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P reface: The P A TI W A Y-27 P roject 
It should be stressed that an important part of the present thesis, entitled “5evelopment of bioactive-

enriched dairy and egg products against metabolic syndrome: The effect of the food matrix on the 

bioaccessibility and bioavailability of polyphenols and docosahexaenoic acid” was part of the 9uropean 

project P A TI W A Y-27: “P ivotal assessment of the effects of bioactives on health and wellbeing. From 

human genome to food industry” (http://www.pathway27.eu/).  

The P A TI W A Y-27 project, coordinated by the U niversity of B ologna and financed by the 9uropean 

Seventh Framework P rogramme (FP 7), was launched the 1st of February 2013 for a 5-year period. The 

project, composed by a pan-9uropean interdisciplinary team of 16 life/social scientist institutions and 

10 high tech/ food processing small and medium enterprises (SM 9s), focuses on the role and 

mechanisms of action of 3 bioactives - docosahexaenoic acid (5I A ), anthocyanins (A C ) and beta glucan 

(B G) - as ingredients for the enrichment of 3 different food matrices (dairy, bakery and egg products) 

to determine how they affect physiologically-relevant primary and secondary endpoints for M etabolic 

Syndrome (M S). P A TI W A Y-27 will deliver a better understanding of the role and mechanisms of the 

selected bioactives and bioactive enriched foods (B 9F) while performing parallel in vitro and in vivo 

studies, which will allow the selection of biomarkers by means of advanced omics techniques.  

In order to achieve its purpose, P A TI W A Y-27 is organized into 8 different work packages (W P ) (Figure 

1). W hile W P 1, W P 7 and W P 8 deal mainly with the management, coordination and results 

dissemination of the project, the scientific, technological and analytical work of the project is 

condensed into W P 2: “Feasibility of selected food matrices for the formulation of P A TI W A Y-27 B 9F ”, 

W P 3: “In vitro studies on the effects and mechanism of action of selected bioactives”, W P 4: “Industrial 

production of P A TI W A Y-27 B 9F for pilot and intervention studies”, W P 5: ”5ietary pilot and 

intervention studies” and W P 6: “U nderstanding the mechanisms underlying the effects of the 

P A TI W A Y-27 B 9F”.  

B riefly, the first step of the project, already finished and performed by the W P 2, consisted in the 

formulation and development of 3 bakery products (B P ), 3 dairy products (5P ) and 3 egg products (9G) 

fortified with 5 different combinations of bioactives (5I A , A C , B G, 5I A +A C  and 5I A +B G). In addition, 

a battery of analyses was also performed in order to characterize and select the best B 9F in terms of 

composition, digestibility, bioactive bioaccessibility, shelf life, sensory properties and consumers’ 

acceptance. The overall objective of W P 4, carried out by specialized SM 9s, was to extract and purify 

the bioactives from dietary sources and the production at industrial scale of B 9F to be used in pilot and 

intervention studies (W P 5). W P 3, the only W P  that works with pure bioactives instead of B 9F, is 
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focused on performing in vitro analysis on adipocytes and hepatocytes to provide further insight into 

the mechanisms of action of the selected bioactives. Finally, W P 6 is focused on understanding the 

mechanisms underlying the effects observed on primary and secondary endpoints related to the 

consumption of B 9F.  

 
Figure 1. Organization diagram of the P A TI W A Y-27 project 

 

The work of the present thesis was included into the W P 2 and W P 6.  

M ore specifically, our tasks within W P 2 were:  

 The formulation and development of the bioactive-enriched 5P  and 9G 

 The quantification of A C  in the 5P  and 9G after processing, storage, and in vitro digestion. 

The results of this part are presented in the chapter 2: “5evelopment of bioactive-enriched foods 

against M etabolic Syndrome” and chapter 3: “In vitro digestion of dairy and egg products enriched 

with grape extracts: 9ffect of the food matrix on polyphenol bioaccessibility and antioxidant capacity”. 

W ithin W P 6 our task was:  

 To study the food matrix effect on the bioaccessibility and bioavailability of 5I A  using pigs as 

in vivo models. 

The results of this part are presented in the chapter 4: “In vivo digestion of egg products enriched with 

5I A : effect of the food matrix structure on 5I A  bioavailability”. 
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P réface : L e P rojet P A TI W A Y-27 
Il convient de souligner qu'une partie importante de la présente thèse, intitulée « 5éveloppement de 

produits bioactifs dérivés des laitiers et des œufs enrichis contre le syndrome métabolique : L'effet de 

la matrice alimentaire sur la bioaccessibilité et la biodisponibilité des polyphénols et de l'acide 

docosahexaénoïque » intègre le projet européen P A TI W A Y-27: «9valuation cruciale/critique des 

effets de bioactifs sur la santé et le bien-être. 5u génome humain à l'industrie alimentaire » 

(http://www.pathway27.eu/). 

Le projet P A TI W A Y-27, coordonné par l'U niversité de B ologne et financé par le programme européen 

Seventh Framework (FP 7), a été lancé le 1er Février 2013 pour une période de 5 ans. Il est composé 

d’une équipe paneuropéenne interdisciplinaire, avec 16 institutions scientifiques dans les domaines 

des sciences de la vie et des sciences sociales, ainsi que 10 petites et moyennes entreprises (small and 

medium enterprises, SM 9s) dans les domaines de la haute technologie et de la transformation des 

aliments. C e projet met l'accent sur le rôle et sur les mécanismes d'action de trois bioactifs – acide 

docosahexaénoïque (5I A ), anthocyanes (A C ) et béta-glucanes (B G) – comme ingrédients pour enrichir 

trois différentes matrices alimentaires (produits laitiers, de boulangerie et à base d'œufs) afin de 

déterminer comment ils affectent des paramètres primaires et secondaires physiologiquement 

importants pour le syndrome métabolique (metabolic syndrome, M S). Le projet P A TI W A Y-27 offrira 

une meilleure compréhension du rôle et des mécanismes des bioactifs sélectionnés et des aliments 

enrichis avec des bioactifs (bioactive enriched foods, B 9F), tout en effectuant parallèlement des études 

in vitro et in vivo, ce qui permettra la sélection de biomarqueurs par des techniques omiques avancées. 

P our atteindre son objectif, P A TI W A Y-27 est organisé en huit différents groupes de travail (work 

packages, W P ) (figure 1). A lors que les W P 1, W P 7 et W P 8 portent principalement sur la gestion, la 

coordination et la diffusion des résultats du projet, les autres W P  se concentrent sur les activités liées 

au travail scientifique, technologique et analytique : W P 2, « Faisabilité des matrices alimentaires 

sélectionnées pour la formulation des B 9F dans le cadre du P A TI W A Y-27 » ; W P 3, « 9tudes in vitro sur 

les effets et les mécanismes d'action des composés bioactifs sélectionnés » ; W P 4, « La production 

industrielle des B 9F pour les études pilotes et d'intervention » ; W P 5, « 9tudes pilotes et d'intervention 

diététique » et W P 6, « C ompréhension des mécanismes responsables des effets des B 9F dans le cadre 

du P A TI W A Y-27 ». 

B rièvement, la première étape du projet, déjà terminée et exécutée par le W P 2, a consisté à formuler 

et à développer trois produits de boulangerie (bakery products, B P ), trois produits laitiers (dairy 

products, 5P ) et trois produits à base d'œuf (egg products, 9G) enrichis avec cinq combinaisons 
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différentes de bioactifs (5I A , A C , B G, 5I A +A C  et 5I A +B G). U ne série d'analyses a également été 

réalisée afin de caractériser et de sélectionner les meilleurs B 9F en fonction de la composition, de la 

digestibilité, de la bioaccessibilité du bioactif, de la durée de vie de l’aliment, des propriétés 

sensorielles et de l’acceptation par les consommateurs. L'objectif global du W P 4, réalisé par des SM 9s 

spécialisées, était d'extraire et de purifier les composés bioactifs provenant de sources alimentaires, 

et de la production à l'échelle industrielle des B 9F afin de les utiliser dans les études pilotes et 

d'intervention (W P 5). Le W P 3, qui se distingue des autres groupes pour travailler avec des bioactifs 

purs plutôt qu'avec des B 9F, est axé sur la réalisation d'étude in vitro sur des adipocytes et des 

hépatocytes pour éclaircir les mécanismes d'action des composés bioactifs sélectionnés. 9nfin, le W P 6 

se concentre sur la compréhension des mécanismes responsables des effets observés sur les 

paramètres primaires et secondaires liés à la consommation des B 9F. 

 
Figure 1. Schéma d’organisation du projet P A TI W A Y-27 

 

L es travaux de cette thèse sont inclus dans les W P 2 et W P 6. 

P lus précisément, nos tâches au sein du W P 2 consistaient en : 

 La formulation et le développement de 5P  et 9G enrichis avec des bioactifs 

 La quantification des A C  dans les 5P  et 9G après transformation, stockage et digestion in vitro. 

Les résultats de cette partie sont présentés dans le chapitre 2 : « 5éveloppement d'aliments enrichis 

avec des bioactifs contre le syndrome métabolique » et dans le chapitre 3 : « 5igestion in vitro de 

produits laitiers et à base d’œuf enrichis avec des extraits de raisin : effet de la matrice alimentaire sur 

la bioaccessibilité des polyphénols et sur le pouvoir antioxydant ». 
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Nos tâches dans le W P 6 consistaient à : 

 9tudier l'effet de la matrice alimentaire sur la bioaccessibilité et la biodisponibilité du 5I A  en 

utilisant des porcs comme modèles in vivo. 

Les résultats de cette partie sont présentés dans le chapitre 4 : « 5igestion in vivo de produits à base 

d’œuf enrichis en 5I A  : effet de la structure de la matrice alimentaire sur la biodisponibilité du 5I A  ». 
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A b b reviations 
 

A C           A nthocyanins 
A U C          A rea under the curve 
B 9F         B ioactive enriched foods 
B G         B eta glucan 
B M I        B ody mass index 
B P           B akery products 
C 3G         C yanidin-3-O-β-glucoside 
C A T         C atalase 
C RP          C -reactive protein 
C V 5         C ardiovascular diseases 
5A G         5iglycerides 
5I A          5ocosahexaenoic acid 
5P           5airy products 
9FSA          9uropean Food Safety A uthority 
9G          9gg products 
9P A          9icosapentaenoic acid 
FA           Fatty acids 
FA M 9        Fatty acid methyl esters  
FC I L          Familial combined hyperlipidaemia 
F5A          Food and 5rug A dministration 
FFA          Free fatty acids 
FP 7         9uropean Seventh Framework P rogramme 
GA B A         γ-amino butyric acid 
G9          Grape extract 
GIT         Gastro intestinal tract 
GIT         Gastrointestinal tract 
GL U T-4       Insulin dependent glucose transporter type 4 
GP X         Glutathione peroxidase 
I 5L-C         I igh-density lipoprotein cholesterol 
I IV          I uman immunodeficiency virus;  
I P -S9C        I igh-performance size-exclusion chromatography 
I sl          I ormone sensitive lipase  
I5          International dollars  
I5F         International 5iabetes Federation 
IFG         Impaired fasting glucose 
IGT         Impaired glucose tolerance 
IL-6         Interleukin-6  
L5L-C          Low-density lipoprotein cholesterol 
M A G         M onoglycerides 
M C P -1        M onocyte chemotactic protein 1 
M RI         M agnetic resonance imaging 
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M S          M etabolic Syndrome 
M w         M olecular weight 
n3-P U FA        Omega-3 polyunsaturated fatty acid family 
NC 9P  A TP  III     National C holesterol 9ducation P rogram’s A dult Treatment P anel III  
N5A          P anel of dietetic products, nutrition and allergies 
N9FA         Non-esterified fatty acid 
P A I-1        P lasminogen activator inhibitor-1  
pA M P K       A M P -activated protein kinase  
P L           P hospholipids 
P V 5C         P olyvinylidenechloride  
ROS         Reactive oxygen species 
SFA          Saturated fatty acids 
SM 9s        Small and medium enterprises  
SO5         Superoxide dismutases 
T25M         Type 2 diabetes mellitus 
TA G         Triglycerides 
Tgh         Triglyceride hydrolase 
TNFα        Tumor necrosis factor alpha 
W I O        W orld I ealth Organization 
W P          W ork packages 
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General introduction, ob jective and strategy 
 
 
The fact that some foods and many naturally-occurring compounds in dietary plants and animal 

products possess a variety of physiological functions that might have therapeutic effects and promote 

human health benefits is clearly not a new concept. In fact, the history of the functional foods is very 

old (figure 2). The earliest known written document dealing with the use of natural products as 

medicine is a 4000 year old Sumerian clay tablet that records the use of oils from C upressus 

sempervirens (C ypress) and C ommiphora species (myrrh) to treat coughs, colds and inflammation (J.-

M . Kong, Goh, C hia, & C hia, 2003). I owever, the first written evidence of the existence of the concept 

of “food as medicine” traces back to 1000 B C  in C hina. A sia has a long tradition of attributing curative 

properties to foods and herbs, but such beliefs have been mostly anecdotal and based on popular 

traditions. The term “medical food” was frequently used in the literature of the 9astern I an 5ynasty, 

about 100 B C . A nother similar term, “special foods”, was used in medical works of the Song 5ynasty in 

A 5 1000. W ith respect to the W estern traditions, the dogma “Let food be thy medicine and medicine 

thy food” was embraced by the Greek physician and “father of medicine” I ippocrates more than 2500 

years ago (Tur & B ibiloni, 2016).  

A lthough this “food as medicine” philosophy fell into relative obscurity in the 19th century with the 

advent of modern drug therapy, the important role of diet in disease prevention and health promotion 

came to the forefront once again during the second half of the 20th century. In particular, the finding 

that the overall risk of many chronic diseases such as cardiovascular diseases (C V 5) depended not only 

on genetic factors and aging, but also on a series of modifiable risk factors such as diet and physical 

exercise marked a major turning point on the perception of foods and their potential role on health. 

Such a renewed I ippocratic attitude rapidly triggered a growing global interest on the fact that more 

appropriate eating habits could promote and maintain a healthy life (Galimanis et al., 2009; A rtinian 

et al., 2010). Since then, the identification and establishment of the mechanisms of action and 

potential health benefits of food bioactives (natural components of foods that possess biological 

activity in addition to their nutritional value) have been an incessant field of research for food scientists 

and food /pharmaceutical companies all over the globe.  

A t the present time, a large number of compounds and molecules have been proposed as bioactives, 

and the focus of many studies across the world is targeted on demonstrating their effectiveness. 

I owever, scientific understanding on the role and the mechanisms of many dietary bioactives is still 

limited and research is often related more to the theoretical possibility of their effects on health 

improvement rather than on their real, practical utilization in everyday diets. Since bioactives typically 
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occur in small quantities in foods, the intake of a specific bioactive could be inferior than the dose that 

can exert a specific health effect (effective dose). To overcome this, the food and beverage industry 

has developed new products containing higher concentrations of selected bioactives since the early 

80s. These B 9F, are also known as functional food products.  

B 9F and functional foods in general were developed in Japan in the early 1980s (A rai, 2000). In 9urope, 

a working group coordinated by the 9uropean branch of the International Life Science Institute (ILSI 

9urope) was created in the second half of the 1990s to coordinate the concerted action FU FOS9 

(Functional Food Science in 9urope), which was supported by the 9uropean commission (Roberfroid, 

2002). The aim was to stimulate scientific studies on functional foods and agree on a standard 

definition for functional food: a food can be regarded as “functional” if it is satisfactorily demonstrated 

to affect beneficially one or more target functions in the body, beyond adequate nutritional effects, in 

a way that is relevant to either an improved state of health and well-being and/or a reduction of the 

risk of disease (Shahidi, 2009). The particular action of a functional food is derived from one or more 

functional ingredients (bioactives). The functional food must remain the same as the original food (not 

be reformulated as pills or capsules, for instance), and it has to be demonstrated that it can cause its 

effects in amounts that can be normally expected to be consumed in a regular diet (5iplock et al., 

2000). In 9urope, the nutritional and health claims made on food products are regulated (9uropean 

Regulation (C 9) 1924/2006). 

 

Figure 2. I istory of functional foods (source: Tur & B ibiloni, 2016) 
 
 

B 9F are frequently obtained by adding bioactives to foods or ingredients, but the interaction between 

added bioactives and the whole food matrix is seldom taken into consideration when developing a 

B 9F. I owever, it is now widely recognized that the creation of a B 9F depends on a better 

understanding on the complex interrelationship between the bioactive and the food matrix, and 

between the food structure and the performance (A guilera, 2006). Other constituents in a food matrix 

could aid or hinder the bioactive bioaccessibility (the proportion of a molecule that is liberated from 

the food matrix into the digestive and potentially available for absorption) and bioavailability (the 
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proportion of a molecule that finally enters the circulation and available to have an active effect). The 

effective dose of the isolated bioactive could then change if administered as part of a specific food. In 

addition, bioactive concentration and availability in the B 9F can also be affected by food processing 

and storage conditions (Shimoni, 2004), which is rarely taken into account during quality control 

assessments. 

The possibility to administer bioactives as ingredient of common foods within a common diet, 

maintaining their bioavailability and protective activity, is one of the most important and challenging 

areas of concern and investigation in the inter-disciplinary food/nutritional sciences. Overcoming these 

challenges will provide opportunities to stimulate economic growth and employment to 9uropean 

food and beverage manufacturers, enabling consumers to select healthier foods. This, together with 

healthy lifestyle choices, could finally contribute to improve the public health status and reduce the 

high health and social costs derived from many diet-related diseases. 

A mong the list of disorders and diet-related diseases that could be prevented and treated by the 

ingestion of bioactives and B 9F, M S is probably one of the most interesting ones due to its severity and 

high worldwide and growing incidence. M S is a constellation of the most dangerous C V 5 and type 2 

diabetes mellitus (T25M ) risk factors such as abdominal obesity, dyslipidaemia, hypertension and 

impaired fasting glucose. It has become one of the major clinical and public-health challenges 

worldwide (Grundy, 2008). Individuals with M S, compared to healthy ones, are twice as likely to die, 

three times as likely to have a heart attack or stroke and also have a five-fold greater risk of developing 

T25M . C urrent available evidence indicates that in most countries between 20% and 30% of the adult 

population can be characterized as having M S, which puts M S and diabetes, for instance, way ahead 

of I IV /A I5S in morbidity and mortality terms. A ccording to their mechanism of action and their health 

benefits recognized in the current knowledge and scientific literature, 5I A , A C  and B G are potentially 

useful bioactives for reducing the risk of M S. 

U nder this scenario, the objective of the P A TI W A Y-27 project is to better understanding the role and 

mechanism of A C , 5I A  and B G and at evaluating their effectiveness to prevent M S. I owever, contrary 

to other studies, P A TI W A Y-27 does not consider bioactives as isolated compounds, b ut as ingredients 

of B 9F. In particular, and based on their high frequency of consumption at 9uropean level, P A TI W A Y-

27 works with 5P , 9P  and B P .  

In this context, the ob jective of this thesis was to formulate b ioactive-enriched egg and dairy 

products for the 9uropean project P A TI W A Y-27 and to determine to what extent the presence of 

the different food matrices could affect the bioaccessib ility and the b ioavailab ility of A C , 

polyphenols and 5I A . 
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In order to achieve this objective, the following three-step strategy was adopted: 

1. The first part of the thesis, included within the W P 2 of the 9uropean project P A TI W A Y-27, 

consisted in the formulation and the production at pilot scale of 3 5P  and 3 9P  enriched with 

5I A , A C  and B G in five different combinations (5I A  alone, A C  alone, B G alone, 5I A +A C  and 

5I A +B G). This part was carried out in close collaboration with other partners of the 9uropean 

project. It also included a battery of analyses in order to characterize and select the b est B 9F 

in terms of composition, digestibility, shelf life, sensory properties and consumers’ acceptance. 

The main ob jective of this part was to provide clinicians of W P 5 with safe, appetizing and 

nutritionally adequate B 9F in order to check their effectiveness to prevent M S  thanks to 

randomized and double-blind intervention studies. 

The results of this part are presented in the chapter 2: “5evelopment of bioactive-enriched 

foods against M etabolic Syndrome” 

2. The second part of the present manuscript was also included within the P A TI W A Y-27 project 

and addressed to determine the effect of the food matrix on A C  b ioaccessib ility. It consisted 

in the in vitro digestion of the A C –enriched egg and dairy B 9F created in the part one. A t this 

stage of the thesis, in order to deepen in the effect of the food matrix on bioactives, some 

additional analyses were performed. In particular, the bioaccessibility of individual A C , as well 

as those of total phenolics and total proanthocyanidins, were also determined. Finally the 

evolution of the antioxidant capacity of the A C - enriched B 9F along digestion was also 

determined.  

The results of this part are presented in the chapter 3: “In vitro digestion of dairy and egg 

products enriched with grape extracts: effect of the food matrix on polyphenol bioaccessibility 

and antioxidant capacity”. 

3. The third part of the P h5, independent of the P A TI W A Y-27 project, aimed at determining the 

effect of the food matrix structure in the b ioaccessib ility and b ioavailab ility of 5I A . In order 

to achieve this objective, 7 cannulated and catheterized pigs were fed with three new 5I A - 

enriched matrices having exactly the same composition but different structure.  

