Sure Step; Life Scan Inc., Milpitas, CA, USA). Accuracy of the glucometer was
evaluated by the manufacturer using least-squares linear regression analysis and found to be 98%
‘‘clinically accurate’’ when compared with reference (YSI2700) results.

Statistical analysis
Results are expressed as means ± SEM. If no difference was found between treatments at baseline
appetite sensations and biochemical analysis were analyzed and expressed as the absolute changes
from the t0 to reduce possible effects of inter-subject fasting variability. The subjective appetite
sensations and the response of hormones and ECs were tested for the effect of treatment and of time
as factors by the analysis of variance (ANOVA) for repeated measures. The linear trapezoidal rule
was used to calculate the total area under the curves (AUC) for the appetite sensations and
biochemical markers. Results were considered statistically significant for p < 0.05. Statistical
analyses were performed using Statistical Package for Social Sciences (version 16.0; SPSS, Inc.,
Chicago, IL, USA).
Results

Appetite
Figure 1 showed the profiles of appetite sensations over 180 min after breakfasts. As expected all
the sensations positively (for fullness and satiety) or negatively (for hunger and desire to eat)
98
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peaked at 30 min and returned to baseline values at 180 min after breakfasts. No significant
differences within and between treatments were found.

Figure 1. Time course over the following 3hours of the appetite sensations. Results are expressed
as mean variation from baseline ±SEM. No differences were found between the two experimental
conditions. #p<0.05 vs baseline.

Energy intake
Figure 2 showed the energy intakes (EI) at the ad libitum lunch and over the remaining part of the
experimental day. A non significative 10% lower EI at lunch (823 ±87 kcal vs 911 ±55 kcal,
p>0.05) but a significant 30% lower EI during the post-lunch time period (596 ±63kcal vs 848 ±
99kcal, p=0.04) when subjects had EBIP at breakfast compared to CP, were recorded. This caused a
22% lower 24h EI during the experimental day with EBIP than CP (1419 ±113kcal vs 1759
±121kcal; p<0.05). No differences in the macronutrient composition of lunch and post-lunch meals
between the two experimental days were found.
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Figure 2. Energy intakes (EI) at ad libitum lunch, over the remaining part of the experimental day
(post-lunch), and total daily EI (sum of lunch and post-lunch EI) after breakfast with EBIP or CP.
Data are reported as means ± SEM. *p<0.05 vs EI at lunch and daily EI after CP.

Blood glucose
Blood glucose response over 180 min after breakfasts were reported in Figure 3. A significant
increase at 30 min following both breakfasts compared to baseline was found. At 60 min blood
glucose concentration sloped down and returned to the baseline values at 180 min. No significant
differences between treatments were found.

Figure 3. Blood glucose variations over the 3hours post breakfasts. Results are expressed as mean
variation from baseline ±SEM. #p<0.05 vs baseline.

Gastrointestinal peptides
100

100

Figure 3. Blood glucose variations over the 3hours post breakfasts. Results are expressed as mean
variation from baseline ±SEM. #p<0.05 vs baseline.
Microencapsulated bitter compounds (from Gentiana Lutea) reduce daily energy intakes in humans

Gastrointestinal peptides
100
Amylin, ghrelin, glucagon, GIP, insulin, leptin, PP, PYY and GLP variations from baseline over

the three hours following the breakfast were reported in Figure 4. At 30 min after both breakfasts
ghrelin concentration showed a significant reduction (p<0.05) while amylin, GIP, insulin and PP
increased (p<0.05) compared to baseline. At the same time point GLP-1significantly peaked only
after EBIP consumption (p<0.05). All the hormones, with the exception of the PP and GIP, returned
to the baseline levels within 180 min after the breakfasts. Glucagon, leptin and PYY did not
changed after any breakfast. No significant differences between the two experimental breakfasts for
all the hormones investigated were found. Interestingly, a trend for a higher response of GLP-1 after
EBIP than after CP was found (AUC0-180 after EBIP was 14660 pg•min/ml and after CP was 10553
pg•min/ml, p=0,09).
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Figure 4. Hormones variations over the 3hours post breakfasts. Results are expressed as mean
variations from baseline ±SEM. #p<0.05 vs baseline.
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Endocannabinoids and N-acylethanolamines
A significant decrease from baseline of plasma levels for AEA, LEA, OEA and PEA was assessed
after both breakfasts up to 3hours post ingestion (p<0.05). 2-AG showed a significant reduction
from baseline only at 180 min after both breakfasts. No differences between the two puddings were
recorded over time for any EC and NAE monitored (Figure 5).