The results of this part are presented in the chapter 4: “In vivo digestion of egg products 

enriched with 5I A : effect of the food matrix structure on 5I A  bioavailability” 

A part from the already mentioned chapters, a first chapter including a bibliographic review is also 

included, as well as a final general discussion and perspectives section at the end of the present 

manuscript. 
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Introduction générale, ob jectif et stratégie 
 
C ertains aliments et de nombreux composés naturels dans les plantes alimentaires et dans les produits 

animaux possèdent une variété de fonctions physiologiques qui peuvent avoir des effets 

thérapeutiques et bénéfiques pour la santé humaine. C e n’est pas un concept nouveau, compte tenu 

de l'ancienneté de l'histoire des aliments fonctionnels (figure 2). Le premier document connu écrit 

traitant de l'utilisation de produits naturels dans la médecine est une tablette d'argile sumérienne 

vieille de 4000 ans. 9lle témoigne de l'utilisation d'huiles de C upressus sempervirens (cyprès) et des 

espèces C ommiphora (myrrhe) pour traiter la toux, le rhume et les inflammations (Kong, Goh, C hia, & 

C hia, 2003). Toutefois, la première preuve écrite de l'existence du concept de « la nourriture comme 

médecine » remonte à 1000 av. J-C , en C hine. L'A sie a une longue tradition dans l'attribution de 

propriétés curatives aux aliments et aux herbes, mais ces croyances ont été la plupart du temps 

anecdotiques et basées sur des traditions populaires. Le terme « aliment médical » a été fréquemment 

utilisé dans la littérature de la dynastie des I an de l'9st, environ 100 av. J-C . U n autre terme similaire, 

« aliments spéciaux », a été utilisé dans des ouvrages médicaux de la dynastie des Song (1000 apr. J-

C ). 9n ce qui concerne les traditions occidentales, le dogme « Q ue la nourriture soit ton médicament 

et ton médicament ta nourriture » a été adopté par le médecin grec et « père de la médecine » 

I ippocrate, il y a plus de 2500 ans (Tur & B ibiloni, 2016). 

B ien que cette philosophie « la nourriture comme médecine » soit partiellement tombée dans 

l'obscurité au XIXe siècle avec l'arrivée de la pharmacothérapie moderne, le rôle important de 

l'alimentation dans la prévention des maladies et la promotion de la santé a réapparu au cours de la 

seconde moitié du XXe siècle. Notamment, la constatation que le risque global de nombreuses 

maladies chroniques telles que les maladies cardiovasculaires (cardiovascular diseases, C V 5) dépend 

non seulement des facteurs génétiques et du vieillissement, mais aussi d’une série de facteurs de 

risque modifiables tels que l'alimentation et l'exercice physique, a notamment marqué un changement 

majeur sur la perception des aliments et de leur rôle potentiel sur la santé. C ette nouvelle attitude 

« I ippocratique » a rapidement déclenché un intérêt mondial sur le fait que des habitudes 

alimentaires plus appropriées pourraient promouvoir et maintenir une vie saine (Galimanis et al., 

2009 ;A rtinian et al., 2010). 5epuis, l'identification et la mise en place des mécanismes d'action et des 

avantages potentiels pour la santé déterminés par des aliments bioactifs (composants naturels des 

aliments qui possèdent une activité biologique, en plus de leur valeur nutritionnelle) ont constitué une 

source intarissable de recherches pour la communauté scientifique et les industries alimentaires et 

pharmaceutiques partout dans le monde. 
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À  l'heure actuelle, un grand nombre de composés et de molécules ont été proposés comme bioactifs, 

et l'objet de nombreuses études dans le monde porte sur la démonstration de leur efficacité. 

C ependant, la compréhension scientifique du rôle et des mécanismes de nombreux bioactifs 

alimentaires est encore limitée, et la recherche est souvent plus liée à la possibilité théorique de leurs 

effets sur l'amélioration de la santé plutôt que sur leur utilisation réelle et pratique dans l'alimentation 

quotidienne. É tant donné que les bioactifs sont généralement présents en petites quantités dans les 

produits alimentaires, l'ingestion d'un bioactif spécifique pourrait être inférieure à la dose qui peut 

exercer un effet spécifique sur la santé (dose efficace). P our y remédier, depuis le début des années 

80 l'industrie alimentaire développe de nouveaux produits contenant des concentrations plus élevées 

de bioactifs sélectionnés. C es aliments, les B 9F, sont également connus en tant qu’aliments 

fonctionnels. 

5es B 9F et des aliments fonctionnels en général ont été développés au Japon dans les années 1980 

(A rai, 2000). 9n 9urope, un groupe de travail coordonné par la branche européenne de l'Institut 

International des Sciences de la V ie (ILSI 9urope) a été créé dans la seconde moitié des années 1990 

afin de coordonner l'action FU FOS9 (Functional Food Science en 9urope), qui était soutenue par la 

C ommission 9uropéenne (Roberfroid, 2002). Le but était de stimuler les études scientifiques sur les 

aliments fonctionnels et de convenir d’une définition standard : un aliment peut être considéré comme 

« fonctionnel » s’il est démontré, de manière satisfaisante, avoir eu un effet bénéfique sur une ou 

plusieurs fonctions cibles du corps, en plus des effets nutritionnels appropriés, de façon pertinente 

pour un meilleur état de santé et pour le bien-être et / ou pour une réduction du risque de maladie 

(Shahidi, 2009). L'action particulière d'un aliment fonctionnel est dérivée d'un ou plusieurs ingrédients 

fonctionnels (bioactifs). L’aliment fonctionnel doit rester le même par rapport à son origine (ne pas 

être reformulés sous forme de pilules ou de capsules, par exemple), et il doit être démontré que 

l’aliment peut causer ses effets dans des quantités qui correspondent à une consommation attendue 

dans un régime alimentaire normal (5iplock et al., 2000). 9n 9urope, les allégations nutritionnelles et 

de santé portant sur les produits alimentaires sont réglementées (Règlement européen (C 9) 

1924/2006). 
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Figure 2. I istoire des aliments fonctionnels (source : Tur & B ibiloni, 2016) 

 

Les B 9F sont généralement obtenus en ajoutant des bioactifs aux aliments ou ingrédients, mais 

l'interaction entre les bioactifs ajoutés et l'ensemble de la matrice alimentaire est rarement pris en 

compte lors de l'élaboration d'un B 9F. C ependant, il est maintenant largement reconnu que la création 

d'un B 9F dépend d'une meilleure compréhension de la relation complexe entre le bioactif et la matrice 

alimentaire, et entre la structure alimentaire et la performance. 5'autres constituants dans une 

matrice alimentaire peuvent aider ou nuire à la bioaccessibilité (la proportion d'une molécule qui est 

libérée de la matrice alimentaire dans le tube digestif et qui est potentiellement disponible pour 

l'absorption) et à la biodisponibilité (la proportion d'une molécule qui atteint la circulation et qui est 

disponible pour avoir un effet actif) du bioactif. La dose efficace du bioactif isolé peut alors changer s’il 

est incorporé dans un aliment spécifique. 5e plus, la concentration et la disponibilité du bioactif dans 

un B 9F peuvent également être affectées par le traitement et les conditions de stockage des aliments 

(Shimoni, 2004), ce qui est rarement pris en compte lors des contrôles de qualité. 

 

La possibilité d'incorporer des bioactifs comme ingrédients d'aliments courants au sein d'un régime 

commun, tout en gardant leur biodisponibilité et leur activité protectrice, est l'un des domaines 

d'intérêt les plus importants et difficiles dans l’interdisciplinarité des sciences des aliments et de la 

nutrition. Surmonter ces défis offrira des opportunités pour stimuler la croissance économique et 

l'offre d’emploi aux fabricants d'aliments et de boissons, permettant aux consommateurs de choisir 

des aliments plus sains. C es aliments couplés à une hygiène de vie saine pourraient contribuer à 

améliorer l'état de la santé publique, ainsi qu’à réduire les coûts de santé et sociaux provenant de 

nombreuses maladies liées au régime alimentaire. 

 

P armi la liste des troubles et des maladies liés au régime alimentaire qui pourraient être évités et 

traités par l'ingestion de bioactifs et de B 9F, le M S est probablement l'un des plus intéressants en 

raison de sa gravité et de son incidence croissante dans le monde entier. Le M S  est une association des 
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plus dangereux facteurs de risque pour les C V 5 et le diabète de type 2 (type 2 diabetes mellitus, T25M ), 

tels que l'obésité abdominale, la dyslipidémie, l'hypertension et une altération de la glycémie à jeun. 

Il est devenu l'un des principaux défis cliniques et de santé publique dans le monde entier (Grundy, 

2008). Les personnes atteintes de M S, comparativement à celles qui sont saines, sont deux fois plus 

susceptibles de mourir, trois fois plus susceptibles d'avoir une crise cardiaque ou un accident vasculaire 

cérébral et ont également cinq fois plus de risque de développer le T25M . Les évidences actuellement 

disponibles indiquent que dans la plupart des pays, entre 20% et 30% de la population adulte peut être 

caractérisée comme ayant le M S, ce qui place le M S  et le T25M , par exemple, avant le SI5A  en termes 

de morbidité et de mortalité. P ar leurs mécanismes d'action et leurs bienfaits pour la santé reconnus 

dans la littérature scientifique, le 5I A , les A C  et le B G sont des bioactifs potentiellement efficaces pour 

réduire le risque de M S. 

 

C onsidérant ce scénario, l'objectif du projet P A TI W A Y-27 est de mieux comprendre le rôle et le 

mécanisme des A C , 5I A  et B G et d’évaluer leur efficacité pour prévenir le M S. C ependant, 

contrairement à d'autres études, P A TI W A Y-27 ne considère pas les bioactifs comme des composés 

isolés, mais en tant qu’ingrédients des B 9F. B asé sur leur fréquence de consommation élevée au 

niveau européen, P A TI W A Y-27 travaille en particulier sur des 5P , des 9P  et des B P . 

5ans ce contexte, l'objectif de cette thèse était de formuler des 5P  et des 9P  enrichis avec des bioactifs 

pour le projet européen P A TI W A Y-27 et de déterminer dans quelle mesure la présence de différentes 

matrices alimentaires peut affecter la bioaccessibilité et la biodisponibilité des A C , des polyphénols et 

du 5I A . 

A fin d'atteindre cet objectif, une stratégie en trois étapes a été adoptée : 

1. La première partie de la thèse, comprise dans le W P 2 du projet européen P A TI W A Y-27, 

consistait dans la formulation et la production à une échelle pilote de 3 5P  et 3 9P  enrichis en 

5I A , A C  et B G avec cinq différentes combinaisons (5I A  seul, A C  seules, B G seul, 5I A +A C  et 

5I A +B G). C ette partie a été réalisée en étroite collaboration avec d'autres partenaires du 

projet européen. 9lle comprenait également une série d'analyses afin de caractériser et de 

sélectionner le meilleur B 9F sur le plan de la composition, de la digestibilité, de la durée de vie, 

des propriétés sensorielles et de l’acceptation par les consommateurs. L'ob jectif principal de 

cette partie était de fournir aux cliniciens du W P 5 des B 9F sûrs, appétissants et 

nutritionnellement adéquats afin de vérifier leur efficacité pour prévenir le M S  avec des 

études d'intervention randomisées et en double aveugle. 
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L es résultats de cette partie sont présentés dans le chapitre 2 : « 5éveloppement d'aliments 

enrichis avec des bioactifs contre le syndrome métabolique ». 

2. La deuxième partie du manuscrit a également été inclus dans le projet P A TI W A Y-27 et 

adressée pour déterminer l'effet de la matrice alimentaire sur la b ioaccessib ilité des A C . 9lle 

a consisté en digestion in vitro des 9P  et 5P  comme B 9F enrichis avec des A C , créés dans la 

première partie. A  ce stade de la thèse, en vue d'approfondir l’étude de l'effet de la matrice 

alimentaire sur les bioactifs, certaines analyses supplémentaires ont été effectuées. 9n 

particulier la détermination de la bioaccessibilité des A C  individuellement, ainsi que celle des 

composés phénoliques totaux et des proanthocyanidines totales. 9nfin, l'évolution de la 

capacité antioxydante des A C  dans les B 9F au long de la digestion a également été déterminée. 

Les résultats de cette partie sont présentés dans le chapitre 3 : « 5igestion in vitro de produits 

laitiers et à base d’œuf enrichis avec des extraits de raisin : effet de la matrice alimentaire sur 

la bioaccessibilité des polyphénols et sur le pouvoir antioxydant ». 

3. La troisième partie de la thèse, qui est indépendante du projet P A TI W A Y-27, visait à 

déterminer l'effet de la structure de la matrice alimentaire sur la b ioaccessib ilité et la 

b iodisponib ilité du 5I A . A fin d'atteindre cet objectif, sept cochons canulés et cathétérisés ont 

été nourris avec trois nouvelles matrices enrichies en 5I A , ayant exactement la même 

composition mais des structures différentes. 

Les résultats de cette partie sont présentés dans le chapitre 4 : « 5igestion in vivo de produits 

à base d’œuf enrichis en 5I A  : effet de la structure de la matrice alimentaire sur la 

biodisponibilité du 5I A  ». 

9n plus des chapitres déjà mentionnés, un premier chapitre avec une revue bibliographique est 

également inclus, ainsi qu'une section finale de discussion générale et de perspectives à la fin du 

présent manuscrit. 
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C hapter 1: B ib liographic review 
 

1.1. M 9TA B OLIC  SYN5ROM 9 

1.1.1. Introduction 

M etabolic Syndrome (M S), a constellation of the most dangerous cardiovascular disease (C V 5) and 

type 2 diabetes mellitus (T25M ) risk factors- abdominal obesity, raised fasting plasma glucose, 

dyslipidemia and hypertension- has become one of the major clinical and public-health challenges 

worldwide.  

A lthough the concept of M S - initially referred as “syndrome X”, “insulin resistance syndrome” or “the 

deadly quartet” (A lberti & Zimmet, 1998; Reaven, Nader, B erry, & I oy, 1998; Kaplan, 1989)- has 

existed for almost 90 years it was not until the late 80s that it started to demand the attention of the 

scientific community, when, in the wake of urbanization, surplus energy intake, increasing obesity and 

sedentary lifestyle, its prevalence started to increase becoming a leading cause of mortality worldwide.  

From a medical point of view, the development of M S is associated with a 5-fold increased risk of 

developing T25M  and a 2-fold increased risk of developing C V 5 (K. G. M . M . A lberti et al., 2009). 

A dditionally, patients suffering from M S are 2 to 4-times more likely to suffer a stroke, 3 to 4 times 

more likely to suffer myocardial infarction, and 2 times more likely to die from such an event compared 

with healthy individuals (K. G. M . A lberti, Zimmet, & Shaw, 2005), regardless of a previous history of 

cardiovascular events (Olijhoek et al., 2004). Nowadays, 3.2 million people around the world die from 

complications associated with diabetes per year. In countries with a high diabetes incidence, such as 

those in the P acific and the M iddle 9ast, as much as 25% of deaths in adults aged between 35 and 64 

years are due to the disease. T25M  has become one of the major causes of premature illness and 

death, mainly through the increased risk of C V 5 which is responsible for up to 80 % of these deaths 

(Turner, C ull, & I olman, 1996; www.idf.org, 2003). 

1.1.2.  5efinition & 5iagnosis 

A lthough there has been several definitions of M S during the last decades, the most widely accepted 

definitions and criteria for the diagnosis of M S are those developed by the W orld I ealth Organization 

(W I O) (K. G. M . M . A lberti & Zimmet, 1998), the National C holesterol 9ducation P rogram’s A dult 

Treatment P anel III (NC 9P  A TP  III) (9xpert P anel on 5etection, 9valuation, and Treatment of I igh B lood 

C holesterol in A dults, 2001) and the International 5iabetes Federation (www.idf.org). The diagnosis 

criteria proposed by each organization are shown in Table 1. 
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The first definition of M S, proposed by the W orld I ealth Organization (W I O) back in 1998, has the 

main disadvantage of including impractical measures to determine insulin resistance. In order to 

overcome this problem and provide clinicians and epidemiologists an easier tool for diagnosis, the 

NC 9P  A TP  III modified the W I O definition in 2001. This definition –the most used by clinicians and 

researchers today - requires 3 out of the 5 following metabolic derangements: (1) high serum 

triglyceride level; (2) low serum high-density lipoprotein cholesterol (I 5L-C ) level; (3) hypertension; 

(4) elevated fasting blood glucose; or (5) increased waist circumference. Finally, the I5F definition, 

which was developed on the basis of the NC 9P  A TP  III in 2005 and is almost identical to it, considers 

waist circumference the most important criteria and contrary to the other two definitions, takes into 

account the differences between races/ethnics. 

 
Tab le 1. C riteria for diagnosis and definitions of risk factors for the M S, according to the W orld I ealth Organization (W I O), 
the National C holesterol 9ducation P rogram A dult’s Treatment P anel III (NC 9P  A TP  III) and the International 5iabetes 
Federation (I5F). 
 

Risk Factor W I O (1998) NC 9P  A TP  III(2001) F5I (2005) 

C riteria for diagnosis 
IGT, IFG, T25M , or lowered 
insulin sensitivity plus any 2 
of the following 

A ny 3 risk factors 
Increased waist 
circumference plus any of 
the following 

Insulin resistance lowered insulin sensitivity a 

  
Not used Not used 

Obesity (cm) 
W aist-hip ratio >0.9 (male) 
or >0.85 (female), and/or 
B M I >30 

W aist circumference >102 
in (male) or >88 in (female) 

Increased waist 
circumference (population 
specific) 
 

Serum triglycerides (mg/dL) ≥150 ≥150 ≥150 
Serum I 5L-C  (mg/dL) <35 (male), <39 (female) <40 (male), <50 (female) <40 (male), <50 (female) 
I ypertension (mm I g) ≥140/90 ≥130/85 ≥130/85 
Fasting plasma glucose 
(mg/dL) IGTb, IFG, or T25M  ≥100 ≥100 

M icroalbuminuria 30 mg albumin/g creatinine Not used Not used 
B M I: body mass index (kg/m2); IGT: impaired glucose tolerance; IFG: impaired fasting glucose; 
aInsulin sensitivity measured under hyperinsulinmic euglycemic conditions, glucose uptake b elow lowest quartile for 
background population under investigation.  
bIGT = 75 g oral glucose tolerance test (2 h post-load plasma glucose ≥140-199). 
 

1.1.3.  P revalence and economic impact 
 
C urrent available evidence estimates that around one-quarter of the world’s adult population has M S 

(www.idf.org; Grundy, 2008). 5ue to the many factors implicated (age, sex, weight, race, genetic 

background, smoking habits or economic status among others) and the different diagnosis criteria 

available, prevalence of M S can range from <10% to as much as 84% within some populations or 

segments of populations (Kolovou, A nagnostopoulou, Salpea, & M ikhailidis, 2007; 5esroches & 

Lamarche, 2007). 
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If the global distribution of the M S  is considered, except for the Southeast A sian countries, in which 

less than one-fifth of the studied population has M S, it seems fair to say that in the rest of the world 

in which prevalence studies are available (U nited States, C anada, 9urope and Latin A merica) around 

one-fourth of the population can be characterized as having M S. It has been proposed that the lower 

prevalence of M S in the Southeast A sian countries may be attributable in part to the younger 

population of these countries. The prevalence of M S  in different countries around the world, sorted 

by population, age, sex and the criteria used are shown in table 2. 

 

Tab le2. P revalence of M S  around the world (adapted from Scholze et al., 2010) 

C ountry P opulation A ge range (No) C riteria P revalence of M S  (% of population) 
M en W omen Total 

France M en W omen 35-64 (3359) NC 9P  23.0 16.9 - 
France M en 50-59 (10592) NC 9P  29.7 - - 
Germany M en W omen (3131) NC 9P /I5F 23.5/ 31.6 17.6 / 22.6 - 
Italy M en W omen 45–64 (1877) NC 9P  24.1 23.1 22.2 
Italy M en W omen 19 (2100) NC 9P  15 18 - 
U K W omen 60–79 (3589) NC 9P /I5F/W I O - 29.8/47.5/21 - 
Spain M en women (I IV ) 41.9 ±9.2 (710) NC 9P  - - 17.0 
Greece M en women (FC I L) A dults NC 9P  63.0 37.0 41.8 
India M en W omen 20–70 (26 001) NC 9P /I5F/W I O - - 18.3/25.8/23 
Thailand M en W omen 20–70 (1383) NC 9P  15.7 11.7 12.8 
Singapore M en W omen A dult (3954) NC 9P  14.1 12.3 - 
C hina M en W omen 20–90 (16 342) NC 9P (B M I ≥25) 15.7 10.2 13.2 
C hina M en W omen 25-64 (18 630) NC 9P /NC 9P */I5F - - 5.8/ 9.5/ 8.5 
Japan M en W omen 19–88 (8144) NC 9P  19.0 7.0 - 
M exico M en W omen 20–69 (2158) NC 9P /W I O - - 26.6/13.6 
B razil A dults† (385) W I O 39.7 58.7 - 
V enezuela M en W omen‡ +20 (3108) NC 9P  - - 35.3 
I IV , I uman immunodeficiency virus; FC I L, familial combined hyperlipidaemia. 
* modified for A sians, † A dults Going U nder 1st Ɵme arteriography, ‡ I ispanic. 