Figure 5. ECs and NAEs variations over the 3hours post breakfasts. Results are expressed as mean
variations from baseline ±SEM. #p<0.05 vs baseline.
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Discussions
Some in vitro and in vivo studies showed that the activation of bitter receptors in the gastrointestinal
tract may result in the secretion of hormones modulating appetite and eating behavior (4-8). This
study was designed to assess the efficacy of microencapsulated bitter compounds to modulate
appetite and energy intakes in humans. A new food ingredient consisting of a microencapsulated
Gentiana lutea root extract was developed and included in a palatable vanilla pudding. Gentiana
lutea bitterness is due to the secoiridoid monoterpenes and their acylglucoside derivatives such as
amarogentin, that is known as one of the most bitter among natural compounds (22).
Microencapsulation of the extract was used to mask the bitterness of Gentiana lutea seicoridoids in
the mouth and to guarantee their release in the intestine upon consumption of the pudding
containing EBI. Pudding was chosen as test food because during its preparation ingredients never
reached a temperature higher than 60°C and only slow agitation was necessary, that preserved the
stability of EBI in the final product.
Data indicated that EBIP (providing 100 mg of microencapsulated bitter compounds) did not
influence energy intakes at 3h after their consumption but lead to a 22% reduced energy intakes
later on within 24h compared to CP. These results were partially in agreement with Janssen and coworkes (7) reporting that gastric administration of bitter compounds in mice determined an
immediate release of ghrelin and increase of food intake but an anorexigenic effect starting from the
next 4 h after treatment (resulting in a 49% reduction of 24h food intake in mice treated with bitter
compound compared to placebo). In that study the food intake reduction was also associated with an
inhibition of gastric emptying that was not mediated by cholecystokinin and GLP-1 but involved a
direct inhibitory effect of bitter compounds on gastric contractility (7). The capacity of intragastric
administration of bitter solutions to delay gastric emptying was recently confirmed in pigs (8) and
fasting humans (23), whereas it did not underpin the reduction of appetite over 4 h postconsumption of a meal ingested 30 min after bitter administration (24). The strong point of this
study was the use of microencapsulated gentian extract (EBI). It allowed us to evaluate the effect of
bitter tasting compounds on appetite and eating behavior in humans in a more physiological and
less stressful manner than previous studies using nasogastric administration (23,24). On the other
hand, the protocol here adopted did not allow to ascertain the physiological mechanism underlying
the post-lunch effect of EBI. It was excluded that adverse gastrointestinal events or nausea occurred
in the subjects and influenced their food behavior following EBIP but it could not be excluded that
multiple mechanisms including delayed gastric emptying (mediated or not by CCK and GLP-1) or
direct effect of anorexigenic hormones were triggered by bitter compounds once they were
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delivered in the intestine from the microencapsulated ingredient. That anorexic GLP-1 might be
majorly involved in the satiating effect of EBI was suggested from the finding that it was the only
hormone slightly increasing (28%) over the three hours after breakfast with EBIP vs CP thus
sustaining the 10% reduced (not significant) energy intake after EBIP consumption. This hypothesis
was supported by the fact that stimulation of GLP-1 secretion by bitter compounds was already
found in the mouse GI enteroendocrine cell line STC-1 stimulated by the bitter agonists
phenylthiocarbamide and denatonium benzoate (6). Moreover, in humans it was suggested that a
disruption of the TAS2R receptors may affect GLP-1 secretion and as a consequence altered
glucose and insulin homeostasis (5). However, the absence of a significant difference between EBIP
and CP consumption on individual appetite sensations, glycaemia, ECs, NAEs and gastro-intestinal
peptide response (except the slight effect on GLP-1) over 3 h after breakfast (until lunch) as well as
on energy intakes at lunch was coherent with a high stability of EBI along the first part of gastrointestinal tract. Moreover, the effect of EBI on post-lunch food intakes confirmed an intestinal
delivery of the bitter core (secoiridoids) from the microcapsules with a ethylcellulose-stearate
coating (25) and might be consistent with a stronger stimulation of GLP-1 and other anorexic
hormones secretion from the enteroendocrine cells.The activation of bitter receptors in the
gastrointestinal tract stimulate ghrelin secretion resulting in a short term orexigenic effect (7), but
its release is predominant in the stomach (26). This may explain the efficacy of the ancient habit to
drink bitter herbs infusions to aid digestion or the popular use of bitter wines as aperitifs, leading to
a short term increase of appetite. Data altogether suggested that when bitter compounds are masked
to bitter receptors in the stomach (due to coating material or because they are included in a food or a
meal) the ghrelin production is reduced, therefore a long-term anorexigenic effect is prevalent on
the short-term orexigenic effect.
In conclusion,

in the present study it was demonstrated that microencapsulation of bitter

compounds, finalized to bitter taste masking effect and a slow and targeted delivery in the intestine,
is an effective tool to produce new food ingredients to control energy intakes. These data together
with previous studies suggested that the kinetic of bitter compounds delivery along the gastrointestinal tract is fundamental in modulation of appetite behavior finalized to energy intake
reduction in humans. However, further studies aiming at clarifying the biochemical response
underpinning the long term effect on daily food intake here shown with EBI are warranted to model
the kinetic of the bitter compounds delivery in the gastro-intestinal tract. Modelling delivery of
bitter compounds in the respect of physiological effects may be important to foresee the effect of
the ingredient on body weight control in overweight subjects upon a continued consumption.
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In humans the appetite control is determined by complex interactions between sensory and
metabolic aspects. There are internal signals which are comprised of sensory, cognitive, postingestive and post-absorptive factors that form the satiety cascade (Blundell et al, 2010). Moreover
there are many external cues, including food visibility, social norms, marketing suggestions, portion
sizes, and others, which also influence meal initiation and termination. It should be expected that
internal signals may perfectly balance timing and the amount of food intake following the
alternations of hunger and satiety sensations. However, in today’s environment the continuous
exposition to external cues undermines the food intake control by the internal signals and may
easily lead to overconsumption (Bilman, 2014). Therefore, the scenario of the factors that take part
in the appetite control is huge and extremely complex.
The experiments carried out in the present thesis focused on pre-ingestive and post-absorptive
physiological factors which can affect the satiety cascade. A summary of the studies and the major
results are showed in table 6.1. Two studies related to the pre-ingestive phase investigated the role
of the saliva and the endocannabinoids (ECs) system in the food preference and liking. Two other
studies were designed to explore the potential satiating effect on the short term energy intake of
specific food ingredients. A wide panel of biomarkers were investigated in order to describe the
physiological factors behind the individual dietary behaviour.
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Study: randomized crossover
Measures:
 Blood biomarkers
 EI
Subjects:
 Healthy, Age, y: 29(22-40)
 Number: 15(7M/8F)
 BMI, kg/m2 : 23.2±0.73
Study: randomized crossover
human study
Measures:
 Blood biomarkers
 EI
Subjects:
 Healthy, Age, y: 26 (22-33)
 Number: 15 (7M/8F)
 BMI, kg/m2: 21.1±1.6

to test if a meal high in
sunﬂower oil (SO) or high
oleic sunﬂower oil (HOSO) or
in virgin olive oil (VOO) can
inﬂuence the short-term
response of ECs and
subsequent EI in humans.

to evaluate if the ingestion of
encapsulated bitter ingredients
(EBI) contained in a food may
influence subsequent EI.












Study: randomized crossover
sham feeding-designed study
Measures:
 Blood biomarkers
 Energy intakes (EI)
Subjects:
 Healthy, Age, y: 28(24-36)
 Number: 20(11M/9F)
 BMI, kg/m2: 22.7±0.61

to assess the
endocannabinoids (ECs), Nacylethanolamines (NAEs) and
gastrointestinal (GI) peptides
response to a palatable (sweet,
SW), unpalatable (bitter, BT)
and sensory acceptable
(tasteless control, CT) food
stimuli.

ECs,
NAEs,
GI peptides,
appetite ratings
EI

ECs,
NAEs,
EI

ECs
NAEs,
GI pepitides,
appetite ratings
EI













No differences in Ecs,
NAEs, GI peptides and
appetite sensations.
A significant reduction in
the EI was found over postlunch period after the
consumption of the pudding
enriched in EBI vs control
pudding.

oleoylethanolamide (OEA)
higher levels after the
HOSO and VOO
consumption vs SO.
A signiﬁcant reduction of EI
was also found.

higher 2arachidonoylglycerol (2AG) and polypeptide
pancreatic (PP) response
after SW pudding vs BT or
CT pudding (p<0.05).
food palatability did not
influence appetite, EI or
food choice.

Outcomes
Major findings
 salivary α-amylase and lipase  higher α-amylase and lipase
activity
activity and lower zinc
concentration in overweight
 salivary zinc concentration
than in normal weight
 fat preference questionnaire
subjects.
 food frequency questionnaire.
 positive correlation between
lipase activity and
individual preference for
high-fat foods and fat
content of the diets.

Methods and Subjects
Study: observational study
Measures:
 Dietary behaviour and
preferences
 Saliva composition
Subjects:
 Healthy, Age, y: 29(19-54)
 Number: 42(22M/20F)
 BMI kg/m2: 23 NW
22.2±1.7; 19 OW 28.5±2.1

Objectives
to investigate the relationship
between salivary lipase and αamylase activities as well as
zinc concentration with food
preference and choice in
subjects with different
nutritional status (normal
weight NW and overweight
OW).

Table 6.1 . Overview of the experiments performed in the thesis.

microencapsulated bitter
compounds can be a
valid food ingredient to
reduce daily EI in
humans.

a meal with high content
of oleic acid may suistain
the OEA plasma levels
and reduce the following
short term EI.

2-AG and PP may be
biomarkers of food liking
in humans.

Conclusions
the salivary enzymatic
activity may influence
the food preference and
food consumption in
humans.
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Development of satiety enhancing food: a matter of taste
The Western society is an obesogenic environment where people are continuously exposed to high
energy-dense foods. The free availability and the heavy, continuous promotion of high-fat and/or sugar foods determine the individual inability to control energy intakes (Berthoud, 2011). In other
words, the environmental overstimulation of non-homeostatic processes behind food intake far
exceed the homeostatic ones, thus leading to a dramatic increase of obesity. In this context, an
effective strategy to control energy intake and reduce obesity should act through individual
unconsciousness. For overweight and obese people it is extremely difficult to adhere to a diet rich in
healthy and low-calorie foods such as fruits and vegetables for a long period. There is a need to
develop healthy foods that can trigger satiety and cause an unconscious reduction of energy intake
guarantying the food reward in the long period. Effective satiety enhancing foods require they are at
least as tasty and gratifying as the unhealthier items they are intended to replace (Halford et al,
2012). A major challenge is to combine the desired functionality with consumers acceptance, as
well as manufacturing and business feasibility (Mela, 2013). Consumers acceptance for healthier
foods is conditioned by their perception that unhealthy foods are inherently tastier and vice versa.
This consumer belief may represent another obstacle to the acceptance of healthy food since people
think they are less palatable than their unhealthy alternative (Tremblay et al, 2013). Many healthy
foods sold in groceries and specialized stores have a very high protein or fibre content which
negatively affects food structure, flavor, and texture properties. Therefore, resulting in food
products with very low overall palatability. This can partly explain the negative consumer
perception for products promoted as healthy with a satiating effect (Blatt et al, 2011; Fromentin et
al, 2012; Van Kleef et al, 2012). Moreover, in designing a food for appetite control it is also worth
taking into consideration the enhancement of palatability is associated to an increase of hunger
sensations, food ingestion speed, and global duration of a meal (Yeomans, 1996) and therefore may
lead to greater food intake and higher risks of over-consumption (Bellisle et al, 1984; de Castro et
al, 2000; Yeomans et al, 2004). Cephalic phase response, continued cephalic stimulation, and
sensory specific satiety signals are involved in this process (Smeets et al, 2010). Therefore a big
challenge for the food scientists will be to find the right balance between the hedonic value and the
functionality of satiety enhancing foods, with the final aim to increase the palatability (to promote
acceptance and consumption) without weakening satiety (without promoting over-consumption)
(Trembaly et al, 2013).

112

112

General Discussions

Figure 1. Human dietary behaviour and choices are governed by hedonic, homeostatic and environmental factors
(Berthoud, 2011). Foods can influence these factors and control energy intakes (Tremblay et al, 2013). Mounting
evidence indicates that satiating foods unconsciously leading to a reduction of energy intake are an effective strategy;
the long term consumption of these foods is still an issue (Van Kleef et al, 2012). Foods with an high hedonic value
may lead to an overconsumption, (Bellisle et al, 1984; de Castro et al, 2000; Yeomans et al, 2004) whereas modification
of the food aiming at increasing satiating power may lead to a disruption of the palatability and a reduced willingness to
consume (Tremblay et al, 2013; Van Kleef et al, 2012). In this context, the real challenge of food technologists and
scientists is to find the right balance between the hedonic value and the satiating power of the food. This objective can
be achieved by finely modulating the food factors influencing the two arms of the balance and the interconnected
physiological pathways. The most promising food factors to modulate hedonic value are the content of sugar and fats as
well as the food flavour. Whereas the energy density of the food and its protein and dietary fiber content mainly
influence the satiating power of the food.

The other pillar to develop an effective satiety enhancing food is the elucidation of

the

physiological processes behind the hedonic value of a food. Mounting evidence showed that saliva
composition and ECs system may have a role in eating behaviour. However there is still a lack of
knowledge about their role in food preference and liking. A primary objective of this thesis was to
study the saliva composition as an individual factor that can influence sensory perception and the
ECs system as the physiological system able to influence food liking and choice.