 

W ith this scenario in mind, it is easy to understand the impact that M S  has on the national healthcare 

systems and budgets around the world. In 2003, it was estimated that the total direct healthcare costs 

of diabetes in 20 to 79 year olds for the 25 9uropean U nion countries was approximately 64.9 billion 

international dollars (I5), equivalent to 7.2 % of the total health expenditure for these countries 

(www.idf.org, 2003; W illiams, 2004). The annual direct healthcare cost of diabetes worldwide for this 

age group was calculated to be at least of 286 billion international dollars. If diabetes prevalence 

continues to rise as anticipated, it is possible that this figure will increase to 396 billion, which will 

suppose a spend up to 13 % of the world’s healthcare budget on diabetes care in 2025, with high 

prevalence countries spending up to 40 % of their budget. 
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It is important to note that these estimations of burden on national healthcare systems were for T25M  

only and did not, as yet, estimated the additional burden of the cardiovascular disease associated with 

M S  where clinical T25M  was not yet present.  

A  more recent study performed by Scholze et al., (2010), this time considering M S  in patients with 

hypertension, estimated the economic burden to the national health services at 24,427, 1,900 and 

4,877 million euros in Germany, Spain and Italy and forecasted to rise by 59%, 179% and 157% 

respectively by 2020. The largest components of costs included the management of prevalent T25M  

and incident cardiovascular events. A verage annual costs per patient were around 3 times higher in 

subjects with M S  compared to those without and rose incrementally with the additional number of 

M S  components present. 

1.1.4. P hysiopathology 
 
The development of M S is a consequence of complex interactions between genetic and environmental 

factors. A lthough some not obese people according to the traditional measures can present M S due 

to a very strong genetic predisposition, in most cases the development of M S is triggered by the 

accumulation of adipose tissue in the abdominal area as a combination of both, genetic and 

environmental components. In fact, low levels of physical activity and the adoption of cheap and 

caloric-dense westernized diets are considered 2 of the most decisive causes. 

A s the abdominal adipose tissue accumulates by the fast enlargement and multiplication of the 

adipocytes, the blood supply to them becomes more and more difficult, producing a hypoxic 

environment (C inti et al., 2005). In addition, the excess of energy intake stimulates the overproduction 

of reactive oxygen species (ROS) and decreases the expression of antioxidant molecules and enzymes 

(Furukawa et al., 2004; A rmutcu, et al., 2008; P almieri et al., 2006) which results in metabolic oxidative 

stress and cellular redox imbalance. The combination of both, the hypoxia and the oxidative stress, 

leads to the overproduction of many biologically active metabolites and adipocytokines such as 

glycerol, free fatty acids (FFA ), pro-inflammatory mediators (tumor necrosis factor alpha (TNFα) and 

interleukin-6 (IL-6), plasminogen activator inhibitor-1 (P A I-1), leptin, resistin and C -reactive protein 

(C RP ) (Lau, 5hillon, Yan, Szmitko, & V erma, 2005).  

These molecules- through endocrine, autocrine and paracrine signaling- will lead to the typical general 

metabolic unbalance and adverse inflammatory state of M S. In the skeletal muscle and liver, the 

presence of this adipocytokine-rich cocktail produces insulin resistance, which leads to 

hyperinsulinemia and, in turn, a high predisposition of developing T25M . In the liver, the secreted FFA  

also alters the hepatic lipid production to a more atherogenic profile (low high-density lipoprotein, 

elevated low-density lipoprotein, and elevated triglycerides). In addition, chronic and/or increased 
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oxidative stress, can lead to abnormal changes in intracellular signaling and result in chronic 

inflammation and insulin resistance (9vans, M addux, & Goldfine, 2005). 

A s a consequence of all these dysragulations and alterations, individuals suffering from M S are very 

likely to develop atherogenesis (the accumulation of abnormal fatty or lipid masses in the inner lining 

of arteries) and/or endothelial dysfunction (the imbalance between vasodilating and vasoconstricting 

substances produced by (or acting on) the endothelium), which are the main mechanism by which M S 

leads to increased C V 5 risk and, lastly, death.  

This shows that the adipose tissue is not only specialized in the storage and mobilization of lipids but 

it is also a remarkable endocrine organ that can control and alter many other organs and physiological 

functions through the release of numerous cytokines (I alberg, W ernstedt-A sterholm, & Scherer, 

2008). 

 

 
 
Figure 3. The physiopathology of the M S. I TN, hypertension; IL, interleukin; P A I, plasminogen-activator inhibitor-1; TNFα, 
tumor necrosis factor.Source: P otenza & M echanick, 2009. 
 

1.1.5. P revention & Treatment 

Since aging and genetic predisposition cannot be modified, the treatment and prevention of M S is 

mainly focused on the modifiable environmental components. The reduction of the visceral fat, either 

by an increase of physical activity and/or by the adoption of healthy diets is the logical initial step to 

treat M S  and prevent its consequences. Only in individuals in which the risk factors are not adequately 

reduced with these lifestyle changes, pharmacological treatments are considered (5een, 2004). The 

main reason is, apart from their high-cost, that it does not exist any recognized treatment to prevent 
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or improve the whole syndrome and clinicians must treat each component of M S individually. On the 

other side, lifestyle therapy has been proved to produce a reduction in all the metabolic risk factors 

(5onato et al., 1998). 

Increased physical activity has a very strong role in treating M S. A s an example, the inclusion of 150 

min of physical activity per week in the U nited States 5iabetes P revention P rogram (Knowler et al., 

2002) lowered the risk of developing T25M  by 58%. The standard exercise recommendation is a daily 

minimum of 30 min of moderate-intensity physical activity. I owever, it is preferred to do 60 min of 

moderate-intensity brisk walking supplemented with other activities (Grundy et al., 2004). 

5ietary interventions, which can affect metabolism independently of physical activity (9struch et al., 

2006), constitute the other fundamental cornerstone in the prevention and treatment of M S  and in 

fact, they have been proven to be even more effective than some medications (Orchard et al., 2005). 

A lthough dietary interventions are usually aimed at reducing the excess of weight and abdominal fat, 

some specific dietary considerations other than the caloric restriction itself seem important when 

treating M S. Some diets and in particular some components of the diets have been proven to be 

especially effective against M S. The observation that elements of a diet could affect these metabolic 

disorders led many investigators to question which specific elements of food could be exploited to 

effectively treat M S. Nowadays, fruit of that hard work, many naturally occurring compounds in dietary 

plants and animal products have been proved to possess a variety of physiological functions which 

promote human health and wellbeing, and contribute to a reduced risk of M S. These compounds are 

known collectively as bioactives i.e. natural components of foods that possess biological activity in 

addition to their natural nutritional value.  

 

1.1.6. 9ffective b ioactives against M S  

1.1.6.1. A C  

1.1.6.1.1. Structure  

A C  (Greek anthos = flower and kyanos = blue), the largest group of water-soluble pigments in the plant 

kingdom, are a group of over 500 compounds that provide the characteristic red, purple and blue 

colours of many fruits and vegetables (A ndersen & Jordheim, 2005). A C  b elong to a larger group of 

compounds collectively known as flavonoids, which are a subgroup of an even larger group of 

compounds known as polyphenols.  

C hemically, A C  are glycosylated, polyhydroxy or polymethoxy derivatives of the 2- 

phenylbenzopyrylium or flavylium salts, a structure that contains two benzoyl rings (A  and B ) bound 

together by three carbon atoms that form an oxygenated heterocyclic ring (C )(I orbowicz, Kosson, 
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Grzesiuk, & 5ębski, 2008). 5ifferences between individual A C  are related to the number of hydroxyl 

groups, the number and type of sugar moieties, the positions of their attachment, and the number and 

identity of the aliphatic (acetic, malic, malonic, oxalic, succinic) or aromatic (caffeic, p-coumaric, ferulic, 

sinapic) acids that are bond to the sugar substituents (J.-M . Kong, C hia, Goh, C hia, & B rouillard, 2003). 

The most widespread substituents are glucose, rhamnose, xylose, galactose, arabinose and fructose, 

as well as disaccharides and trisaccharides. A lthough sugar moieties can be attached in many different 

carbons, they are most frequently located at the 3 and 5 positions, thus usually forming 3-glycosides 

or 3, 5 diglycosides, through o- linkages. A nthocyanidins (the sugar-free counterparts of A C ) rarely exist 

in plant tissues due to their relatively high instability (Kähkönen & I einonen, 2003; C lifford, 2000). 

A lthough to date, 35 anthocyanidin structures have been isolated, the 6 most commonly occurring 

anthocyanidins are cyanidin, delphinidin, pelargonidin, malvidin, peonidin and petunidin (figure 4), 

which represent the basic skeleton for 92% of all the A C  in nature (A ndersen & Jordheim, 2005). 

 

 
 

Figure 4. C hemical structure of the 6 most common anthocyanidins in plants and foods. 
 

 

1.1.6.1.2. B eneficial effects & mechanism of action against M S  

5uring the last years, several large, prospective and cross-sectional studies have assessed the 

effectiveness of A C  in reducing the risk factors of M S  or the incidence of its related-illness. A  

prospective cohort study that included more than 200,000 health professionals in the U nites States 

proved that the consumption of A C -rich foods, specially strawberries, blueberries and grapes, was 

inversely correlated with the risk of hypertension and T25M  (C assidy et al., 2011; M uraki et al., 2013). 
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Other epidemiological studies have also associated increased A C  consumption with significantly lower 

central systolic blood pressure (Jennings et al., 2012), lower peripheral insulin resistance (Jennings, 

W elch, Spector, M acgregor, & C assidy, 2014), lower concentrations of systemic inflammation markers 

such as C P R (C . W ang et al., 2013) or elevated serum high-density lipoprotein cholesterol (I 5L-C ) 

concentrations (Li et al., 2013). Since A C  in plants and fruits co-exist with many other classes of 

flavonoids, polyphenols and other dietary components, some randomized intervention studies have 

been performed with purified A C  during the last years in order to corroborate the specifically effect of 

A C  against M S, T25M  or obesity (Stull, C ash, Johnson, C hampagne, & C efalu, 2010; Zhu et al., 2011; 

Zhu et al., 2014). 

The main mechanisms of action by which A C  could prevent or inverse the general metabolic unbalance 

and inflammatory state of M S can be divided in 4 different categories:  

1. Relief of oxidative stress. A s already mentioned in 1.4, patients with M S  have elevated 

oxidative damage by reason of, among others, elevated ROS generation, depressed serum and 

hepatic antioxidant concentrations (such as vitamin C , tocopherol or glutathione) or decreased 

antioxidant enzyme activities (such as superoxide dismutases) (A rmutcu et al., 2008; P almieri 

et al., 2006). Therefore, the antioxidant properties of A C  as free radical scavengers, hydrogen-

donating compounds or singlet oxygen quenchers – which are mainly attributed to the 

hydroxyl groups attached to the phenolic ring structures (Jing et al., 2014) - constitute an 

effective mechanism to re-equilibrate the imbalance b etween ROS and antioxidants.  

A lthough the free-radical scavenging and antioxidant capacities are the most well-known 

modus operandi of A C  against M S, there is merging evidence suggesting that A C  may also 

modulate antioxidant defense through regulation of signaling molecules, enzyme activities and 

gene expression. The primary natural antioxidant enzymes include, but are not limited to, 

superoxide dismutases (SO5), catalase (C A T) and glutathione peroxidase (GP X). C hiang et al. 

(2006), as well as Roy et al. (2008), proved that the ingestion of A C -rich extracts from black rice 

and the direct injection of pelargonidin not only decreased free-radical generation but also 

increased hepatic and seric SO5 and C A T activities in rats. Recently, Zhu, Jia, W ang, Zhang, & 

Xia (2012) observed that treatment of human hepatic I epG2 cells with cyanidin-3-O-β-

glucoside (C 3G), the most abundant A C  in plants, increased glutamate–cysteine ligase 

expression (the first enzyme of the cellular glutathione biosynthetic pathway) in the liver of 

diabetic db/db  mice which, in turn, increased glutathione levels and mediated a reduction in 

ROS levels. 
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2. Inhib ition of b ody weight. 9xperiments using obese mice have shown that A C  can suppress 

lipogenesis in liver and adipose tissue (Kaume, Gilbert, B rownmiller, I oward, & 5evareddy, 

2012). A dditionally, A C  have been proved to efficiently inhibit the expression of the 

neuropeptide Y and activate the γ-amino butyric acid (GA B A ) receptor expression in the 

hypothalamus, thus reducing the appetite sensation (GA B A  is the main inhibitory 

neurotransmitter in the central nervous system and neuropeptide Y a potent orexigenic 

neurotransmitter)(B adshah et al., 2013). In addition, C yanidin 3-Glucoside has been proved to 

activate lipoprotein lipases in plasma and skeletal muscle, and to inhibit them in adipose tissue 

following the activation of A M P -activated protein kinase (pA M P K) which significantly reduced 

obesity, accumulation of fat in visceral adipose and liver tissues, and plasma triglyceride levels 

(W ei et al., 2011). 

 
3. Regulation of inflammatory response. Several experiments performed with isolated A C  from 

either black soybean (Jeong et al., 2013), a mix of black currants and bilberries (Karlsen et al., 

2007) or pure C 3G (Zhang et al., 2010; Q . W ang et al., 2008;  Speciale et al., 2010) have proved 

the efficiency of A C  on blocking the activation of NF-κB , an oxidative stress-sensitive 

transcription factor that controls the expression of numerous genes involved in the 

inflammatory response. 

A dditionally, experiments ran on different types of mice (diabetic, obese and fed fructose-rich 

diet) and different A C  sources (blueberry powder, chokeberry extract or pure C 3G) have 

revealed that A C  can also act downregulating the expression of important inflammatory genes 

such as TNFα, IL-6 or monocyte chemotactic protein 1 (M C P -1) in the adipose tissue (5eFuria 

et al., 2009; Q in & A nderson, 2012; Guo et al., 2012). 

 

4. Improvement of insulin resistance. 5ifferent studies on mice have proved that A C  treatment 

can significantly improve glucose tolerance (Jayaprakasam, Olson, Schutzki, Tai, & Nair, 2006), 

lower the fasting glucose levels in plasma and increase insulin sensitivity (Guo et al., 2006; Guo 

et al., 2012). The main mechanism of action by which A C  seems to encourage this 

hypoglycaemic effect is the promotion of glucose uptake by the insulin-dependent transporter 

GL U T4. A C  administration has proved to enhance GL U T4 membrane localization in heart and 

skeletal muscle tissues (Nizamutdinova et al., 2009) as well as in the plasma membrane fraction 

(Kurimoto et al., 2013). 
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It can be therefore concluded that, as represented in figure 5, the overall beneficial effects of A C  

represent a complex interaction of multiple signaling pathways, transcription factors, and enzymes. 

 

 

 
 

Figure 5. P utative biological mechanisms underlying the action of A C  on M SB 
 

1.1.6.1.3. Intake and recommended doses  

A lthough some epidemiological studies indicate that the intake of 22–35 mg A C  per day can be readily 

associated with lower risk of T25M  (W edick et al., 2012), most of the beneficial effects observed during 

human intervention studies were measured after ingestion of much higher amounts of A C , from 50 to 

320 mg/day (Guo & Ling, 2015). Thus, there is an imperative need to generate more evidence in order 

to support dietary recommendations aimed at the prevention and therapeutics of obesity and its 

associated cardiometabolic diseases.  

This situation, along with the fact that A C  are usually present in foods together with many other 

polyphenols and that their effects greatly vary among food sources, has produced that, to date, none 

of the main authoritative bodies on health and food security such as the U S  Food and 5rug 
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A dministration (F5A ), The 9uropean Food and Safety A gency (9FSA ) or the W I O have set any dietary 

reference intake or adequate intake. 

Regarding A C  intake, recent investigations that take into consideration more than 100 kinds of 

common foods estimated values of A C  consumption of only 12.5 mg/d in the U nited States (W u et al., 

2006). In ten countries participating in the 9uropean P rospective Investigation into C ancer and 

Nutrition (9P IC ) study, the mean anthocyanidin (aglycone of A C ) intake for each country ranged from 

19.8 to 64.9 mg/d (Zamora-Ros et al., 2011). In south C hina, the average intake of anthocyanidin was 

estimated at 27.6 mg/d (Li et al., 2013) similar to those of Germany (35.1 mg/d), the U nited Kingdom 

(26.1 mg/d), 5enmark (28.2 mg/d) and the Netherlands (21.9 mg/d) (Zamora-Ros et al., 2011). 

 

1.1.6.2. 5I A  

1.1.6.2.1. Structure  

5I A , the longest and most unsaturated fatty acid of the omega-3 polyunsaturated fatty acid family 

(n3-P U FA ), consists in a carboxylic acid with a 22-carbon atom chain and 6 cis double bounds, the first 

one of them located at the third carbon from the methyl terminus group (omega end)(Figure 6). 5I A , 

following the typical lipid nomenclature, is commonly designated as 22:6 (n-3).  

5I A  is a critical component of all cell membranes due to its unique motional and biophysical 

properties, playing a crucial role in maintaining membrane integrity and fluidity. 5I A  is especially 

important and abundant in brain and retina, where it is involved in visual and neural function as well 

as neurotransmitter metabolism (Innis & Friesen, 2008). 

 
Figure 6. 5I A  structure 

 
A lthough α-linolenic acid -the precursor molecule of 5I A - can be ingested through vegetables and 

vegetable oils in substantial quantities, its endogenous conversion rate into 5I A  is very low (ca.1%) 

(Goyens, Spilker, Zock, Katan, & M ensink, 2006). This, along with the vital role of 5I A  on normal 

metabolism, makes the direct dietary ingestion of 5I A  indispensable.  

5I A  is primarily found in cold water living organisms; the lower melting point of 5I A  compared to 

others fatty acids due to its higher number of double bonds assures that, even at low temperatures, 
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all membranes retain the fluidity necessary for life processes. The greatest dietary 5I A  sources are 

cold-water fish such as salmon, tuna, mackerel, anchovy and sardines (Saldeen & Saldeen, 2006). 

M icroalgae and A ntarctic krill, on the other hand, are of only minor importance (Schuchardt & I ahn, 

2013). 

1.1.6.2.2. B eneficial effects & mechanism of action against M S  

 
5uring the last years, several clinical trials have suggested the potential beneficial effects of n-3 P U FA s 

in subjects with obesity, cardiovascular diseases or M S.  

The high effectivity of P U FA s against M S and obesity is related to their wide range of action. Several 

studies have demonstrated that P U FA s can modulate main metabolic pathways in key metabolic 

organs such as the adipose tissue, liver or skeletal muscle. (P . Flachs et al., 2005; Lorente-C ebrián et 

al., 2013). I owever, due to the capital role of the adipose tissue in the development of M S, the present 

section has been focused on the mechanism underlying the ability of 5I A  to prevent and/or 

ameliorate adipose tissue inflammation. It must be noted that, although some studies have been 

performed in order to determine the individual effects of 5I A  and 9P A  (M ozaffarian & W u, 2012; M ori 

& W oodman, 2006), most of the existent clinical studies have been performed using marine sources 

of n-3 P U FA s in which both, 5I A  and 9P A , coexisted. The main mechanism of action by which 5I A  and 

n-3 P U FA s could act on the adipose tissue are: 

 

 
Figure 7. Summary of mechanism by which n-3 P U FA s regulate adipose metabolism and functions 

 

 

1. A dipocyte proliferation and differentiation. C urrent existing data suggests that n-3 P U FA s 

may control adipocyte size and number by modulating their differentiation and apoptosis. A  

study performed by (Kim et al., 2006) on 3T3-L1 adipocytes reported a dose-dependent 
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inhibition of adipose differentiation, reducing of lipid area and number of lipid droplets after 

5I A  treatment. The same study reported that 5I A , in slightly higher concentrations, was also 

able to induce adipocyte apoptosis. On the other side, a study performed by M urali et al., 

(2014) using the same adipocyte cell line reported the potential capacity of 5I A  to induce 

adipocyte differentiation by upregulating some transcriptional factors.  

 

2. Lipid storage and mob ilization. n-3 P U FA s have been identified as modulators of lipogenic and 

lipolytic enzymes. B oth cell culture and animal model studies have demonstrated the potential 

of 5I A  and 9P A  in downregulating the expression of important lipogenic genes such as fatty 

acid synthase (Raclot et al., 1997; Seböková et al., 1996) or Stearoyl-C oA  desaturase 

(M anickam et al., 2010; B arber et al., 2013). A mong the lipolytic genes that could be 

upregulated by 5I A , Sun, W ei, & Li (2010) found that an intragastric daily administration of 

5I A  (6.25–12.5 g/kg,) for 3 weeks increased in a dose-dependent manner the gene expression 

of hormone sensitive lipase (I sl) and triglyceride hydrolase (Tgh) in adipose tissue of mice.  