The role of salivary enzymes in taste perception and food preferences
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The role of salivary enzymes in taste perception and food preferences
113

A series of physiological factors may influence the subjective perception and therefore the overall
liking of foods. The simple sight and smell of foods is enough to stimulate saliva secretion by major
salivary glands: the parotid, sublingual, and submandibular glands. In addition to these, there is a
large and still undefined number (600-1000) of salivary minor glands which share some common
characteristics: they have a quite simple structure consisting of a small clusters of secretory cells
with a short excretory duct; with the exception of the von Ebner’s glands, which secrete serous
saliva, they are mucous; they have little or no sympathetic innervations (Hand et al, 1999; Riva et
al. 2000). By contrast with the major glands which fully secrete their fluid only upon stimulation,
the minor glands function more or less continuously during the day and at night. Moreover the
salivary flow is depended on the density and number of small glands: a high variability among
humans have been reported (Won et al, 2001; Gaubenstock et al, 1990; Hamada et al, 1974). Saliva
has a fundamental role in taste perception influencing the way molecules are released from a food
matrix and its diffusion in the mouth. Some animal studies also demonstrated that the macronutrient
composition of the diet influence the saliva composition. A summary of the saliva interactions with
food and its effect on taste perception are resumed in the table 6.2.
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Component

whole saliva
whole saliva
whole saliva
lysozyme
cystatin SN
salivary amylase
salivary lipase
salivary lipase, lipocalin

Saliva property

cover the top of the taste pore

dissolve and diffuse tastant molecules

hypotonicity

emulsifing properties

proteolytic activity

amylolitic activity

lypolitic activity

lypolitic activity and protein composition

increase the fat-liking

contribute to oral fat detection

increase the oral perception of starch viscosity

enhance bitter perception

facilitate the fat texture perception

enhance salty taste

help the taste recognition

maintain the external milieu of the taste receptor cells.

Possible effect on taste perception

Table 6.2 Saliva properties influencing taste perception and the components involved in this job

Neyraud et al. 2011

Kulkarni et al. 2014

Mandel et al. 2010

Dsamou et al. 2012

Siletti et al. 2007

Humphrey et al. 2001

Matsuo 2000

Matsuo 2000

References
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The study of saliva composition and its physiological role in food preferences had a double
objective:


to shade lights on the mechanisms occurring during the cephalic phase of eating that can
influence food digestion, satiation and reward processes following food ingestion;



to seek biological biomarkers of liking that, as present in saliva, may be an advantageous
alternative to plasma biomarkers, due to the non-invasiveness, stress-free and repeated
samples possibility associated to saliva sampling compared to plasma one (Aydin, 2007).

Several molecules found in saliva have been already proposed as biomarkers of some biological
conditions. Salivary cortisol has been suggested as a marker of body’s stress response to acute
exercise, whereas testosterone/cortisol ratio is an indicator of anabolic/catabolic adaptations of
training (Papacosta et al, 2011). A role for alpha-amylase as biomarker of sympathetic nervous
system (SNS) activity to the acute stress induction was also proposed since its activity predicts the
plasma levels of a well-established SNS indicators norepinephrine (Aydin, 2007).
With regard to taste perception and preference, the salivary enzymatic activity is of great interest. In
fact, alpha-amylase is the most abundant protein in human saliva (Hirtz et al, 2005). It was
demonstrated that this enzyme plays a significant role in the oral perception of starch viscosity
(Mandel et al, 2010), creaminess (De Wijk et al, 2004) and the release of flavour compounds (Ferry
et al, 2004). In the last years, the suggestion of a specific taste for fat in addition to the traditional
ﬁve taste qualities, sweet, umami, salty, sour, and bitter (Chandrashekar et al, 2006) stimulate also
the interest for the salivary lipolytic activity. Whether a triglyceride degrading enzyme exists in
human saliva is still disputed, although a recent research conducted by Voigt et al. detected lipolytic
activities in minor salivary and identified gene coding for lingual lipase (Voigt et al, 2014).
In the study described in chapter 2, two main questions were answered regarding the role of lingual
lipase. Firstly, we confirmed that a lipolytic activity can be detected in human saliva (in accordance
with Voigt et al, 2014). Secondly, we found that individual nutritional status is associated with this
activity: the higher the BMI the higher the lingual lipase activity.
A gap of knowledge still exists on the biological factors influencing salivary enzymatic activity.
Genetic, nutritional and behavioural factors may be involved. Interestingly, a research carried out
on two populations with different diet pattern found out that in the population which historically
have a diet rich in carbohydrates, the AMY1 gene copies (the gene that code for salivary amylase)
are higher compared to the protein-rich food eaters (Perry et al, 2007). Moreover, there is evidence
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that a diet high in starch may upregulate salivary amylase expression (Squires, 1953). In agreement
with these studies, we found that both salivary amylase activity and lingual lipase activity are
correlated with carbohydrates and total dietary fats intake, respectively. A previous study reported
that amylase concentration in saliva and salivary enzymatic activity are significantly correlated, but
these results were not so strong as expected (Mandel et al, 2010). It is possible that salivary
enzymatic activity may be also affected by other factors such as genetic polymorphism, post
translation modification or interactions with other proteins, such as mucins (Iontcheva et al, 1997).
An intriguing hypothesis is that also oral microflora may consistently take part to the total salivary
enzymatic activity.
Mandel et al. (2012) found that in normal weight people high levels of salivary alpha amylase
activity may help in maintaining the homeostasis after food intake reducing the postprandial blood
glucose response. By contrast, in a previous article the same authors hypothesized that salivary
alpha amylase activity directly correlated with postprandial glycaemia levels, since the action of the
enzyme increase the free sugars release from the food matrix (Mandel et al, 2010). An explanation
for this unexpected result can be that a higher breakdown of starch by alpha amylase in the oral
cavity activates a higher cephalic phase insulin response, which helps to tolerate glucose better once
the food is ingested. (Mandel et al, 2012).
All these researches were mainly conducted on alpha amylase, whereas there is still a gap of
knowledge on lingual lipase. Therefore, we decided to investigate if similar mechanisms also exist
about factors that can influence lingual lipase activity. Further studies are necessary to establish
causal mechanisms among the enzyme activity, nutritional status, and dietary habits. Similar to the
salivary amylase, it can be hypothesized that also genetic factors influence the amount and the
activity of the enzyme. Moreover, it can be suggested that in addition to its role on fat perception
(Voigt et al, 2014), lingual lipase has also a role in food liking and may have a role in anticipating
post-prandial response to food (figure 2). Understanding the basic mechanisms underlying the
rationale of salivary biomarkers will help us to learn how the changes that occur in foods during
oral processing impact our hedonic evaluation, preference, and ingestion of such foods.
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Figure 2. Factors influencing the salivary lipase activity its potential effects on physiological
functions. Genetic, dietary and nutritional factors may affect the salivary lipase activity. The
enzyme begins the digestion of triglycerides, releasing free fatty acids that can bind their taste
receptors. As a consequence fat is sensed in the mouth and this can be related to food liking and
postprandial lipids metabolism through a cephalic phase mechanism.
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Endocannabinoids system upon the cephalic phase of eating: a biomarker of food liking
Non-homeostatic mechanisms of eating and food reward are fundamental in the short, medium, and
long term. In the short term they influence food choice, since people eat what they like and avoid
food they dislike. In the medium term, they may modulate the variety of the diet through the
sensory specific satiety that may elicits the termination of eating a specific food. In the long term,
they influence the learning associations and create the memory of foods influencing the individual
food pattern and the food choice in a specific context (Smeets et al, 2010).
Food reward consist of three main components which normally occur together but have separate
neurological pathways: liking (the hedonic impact of a food), wanting (motivation to obtain foods)
and learning (associative conditioning and cognitive processes) (Berthoud et al, 2011).
The hedonic value of a food is mainly established during the cephalic phase of eating and can be
divided in a first cephalic response, acting before meal ingestion, and in a continued cephalic
stimulation acting upon food ingestion until meal termination (Smeets et al, 2010). Literature data
supported the idea that cephalic phase response (CPR) may prepare the body to maintain
homeostasis during the digestion (Teff, 2000; Nederkoorn et al, 2000). High palatable food
stimulate a higher CPR thus allowing a high amount of food to be consumed. Cephalic stimuli
consist of a series of secretory and non-secretory responses. However, few hormones also involved
in the appetite control, such as insulin, pancreatic polypeptide, ghrelin, are stimulated during the
CPR. This background suggested that other factors also related to satiety and appetite control
should be stimulated during the cephalic phase in response to food liking, wanting, and learning
associations. ECs and related species, such as N-acylethanolamines (NAEs) may act as a link
between the homeostatic and the non-homeostatic (hedonic) system (Di Marzo, 2009).
In the study described in the chapter 3, we aimed at determining the role of ECs during the cephalic
phase of eating a high palatable, acceptable and unpalatable food. In general, the ECs system
sustains several rewarding behaviours, such as cooperative playing and sexual activity, stimulating
dopamine neurons in ventral tegmental area and substantia nigra (Wise, 2009). The neurotransmitter
dopamine targets brain areas involved in reinforcement, learning, emotional memory, habit
formation: they are all hallmarks of reward-related behaviours (Fattore et al, 2010). Eating is
another rewarding behaviour, whose power may depend from the macronutrient composition of the
consumed food (Berthoud et al, 2012). Several limbic and cortical brain regions, stimulated by
several neurotransmitters, including ECs, are involved in the rewarding value of the food. In the
present thesis we demonstrated that, even before food ingestion, taste perception itself is able to
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induce a plasma ECs response. In particular, Chapter3 shows that food perceived as high palatable
stimulated an increase in 2-AG plasma levels whereas food perceived as unpalatable produced a
reduction of 2-AG plasma levels. The peculiarity of our experimental design was that the
macronutrient composition of the tested foods were identical and study participants were selected
on the basis of the hedonic values for the specific test foods, thus the hedonic values could be
assumed as the main drivers of the ECs response. This lead to the conclusion that food palatability
can influence the ECs plasma concentration and 2-AG play a pivotal role in food liking. A previous
preliminary study already suggested wanting and ingestion of high palatable foods stimulate an
higher 2-AG plasma response compared to a control food (Monteleone et al, 2012). All in all, this