 

3. Glucose metab olism and insulin signaling. Several studies in animal models have proposed to 

a great extent that n-3 P U FA s may have insulin sensitizing characteristics; however, the 

underlying mechanisms are not completely understood yet. 9vidence shows that n-3 P U FA s 

may ameliorate insulin signal transduction in adipocytes, affecting in turn, the insulin-

stimulated glucose uptake through the regulation of the expression or the translocation of the 

insulin-dependent glucose transporter GL U T4 (González-P ériz et al., 2009; Taouis et al., 

2002; Nguyen et al., 2005). 

 

4. A dipocytokines production. A  growing body of evidence indicates that n-3 P U FA s lead to an 

upregulation of adiponectin (circulating levels and/or adipose mRNA ) in both rodents (Figueras 

et al., 2011; P . Flachs et al., 2009; P . Flachs et al., 2006) and humans (Gammelmark et al., 2012; 

Itoh et al., 2007). A diponectin is an important insulin-sensitizing adipocytokine that regulates 

glucose and lipid metabolism by reducing fat storage and promoting fat utilization. In addition, 

adiponectin stimulates mitochondrial biogenesis and has important anti-inflammatory effects. 

A n interesting study from Oster et al., (2010) in 3T3-L1 adipocytes revealed that indeed only 

5I A  (125 μM , 24 h), but not 9P A  was able to induce adiponectin gene expression and protein 

secretion. 

n-3 P U FA s have been also demonstrated to regulate the production of other adipocytokines 

such as apelin (an adipocytokine with potential anti-diabetic, anti-obesity and cardio 
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protective properties) or leptin (which plays a key role in the regulation of food intake and 

appetite, energy expenditure or insulin signaling)(M artínez-Fernández et al., 2015). 

 

5. Inflammation. A  growing body of evidence supports that n-3 P U FA s may ameliorate adipose 

tissue inflammation in obese rodents and humans (Kalupahana et al., 2010; Titos & C lària, 

2013; González-P ériz et al., 2009). Several mechanisms have been proposed for the anti-

inflammatory actions of n-3 P U FA s on the white adipose tissue: (a) reducing the production of 

pro-inflammatory adipocytokines such as M C P -1, IL-6 or resistin, and increasing the release of 

anti-inflammatory adipocytokines from adipose tissue such as adiponectin or IL-10; (b) 

decreasing macrophage infiltration to white adipose tissue; (c) Reducing the formation of n-6 

derived pro-inflammatory lipid mediators (leukotrienes or prostaglandins). 

 

1.1.6.2.3. Intake and recommended doses  

The 9uropean Food and Safety A gency (9FSA ) panel of dietetic products, nutrition and allergies (N5A ) 

has already concluded that “a cause and effect relationship has been established between the 

consumption of 2 g per day 5I A  and the maintenance of normal (fasting) blood concentrations of 

triglycerides in adults”. C onsequently a health claim has been approved. A lthough scientific evidence 

exists on the role of 5I A  in modulating adipose tissue function (Kopecky et al., 2009; M oreno-A liaga 

et al., 2010), increasing I 5L-C  and decreasing blood pressure (C ottin, Sanders, & I all, 2011), 

modulating insulin resistance (Fedor & Kelley, 2009) and counteracting oxidative stress (Türkez, 

Geyikoglu, & Yousef, 2012), related claims have not been approved by 9FSA  due to lack of cause and 

effect relationship between these parameters and 5I A  consumption (9FSA , 2010b). It must be noted 

that the health claim on triglyceridemia is associated to 5I A  and not with 5I A -enriched foods. 

9xtensive data from epidemiological studies and clinical trials on the effects of increased consumption 

of n-3 P U FA , as fish or fish oil supplements, suggest that n-3 P U FA  favorably modulates multiple 

biological processes. I owever, the interpretation of experimental data on physiological relevance for 

5I A -enriched foods is complicated by two main issues: (a) its interaction with the food matrix and 

consequent bioavailability/bioactivity, and (b) its effective dose. Since the available data is insufficient 

to derive a dietary reference intake, the 9FSA  N5A  P anel proposed setting an adequate intake for 

adults of 250 mg for 9P A  plus 5I A  (9FSA , 2010a).  

9qually, as it can be seen in Table 3, for general health and nutrition, most Global and 9uropean 

authorities and scientific bodies are recommending 250 mg to 500 mg of 9P A  and 5I A  per day, 

depending on the target population. 
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Tab le 3. Global and 9uropean recommendations for 9P A  and 5I A  intake. U pdated 16 A pril 2014. Source: Global organization 
for 9P A  and 5I A  omega-3s. bw= body weight. http//www.goedomega3.com/index.php/files/download/304 

 Region Organization Org. Type Target population Recommendation 
Global 

 

W orld I ealth Organization (W I O) A uthoritative body General adult 
population 

n-3 P U FA s: 1-2% of 
energy /day 

Food and A griculture Organization of 
the U nited Nations (FA O) 

A uthoritative body 0-6 months 5I A : 0.1-0.18% 
energy/day 

6-24 months 5I A : 10-12 mg/Kg bw 
2-4 years 9P A +5I A :100-150 mg 
4-6 years 9P A +5I A :150-200 mg 
6-10 years 9P A +5I A :200-250 mg 
P regnant/lactating 
women 

9P A +5I A :0.3g/day of 
which at least should be 
0.2 g/day 

International Society for the Study of 
Fatty A cids and Lipids (ISSFA L) 

9xpert scientific 
organization 

General adult 
population for 
cardiovascular health 

A t least 500mg/day of 
9P A +5I A  

P regnant/lactating 
women 

5I A : 200mg/day 

NA TO W orkshop on ω-3 and ω-6 Fatty 
A cids 

W orkshop General adult 
population 

300-400 mg 
9P A +5I A /day 

W orld A ssociation of P erinatal 
M edicine (W A P M ) 

W orking Group P regnant/lactating 
women 

200mg 5I A /day 

Infants, when 
breastfeeding is not 
possible 

0.2-0.5% wt total fat 

W orld Gastroenterology Organization 
(W GO) 

9xpert Scientific 
Organization 

General adult 
population 

3-5 servings/week of 
fish 

9urope 9xpert W orkshop of the 9uropean 
A cademy of Nutritional Sciences  

9xpert Scientific 
Organization 

General adult 
population 

P eople who do not eat 
fish should consider 
obtaining 200 mg 9P A  + 
5I A  from other sources  
 

9uropean Food Safety A uthority  
(9FSA ) 

A uthoritative body General adult 
population 

250mg 9P A +5I A  /day  
 

P regnant/lactating 
women 

100-200 mg 5I A  / day 
in addition to general 
adult requirements  

C hildren 7-24 months 100 mg 5I A  / day  
C hildren 2-18 years 250mg 9P A +5I A  /day  

The P eriLip and 9A RN9ST projects of 
the 9uropean C ommission 

9xpert Scientific 
Organization 

P regnant/lactating 
women 

200mg 5I A /day  
 

 

1.1.6.3. B G 

1.1.6.3.1. Structure  

Glucans are glucose polymers, classified according to their interchain linkage as b eing either α- or β- 

glucans (B arsanti et al.,2011). β-glucans are a heterogeneous group of non-starch polysaccharides, 

consisting of 5-glucose monomers linked by β-glycosidic bonds (Zeković et al., 2005). The simplest 

glucan is the linear and unbranched β-(1,3)-5-glucan, found among prokaryotes and eukaryotes 

(M cIntosh, Stone, & Stanisich, 2005). A nother simple structural type occurs mostly in the non-lignified 

cell walls of cereal grains, and consist of linear β-(1,3;1,4)-5-glucans (W ood, 2007). Glucans from 
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barley, oats, or wheat are found in cell walls of the endosperm, while being concentrated in the 

aleurone layer of barley, oats, wheat, sorghum, and other cereals. B ranched structures of β-glucans 

consist of β-(1,3)- or β-(1,4)-glucan backbone with either (1,2)- or (1,6)-linked β-glucopyranosyl side 

branches (B arsanti et al.,2011). They are major structural components of the cell walls of yeast, fungi, 

and some bacteria (V olman, Ramakers, & P lat, 2008). 

C hemically speaking, oat β-glucan (the source of β-glucan that was used in this thesis), is a linear 

polysaccharide and composed mainly of (1,3)-linked cellotriosyl and cellotetraosyl units (>90%)(Figure 

8). The (1→3)-link prevents close packing of the molecule and makes the molecule partly soluble in 

water, unlike cellulose which is built entirely of β-(1→4)-linked 5-glucanosyl units and is capable of 

close packing to crystalline structures (M organ, 2000). The relative amounts of oligosaccharides 

released from β-glucans by hydrolysis with (1,3),(1,4)-β-5–glucan-4-glucanohydrolase (lichenase), 

which specifically cleaves the (1, 4)-linkage of a 3-o-substituted β-5-glucopyranosyl residue, constitute 

a fingerprint of the structure of the β-glucans. The molar ratio of tri/ tetra oligosaccharides 2.1–2.4 is 

characteristic for oat (C ui & W ood, 2000). 

 

 

 
Figure 8. Schematic diagrams of the structure of cereal B G and the lichenase hydrolysis site 

 

The molecular weight of β-glucan varies between 50 and 3000 k5a. The soluble β-glucans make 

viscous, shear thinning solutions even at low concentrations. The viscosity is related to the molecular 

weight and is strongly dependent on the concentration. 
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1.1.6.3.2. B eneficial effects and mechanisms of action 

The ability of β-glucan to form highly viscous solutions in the human gut is thought to be the basis of 

its health benefits. These benefits include lowering postprandial glucose and insulin responses, 

decreasing cholesterol levels, and potentiating the feelings of satiety.  

 

1- P ostprandial glucose levels and insulin resistance. The reduction of postprandial glucose and 

insulin responses effect of β-glucan has been observed in healthy subjects (M äkeläinen et al., 

2006; M aki et al., 2006), type 2 diabetic patients (Tappy et al., 1996; Tapola et al., 2005) and 

moderately hypercholesterolemic men and women (I allfrisch, Scholfield, & B ehall, 1995).  

The first mechanism of action related to the glucose and insulin lowering effects of β-glucan 

would reside in the ability of soluble fibers to form viscous solutions during digestion. A s a 

consequence the gastric emptying is delayed (B raaten et al., 1991; M arciani et al., 2001) and 

the subsequent digestion and absorption slowed down (C a et al., 1988). In addition, high 

digesta viscosity decreases enzyme diffusion (Schneeman & Gallaher, 1985) and stimulates the 

formation of the unstirred water layer (9astwood & M orris, 1992) decreasing glucose transport 

to enterocytes (Jenkins et al., 1978). 

The second explanatory mechanism of action would be the production of short-chain fatty 

acids during the anaerobic bacterial fermentation of β-glucan in the colon (C ummings & 

9nglyst, 1987). These short-chain fatty acids, in particular propionic and butyric acid, have been 

proved to increase the expression of the insulin dependent glucose transporter type 4 (GLU T-

4) in the muscle and adipocytes via the activation of P P A P y (a nuclear receptor that functions 

as transcriptional factor)(P ark et al., 1998; Song et al., 2000).  

 
2- 5ecreasing of L5L-cholesterol levels. A  meta-analysis study performed by B rown, Rosner, 

W illett, & Sacks (1999) showed that the ingestion of oats providing 2 to 10 g per day of β-

glucan produced a net change of −3.1mg/dL to −15.5mg/dL for total cholesterol and of 

−2.9mg/dL  to −14.3mg/dL for L5L  cholesterol. 

The reduction of cholesterol is considered a sum of several effects. I owever, it is a commonly 

accepted concept that the main mechanism for β-glucans cholesterol-lowering effect resides 

on its ability to entrap whole micelles containing bile acids in the intestinal contents due to its 

viscosity. The exclusion of these micelles from the required interaction with the luminal 

membrane transporters on the intestinal epithelium, decreases the absorption and 

reabsorption of fats, including cholesterol and bile acid, and leads to an increased fecal output 

of these 2 components (9llegård & A ndersson, 2007; Theuwissen & M ensink, 2008). A s a result, 

hepatic conversion of cholesterol into bile acid increases, hepatic pools of free cholesterol 
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decrease, and, to reach a new steady state, endogenous cholesterol synthesis will increase. 

This leads to increased activities of 7α-hydroxylase and 3-hydroxy-3-methylglutaryl-coenzyme 

A  (I M GC oA ) reductase to compensate for the losses of bile acid and cholesterol from liver 

stores. Furthermore, hepatic L5L-cholesterol receptors become upregulated to restore hepatic 

cholesterol stores which will lead to decreased serum L5L-cholesterol concentration (9llegård 

& A ndersson, 2007). 

 

 
Figure 9. P roposed B G mechanism of action for decreasing cholesterol plasma levels  

 

3- 5ecreasing of triglycerides levels. Few mechanisms, most not clearly elucidated, have been 

suggested in order to explain the hypotriglyceridemic properties of soluble fibers, including β-

glucan. In an in vitro study, β-glucan extracts from oat and barley flour inhibited the in vitro 

intestinal uptake of long-chain fatty acids and cholesterol and downregulated various genes 

involved in lipogenesis and lipid transport in rats (5rozdowski et al., 2010). 

 
4- Ob esity and feeling of satiety. The satiating properties of soluble dietary fibers have been 

explained by 4 main mechanisms, all of which are related to several stages in the process of 

appetite regulation such as taste, gastric emptying, absorption, and fermentation (B urton-

Freeman, 2000). 1- Firstly, the viscosity of soluble fibers plays an important role in their ability 

to induce satiety (Lyly et al., 2009). A s explained above, high-viscosity meals delay gastric 

emptying and slow the digestion and absorption of nutrients, more precisely glucose, due to 

reduced enzymatic activity and mucosal absorption (Jenkins et al., 1978) leading to early 

satiety sensations. 2- The lower palatability of fiber-rich meals may affect food intake in a 

negative manner (B erg, Jonsson, C onner, & Lissner, 2003). In fact, a strong inverse relationship 

has been described between palatability and satiation (I olt, M iller, P etocz, & Farmakalidis, 

1995). 3- The reduced glycemic and insulinemic responses to soluble fibers, including β-glucan, 

can be also responsible for their satiating properties. 4- The short-chain fatty acids produced 
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during fermentation of β-glucan in the colon have been proved to regulate the release of 

various gut hormones with important role in satiety signaling such as peptide YY, glucagon-like 

peptide 1 or ghrelin among others (5umoulin, M oro, B arcelo, 5akka, & C uber, 1998). 

1.1.6.3.3. Intake and recommended doses  

The first institution who recognized the beneficial effects of β-glucan and set a recommended dose of 

B G was the F5A  back in 1997. M ore specifically, the F5A  concluded that the intake of at least 3 g of β-

glucan from oats per day decreased saturated fats and reduced the risk of heart disease.  

In 9urope, several health claim requests were submitted to the 9FSA  N5A  P anel related to the role of 

β-glucans in the maintenance of normal blood cholesterol concentrations and maintenance or 

achievement of a normal body weight. In July 2009, the Scientific C ommittee finally concluded that “a 

cause-and-effect relationship has been established between the consumption of β-glucans and the 

reduction of blood cholesterol concentrations". C onsequently, in 2011, the 9uropean C ommission 

authorized a health claim on foods through which 3 g/day of oat β-glucan were consumed (1 g of oat 

β-glucan per portion). These foods are allowed to display the following health claim: "Oat β-glucan 

reduces the cholesterol level in the blood. The lowering of the blood cholesterol level can reduce the 

risk of coronary heart disease".  

In 2012, β-glucan received another authorized health claim by 9uropean C ommission that is allowed if 

the food contains 4 g β-glucan from oats or barley/30 g available carbohydrates in a quantified portion 

as part of the meal. These foods can bear the health claim "C onsumption of β-glucan from oats or 

barley as part of a meal contributes to the reduction of the blood glucose rise after that meal". 

A lthough neither the F5A  nor the 9FSA  health claims involving β-glucan take into account the 

molecular weight of β-glucan, some studies have stressed the importance that this parameter could 

have on its effectivity. Not surprisingly, B G's ability to form viscous solutions depends on both the 

concentration and the molecular weight of the molecules. In this line, a clinical study performed by 

W olever et al., (2010) involving 345 participants, stated that the physiochemical properties of oat β-

glucan should be considered when assessing the cholesterol-lowering ability of oat-containing 

products. The study proved that an extruded breakfast cereal containing 3 g oat β-glucan with a high 

molecular weight (2210 k5a) or a medium molecular weight (530 k5a) lowered cholesterol similarly by 

around 0.2 mmol/mL (5%) but efficacy was reduced by 50% when the molecular weight was reduced 

to 210 k5a. 
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1.2. 5IG9STION A N5 A B SORTION OF B IOC TIV 9S: FROM  FOO5 TO I 9A LTI  B 9N9FITS 

 
In order to exert their physiological effect, the different bioactives have to be extracted from their food 

matrices, and depending on their nature, broken down into their constitutive elements (digested) 

before b eing absorbed, metabolized and transported to the different cells and tissues. 

The digestion process is conducted by chemical, mechanic and enzymatic mechanisms and involves 

many steps (oral, gastric and intestinal digestion) and different organs (figure 10). The gastrointestinal 

tract begins at the mouth, goes through the esophagus, stomach small and large intestines and ends 

at the anus. It has a total length of 8–9 m. In addition, the liver, the gallbladder and the pancreas are 

organs which produce digestive juices essential to the digestion process (I euman, M ills, & M cGuire, 

1997).   

   

 
Figure 10. Summary of key physical and chemical processes that occur in the gastrointestinal tract during the digestive process 
Source: B ornhorst & Singh, 2014 
 

1.2.1. Oral digestion 

Food digestion begins with chewing in the mouth. The main role of the oral phase is to transform food 

into a viscous bolus ready for swallowing and to reduce the size of food particles in order to increase 

their contact surface with the subsequent digestive secretions (Jalabert-M albos, M ishellany-5utour, 

W oda, & P eyron, 2007). For this purpose, food is hydrated and lubricated by a digestive secretion 

called saliva, which is composed of water, ions (Na+, K+, C a2+, M g2+, C l-, I C O3
-, P O4

-3), mucoproteins and 

two digestive enzymes: α-amylase and lingual lipase. 

A t this stage of digestion, since lingual lipase is a triacylglycerol lipase, only 5I A  esterified in the sn-1 

or sn-3 position of triglycerides (TA Gs) can be liberated in form of free fatty acids (FFA ). 5I A  ingested 
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in form of ethyl esters, phospholipids (P L) or any other form cannot be hydrolysed during the oral 

phase of digestion. I owever, due to the continuous secretion of the lingual lipase by the lingual serous 

glands, its accumulation in the stomach between meals, and its ability to catalyze lipolysis without bile 

salts and at low pI , it seems that the main lipolytic activity of this enzyme takes place in the stomach 

rather than in the oral cavity (Fink, I amosh, & I amosh, 1984). I owever it must be noted that the 

present of the lingual lipase is still highly controversial and many authors consider that it does not 

exist.   

On the other side, due to specificity of alpha amylase for α (1-4) glycosidic linkages, neither β-glucan 

nor A C  (both presenting β-glycosidic bonds) should be hydrolysed at this stage. I owever, W alle et al. 

(2005) stated that a small part of A C  could be actually deglycosylated in the mouth by residential 

bacteria present in the oral cavity or by the oral epithelial cells (both present β-glucosidases). A lso, the 

interaction of some A C  and alpha amylase has been observed before (Xiao, Ni, Kai, & C hen, 2013; Xiao, 

Kai, Ni, Yang, & C hen, 2011) which could affect the activity of the enzyme. I owever, due to the small 

time of residence of the foods in the oral cavity, most A C  are thought to pass intact to the gastric phase 

of digestion. 

The median particle size before swallowing ranges between 0.92 and 3 mm, depending on the food 

properties and the intensity of the mastication process of each individual. A fter swallowing, the bolus 

is moved through the esophagus to the stomach by simple force of gravity and by peristalsis 

mechanism, defined as a wave of muscular contractions enabling the movement of digestive contents 

in a hollow organ (F. Kong & Singh, 2008). 

1.2.2. Gastric digestion 

The gastric digestion involves a complex feedback control system that simultaneously breaks down 

ingested foods while mixing them with gastric acid and digestive enzymes (B ornhorst & Singh, 2014). 

This process is influenced by various factors such as the metabolic state of the individual (fasting or 

postprandial), gastric acidity, enzymatic reactions and hydrodynamic and mechanical forces. The main 

functions of the stomach are storage, mixing, hydrolysis and emptying of stomach contents into the 

small intestine (F. Kong & Singh, 2008). Inside the stomach, the gastric mucosa presents numerous 

invaginations or crypts, which include several types of secretory cells: parietal cells that secrete 

hydrochloric acid, chief cells which secrete pepsinogen and gastric lipase, and finally mucous cells that 

produce mucus to allow lubrication and protection of the mucous membranes. 

The hydrochloric acid participates mainly in the denaturation of proteins, the activation of pepsinogen 

(inactive form) to pepsin (main enzyme of the gastric secretion) and eliminates most of exogenous 

bacteria. In adults, the fasting gastric pI  of the stomach ranges between 1.3 and 2.5. 
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5igestion of 5I A  continues in the stomach through the effects of both lingual and gastric enzymes. 