data suggests that the 2-AG is involved in the two main components that regulate the rewarding
value of foods: liking and wanting. Further studies should investigate the role of 2-AG in learning,
the third component of food reward.
From a physiological point of view the ECs system has a general anabolic effect, promoting food
intake and increasing pleasure and motivation to eat (Cristino et al, 2014). Therefore, the cephalic
phase ECs response may be part of the mechanisms which allow a greater food intake when the
hedonic value of the food is high. Similarly to the cephalic phase response of insulin, 2-AG
response can have a role in the preparatory mechanisms behind eating which helps body to maintain
homeostasis. These findings can have interesting implications for the designing of foods aiming at
the reduction of calorie intake. The measure of specific ECs can offer the possibility to quantify
responses that up to now were approached by qualitative attribute such as liking and palatability. It
is clear that the combination of the biochemical and sensory approach is a powerful way to compare
the satiating and rewarding capacity also of different category of foods (i.e. dessert vs bakery).
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Macronutrients in appetite regulation: modulating the endocannabinoids system from reward to
satiety
A hierarchy has been observed for the satiating efficacies of the macronutrients being protein the
most and fats less satiating macronutrient. Macronutrient formulation influence the form, texture,
and microstructure of foods thus influencing taste and satiety (Lundin et al, 2008). A number of
studies reported that proteins interaction among each other or with other food constituents as well as
their isoelectric points may influence protein digestions and, as a consequences, the post-prandial
appetite cues (Ross et al, 2003; Yildirim et al, 1998; Wooster et al, 2007; Bowen et al, 2006; Boirie
et al, 1997; Hall et al, 2003).
The primary physiological effect of dietary fibre (such as cellulose, pectin, galactomannans,
glucans) influencing appetite is the slowing of stomach emptying associated to a greater fullness
due to a prolonged permanence of the food in the stomach (Lundin et al. 2008). The solubility of the
dietary fibres and the ability to increase the viscosity of a meal are the main physical characteristics
of these food components associated to the stomach emptying rate.
Despite they are recognized as the macronutrient with the lower satiety quotient fatty acids have an
important role in satiety and subsequent energy regulation. All fats are digested in form of
emulsion: in fact the lipases act on the surface of insoluble fat droplets (Fave et al, 2004; Mu et al,
2004). The emulsion surface area is the key physicochemical factor affecting fat digestion (Lundin
et al, 2008), generally the higher the surface the faster the digestion. Another property of fatty acids
extensively investigated in relation to satiety is the degree of saturation (Casas-Agustench et al,
2009). Higher is the number of double bonds faster is the rate of oxidation (Casas-Agustench et al,
2009). In other words, saturated fatty acids are metabolised through the mitochondrial beta
oxidation slower than monounsaturated fatty acids (MUFA) which in turn are metabolised slower
than polyunsaturated fatty acids (PUFA) (Casas-Agustench et al, 2009). It was suggested that the
fats which are not stored, but directly oxidised have a higher satiety quotient, thus the satiating
power should be PUFA>MUFA>SFA. However, most of the studies conducted to test this
hypothesis did not find any significant variations among the different fats: either, the length and the
number of double bonds, did not influence the following energy intakes (Casas-Agustench et al,
2009; Flint et al, 2003; Lawton et al, 2000, Alfenas et al, 2003; MacIntosh et al, 2003; BurtonFreeman et al, 2004; Burton-Freeman et al, 2005). Unfortunately, none of the reported studies
evaluated the biochemical plasma response to fats ingestion thus making impossible a mechanistic
explanation (de Graaf et al, 2004).
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On the other hand the use of fats to stimulate satiety proved to be successful when fatty acids
precursors of the oleoylethanolamide (OEA), an anorexigenic compound belonging to ECs related
species, were used. In fact, animal studies showed that high intake of oleic acid can induce the
production of OEA in the gastrointestinal tract resulting in a satiating effect. Oleic fatty acid was
the unique compound among glucose, proteins and other fatty acids able to support the OEA plasma
levels (Schwartz et al, 2008) demonstrating that the presence of a precursor in the gastrointestinal
tract may stimulate the ECs anabolism (Piomelli, 2013). To the best of our knowledge, no studies
were present in literature on the influence of diet on the ECs plasma levels and the scarce researches
were focused more on the macronutrient ratios rather than specific fatty acids intakes (Naughton et
al, 2013).
In this context, we performed the study described in the chapter 4. It aimed to investigate whether a
high intake of oleic acid may modulate the response of OEA and influence the subsequent energy
intake in humans. The results previously reported open a series of interesting possibilities in
designing novel functional ingredient for appetite control. In fact, we showed that OEA plasma
levels may be increased by a high intake of its precursor oleic acid and this resulted in a reduction
of 24h energy intake. Virgin olive oil and high-oleic acid sunflower oil were used in that study as a
source of oleic acid. These oils are rich in triolein which is digested releasing oleic acids along the
gastrointestinal tract. Our results are in agreement with a previous animal study investigating the
intraduodenal effect of non-esterified oleic acid (Schwartz et al, 2006) and showing that the
presence of free oleic acid in the gut stimulates the OEA production. It was suggested that three
receptors, CD36, GPR120, and GPR40, are implicated in fatty acids sensors in the intestine
(Sclafani et al, 2012). So, it can be hypothesized that the activation of specific fats taste receptors in
the gastrointestinal tract can be a way to develop novel ingredients for appetite control.
The use of well-designed ingredients may increase the effect of food developed for appetite control:
the release of the ingredient in a more focused area of the gastrointestinal tract as well as the direct
use of oleic acid instead of triolein may increase the OEA endogenous production (figure 3). From a
technological point of view, the targeted release of an ingredient in a specific site along the gastrointestinal tract may be achieved using the encapsulation technology (Kuang et al, 2010).
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Figure 3. Results and potential application from the experiment described in the chapter 4. SO,
sunflower oil; HOSO, high oleic sunflower oil; VOO virgin olive oil; OEA, Oleoylethanolamine;
GI, gastrointestinal; AUC, area under the curve.
Moreover, further experiments should verify if also other ECs may be influenced by the intake of
their precursors. Studies conducted in rats demonstrated that a low dose of the cannabinoid receptor
agonist THC, may enhance the palatability of sucrose solution and reduce rejection of a highly
unpalatable quinine solution (Jarrett et al, 2005; Jarrett et al, 2007). Moreover, another research in
rats demonstrated that 2-AG and AEA administration selectively enhance sweet taste (Yoshida et al,
2010). If these mechanisms will be confirmed in humans, it will be possible to enhance the
palatability of a food as well as its sweet taste (and consequent overall hedonic value of the food) by
sustaining the 2-AG and AEA plasma tone during eating. This would lead to a faster satisfaction
upon eating due to the sensory specific satiety mechanism and an overall reduction of energy intake
upon a meal or of eating occasions during the day. Future studies should test whether the use of
fatty acids that are ECs precursors in a specific amount and formulation may be used to design
palatable foods for appetite control.
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Taste receptors in the gastrointestinal tract: a chemoreceptor system to sense nutrients
The detection of nutrients in the gastrointestinal tract plays a crucial role in regulating appetite and
satiety, stomach and intestine motility and initiate neural and hormonal pathways necessary for
normal digestive function (Reinehr et al, 2015). Cells that can detect the nutrients in the
gastrointestinal tract are located on the surface of the luminal content, close to afferent nerve
terminals (Steinert et al, 2011). Enterocytes, brush cells and entero-endocrine cells (EEC) are all
involved in chemosensory mechanisms. However, with regard to appetite control EEC have the
main role. In fact, more than 20 types of EEC secrete a variety of hormones, including CCK, GIP,
GLP, PYY, representing the largest endocrine organ of the human body (Janessen et al, 2012).
Interestingly, recent studies abolished the concept of the one cell-one hormone and corroborated the
idea that a lineage of EEC may secrete a group of related peptides (Habib et al, 2012; Egerod et al,