9qually than during the oral phase, only 5I A  in form of TA G is susceptible to be liberated into FFA . In 

adults, due to the preferential cleavages of the sn-1-and/or sn-1 and sn-3 positions of TA Gs, lingual 

and gastric lipases mainly produce partial glycerides and FFA s. It is estimated that within 2 to 4 hours 

after ingestion of a meal, roughly 30% of the TA Gs are converted to 5GA s and FFA s acids in the 

stomach. The stomach is also the major site for the emulsification of dietary fat and fat-soluble 

vitamins, mainly through the action of peristalsis. This emulsification of lipids enhances further 

hydrolysis in the small intestine by pancreatic lipases by increasing the contact surface of lipid droplets. 

β-glucan, due to its acid resistance and the absence of β-glycosidases passes through the stomach 

virtually unchanged. I owever, due to its ability to from very viscous solutions, it can have a great 

impact on gastric and intestinal digestion by delaying gastric emptying rate and making difficult the 

access of lipases to fats.  

Finally, monomeric A C  are not affected by the presence of gastric enzymes and have been observed to 

be stable in the acidic environment of the stomach (U zunović & V ranić, 2008; M c5ougall et al., 2005; 

B ermúdez-Soto et al., 2007). In addition, at this stage of digestion A C  are not susceptible to undergone 

non-enzymatic deglycosylation. On the other side, and contrary to lipids or proteins, significant 

amount of A C  can be rapidly absorbed from the stomach as observed in both in vivo human and animal 

studies (Talavéra et al., 2003; P assamonti, V rhovsek, V anzo, & M attivi, 2003). A lthough the mechanism 

of gastric absorption of A C  is yet unclear, the involvement of a bilitranslocase-mediated mechanism 

has been suggested (P assamonti, V rhovsek, & M attivi, 2002). 

A t the end of the gastric phase of digestion, the repeated peristaltic contractions of the stomach wall 

act to crush and grind food particles until they pass through the pyloric sphincter into the small 

intestine (I euman et al., 1997; Schwizer, Steingoetter, & Fox, 2006). A t this stage, food particles are 

smaller than 1-2 mm. Several factors are reported to modulate the gastric emptying rate: the volume 

ingested, the osmotic pressure, the viscosity of the bolus, its caloric content, the macronutrient 

composition, the acidity and physical properties of the food, such as texture and density (B enini et al., 

1995; Kwiatek et al., 2009)B 

1.2.3. Small intestine digestion 

A lthough the gastric phase is a crucial step for food digestion, a great part of the hydrolysis and 

absorption of nutrients takes place in the small intestine, notably in the duodenum and jejunum. In 

this phase, the chyme (meal and gastric secretions) is broken down by the concerted action of 

pancreatic enzymes and biliary secretions into molecules small enough to be absorbed through the 

epithelial cells.  
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The mean transit time of the food in the small intestine is approximately 3 h, but this value may vary 

from 1 to 6 h. The pI  values gradually increase between the duodenum and the ileum, passing from 

pI  5.5 to 7.5 (V ersantvoort, Oomen, V an de Kamp, Rompelberg, & Sips, 2005). The intestinal wall is 

constituted by finger-like projections that protrude from the epithelial lining, called villi. These villi are 

themselves divided into microvilli, forming the brush border and allowing to considerably increase the 

nutrient absorption area (about 600 times bigger)(Smith & M orton, 2011). 

The enzyme secretion from the pancreas is stimulated by the presence of food in the stomach, by 

hormones and as a reaction to sensory signals by the thought, sight or smell of food (Keller & Layer, 

2005).  

A t this stage of digestion, due to the specificity of pancreatic lipid hydrolases, all 5I A  will be 

susceptible to be digested regardless of the type of molecule it is included in i.e. TA Gs, P L  or 

cholesterol. P ancreatic cholesterol hydrolase activated by bile salts completely hydrolyses cholesteryl 

esters into FFA s and free cholesterol. 5ietary P Ls are hydrolysed into FFA s and lysophospholipids by 

activated pancreatic phospholipase A 2 in the presence of trypsin, C a+2, and bile salts. A bove the critical 

micellar concentration of bile salts, pancreatic colipase, activated by trypsin, strongly binds to the 

lipase to allow the specific enzymatic action of the pancreatic lipase on TA Gs at the oil-water 

interphase. Thus, TA Gs are cleaved into 2-monoglycerides (M A Gs) and FFA s. The pancreatic lipase is 

the main lipolytic enzyme of the human gastrointestinal tract (GIT), responsible for hydrolysing about 

98 % of the remaining dietary TA Gs in healthy humans, facilitating an overall absorption of 95-98 % of 

the total lipid content from the food (P orsgaard, Xu, Göttsche, & M u, 2005). 

A s intestinal hydrolysis progresses, the hydrolysis products move from the oil-water interphase into 

the aqueous phase of the luminal content allowing pancreatic lipid hydrolases to pursue their action. 

In order to cross the unstirred water layer and mucus lining enterocyte microvillus, the hydrophobic 

lipid products of digestion, including 5I A , are organized into multimolecular aggregates formed of bile 

salts, P L  and other digestion products known as mixed micelles (9mbleton & P outon, 1997; I ernell, 

Staggers, & C arey, 1990). W hen the mixed micelles reach the unstirred layer, the complex are disabled 

due to a shift in pI , leading to a release of both the core content and the compounds forming the 

outer layer. The mechanism of uptake and absorption of FA  is unclear, but it is suggested to be affected 

by the chain length of the FA . FA s containing <12 C  could be bound to albumin, which is a protein with 

affinity for FA  (Stremmel, P ohl, Ring, & I errmann, 2001), making them water soluble. C onsequently, 

these FA  are free to passively diffuse through the epithelial cells lining the gut lumen (A rtursson, 1990; 

I amilton & Kamp, 1999). The long chain FA s, such as 5I A  (>12 C ), are being transported across the 

cell membrane by the action of transport proteins (Fitscher et al., 1996). Inside the cell they will be 

resynthesized into TA Gs within the endoplasmatic reticulum, before they are transported to the Golgi 
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apparatus where they are combined with cholesterol, phospholipids and proteins, making a 

lipoprotein called chylomicrons: the transporting vehicles of lipid through the blood and lymph thought 

the body.  

 

 
 
Figure 11. Route of n−3 P U FA s from food to tissue. A fter emulsification of the fats in the stomach, they enter the small 
intestine where the n−3 P U FA s are cleaved off from their various types of bonds to form free fatty acids and 2-
monoacylglyceride (2-M A G). Free n−3 P U FA s and 2-M A G are taken up as mixed micelles. In the enterocytes, n−3 P U FA s are 
re-esterified to tricylglycerides, which are then incorporated into chylomicrons and transferred via the basolateral memb rane 
to the lymph and thus to systemic circulation. The blood then transports n−3 P U FA s to the target tissues, where they are 
primarily incorporated in membranes 

 

 

A C  do not appear to be stable in the small intestine. The observed decrease in A C  concentration can 

be explained by transformation into a colorless chalchone form or by degradation (P érez-V icente, Gil-

Izquierdo, & García-V iguera, 2002). Trials conducted incubating A C  with small intestinal cell cultures 

(C aco2) or cell free media and buffers, proved in both cases that 96% of the parental A C  (C yanidin 3-

O-Glucoside) were degraded, suggesting that at small intestinal pI  spontaneous degradation occurs, 

resulting in the formation of degradation products such as protocatechuic acid and phloroglucinol 

aldehyde (Kay, Kroon, & C assidy, 2009). W ith regard to the intestinal absorption of A C , the exact 

mechanism has not yet been fully elucidated, but 2 pathways have been proposed to date. The first 

one proposes that A C  may be actively transported across the brush border membrane by the sodium-

dependent glucose transporter and subsequently hydrolysed by the cytosolic β-glucosidase before 

transport into the blood circulation. A lternatively, the second one defends that A C  could be hydrolysed 
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in the intestinal lumen, and the aglycones absorbed into the enterocyte by passive diffusion (C rozier, 

5el Rio, & C lifford, 2010; Kay, 2006). The presence of native A C  in the blood plasma suggests that 

absorption occurs in the form of A C  glycosides; however, the absorption of the aglycone form and 

subsequently re-conjugations with a sugar moiety could be also possible. 

 
β-glucan, equally than in the stomach, passes through the small intestine virtually unchanged. On the 

other side the soluble β-glucan is believed to increase the viscosity of the food bolus, leading to an 

enhanced gut fill, and slower absorption of nutrients 

1.2.4. Large intestine digestion 

The last step of food digestion takes place in the large intestine and lasts about 16 hours. A s the chyme 

moves through the large intestine, most of the remaining water is removed and the chyme is mixed 

with mucus and bacteria (known as gut flora) to become feces. The colon is able to absorb  vitamins 

that are created by the colonic bacteria, such as vitamin K, vitamin B 12, thiamine and riboflavin. It also 

compacts feces, and stores fecal matter in the rectum until it can be discharged via the anus in 

defecation. 

In the large intestine β-glucans are readily fermented by bacteria colonizing the caecum and upper 

colon. The degradation of the fiber components leads to increased microbial activity and the 

production of short-chain fatty acids and various gases. W hile the insoluble fiber reduces transit time 

and increases faecal wet weight by means of its physical presence, soluble fiber operates through an 

increase in microbial cells mass. β-glucan has been shown to increase the proportion of propionate, 

which is suggested as one of the mechanisms for the cholesterol lowering effects of oats and other β-

glucan containing products. Recently it was concluded that β-glucans have no prebiotic potential 

(I ughes, Shewry, Gibson, M cC leary, & Rastall, 2008).  

The extent of absorption of dietary polyphenols in the upper gastrointestinal tract can be relatively 

small (10-20%) compared to dietary intake (W iczkowski, Romaszko, & P iskula, 2010). A C  and their 

colonic metabolites have been investigated only recently, due to their instability and the difficulty to 

detect them with traditional analytical techniques. A C  metabolism due to the intestinal microbiota 

includes cleavage of the sugar moiety and ring fission to produce phenolic acids and aldehydes (A ura 

et al., 2004; Keppler & I umpf, 2005). Final metabolites forms depend on the substitution pattern of 

the A -and B -rings of the precursors. It is also worth noting that further metabolism of the phenolic 

acids may occur after incubation with gut microbiota. It is though that the resulting colonic metabolites 

are absorbed into the colon, but not detected using traditional I P L C  techniques, which may in turn be 

partly responsible for the observed low bioavailability of A C . The colonic metabolism of A C  may be of 

great importance, and it is b elieved that the colonic metabolites could contribute hugely to the 
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potential protective effects of A C  (M anach, W illiamson, M orand, Scalbert, & Rémésy, 2005; Kay, 

Kroon, & C assidy, 2009). 

 

 

 

 

Figure 12. I ypothetic pathways of A C  absorption, distrib ution, metabolism, and excretion based on current information 
Source: P . A . Faria, Fernandes, M ateus, & C alhau, (2013) 
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1.3. FOO5 M A TRIX 9FF9C T 

 
In the past, the nutritional quality of food used to be based only on its nutrient profile: protein, fat, 

carbohydrates, vitamins and minerals (Turgeon & Rioux, 2011). I owever, the existing gap between the 

ingestion of food and its potential health effect is large, notably due to the complexity of the human 

digestive tract and the potential food matrix effect. In the last years the number of publications on 

food digestion has increased, and the impact of the food structure on its digestion and nutritional value 

have been more and more recognized. This involves the notion of "food matrix", which consists in the 

organization of food components at multiple spatial scales and their interactions (Fardet, Souchon, & 

5upont, 2013; P arada & A guilera, 2007). Thus, the concept of food matrix integrates the composition, 

the structure and the interactions among the various constituents of the food, according to the 

different levels of organization, from the molecular to the macroscopic scale (A guilera, 2006). 

The real effectiveness of food bioactives depends mainly on four steps: their release in the 

gastrointestinal tract (bioaccessibility), their intestinal absorption, their metabolism and finally their 

health effect. In this context, the term bioaccessibility refers to the proportion of a nutrient/bioactive 

released from the food matrix and solubilized into the digestive fluids of the gastrointestinal tract 

(V ersantvoort, Oomen, V an de Kamp, Rompelberg, & Sips, 2005). B ioaccessibility, governed mainly by 

the physicochemical and structural characteristics of the food matrix (Fardet, Souchon, & 5upont, 

2013; P arada & A guilera, 2007; Turgeon & Rioux, 2011), modulates all the steps from absorption to 

health effect, passing by the metabolic effects. B ioavailability represents the proportion of the nutrient 

which is absorbed and reaches the systemic circulation, becoming available for utilization in normal 

physiologic conditions and/or for storage (5uchateau & Klaffke, 2008; P arada & A guilera, 2007; 

Turgeon & Rioux, 2011). B ioavailability depends on the site of absorption, physiological parameters of 

digestion and also on the bioaccessibility of the compound (only those nutrients/bioactives liberated 

from the food matrix are potentially bioavailable and in condition to exert their beneficial effects). 

A s it can be easily understood, most of bioactives are not ingested as pure compounds but as 

components of complex foods that, in turn, form parts of diets. Therefore, the interactions of the 

bioactives with other food components are an important factor that must be taken into account when 

considering their potential effectiveness. Improving the understanding on the link between food 

properties, digestion processes and final health outcomes represent an excellent strategy for 

functional food optimization (Fardet, Souchon, & 5upont, 2013; B ornhorst & Singh, 2014). 

B oth the rate and extent of lipid digestion in the presence of a food matrix have been proved to be 

affected by the size of the exposed surface area of the matrix and the type and concentration of the 

food components. In addition, the permeability of the food matrix to low molecular weight biological 
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molecules, such as enzymes and acids has been also observed to have an effect (P arada & A guilera, 

2007). Lairon, P lay, & Jourdheuil-Rahmani (2007) recently suggested that postprandial lipidemia is 

increased when a fat meal is taken with digestible starches and fructose, whereas the inclusion of some 

fibers had the converse effect. In vivo lipid digestion studies have showed that some soluble viscous 

fibers (e.g., guar gum, pectin, and gum A rabic) inhibit lipolysis of TA Gs (P asquier et al., 1996). The 

addition of chitosan and pectin into beef patties decreased in vitro lipid digestion, whereas the addition 

of cellulose had no significant effect (S. j. I ur, Lim, P ark, & Joo, 2009). Other components, such as 

multivalent cations (C a2+ and M g2+), can also alter lipid digestion as they form insoluble soaps with free 

fatty acids or bile salts in the small intestine (M cC lements, 5ecker, & P ark, 2008). Regarding 5I A  and 

P U FA s, an in vitro study performed by Shen et al., in 2011 observed that the release of both 9P A  and 

5I A  during digestion was different depending on how these P U FA s were ingested: alone as a neat 

microencapsulated tuna oil powder or included into 3 different three foods matrices (orange juice, 

yogurt, or cereal bar). Similarly, but this time in a randomized cross-over study that included 12 healthy 

male participants, Schram et al., (2007) observed that when a fish oil was ingested as a supplement or 

incorporated into different food matrices (a fitness bar, a yogurt drink, bread and butter), the 

bioavailability of its n-3 P U FA s was influenced by the matrix and composition of the food product.  

Regarding A C , several studies have combined A C -rich fruits with other food components to mimic 

physiological processes and to examine the influence of meal components on A C  bioavailability (Yang 

et al., 2011). A n in vitro study performed by Gordon J. M c5ougall et al. (2007) in order to assess the 

potential bioavailability of A C  showed that regular foods such as bead and cooked minced beef could 

help protect A C  from raspberry extract in the gastrointestinal tract. Similarly ethanol may enhance the 

cellular absorption of polyphenols (M an-Ying C han et al., 2000) and the transport of A C  involving 

GL U T2 through intestinal epithelial cells (A . Faria et al., 2009). A nother study performed by Sengul, 

Surek, & Nilufer-9rdil (2014) observed a decrease on A C  bioavailability after the codigestion of 

pomegranate with meat, soy milk and cream after in vitro digestion. On the other hand carbohydrates 

and fatty acids significantly increased A C  bioavailability. 

 

1.4. 5IG9STION M O59L S  

Studying the food matrix effect on bioactives’ bioaccessibility and/or bioavailability greatly depends 

on the availability of digestion models that accurately simulate the complex physicochemical and 

physiological events that occur in the human gastro intestinal tract. To date, 3 different types of 

digestions models can be used. 
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1.4.1. I uman models 

The use of ileostomy volunteers, subjects who have had their colon surgically removed for medical 

reason, is valuable to investigate the compounds not absorbed in the upper gastrointestinal tract. 

A lthough these approaches have the advantage of being direct and non-invasive (intestinal effluents 

from patients are collected into external pouches), the obtained results could not always be 

representative of healthy subjects since patients subjected to these kind of surgeries often suffer from 

inflammatory or occlusive digestive pathologies and the proper functioning of the digestive system 

could be altered. A nother direct method for measuring digestibility is to use gastric or intestinal probes 

to collect the gastric or intestinal chyme. The main disadvantage associated to their use is their invasive 

nature, the impossibility of aspirating relatively big solid food particles and the existence of few 

adequate digestion markers to quantify the digestive secretions and fluxes (Gaudichon, 2013). 

5eveloped back in the 1980s, imaging techniques such as scintigraphy, magnetic resonance imaging 

(M RI) or ultrasounds are mainly used for clinical purposes. A lthough their advantage resides in the fact 

that they let the tracking of the whole alimentary bolus, these techniques are marginally used 

nowadays in research due to the necessity of using ionizing radiations (scintigraphy), their high cost 

(M RI) or their imprecise results (ultrasound) (Gaudichon, 2013). Furthermore, these methodologies 

only provide valuable information on what is occurring in the gastric compartment. 

Finally, some indirect methods based in the ingestion of a marker with the meal and the measurement 

of its excretion in the expired air can be also used. These indirect methods, which include both 

digestive and metabolic processes, are usually more addressed to perform comparative tests rather 

than to obtain absolute kinetic measurements (Gaudichon, 2013). 

In the end, due to ethical and practical reasons, not many studies using human digestion models are 

available in the literature, especially when dealing with solid foods. In order to overcome these 

problems, the use of animal or in vitro models is the most widespread alternative chosen by 

researchers. 

1.4.2. A nimal models 

The two most frequently animal models used in literature for macronutrient digestibility 

measurements, alone or in complex regimes, are rat and pig.  

The rat, because of its small size and its widespread use in research, is commonly used in nutrition for 

total digestibility measurements. The rat is a mono-gastric animal that shares a very similar general 

organization of the digestive tract with human beings (5eSesso & Jacobson, 2001). On the other side, 

some big differences exist between both species: rat possesses an additional pre-stomach in which a 

bacterial digestion takes places, a more developed caecum, it does not have gallbladder, and its 
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jejunum represents almost the whole small intestine (W isker, Knudsen, 5aniel, Feldheim, & 9ggum, 

1996). The main advantages of using rats as digestion models are the low cost and the possibility, after 

euthanasia, of recovering digesta at many different parts of the digestive tract.  

The pig, due to its digestive organization and eating habits - both very similar to that of human beings- 

constitutes the preferred animal model for nutrition researchers. The pig model is generally used after 

the surgical installation of cannulas (allowing the collection of digesta) and/or vascular catheters (for 

the collection of blood flow) (5eglaire, B os, Tomé, & M oughan, 2009; 5arragh & I odgkinson, 2000). 

In consequence, the same animal can be used in order to test different diets and products or to 

determine digestive kinetics without having to sacrifice animals for each point/treatment. The use of 

mini-pigs allows working with constant-weight adults without the necessity of adapting food intake, 

which represents a big advantage in the realization of long-term studies. Some experimental protocols 

may also involve the collection of content digestive after euthanasia without using cannulas (M ontoya 

et al., 2014). 

In vivo feeding methods, using animals or humans, usually provide the most accurate results, but they 

are time consuming and costly, which is why much effort has been devoted to the development of in 

vitro procedures. 

1.4.3. In vitro models 

In principle, in vitro digestion models provide a useful alternative to animal and human models by 

rapidly screening food ingredients. 5uring the past few years, food and animal scientists have utilized 

a number of in vitro digestion models to test the structural and chemical changes that occur in different 

foods under simulated GI conditions, although none of these methods has yet been widely accepted.  

There are 2 main types of gastrointestinal models: static models and dynamic models. 5ynamic models 

simulate the dynamic aspects of digestion, such as material flow, gastric emptying, movement of the 

bolus during contractions of the stomach and intestinal walls and even the absorption of nutrients (S. 

J. I ur, Lim, 5ecker, & M cC lements, 2011; F. Kong & Singh, 2008). These models are configured to 

replicate as much as possible the in vivo digestive conditions observed during digestion in humans or 

animal models. They aim in particular is to simulate variations in pI , temperature and enzyme 

secretions.  

I owever, the vast majority of models reported in the literature are static models. Static models 

generally consist of containers simulating one or more portions of the gastrointestinal tract (stomach, 

small intestine ...). They do not take into account changes in pI  or peristaltic movements, they use 

constant levels of enzymes, and do not reproduce the flow between the different compartments.  
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5espite of their limitations, static models are particularly useful where there is limited digestion (e.g., 

gastric and/or intestinal steps), but are less applicable in total digestion studies, including colonic 

fermentation. These methods can be used to evaluate the influence of digestion conditions, and to 

carry out studies on the positive or negative effect of food structure (particle size, addition of 

emulsifiers, etc.), food composition (food fortification, etc.), dietetic factors (interactions between 

food components such as fiber, minerals, etc.) and food processing (thermal and non-thermal 

treatment, fermentation, etc.) upon nutrient and bioactive compound bioaccessibility, in order to 

establish the nutritional value of foods and improve food formulation/design. In conclusion, static 

models are predominantly used for digestion studies on simple foods and isolated or purified food 

components. Such studies not only contribute to improve food properties (nutritional or sensory) but 

also constitute preliminary trials producing evidence referred to possible nutrition and health claims, 

since it must be shown that the substance is digested and available to be used by the body (Fernández-

García, C arvajal-Lérida, & P érez-Gálvez, 2009). 
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C hapter 2: 5evelopment of b ioactive-enriched foods 
against M etab olic Syndrome 

 

2.1. INTRO5U C TION 
 

M S, a constellation of the most dangerous C V 5 and T25M  risk factors has become one of the major 

clinical and public-health challenges worldwide. C urrent available evidence estimates that around one-

quarter of the world’s adult population suffers from M S (Grundy, 2008).  

5uring the last decade, a growing body of evidence has been accumulated demonstrating the 

efficiency of certain dietary bioactives for the treatment and prevention of M S. In particular, A C , 5I A  

and B G have proven to be particularly effective in reducing some risk factors of M S, such as, for 

instance, high blood TA Gs levels or low blood I 5L-C  levels. 

I owever, most of these studies have been often addressed to assess the theoretical effectiveness of 

bioactives on health improvement and thus, performed under conditions that are far from their real 

and practical utilization. For instance, although dietary health effects are considered related to 

bioactives, bioactives are just one part of foods, and individual foods are just one part of the overall 

diet. I owever, this is rarely taken into account and most intervention studies administer bioactives as 

pure compounds, assuming there are no confounding effects related to the food matrix and to food 

production. 9specially the effective dose of the isolated bioactive could change if administered as part 

of a specific food. Indeed, it has to be ascribed to the other components already present in the food 

matrix that could exert an additional positive or negative effect on the bioactive final effect.  

U nder this scenario, the P A TI W A Y-27 project, coordinated by the U niversity of B ologna and financed 

by the 9uropean Seventh Framework P rogramme (FP 7), was launched the 1st of February 2013 for a 

5-year period. The objective of the project is to better understand the role and mechanism of action 

of A C , 5I A  and B G and to evaluate their effectiveness to prevent M S. The originality of P A TI W A Y-27 

lies in not to consider bioactives as isolated compounds, b ut as ingredients of B 9F. In particular, and 

based on their high frequency of consumption at 9uropean level, P A TI W A Y-27 works with 5P , 9P  and 

B P .  

The ob jective of this chapter, included within the W P 2 of the P A TI W A Y-27 project, was the 

formulation, analysis and selection of the b ioactive-enriched dairy and egg products that would b e 

used in the human pilot and intervention studies of W P 5 (Figure 13). 
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Figure 13. 5iagram showing the connection of W P 2 with W P 4 and W P 5 within the P athway 27 9uropean project. The selection 
of the B 9F during W P 2 and some of the specific tasks to be accomplished are also showed. 
 

In particular, the specific objectives of this chapter comprised:  

1. The production of 3 5P  and 3 9P  enriched with 5 different combinations of bioactives: A C , 

5I A  and B G alone, and a combination of 5I A  with A C  or B G. The B 9F formulation and 

development started at laboratory scale at INRA . I owever, in order to ensure the 

homogeneity of the B 9F in terms of composition and bioactive content and produce the large 

quantities of B 9F needed for the two clinical studies (n1=300 and n2=800), the production of 

the B 9F was carried out at pilot scale by a specialized dairy SM 9 of the project during W P 4. A t 

the end of this step 30 B 9F were developed.  

2. The selection of the 2 best dairy and the 2 best egg-based B 9F according to their sensory 

properties. A t the end of this step 20 B 9F were selected and 10 discarded. 

3. 5eep characterization of the selected 20 B 9F and further selection of the 10 best B 9F 

according to:  

a. Q uantities of bioactives in the final B 9F. The targeted doses of bioactives per portion 

were: 

 250 mg of 5I A , based on the 9FSA  N5A  P anel recommendation (9FSA , 2010a). 

  3 g of B G, based on the 9FSA  N5A  P anel recommendation. 

 40 mg of A C . Since there is not a recommended dose according to the 9FSA  or any 

other authority body, the A C  value was set based on a clinical study which used the 
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same source of A C  (Yubero et al., 2012). In the study, the ingestion of 700 mg of the 

extract (± 20mg of A C ) efficiently decreased total blood cholesterol and L5L-C  levels 

on healthy volunteers. In order to overcome the potential food matrix effect, the 

quantity to be included was doubled. 

b. C hemical stability of bioactives during storage. 

c. M icrobiological safety. 

d. Sensory properties and consumers’ acceptance. 

e. A dequate nutrient profile. 

4. Integration of the obtained data and selection of the best 10 B 9F to be tested in the clinical 

pilot study (1 dairy and 1 egg-based B 9F enriched with the 5 different combinations of 

bioactives).  
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C hapitre 2 : 5éveloppement d'aliments enrichis avec 
des b ioactifs contre le Syndrome M étab olique 

 

2.1. INTRO5U C TION 

L e M S, une association des plus dangereux facteurs de risque pour les C V 5 et T25M , est devenu l'un 

des principaux défis cliniques et de santé publique dans le monde entier. Les données actuellement 

disponibles estiment que près d'un quart de la population adulte mondiale souffre de M S (Grundy, 

2008). 

U n nombre croissant d’évidences s’accumule depuis la dernière décennie, démontrant l'efficacité de 

certains bioactifs alimentaires pour le traitement et la prévention du M S. A C , 5I A  et B G se sont avérés 

particulièrement efficaces dans la réduction des facteurs de risque pour le M S, tels que, par exemple, 

des taux sanguins de TA Gs élevés ou des taux de cholestérol I 5L  faibles. 

C ependant, ces études ont souvent été conçues pour évaluer l'efficacité théorique des bioactifs sur 

l'amélioration de la santé, et donc réalisées dans des conditions qui sont loin de leur utilisation réelle 

et pratique. P ar exemple, bien que les effets alimentaires sur la santé soient considérés comme liés 

aux bioactifs, ces bioactifs ne sont qu'une partie des aliments, et les aliments individuels ne sont qu'une 

partie de l'ensemble du régime alimentaire. Néanmoins, cela est rarement pris en compte et la plupart 

des études d'intervention administre des bioactifs en forme de composés purs, en supposant qu'il n'y 

a pas d'effets de confusion liés à la matrice et à la production alimentaire. 9n particulier, la dose 

d’efficacité du bioactif isolé peut changer s’il est administré comme partie d'un aliment spécifique. 9n 

effet, il faut considérer que d’autres composants déjà présents dans la matrice alimentaire peuvent 

exercer un effet positif ou négatif supplémentaire sur l'effet final du bioactif. 

C onsidérant ce scénario, le projet P A TI W A Y-27, coordonné par l'U niversité de B ologne et financé par 

le programme européen Seventh Framework P rogramme (FP 7), a été lancé le 1er Février 2013 pour 

une période de 5 ans. L'objectif du projet est de mieux comprendre le rôle et le mécanisme d'action 

des A C , 5I A  et B G et d'évaluer leur efficacité dans la prévention du M S. L'originalité du projet 

P A TI W A Y-27 réside dans le fait de ne pas considérer les bioactifs comme des composés isolés, mais 

en tant qu’ingrédients des B 9F. B asé sur leur fréquence de consommation élevée au niveau européen, 

P A TI W A Y-27 travaille en particulier sur des 5P , des 9P  et des B P . 
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L'ob jectif de ce chapitre, qui est inclus dans le W P 2 du projet P A TI W A Y-27, était de formuler, 

d’analyser et de sélectionner des 5P  et des 9P  B 9F, qui seront utilisés dans les études pilotes 

d'intervention chez l’homme du W P 5 (Figure 13). 

  

 

Figure 13. Schéma montrant la connexion du W P 2 avec les W P 4 et W P 5 dans le projet européen P A TI W A Y-27. La sélection 
des B 9F pendant le W P 2 et certaines des tâches spécifiques à accomplir sont également montrées. 

 

L es objectifs spécifiques de ce chapitre comprennent : 

1. La production de 3 5P  et 3 9P  enrichis avec 5 différentes combinaisons de substances 

bioactives : A C , 5I A  et B G seuls, et une combinaison de 5I A  avec A C  ou B G. La formulation et 

le développement des B 9F ont commencé à l'échelle du laboratoire à l'INRA . Toutefois, afin 

d'assurer l'homogénéité des B 9F en termes de composition et de contenu des bioactifs, et de 

produire les grandes quantités de B 9F nécessaires aux deux études cliniques (n1 = 300 et n2 = 

800), la production des B 9F a été effectuée à l’échelle pilote par une SM 9 laitière spécialisée 

au cours du W P 4. A  la fin de cette étape 30 B 9F ont été développés. 

2. La sélection des 2 meilleurs 5P  et 2 9P  B 9F en fonction de leurs propriétés sensorielles. A  la fin 

de cette étape 20 B 9F ont été sélectionnés et 10 autres ont été rejetés. 

3. C aractérisation approfondie des 20 B 9F sélectionnés et classement ultérieur des 10 meilleurs 

B 9F selon : 
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a. Q uantité de bioactif dans le B 9F final, sachant que les doses ciblées par portion 

étaient : 

 250 mg de 5I A , basé sur la recommandation de l'9FSA  N5A  (9FSA , 2010a) 

 3 g de B G, basé sur la recommandation de l'9FSA  N5A  

 40 mg d’A C . C omme il n'y a pas de dose recommandée selon l'9FSA  ou autre 

organisme, la valeur pour les A C  a été établie sur la base d'une étude clinique 

qui a utilisé la même source d’A C  (Yubero et al., 2013). 5ans cette étude, 

l'ingestion de 700 mg de l'extrait (± 20 mg d’A C ) a diminué de manière efficace 

les taux sanguins en cholestérol total de même qu'en cholestérol L5L  chez des 

volontaires sains. A fin de surmonter l'effet potentiel de la matrice alimentaire, 

la quantité à inclure a été doublée. 

b. Stabilité chimique des substances bioactives pendant le stockage. 

c. Sûreté microbiologique. 

d. P ropriétés sensorielles et acceptation par les consommateurs. 

e. P rofil nutritionnel adéquat. 

 

4. Intégration des données et sélection des 10 meilleurs B 9F à tester dans l'étude clinique pilote 

(1 5P  et 1 9P  B 9F enrichis avec les 5 combinaisons différentes de bioactifs). 
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2.2. M A T9RIA L  & M 9TI O5S  

2.2.1. B ioactive sources 

2.2.1.1. A C   

The source of A C  used to fortify the matrices of the study was a spray-dried extract obtained from 

grape pomace. The extract, registered as 9minol®, was obtained by means of a patented extraction 

system developed by Grupo M atarromera (9S 2 309 032). The extract comes 100% from red grapes 

(Tempranillo variety, V itis vinifera) harvested from vineyards located in the Ribera de 5uero 

5esignation of Origin, in C astilla y León (Spain).  

In order to characterize the individual A C  present in the grape extract (not provided by the supplier), 

some additional analysis were performed. In particular, 9minol® A C  composition was determined by 

analyzing an aqueous solution of the extract at 40 mg/mL on a Grace/V ydac 201TP  C 18 column (250 x 

4.6 mm i.d., 5 µm) connected to an A gilent 1100 I P L C  system provided with a photo diode array 

detector (A gilent technologies, M assy, France). 9lution was performed according to Sanza, 5omínguez, 

& M erino (2004) with slight modifications. The chromatographic conditions were: 30°C ; 20 µl injection 

volume; 0.5 ml/min flow-rate; eluent A  was methanol, eluent B  was methanol/water/formic acid 

(45/45/10, v/v) and eluent C  was formic acid/water (15/85, v/v). Zero-time conditions were A /B /C  

(0/25/75); at 25 min the pump was adjusted to A /B /C  (0/80/20) and kept at such for 10 min; at 38–43 

min the conditions were A /B /C  (100/0/0). A t 45 min the initial conditions were reached again and 

maintained during 15 min before next injection. A bsorbance was measured at both 280 and 528 nm. 

The chromatographic system was fitted to a Q STA R XL  mass spectrometer (M 5S SC I9X, Toronto, 

C anada) equipped with an ion source (9SI) (P roxeon B iosystems A /S, Odense, 5enmark). 9luted A C  

were electrosprayed into the mass spectrometer operated in positive mode at 5000 V . 5ata were 

collected in full scan mode in the mass range of 400 to 700 m/z. Instrument was calibrated by 

multipoint calibration using fragment ions that resulted from the collision-induced decomposition of 

a peptide from β-casein, β-C N (193–209). W hile A C  identification was based on the obtained mass 

measurements, quantification of single A C  - calculated as malvidin-3-O-glucoside equivalents (M 3OG9) 

- was achieved by measurement of each peak area at 528 nm and an external calibration curve.  

2.2.1.2. 5I A  

The 5I A  used to fortify the matrices of the study was supplied by A pplications Santé des Lipids-A SL  

(V ichy, France). The product, registered as OV O-5I A ®, consisted of a 5I A -enriched egg yolk powder 

obtained after the spray-drying of pasteurized 5I A -enriched egg yolks. The accumulation of 5I A  in 
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the yolks, mainly in the form of glycerophospholipids, was naturally obtained after the feeding of hens 

with a selection of foods inherently rich in polyunsaturated fatty acids.  

2.2.1.3. B G  

The source of B G used to enrich the matrices of the study consisted of an extra fine oat bran rich in 

B G (28%) with a high viscosity and molecular weight. The product, registered as OatW ell® 28% XF, was 

provided by Swedish Oat Fiber A B  (B ua, Sweden). 

2.2.2. P roduct storage 

Storage of custard desserts and milkshakes took place within their respective packages for 21 days at 

room temperature. A fter storage, they were rehydrated in water or mixed with the commercial custard 

dessert and analyzed. Omelets and pancakes, depending in the type of analysis performed, were kept 

frozen at -18°C  or stored chilled at 4°C  within their modified atmosphere packages. A lso depending on 

the type of analysis performed, the egg-based B 9F were stored up to 3 months. 

2.2.3. M icrob iological analyses 

The microbiological analyses of the produced B 9F were carried out by A 59XGO Ltd. (B alatonfüred, 

I ungary) following the guidelines provided by C ampden B RI I ungary Ltd. (C B I U ). The 

microbiological safety of the B 9F was based on the absence of pathogens in the products, mainly the 

absence of Listeria monocytogenes and Salmonella in egg-based products and the absence of Listeria 

monocytogenes, Salmonella and Staphylococcus enterotoxins in the dairy products. The 

microorganisms analyzed and methods of analysis used are shown on Table 4. The acceptable and 

rejection levels of microorganisms are shown in Table 5.  

 

Tab le 4. Tested microorganism and methods used to analyze them in dairy and egg-based B 9F 

TesPed microNes MePOod 
ToPMl microNes MS Z E N IS O 4833:2003 
Mold MS Z E N IS O 7954:1999 
K eMsP MS Z E N IS O 7954:1999 
E nPeroNMcPeriM MS Z E N IS O 21528-2:2007 
E scOericOiM coli IS O 16649-2:2001 
E nPerococcus fMecMllis d 35 IMBG 06B00-32:1992 
E nPerococcus fMecium d 35 IMBG 06B00-32:1992 
FoMgulMse posiPiQe S PMpOylococcus d 35 IMBG 00B00-55:2000 
IisPeriM monocyPogenes PresenceCMNsence (FFUC25g) MS Z E N IS O 11290-1:1996CA1:2005 
S MlmonellM PresenceCMNsence (FFUC25g) (R eMl Pime PFR) AFNOR  BRG 07C06-07C04 808463-ReQF  

 

The microbiological analyses of the B 9F were stablished based on the standard storage conditions and 

the risk of microbial contamination. P ancake and omelet were kept chilled for 3 weeks and samples 

were taken from them to determine the growth of indicator microorganisms and the presence of some 
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pathogens on the 1st, 7th, 14th and 21st day. In addition, since the risk of microbial contamination in 

these B 9F was elevated, an alternative recipe of pancake and omelet containing preservatives was also 

produced and tested. 9gg-based products with preservatives were tested after 6 weeks of freezing as 

well. In the dairy dried powders, due to their low water activity and small risk of microbiological 

contamination, the microbiological analyses were only carried out on the 7th and 21st days after 

production.  

 

Tab le 5. A cceptable and rejection levels of microorganisms in dairy and egg-based B 9F 

MicroorgMnism (FFUC1g) AccepPMNle leQel of 
microorgMnism (m) 

R ejecPion leQel of 
microorgMnism (M) 

AeroNic mesopOilic microorgMnisms 104 105 
S PMpOylococcus Mureus 102 103 
E nPeroNMcPeriMceMe <10 102 
S MlmonellMC25g - - 
E scOericOiM coli <1 <10 
E nPerococcus fMecMlis 103 104 
K eMsP Mnd Mold 102 103 

m: MccepPMNle leQel of POe microorgMnismsB M: rejecPion leQel of microorgMnismsB TOe sMmple is 
sMPisfMcPory ROen QMlue is under m, Norderline ROen QMlue reMcOes or exceeds m NuP does noP reMcO 
M Mnd unsMPisfMcPory if QMlue reMcOes or exceeds M 
 

2.2.4. Sensory analyses 

The sensory analyses were performed by both A 59XGO Ltd. and C ampden B RI I ungary Ltd. (C B I U ) 

following the guidelines provided by the latter. 9qually than in the microbiological essays, the sensory 

experiments were set up in accordance with the required shelf life of the samples (21 days). In the 

dairy B 9F, due to their expected long-term shelf life, sensory analyses were solely carried out after 

arrival and 21 days of storage. In the egg-based B 9F, sampling and analysis were maintained during all 

the intermediate points, that is, the 1st, 7th, 14th and 21st day after arrival.  

The sensory profiling of the B 9F was carried out by a trained sensory panel. A ssessors were selected, 

recruited and trained in compliance to ISO standards. C ontinuous panel performance and monitoring 

techniques were also in place to ensure all assessors maintain a high level of competence. 

The samples were evaluated by using descriptive test. A ssessors were trained to recognize different 

quality levels of the key attributes (Tables 6-8). The assessors evaluated the samples according to an 

experimental design (W illiams Latin square) in randomized order to minimize the possible carry over 

and order effects. 8-10 panelists received a blind coded sample in two replicates. For each attribute, 

each assessor scored the product on a 0-9 category scale. The test was carried out in a sensory 

laboratory. 9ach assessor was required to undertake the tests in an individual booth. The panel used 

filtered water as palate cleansers b etween the samples. 
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2.2.4.1. Statistical assays 

T-test and 2 way A NOV A  were used to establish if there were significant differences between the 

means of samples (products) for each variable (attribute). The evaluation at each sample contained 

the results of the analysis of variance. 

Tab le 6. A ttribute list of combined dessert and dessert 

Mix of poRders  F inMl producP    
AppeMrMnce  AppeMrMnce AromM F lMQor TexPure 
InPensiPy of colors   InPensiPy of colors  S ReeP S ReeP MouPO feel 
Iumps  Iumps VMnillM VMnillM Iumps 
  TOickness F isO F loury GrMininess 
   OPOer F isO MouPO coMPing 
    OPOer  

Tab le 7. A ttribute list of pancake 

F inMl producP    
AppeMrMnce AromM F lMQor TexPure 
Folour of POe omelePs (Nlue, NroRn Mnd yelloR) E gg E gg  S pongy 
Jrinkled Off noPe S MlPy  Gryness 
 OPOer  Off noPe Genseness 
   OPOer   

Tab le 8. A ttribute list of omelet 

F inMl producP    
AppeMrMnce AromM F lMQor TexPure 
Folour of POe pMncMke (Nlue, NroRn Mnd yelloR) E gg E gg S pongy 
Jrinkled S ReeP S ReeP Gryness 
 F isO  F isO  Genseness 
  BurnP BurnP   
 Off noPe Off noPe  
 OPOer OPOer  
Folour of POe pMncMke (Nlue, NroRn Mnd yelloR) E gg E gg S pongy 

 

2.2.5. Q uantification of b ioactives in B 9F 

2.2.5.1. A C   

A C  extractions from the B 9F were performed in triplicate following the protocol developed by M ané 

et al., (2007). A fter freeze-drying of the B 9F, 200 mg of powder were suspended in 8 ml of methanol 

and stirred during 2 min. Then, 24 ml of an acetone/water/TFA  mixture (60/40/0.05 v/v) were added 

and stirred during 1 h at room temperature. Finally, after a 15 min centrifugation step at 10,000 g and 

room temperature, 1.5 ml of supernatant was taken from each sample and fully evaporated in a 

Savant SV C 200I  Speedvac concentrator (Thermo, NY, U SA ). A C  identification and quantification were 

performed on the obtained pellets. U ntil the analysis, they were kept at -20°C . 
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A C  identification and quantification in the B 9F were performed by RP -I P L C . A fter the dissolution of 

the pellets in I 2O/methanol/formic acid (75/11.25/13.75 v/v) and filtration through 0.2 µm cellulose 

filters (Sartorius ministart RC 4 17821), A C  were separated on a Grace/V ydac 201TP  C 18 column (250 

x 4.6 mm i.d., 5 µm) connected to a waters e2695 separation module provided with a waters e2489 

U V /V isible detector (W aters Inc., M ilford, U SA ). The chromatographic conditions were identical to 

those used for the described in section 2.2.1.1. A bsorbance was measured at 528 nm. Individual A C s 

were identified by comparison of the retention times to those of the 9minol® sample identified by 

mass spectrometry. Q uantification (calculated as mg of malvidin-3-O-glucoside equivalents (M 3OG9) 

/100g of food matrix) was carried out by means of an external calibration method and by 

measurement of each peak area. 