2012). When the receptors for fats are activated in the gastrointestinal tract they induce a cascade of
satiating peptides including CCK, GLP-1 and PYY. In addition to nutrients, receptors also exist for
their metabolites. For example, OEA was found to be a moderate agonist for the receptor GPR119
(Overton et al, 2006). This is expressed on the surface of intestinal endocrine K and L-cells and its
activation results in the production of the satiating peptides GIP, GLP and PYY in vitro and in vivo
in rodents (Chu et al 2008; Lauffer et al. 2009; Rüttimann et al, 2009; Cheung et al, 2009).
Moreover, the administration of GPR119 agonist reduces food intake and body weight in obese rats,
but this effect is lost in GPR119 -/- rats (D’Alessio et al, 2007).
All in all, these data suggest that the results we found following the intake of oils rich in oleic acid
might be due to a wide activation of the fat taste receptors in the gut which in turn lead to a greater
production of OEA. In addition to the taste receptors activation, which can already stimulate the
release of satiating peptides, the metabolite OEA may stimulate GIP, GLP and PYY through the
activation of GPR119 resulting in a positive reinforcing feeback on satiety.
Micronutrients in appetite regulation: take the better from the bitter
Comparing evolutionary evidences, it has been inferred that taste probably evolved more than 500
million years ago when a primitive fish, developed a new kind of cell. Taste buds have been
repeatedly tweaked over time to suit various animals’ dietary needs, a shift in diet removed the need
to sense certain chemicals in food or vice versa (Callaway, 2012). Among tastes, studies conducted
on the elephant shark’s genome, a very old species that lacks bitter taste receptors, suggests that
these genes evolved more recently (Grus et al, 2009). It is widely accepted that bitter taste has
evolved as a central warning signal against the ingestion of potentially toxic substance when life
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moved on dry land and animals began to eat vegetables. In fact, almost all plants and vegetables
produce bitter substances which widely differ in chemical structures and molecular weights. As a
consequence, the receptors that recognize them are diverse being 25 in humans, each recognizing
unique combinations of chemicals. In the mouth, bitter substances evoke disgust and avoidance.
This instinctive rejection of intense bitter taste may be immutable because it has been crucial for
human survival, and it seems that it still affects our food choice (Hofmann, 2009). Once, bitter
compounds are ingested they can cause nausea and depending on the amount and the subject
sensitivity may also induce vomit episodes. TAS2Rs bitter receptors were found in smooth-muscle
strips in humans airways where their activation cause a relaxation of the muscle tissue (Deshpande
et al, 2010). In vitro, animals and humans studies support the existence of a similar mechanism in
the gut where the activation of the antral and duodenal smooth-muscle strips by bitter taste-receptor
agonist may have an inhibitory effect on gastric contractility, probably mediated by the release of
anorexigenic peptides (Janssen et al, 2010; Mani et al, 2012; Deloose et al, 2013; Verschueren et al,
2013) The decreased rate at which food passes through the stomach should lower the amount of
food ingested reducing the ingestion of potential toxic compounds.
To the best of our knowledge, the research described in the chapter 5 is the first where a bitter
ingredient was used in a food to investigate its effect on hunger and satiety in humans. In fact, to
avoid the repulsion generated by the perception in the mouth previous studies were conducted using
pills or by intragastric infusion (Yajima et al, 2004; Obara et al, 2009; Deloose et al, 2013;
Verschueren et al, 2013). In our case, a novel food ingredient including bitter compounds and
designed for appetite control was developed and included in a novel palatable food for its
validation. We demonstrated, that the application of an appropriate microencapsulation technology
on a suitable ingredient (a gentiana lutea bitter extract) allowed to develop a food able to reduce
daily energy intakes. The microencapsulation of the bioactive extract was used to mask the bitter
taste in the mouth and deliver the functional ingredient directly in the gastrointestinal tract (figure
4). We chose puddings as a food to validate the new ingredient because their formulation avoids
thermal and mechanical stresses on the microcapsules. In fact, the microencapsulated ingredient
was stable up to 80°C and under a moderate mechanical stress. In other words, it’s worth
underlying the importance of a proper ingredient design to control the effects of foods on satiety
functions.
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Figure 4. Physiological mechanism underlying the satiating effect of encapsulated bitter
compounds tested in the chapter 5 and potential future applications of our findings. The capsules
once ingested arrived intact in the gastrointestinal tract where they were slowly digested. The
particles breakage released the bitter compounds that could bind the bitter taste receptors on the
enteroendocrine cells. This binding elicited the release of anorexigenic peptides such as GLP-1 in
the bloodstream. Further studies may focus on enhancing the satiating effect by testing novel
coating and core materials and investigating the influence of genetics of bitter receptors on
enteroendocrine response to bitter stimuli.
Further studies may aim to develop other types of ingredients with the same bioactive compounds
and different coating materials in order to improve the thermal and mechanical resistance and allow
their use in a wide type of foods. On the other hand, other bitter compounds having chemical
structures and molecular weights different from Gentiana’s bitter compounds should be evaluated in
order to evaluate if the possible link with different receptors in GI tract may elicit, together with a
different level of bitterness, also a different satiety response. In fact, as previously stated the
chemical structures and molecular weights of bitter compounds determine the possibility to bind
specific receptors resulting in a different bitter value. It was reported that some compounds may
bind up to eight receptors whereas others such as the phenylthiocarbamide, binds to only one
receptor (Meyerhof et al, 2010). In humans, variation in the bitter-taste receptor genes and
expression of bitter receptors mRNA in taste cells have been reported to influence the bitter taste
perception. In addition, the extent of mRNA expression correlated with the recent caffeine intake
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thus suggesting(suggests) that the intake of bitter compounds may induce variation of the bitter
receptors’ gene expression (Lipchock et al, 2013). It can be hypothesized that compounds exerting
higher bitter value in the mouth may also generate a greater anorexigenic effect. In addition, the
genetic variability and the influence of the diet on the genetic expression may also result in a
different subjective response to bitter compounds intake. Further sensory and nutrigenomics studies
will test these hypotheses in order to achieve the maximum effect from a nutrient sensing approach
in developing food ingredients for appetite control.
Conclusions
From the work described and discussed in the present thesis it can be concluded that:
fat food consumption is conditioned by individual taste perception and by salivary lipase activity.
Further research is needed to clarify the genetic and dietary factors behind the activity of this
enzyme and of the minor salivary glands influencing saliva composition.
Eating behaviour may be influenced by the ECs response that was found linked with food liking
(even before food ingestion) and may in turn reinforce learning associations between unhealthy
eating and food reward (pleasure).
Post-prandial ECs response may be modulated by lipid composition of the food and can influence
energy intake.
Sensing of bitter tasting compounds along the GI tract may reduce energy intake in humans.
The translation of this acquired knowledge in developing new food/ingredients for energy intake
control results in the conclusions that:
the hedonic value of the food has to be taken into high account by food developers
new ingredients must be designed to reach specific targets in the body, including the chemical taste
receptors on the enteroendocrine cells.
The stability of bioactive compounds to the technological processes and to the GI digestive system,
together with the necessity to mask some unwanted taste and flavour of bioactive compounds, must
be guaranteed. Microencapsulation techniques can cope with these issues. However, the high interindividual variability in chemical receptor genes expression has to be considered in a nutrigenomics
prospective in order to analyse the relation among gene expression, taste perception and satiety
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response. Future studies should combine physiology, nutrient sensing, and nutrigenomics in order to
develop personalized foods for appetite control.
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Summary