2.2.5.2. 5I A   

The 5I A  quantification method was adapted from the internal method of A pplications Santé des 

Lipides (A SL) and several standard methods (ISO 5508-1990, C OI.T20 5OC .no24). B efore 

quantification by gas chromatography, the extraction of the fatty fraction from the B 9F was carried 

out using a 2:1 mixture of chloroform/methanol (v/v), according to a general Folch protocol (Folch, 

Lees, & Stanley, 1957). Then, fatty acid methyl esters were prepared by transesterification of oils using 

a NaOI  2N/M ethanol mixture.  

The gas-chromatograms of the fatty acid methyl esters (FA M 9) mixtures were recorded on a 

Thermofisher instrument coupled with a flame ionization detector. The separation into components 

was made on a capillary column especially designed for the FA M 9 analysis (TR-C N100 100% 

cyanopropil polysiloxan, 60 m x 0.25 mm x 0.20 µm film). The instrumental conditions were equivalent 

to the ISO methods reported; oven program: 80ºC  (1 min), 10°C /min 180°C , 5°C /min 240°C , inject 

temp 260°C , detector temperature 250° C , injection type Split 1/100, injected volume 1 µL, mobile 

phase 165 kP a constant pressure of I elium. For identification purposes 5I A  standard was purchased 

and for quantification purposes, stable C -25 methylated fatty acid were also purchased as internal 

standards. 5I A  identification was made by comparing the retention time with its standard. The 

calibration of the signal was made by taking into account the concentration of the internal standard 

correlated with the detector’s response. 

2.2.5.3. B G 

Total B G content was determined by an enzymatic method 32-23 (A A C C , 2000) using the M egazyme 

β-Glucan mixed linkage assay kit (M egazyme International Ireland Ltd., W icklow, Ireland). 
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M olecular weight of B G in the raw materials and B 9F samples was analyzed by size-exclusion 

chromatography (S9C ) using the following procedure: approximately 30 mg of each sample was 

dissolved into 10 ml 0.1M  NaOI  in presence of 0.1% NaB I 4. Samples were kept under magnetic 

stirring at room temperature overnight. B efore the S9C  measurements, the samples were diluted and 

filtered using 0.45 µm syringe filter. A fter filtering, samples were analyzed by high-performance size-

exclusion chromatography (I P -S9C ), which consisted of an A lliance 2690 separation module, using 

calcofluor staining (C alcofluor solution for post column staining was 30 mg Fluorescent B rightener 28 

in 1 liter of 50mM  NaOI ) and Scanning Fluorescence 474 detector (W aters Inc., M ilford, M A , U S A ). 

The columns employed were (7.8 × 300 mm) I ydrogel 2000, μI ydrogel 500 and μI ydrogel 250 

(W aters Inc.) in series at 60 °C . The eluent was aqueous 50 mM  NaOI  at a flow rate of 0.5 ml/min. 

Injections (100 μl) were made of sample and standard solutions (Suortti, 1993). The linear size-

exclusion calibration curve (r2 > 0.95) was constructed on the basis of β-glucan standards ranging from 

33.6 to 667 k5a. The system was controlled and calculations were performed with W aters 9mpower 

software's GP C  option. In principle the software sliced the sample peak into narrow slices. The peak 

molecular weight value and the area of each slice (i.e. content) were calculated by the software. Then 

the weight average molecular weight (M w) was calculated over the whole β-glucan peak, as well as 

the percentage proportions of the molecules in different M w-ranges (M w > 1000 k5a, 1000 k5a > M w 

> 100 k5a and M w < 100 k5a). 

2.2.5.4. C alculations 

The proportion of A C  (total or individual), 5I A  or B G recovered in the matrices and control solution 

after manufacturing and/or storage was calculated as follows:   

ܴ݁ ݁ ݐݐሺ%ሻ=ሺܳݕݎݒ݁ܿ݋ ݎܽݐݔ ݐܿ݁  ݀ ܽ ݐݐܳ ݀݀ ݁݀⁄ ሻ×1-- 

where 1tt extrac ted  is the quantity of the corresponding bioactive extracted after processing or 

storage and 1tt ad d ed  is the quantity of the corresponding bioactive added to the matrices (based on 

the quantity of bioactives present in the bioactive sources: 9minol®, OV O-5I A ® and OatW ell® 28% XF). 

2.2.5.5. Statistical assays 

The comparison of individual A C  recoveries after processing and storage was studied by t-test and post 

one-way A NOV A  Tukey’s tests at α= 0.01 using the GraphP ad P rism 6.0 software (GraphP ad Software, 

San 5iego, C A ). 
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2.2.6. Nutrient P rofile 

The evaluation of the nutrient profile of the different B 9F was based on criteria reported in two of the 

profiling schemes reviewed by Q uinio et al. (2007). The two methods consisted in scoring the B 9F 

depending in the presence/absence and/or the quantities of positive or negative nutrients. 

2.2.6.1. C omposition per 100 g of B 9F 

This method considered four negative nutrients (energy, saturated fatty acids – SFA , total sugars, and 

sodium) and two positive nutrients (proteins and fibers, not considering added B G). The corresponding 

thresholds, reported in Table 9, were set according to Rayner, Scarborough, B oxer, & Stockley (2005). 

For each nutrient, a score was attributed considering the median content of the nutrient, and in case 

the content was different in the differently enriched B 9F, the score was adjusted also considering the 

minimum and maximum amount. 

Tab le 9. Threshold for the nutrient profile (Rayner et al, 2005) 

 E nergy S FA ToPMl S ugMrs S odium ProPeins F iNers 
- 1 poinP > 80 KcMl > 1 g > 4B5 g > 90 mg --- --- 
- 2 poinP > 160 KcMl > 2 g > 9 g > 180 mg --- --- 
- 3 poinP > 240 KcMl > 3 g > 13B5 g > 270 mg --- --- 
- 4 poinP > 360 KcMl > 4 g > 18 g > 360 mg --- --- 
+ 1 poinP --- --- --- --- > 1B6 g > 0B7 g 
+ 2 poinP --- --- --- --- > 3B2 g > 1B4 g 
+ 3 poinP --- --- --- --- > 4B8 g > 2B1 g 
+ 4 poinP --- --- --- --- > 6B4 g > 2B8 g 

 

2.2.6.2. C omposition per one serving of B 9F 

A ccording to the thresholds of the Food and 5rugs A dministration (F5A ) profiling scheme (F5A , 2002), 

the presence of a minimum amount/serving for at least one out of the following six nutrients by nature 

is required to get a positive nutrient profile: 

 
 V itamin A  (150 mg) 
 V itamin C  (6 mg) 
 C alcium (100 mg) 
 

 Iron (1.8 mg) 
 Fibers (5 g) 
 P roteins (2.5 g) 

 

V itamins and minerals were not considered while evaluating B 9F nutrient profile since their contents 

were not directly measured in the products, so only proteins and fibers (excluding B G addition) were 

considered, and B 9F having the required concentration in proteins and/or fibers received +4 points. 

The thresholds of the F5A  profiling scheme (F5A , 2002) also require a maximum amount per serving 

of the following “disqualifying nutrients”: 
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 Total fat (13 g) 
 Saturated fatty acids (4 g) 
 Sodium (480 mg) 

For the final selection of B 9F the threshold for the nutrient profile was considered as a positive score 

and the absence of any disqualifying nutrients in a concentration/serving higher than indicated above. 

2.2.7. Final selection 

The selection of the B 9F for the subsequent clinical studies was carried out by a decision sieve 

methodology. B riefly, this methodology considered a B 9F optimal for selection if it positively passed 

all the mandatory requirements above an acceptable quality threshold. B 9F not fulfilling the 

mandatory attributes were excluded. In case both candidate B 9F in the same matrix fulfilled the 

selection criteria, the secondary attributes were kept into account. The mandatory and secondary 

attributes of quality used in the decision tree methodology are shown in Table 10.  

 

Tab le 10. M andatory attributes considered for the B 9F final selection 
 

APPriNuPes of quMliPy   
MicroNiologicMl sMfePy MMndMPory 
AmounPs of NioMcPiQes recoQered MfPer processing Mnd prepMrMPion MMndMPory 
FOemicMl sPMNiliPy of NioMcPiQes compounds MMndMPory 
NuPrienP profile MMndMPory 
S ensory MnMlysis S econdMry 
E Mse of sPorMge S econdMry 
E Mse of prepMrMPion Ny QolunPeers S econdMry 
BioMcPiQe NioMccessiNiliPy S econdMry 
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2.3. R9SU LTS  

A lthough many dairy and egg matrices were tested and enriched with the different combination of 

bioactives during the first part of the project (omelet, egg-based beverage, pudding…etc.), only the 

results of the 20 best B 9F in terms of sensory properties, and that in turn, passed the first selection 

step of W P 2 (Figure 13), are presented in this section. In a similar way, although other analyses were 

performed on the 20 B 9F here presented, only those related with the mandatory attributes are 

presented in the current manuscript. A dditionally the sensory analysis results are also presented. 

2.3.1. M ain prob lems faced during the design and development of the B 9F  

In order to better understand the characteristics of the different egg and dairy B 9F, a small description 

of the main methodological problems and limitations faced during their development is presented 

before the obtained results. 

2.3.1.1. Storage of the foods at room temperature  

5ue to some logistics problems, at the begging of the project not all the clinical centers were able to 

store under refrigerated or frozen conditions the high amount of B 9F needed for the further pilot and 

intervention studies. C onsequently, the formulation of B 9F with shelf lives of at least 3 weeks at room 

temperature was an indispensable requirement. A lthough many strategies such as the packaging 

under modified atmosphere and/or the addition of preservatives was tested in some products, the 

very high fragility of dairy and egg-based products towards bacterial contamination could only be 

finally achieved by the production of dehydrated products or by their final freezing.   

2.3.1.2. B ioactive sources 

9xcept for A C , where only between 1.6 and 3.2 g of 9minol® had to be added per portion to reach their 

target dose, the enrichment of B 9F with 5I A  and B G required the addition of relatively high amounts 

of their sources. For example, the simultaneous enrichment of B 9F with 5I A  and B G supposed the 

addition of 10 g of OV O-5I A ® and 10.7 g of Oat well 28% XF®. C onsidering that the portion sizes of the 

B 9F were rather small (100-150 g) in order to prevent rejection among the participants of the clinical 

trials (they had to ingest B 9F daily during 12 weeks), the quantities of bioactives could represent in 

some cases around 20% of the total B 9F. A s a result, the solubilization and incorporation of 5I A  and 

B G was quite challenging for many B 9F. In addition, the organoleptic characteristics of many B 9F, 

especially in terms of texture, smell and taste were also largely modified. In the particular case of β-

glucan, the presence of insoluble fibers in the extract resulted in a unpleasant sliminess taste. In order 

to overcome these problems, the modifications of the recipes depending on the bioactive enrichment 
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and the addition of flavors and aromas to mask the undesirable organoleptic characteristics were 

tested. 

Finally, the highly probable presence of gluten in the B G source and egg allergens in the 5I A  source 

was a big problem in the production of the dairy B 9F. The reason was that, in order to avoid cross 

contamination and according to the I ungarian food regulations and directives, the use of ingredients 

that can potentially contain traces of these molecules is completely forbidden in the dairy production 

facilities. That is why at the end, the two formulated dairy products were conceived as mix of powders 

that had to be rehydrated or added and mixed with an already commercially available dairy product. 

2.3.1.3. V iscosity of β-glucan:  

5ue to its high molecular size and water-solubility, B G is able to produce high viscosity solutions at low 

concentrations. This viscosity-forming property, which has an important physiological impact to reduce 

serum cholesterol and blood glucose in humans, constituted a major challenge during B 9F formulation. 

In particular, the progressive increase of viscosity over time was a big problem during pancake and 

omelet production. In these products, the pumping of the B G-containing mixture was relatively easy 

during the first minutes. I owever, as the viscosity of the B G-containing mixture progressively 

increased, its pumping and dispensing on the cooking surface became more and more slow and 

difficult. A s a result, the produced B 9F presented different sizes and most importantly, they contained 

different amounts of B G. M oreover, some of the potential solutions developed under laboratory 

conditions could not be applied later at industrial scale because the equipment needed was not 

available in the SM 9 in charge of the production. A t the end, the problem was solved by the production 

of small batches in which the addition of B G to the mix was done in the last moment and the production 

of the batches was fast enough to avoid the problems derived from thickening. A lso in some B 9F, the 

amount of water was increased in order to decrease the viscosity and facilitate the pumping of the 

mixture. 

2.3.1.4. C olor and degradation of A C   

A C , due to their condition of water soluble pigments, provided a very strong violet color to all the 

foods. W hile this color was not a problem for some of the B 9F, it was considered that the violaceus 

appearance of others could produce rejection among the volunteers during the clinical studies. In 

addition, some B 9F subjected to heat treatments during their manufacturing presented high losses of 

A C . In order to avoid the dispersion and solubility of A C  within the B 9F matrices and overcome the 

color problems, the entrapment of A C  within different structures was tested. The production of A C  

alginate b eads solved the problem (Figure 14). I owever, the scaling up at industrial level of this 
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technology was hardly possible. A s shown in Figure 149 and 14G, the other two options assessed i.e. 

the production of maltodextrine granules containing 60% of A C  and of hydrogenated palm-oil 

microcapsules containing 25% of A C , did not solve the color problem. A t the end, since a consumer’s 

acceptance test and a second battery of sensory analyses were programmed, it was decided to keep 

all the products colored. 

Regarding the losses of A C  during processing, the problem was solved by doubling the amount of 

9minol in the heat treated matrices (from 1.6 to 3.2 g /portion). 

 

 

Figure 14. A C  color problems and some of the strategies tested to avoid it. A -C olor differences between a 5I A  
enriched pancake and an A C -enriched one. B - A C  alginate b eads. C - Incorporation of the A C  alginate beads into a 
pancake. 5- I ydrogenated palm oil microcapsules containing 25% A C . 9- Incorporation of the microencapsulated A C  
into an omelet. F- M altodextrine granules containing 60% A C . G- Incorporation of the granulated A C  into an omelet. 

 

2.3.2. 5eveloped P roducts 

It must be pointed out that the development and analysis of the products was not a linear and 

unidirectional process but rather a feedback process in which the information of the different analysis 

(sensory, shelf life, bioactive stability…etc.) were continuously used to fulfill the requirements and 

provide B 9F with the best overall characteristics. A lso, the analyses of the B 9F were shared among 

different partners and usually not carried out simultaneously. A s a consequence, during the product 

development process several changes had to be made to the composition, production, technology and 

packaging of the B 9F and some of the tests were made on different alternative versions of the B 9F. 

Therefore the results for some product types are not fully comparable. I owever these results provided 

satisfactory information for selection of the most appropriate products for the pilot studies.  
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2.3.2.1. M ilkshake  

5ue to the impossibility of storing large quantities of refrigerated or frozen B 9F in the clinical centers, 

the milkshake was finally conceived as a mixture of powders that could be stored at room temperature. 

A part from the corresponding bioactive sources, the ingredients of the milkshake consisted in water, 

commercial milkshake powder, skimmed milk powder and, except for the milkshakes enriched with 

B G, a small amount of modified starch in order to thicken and improve the final texture of the products 

(Table 11). In order to protect the ingredients and bioactives against oxidation and/or degradation, the 

milkshakes were packed into polyethylene opaque bags in individual portions (figure 15). The 

preparation of the final product was achieved by a gentle mixing of the powders and 100 mL of water 

during approximately 30 seconds. The production flowchart of the milkshake is shown in figure 19. 

 

 
Figure 15. P ackaged milkshake portion  

 

2.3.2.2. C ustard 5essert 

The custard dessert finally developed consisted in a combined product in which the bioactives, 

provided independently as a mixture of powders, had to be added and mixed with a custard dessert. 

In order to ensure the microbiological stability of the product at room temperature, a long shelf-life 

custard dessert already in the market was selected. Its main ingredients, according to the 

manufacturer (M ont B lanc®, France), were milk (83%), sugar, maltodextrine, modified starch or 

glucose syrup (Table 11). 9qually than in milkshake, the processing of the custard dessert was very 

simple and only comprised the mixing, weighing and packaging of the bioactives into individual 

portions. This packaging, also in order to avoid potential oxidation and degradation events was done 

using polyethylene opaque bags. Finally, the preparation of the final product consisted in the mixing 

of the bioactives and the commercial dessert, which were provided in individual portions of 125 g. 
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Figure 16. C ombined dessert 

2.3.2.3. P ancake 

P ancakes were provided frozen in order to minimize the development of microbes. The main 

ingredients, apart from the different bioactive sources, were water, flour, oil, skimmed milk powder, 

whole egg powder and salt. In the 5I A  pancakes the whole egg powder was substituted by the OV O-

5I A ®. In the B G-containing pancakes, in order to decrease the viscosity of the dough and improve the 

organoleptic properties of the final product, maltodextrine and a higher volume of water were also 

added. A s a result, these B G-enriched pancakes weighed 50 g more (150 g) than those containing 5I A  

or/and A C  as bioactives (100 g). P ancake processing started with a mixing step. In order to obtain a 

homogenous pancake dough and hence, a homogenous final product, the mixing of the dried and 

liquid ingredients was carried out in 2 separated steps. 5uring the next step the resulting dough was 

cooked during approximately 2 min on each side at temperatures that ranged between 250 and 270°C . 

A fter a cooling and a resting step, the pancakes were finally packed into polypropylene trays under a 

modified atmosphere of nitrogen and carbon dioxide (70/30) and frozen at -20°C . P reparation of the 

pancakes consisted in their defrosting. 

 

 
Figure 17. P ancake production and packaging 
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2.3.2.4. Omelet 

Similarly to pancakes, omelets were also produced as frozen products. A part from the respective 

sources of bioactives, omelets were mainly composed of water, whole egg powder, oil, modified 

starch, salt and baking powder. 5ue to the bigger size of the omelet portions, it was not necessary to 

add maltodextrine or a higher volume of water in the omelets enriched with B G and the final weight 

per portion was the same for the five different bioactive enrichments (150 g). The industrial 

manufacturing of the omelets were carried out using the same machinery than in pancakes and except 

for the cooking step, which was shorter (165 s in omelet vs 270 s in pancake) and reached slightly lower 

temperatures (250°C ), the rest of the production steps were identical. P reparation of the omelets also 

consisted in their defrosting. 

 

 

 
Figure 18. Omelet production and final product 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19. P roduction flowcharts of milkshake, custard dessert, pancake and omelet 
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Tab le 11. C omposition of the dairy and egg-based bioactive-enriched foods in g/portion and % (w/w). * M ont-blanc® custard 
dessert composition according to the manufacturer was: M ilk (83%), sugar, maltodextrine, modified starch, glucose syrup, 
starch, sodium alginate, carrageenan, salt and riboflavin. **W hen included, the preservative cocktail consisted in 90 mg of 
sorbic acid/100 g product; 45 mg C a-propionate/100 g product; 15 mg ascorbic acid/100 g product. 
 