Human dietary behaviour is driven by homeostatic, hedonic and environmental factors. Foods can
influence these factors throughout extrinsic (marketing suggestions, portion sizes, form) and
intrinsic characteristics (taste, flavour, smell, texture). In turn biochemical response and
psychological traits influenced food taste, flavour, smell and texture perception determining the
hedonic value of a meal. This interplay between the food and the subjective psychophysiological
response determine the control of energy intake, therefore must be considered in developing food
for appetite control.
In the present thesis four human studies are described. Of these two were conducted to investigate
the role of the saliva and the endocannabinoids system in the food preference and liking during the
cephalic phase of digestion. We found out that salivary enzymes activity are influenced by
nutritional status, food preference and food habits. Moreover, food palatability influenced some
plasma endocannabinoid and N-acylethanolamine concentrations during the cephalic phase
response and indicated that 2-arachidonoylglycerol and pancreatic polypeptide can be used as
biomarkers of food liking in humans. These findings can have interesting implications in designing
foods for appetite control:


salivary enzymatic activity must be considered because it influence taste and texture
perception and consequently food choice;



the measure of 2-arachidonoylglycerol can offer the possibility to merge the sensory and
biochemical approach to compare the satiating and rewarding capacity of foods.

The other two studies investigated the potential satiating effect on the short term energy intake of
specific food ingredients. As previous in animal studies shown, we demonstrated (chapter 4) that
also in humans the circulating oleoylethanolamide levels can be modulated by the fatty acid
composition of a meal and this can influence the short-term energy intake. Therefore, we
highlighted the anorexigenic effect of the oleoylethanolamide that can be a target of specific food
ingredients. In the study described in the chapter 5, we aimed in assessing the appetite control
capability of bitter compounds. The ingredient was microencapsulated with the double aim to avoid
the (not palatable) taste perception in the mouth and to deliver the compounds directly in the
gastrointestinal tract and target the enteroendocrine bitter taste receptors. We showed that
microencapsulated bitter compounds are effective to reduce daily energy intakes in humans. This
study demonstrated that sense the taste receptors directly in the gastrointestinal tract may be a valid
way to trigger satiety and control appetite.
The general conclusions of the present thesis are that a fine design of ingredients for appetite
control is necessary to develop novel foods for appetite control that has to take in account from one
side the hedonic value from the other side the functionality.
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Discipline specific activities














General courses








Optional courses and activities






4th International Conference of Food Digestion INFOGEST; March
2015 ; Naples (poster presentation)
XIX Workshop on the Developments in the Italian PhD Research on
Food Science, Technology & Biotechnology; September 2014; Bari
(oral presentation)
Eurosense 2014 - the 6th European conference on Sensory and
Consumer Research; September 2014; Copenhagen (poster
presentation)
NSCPHD1155 Introduction to MATLAB for Multivariate Data Analysis;
September 2014; University of Copenhagen
Course in "Human nutrition" school of nutrition of Salerno; May
2014; Salerno
7th Workshop "Immunonutrition"; may 2014; Carovigno (Br, Italy)
(poster presentation)
Sensory Perception and Food Preference 6th International Advanced
Course; December 2013; - Graduate School VLAG, Wageningen
University
2nd International Conference on Cocoa Coffee and Tea; October
2013; Naples (poster presentation)
XVIII Workshop on the Developments in the Italian PhD Research on
Food Science, Technology & Biotechnology, September 2013;
Conegliano (poster presentation)
ENGIHR Conference The Intestinal Microbiota and Gut Health:
Contribution of the Diet, Bacterial Metabolites, Host Interactions and
Impact on Health and Disease; September 2013; Valencia

Course in “Multivariate analysis for food data", May 2014; Graduate
School VLAG, Wageningen University
PhD week; April 2014; Graduate School VLAG, Wageningen
University
PhD course: "Applied Statistic"; December 2013; University of Naples
PhD course: "Data presentation and article preparation"; November
2013; University of Naples
PhD course: "Design and management of research projects"; October
2013; University of Naples
PhD course: " Precision and experimental errors "; September 2013;
University of Naples
Preparing VLAG PhD project proposal
Design of Healthy foods, MSc course; October- December 2014;
University of Naples
Functional Ingredients for Weight Management, MSc course
October- December 2014; University of Naples
Molecular Gastronomy, MSc Course; October- December 2014;
University of Naples
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