MIIK S HAK E  

 AF  GHA BG GHA+AF GHA+BG 
JMPer 100B0 (70B6 %) 100B0 (66B7 %) 100B0 (68B6 %) 100B0 (66 %) 100B0 (64B2 %) 
MilksOMke poRder 25B0 (17B7 %) 25B0 (16B7 %) 25B0 (17B2 %) 25B0 (16B5 %) 25B0 (16B1 %) 
S kimmed milk poRder 10B0 (7B1 %) 10B0 (6B7 %) 10B0 (6B9 %) 10B0 (6B6 %) 10B0 (6B4 %) 
Modified S PMrcO 5B0 (3B5 %) 5B0 (3B3 %) --- 5B0 (3B3 %) --- 
OMP Rell 28% XF®  --- --- 10B7 (7B4 %) --- 10B7 (6B9 %) 
OVO-GHA®  --- 10B0 (6B7 %) --- 10B0 (6B6 %) 10B0 (6B4 %) 
E minol®  1B6 (1B1 %) --- --- 1B6 (1B1 %) --- 
ToPMl  141B6 (100 %) 150B0 (100 %) 145B7 (100 %) 151B6 (100 %) 155B7 (100 %) 

FUS TARG GE S S E R T 

 AF GHA BG GHA+AF GHA+BG 
FusPMrd desserP* 125 (98B7 %) 125 (92B6 %) 125 (92B1 %) 125 (91B5 %) 125 (85B8 %) 
OMP Rell 28% XF®  --- --- 10B7 (7B9 %) --- 10B7 (7B4 %) 
OVO-GHA®  --- 10B0 (7B4 %) --- 10B0 (7B3 %) 10B0 (6B9 %) 
E minol®  1B6 (1B3 %) --- --- 1B6 (1B2 %) --- 
ToPMl  126B6 (100 %) 135 (100 %) 135B7 (100 %) 136B6 (100 %) 145B7 (100 %) 

PANFAK E  

 AF  GHA BG GHA+AF GHA+BG 
JMPer 48B8 (48B7 %) 49B0 (49B0 %) 83B7 (55B8 %) 47B4 (47B4 %) 83B7 (55B8 %) 
F lour 31B9 (31B9 %) 27B4 (27B4 %) 22B3 (14B9 %) 25B8 (25B8 %) 22B3 (14B9 %) 
MMlPodexPrine --- --- 15B0 (10 %) --- 8B5 (5B7 %) 
Oil 11B1 (11B1 %) 10B9 (10B9 %) 12B5 (8B3 %) 10B9 (10B9 %) 12B5 (8B3 %) 
S kimmed milk poRder 2B2 (2B2 %) 2B2 (2B2 %) 1B8 (1B2 %) 2B2 (2B2 %) 1B8 (1B2 %) 
JOole egg poRder 2B2 (2B2 %) --- 3B6 (2B4 %) --- --- 
S MlP 0B5 (0B5 %) 0B5 (0B5 %) 0B5 (0B4 %) 0B5 (0B5 %) 0B5 (0B4 %) 
PreserQMPiQes cockPMil** 0B015 (0B015 %) 0B015 (0B015 %) 0B022 (0B022 %) 0B015 (0B015 %) 0B022 (0B022 %) 
OMP Rell 28% XF®  --- --- 10B7 (7B1 %) --- 10B7 (7B1 %) 
OVO-GHA®  --- 10B0 (10B0 %) --- 10B0 (10B0 %) 10B0 (6B7 %) 
E minol®  3B2 (3B2 %) --- --- 3B2 (3B2 %) --- 
ToPMl  100 (100 %) 100 (100 %) 150 (100 %) 100 (100 %) 150 (100 %) 

OME IE T 

 AF  GHA BG GHA+AF GHA+BG 
JMPer 86B8 (57B9 %) 88B4 (59 %) 88B5 (59B0 %) 86B8 (57B9 %) 88B5 (59B0 %) 
E gg poRder 28B1 (18B7 %) 19B7 (13B1 %) 23B1 (15B4 %) 18B1 (12B1 %) 13B1 (8B7 %) 
Oil 24B5 (16B3 %) 24B5 (16B3 %) 24B5 (16B3 %) 24B5 (16B3 %) 24B5 (16B3 %) 
Modified sPMrcO 5B0 (3B4 %) 5B0 (3B4 %) 0B9 (0B6 %) 5B0 (3B4 %) 0B9 (0B6 %) 
S MlP 1B4 (1B0 %) 1B4 (1B0 %) 1B4 (1B0 %) 1B4 (1B0 %) 1B4 (1B0 %) 
BMking poRder 0B9 (0B6 %) 0B9 (0B6 %) 0B9 (0B6 %) 0B9 (0B6 %) 0B9 (0B6 %) 
PreserQMPiQes cockPMil** 0B022 (0B022 %) 0B022 (0B022 %) 0B022 (0B022 %) 0B022 (0B022 %) 0B022 (0B022 %) 
OMP Rell 28% XF®  --- --- 10B7 (7B1 %) --- 10B7 (7B1 %) 
OVO-GHA®  --- 10B0 (6B7 %) --- 10B0 (6B7 %) 10B0 (6B7 %) 
E minol®  3B2 (2B1 %) --- --- 3B2 (2B1 %) --- 
ToPMl 150 (100 %) 150 (100 %) 150 (100 %) 150 (100 %) 150 (100 %) 
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2.3.3. M icrob iological analyses 

Since after a selection process, the best dairy and egg B 9F would be tested in 2 clinical studies, the 

safety of the produced products constituted one of the essential requirements to be assessed.  

A t the end, since pancakes and omelets were finally delivered as frozen foods, it was agreed that the 

challenge test was not required because there was very little risk of microbial growth of pathogens in 

the frozen state. In the case of milkshake and custard dessert it was also finally decided not to perform 

the challenge test b ecause the products consisted in mixtures of dry powders. Therefore only the shelf 

life studies were finally carried out.  

2.3.3.1. 9gg products 

P ancakes 

a. C hilled without preservatives: The results indicated that all the pancakes had good 

microbiological quality on the day of production. A fter a week, the microbes had started to 

grow and the number of total microbes exceeded the acceptable level (m) in all samples. The 

appearance of yeast and mould was considered general in all pancakes from the 7th day. 

C oagulase positive Staphylococci (a subgroup of S. aureus) and C oliform were also found in the 

pancakes 2-3 weeks after production.  

b . C hilled with preservatives: A ll pancakes with preservatives presented good microbiological 

quality except the 5I A  and the B G+5I A  enriched ones. In the firsts, the number of total 

microbes and coagulase positive Staphylococci exceeded the acceptable level on the 7th day. 

M ould, yeast and 9nterococci appeared in the 5I A  enriched pancakes on the 2nd week. In the 

B G+5I A  enriched pancakes, the number of total microbes and 9nterobacteria was higher than 

the limit m on the 21st day. 

c. Frozen: Frozen pancakes with preservatives were tested after 6 weeks storage. The 

microbiological quality of all samples was excellent, showing no growth of any of the 

microorganisms tested. 

Omelets 

a. C hilled without preservatives: The results indicated that all of the omelets had satisfactory 

microbiological quality on the day of production. A fter a week the microbes had started to 

grow in two samples (omelets with A C  and omelets with 5I A ) but their number still remained 

under the limit M , which meant that the quality of these samples was borderline. The 

microbiological quality of the 14-days samples was unsatisfactory in most cases, except for the 
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B G+5I A  omelet. A fter 21 days, the number of total microbes had exceeded the rejection level 

(M ) in all omelets except for the B G+5I A  enriched ones.  

b . C hilled with preservatives: The results show that all omelets were microbiologically 

satisfactory after a week of storage. The number of total microbes were satisfactory or at least 

on the borderline in every sample on the 14th day. A fter 3 weeks, yeast and mould appeared 

in omelets containing 5I A  and 5I A +A C . Furthermore, 9nterococci were detected in the 

5I A +A C  enriched omelets. 

c. Frozen: Frozen omelets with preservatives were tested after 6 weeks storage. The 

microbiological quality of all omelets (except for the 5I A +A C  sample) was excellent. 

B ased on the results we can state that egg-based B 9F were more stable with preservatives than 

without them when they were kept under chilled circumstances. It could also be concluded that chilled 

samples with and without preservations could not ensure the expected shelf-life of the egg B 9F 

reliably. Since the food safety of the samples could be ensured only by the frozen products, it was 

finally decided that samples for the pilot and intervention studies would be frozen. 

2.3.3.2. 5airy products 

M ilkshake and C omb ined dessert powders 

A ccording to the results, the microbiological quality of all dried samples was excellent. A fter 7 and 21 

days of storage at room temperature the number of tested microorganisms in every sample was under 

the limit m. These levels were maintained during the 30 day storage period. 

 
A ccording to the decision sieve methodology, the chilled pancakes and omelets (with our without 

preservatives) were ruled out. W ithin the dairy products, both the milkshake and the custard meet the 

microbiological safety threshold. 

 

 
 

Figure 20. 5ecision sieve for the dairy and egg –based B 9F according to their microbiological safety 
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2.3.4. Sensory analyses 

The aim of the sensory analysis was to establish whether the B 9F developed would maintain the 

sensory quality during the estimated shelf life required by the clinical studies.  

Since the sensory analyses were performed in parallel with the microbiological analyses, as soon as 

the microbiological results were not satisfactory, the sensory analyses were stopped. A s a 

consequence, due to the inappropriate microbiological status of the chilled omelets and pancakes, the 

sensory tests were stopped after the first week. 9qually, the tests were also terminated for the egg 

products containing preservatives due to their inappropriate microbiological status. Finally the frozen 

pancake and omelet were analyzed at two times (after arrival and 3 months after arrival). 

2.3.4.1. 9gg products  

A fter the 3 months of storage, neither the frozen pancakes nor omelets showed any significant change 

in any evaluated attributes. 

2.3.4.2. 5airy products 

The attributes of the powder and the ready-to-consume products did not show significant difference 

in any attributes during the 3 weeks of storage.  

 
A ccording to the decision sieve methodology, all the dairy and egg-based B 9F passed the sensory 

threshold. 

 

 
 

Figure 21. 5ecision sieve for the dairy and egg –based B 9F according to their sensory properties 
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2.3.5. B ioactive quantification 

In order to ensure that participants of the pilot and large intervention studies receive effective doses 

of the bioactives for the duration of the trials (4 weeks for the first pilot study and 12 weeks for the 

large intervention study), the chemical stability of the bioactives was measured in the ready-to-eat 

products after production (T=0) and after 3 weeks of storage under standard conditions; room 

temperature for the dairy products and at 4°C  for the egg products. Since the A C  and B G quantification 

were carried out before the microbiological assays were available (which determined that pancake and 

omelet would be finally stored frozen) only the quantification of 5I A  in pancakes and omelets could 

be performed in the frozen products. A C  and B G quantification were carried out only in the chilled 

ones. 

The targeted effective doses per portion (=day) were 250 mg 5I A , 3 g B G and 40 mg A C . 

2.3.5.1. A C  

2.3.5.1.1. Total A C  

 
  T=0  T=21 

FusPMrd AF 38B6 (97%)  41B2 (103%) 
GHA+AF 37B1 (93%)  37B0 (92%) 

MilksOMke 
AF 36B4 (91%)  41B3 (103%) 
GHA+AF 38B0 (95%)  38B4 (96%) 

PMncMke 
AF 59B6 (75%)  44B2 (55%) 
GHA+AF 63B9 (80%)  45B2 (56%) 

OmeleP 
AF 25B0 (31%)  40B4 (50%) 
GHA+AF 31B2 (39%)  35B0 (44%) 

 
Figure 22. A mount (mg/portion) and recovery (%) of A C  in the B 9F after production (T=0) and after 3 weeks of storage (T=21) 
 

 
A s shown in Figure 22, the production of the dairy matrices did not affect the chemical stability of A C : 

recoveries in A C  and 5I A  +A C  custard desserts and milkshakes ranged between 91% and 97%. In 

addition, the presence of 5I A  did not affect the stability of A C ; there was only a 4% difference between 

the two enrichments. Since the production and preparation of these matrices only comprised mixing 

steps with other bioactives, water or the commercial custard dessert, the very small losses observed 

could only be attributed to the interaction of A C  with other food components.  
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In terms of storage, A C  also showed a great stability within the dairy matrices and no losses were 

observed in them after the 21 days of storage. The very low water activity and the use of the 

polyethylene opaque bags effectively protected A C  from degradation and/or oxidation events. 

Similarly than during processing, the presence of 5I A  did not seem to have any effect on A C  stability. 

A s a consequence, at the end of the 3 weeks of storage, the amounts of A C  present in the dairy 

products were very close to the objective dose i.e. 40 mg/portion.  

In contrast, pancake and omelet suffered losses of around 25% and 70% respectively during processing. 

In pancake, the big loss of A C  seemed to be caused by the heat treatment applied, a phenomenon that 

has been deeply studied before (P atras, B runton, O’5onnell, & Tiwari, 2010). In omelet, due to the 

incomplete extraction of A C  at T=0 (recoveries after 21 days storage were higher and A C  could not be 

produced during storage), it was impossible to determine in which proportion the very low total 

recovery found (31.3%) was caused by the high temperatures applied during processing or by the 

subsequent incomplete extraction. A s it happened in the dairy products, the presence of 5I A  did not 

seem to largely affect A C  stability. In pancake, differences among both enrichments only represented 

5%. In omelet, this difference was a little bit higher i.e. 8%. 

Regarding storage, A C  recoveries in pancakes decreased by around 20-25% while in omelets recoveries 

increased by around 15-20%. In the latter, since A C  cannot be produced during storage, the increase 

on A C  recovery can be only explained by the weakening and/or breaking of previous interactions 

between A C  and food components which, in turn, produce higher extraction efficiency. In pancakes, 

the decrease of A C  recovery could be produced either by the degradation of A C  during storage or, 

following the same hypothesis than in omelet, by the apparition and/or reinforcement of interactions 

between A C  and other food components. Finally, the presence of 5I A  did not affect the final A C  

content. A t the end of the 21 days of storage, differences between the A C  and the 5I A +A C  enrichment 

was only 1% in pancakes and 6% in omelets. 

5espite A C  chemical stability was largely affected during the processing and storage in the egg B 9F, 

the higher amount of A C  included in these matrices offset the losses. A t the end of the 21 days of 

storage, the amounts of A C  present in the A C -enriched egg products were very close to the objective 

dose i.e. 40 mg/portion. 

2.3.5.1.2. Individual A C  

P athway 27 only considers total A C  content. I owever, in order to have a deeper knowledge of the 

effect of the food matrices on A C  stability during processing and storage, some additional analyses 

were carried out for the present P h5 thesis. In particular, the identification and quantification of 

individual A C  was performed in both, the source of A C  (9minol®) and the B 9F after processing and 

storage. Since the effect of 5I A  didn’t seem to affect the chemical stability of total A C , the 
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identification and quantification of individual A C  was only performed in the A C -enriched dairy and egg 

B 9F and not in the 5I A +A C  ones. Finally, in order to have a matrix-free reference to compare with, a 

control consisting in the grape skin extract stored within the polyethylene opaque bags and dissolved 

in water at 40 mg/mL for the A C  analysis after processing and storage was also analyzed.  

2.3.5.1.2.1. Grape extract composition 

M ass spectrometry analyses performed in the control solution allowed the identification of 12 A C , all 

of them 3-O monoglucosides. In decreasing order, the 3-O-glucosides of malvidin, petunidin, peonidin, 

delphinidin and cyanidin were the most abundant A C  of the G9. In fact, the 3-O-glucosides, including 

the methylpyranomalvidin, accounted for more than three fourths of the total A C  content (80.8%) of 

the extract. The remaining A C  were the 3-O-acetylglucosides of malvidin and peonidin, and the 3-O-

coumarylglucosides of malvidin, petunidin, delphinidin and peonidin. Identified A C  accounted for 94.4 

% of the total A C  content. A lthough some other minor peaks were detected at 528 nm, they could not 

be identified as A C . A  RP -I P L C  chromatogram of the 9minol® G9 with the corresponding peak 

assignments, retention times, m/z values and relative amount of the identified A C  is shown in Figure 

23.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. RP -I P L C  chromatogram of an 9minol sample at T=0 with the corresponding peak assignments, abbreviations, 
retention times, mass spectral data and relative amount of the identified A C . 

P eak A nthocyanin A b breviation RT m/z (+ve) Relative amount 
1 5elphinidin 3-O-glucoside 5el-3G 6.45 465.0 10.05 
2 C yanidin 3-O-glucoside C yn-3G 7.49 449.0 9.52 
3 P etunidin 3-O-glucoside P et-3G 8.34 479.0 12.39 
4 P eonidin 3-O-glucoside P eo-3G 10.07 463.0 10.24 
5 M alvidin 3-O-glucoside M al-3G 10.93 493.0 36.54 
6 M ethylpyranomalvidin 3-O-glucoside M pm-3G 16.25 531.0 2.02 
7 P eonidin 3-O-acetylglucoside P eo-3A G 18.84 505.1 0.65 
8 5elphinidin 3-O-coumarylglucoside 5el-3C G 19.18 611.1 1.04 
9 M alvidin 3-O-acetylglucoside M al-3A G 19.59 535.1 5.83 
10 P etunidin 3-O-coumarylglucoside P et-3C G 22.79 625.1 1.10 
11 P eonidin 3-O-coumarylglucoside P eo-3C G 25.50 609.1 0.69 
12 M alvidin 3-O-coumarylglucoside M al-3C G 25.79 639.1 4.37 
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2.3.5.1.2.2. P rocessing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 24. Total and individual A C  recoveries in the control solution and A C -enriched food matrices after manufacturing and 
preparation. 5ata are means ± S5 (n=3). Individual A C  are numbered following figure 23 abbreviations. For total A C  recovery, 
1 denotes significant difference at p<0.01 (t-test) with respect to control’s total recovery. Recoveries of individual A C  within 
a same matrix without common letters superscripts denotes significant difference at p<0.01 after one-way A NOV A  and Tukey’ 
test.  
 

C oncerning individual A C , apart from the slightly lower recoveries found in pancake (from 64.7% to 

90.4%) in comparison to milkshake (from 82.1 to 102%) and custard dessert (from 87.3 to 104.2%), 

these three matrices shared an almost identical profile after processing. 9xcept for delphinidin 3-O-
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coumarylglucoside, which presented the highest recovery in the three matrices, the recoveries of 

individual A C  within each matrix were almost not significantly different among them. These data 

suggest that, probably due to the formation of weaker interactions with other food components, 

delphinidin 3-O-coumarylglucoside presented a better extraction efficiency. B ut, most importantly, it 

suggests that the thermal degradation of the G9 A C  during heating did not depend either on the nature 

of the aglycone moiety, or on the nature of the glucoside moiety attached to it.  

In omelet, recoveries of the 3-O-coumaryl-glucosylated A C  were significantly higher than that of their 

respective 3-O-glucosides, and within these last ones, delphinidin, petunidin and malvidin showed the 

smallest recoveries. Finally, differences between malvidin and peonidin 3-O-acetylglucosides were also 

significant, malvidin recovery being the highest one. If we take into consideration that omelet was 

cooked under almost identical conditions than pancake, it seems reasonable to think that all A C  were 

also degraded in the same proportion. Therefore, although the incomplete extraction of A C  makes 

impossible to determine the precise contribution of processing on A C  recovery, it can be hypothesized 

that the differences among them were caused by the interactions with the food matrix. 

2.3.5.1.2.3. Storage 

A s shown in figure 25, no significant differences after storage were found in the control solution and 

milkshake individual A C . Surprisingly, in the custard dessert many individual A C  showed significant 

higher recoveries after storage despite the fact that its total A C  recovery didn’t show this tendency. 

They were all the 3-O-glucosides except the methylpyranomalvidin as well as the acetylglucoside and 

coumarylglucoside forms of malvidin. The small changes underwent by milkshake and custard dessert 

during storage made that the differences among individual A C  recoveries were almost identical to 

those at T=0. 

In pancake and omelet, although the extraction of all the A C  increased after storage, the interactions 

of the malvidin 3-O-acetylglucoside and the 3-O-glucosides (except the methylpyranomalvidin) 

seemed to be the strongest ones and therefore the most difficult to break. In pancake, although the 

decrease of A C  recovery could be explained by the degradation of A C  during storage, the very similar 

changes to those experienced by the omelet after processing suggest that the main reason of the 

decrease was the appearance and/or reinforcement of interactions between A C  and other food 

components. A s it happened at T=0 in omelet, recoveries of the 3-O-glucosilated A C  significantly 

decreased in comparison to their respective 3-O-coumarylglucosylated forms, especially delphinidin, 

petunidin and malvidin. Finally, among the 3-O-acetylglucosylated A C , it was the malvidin that 

presented a smaller recovery. 
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Figure 25. Total and individual A C  recoveries in the control solution and A C -enriched food matrices after 21 days storage 
(T=21). 5ata are means ± S5 (n=3). A C  are numbered following figure 23 ab breviations. For total A C  recovery, 1 denotes 
significant difference at p<0.01 (t-test) with respect to control’s total recovery. Recoveries of individual A C  within a same 
matrix without common letters superscripts denotes significant difference at p<0.01 after one-way A NOV A  and Tukey’ test. 
Finally, for total and individual A C  recoveries, 2 denotes significant difference at p<0.01 (t-test) with respect to the same 
total/A C  recovery before storage.  

 

A t the end, the final A C  profile in pancake and omelet- which were very similar despite their different 

composition- was the result of the degradation during processing and the interactions formed or 

broken during storage. W hile processing seemed to degrade all A C  in the same proportion, storage, 
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which could either increase or decrease the recovery of A C  depending on the food matrix, seemed to 

specially affect the malvidin 3-O-acetylglucoside and 3-O-glucosides.  

 

2.3.5.2. 5I A   

 
  T=0  T=21 

FusPMrd 
GHA 252 (101%)  218 (87%) 
GHA+AF 281 (112%)  231 (92%) 
GHA+BG 354 (142%)  319 (128%) 

MilksOMke 
GHA 255 (102%)  245 (98%) 
GHA+AF 243 (97%)  222 (89%) 
GHA+BG 262 (105%)  240 (96%) 

PMncMke 
GHA 220 (88%)  210 (84%)* 
GHA+AF 250 (100%)  220 (88%)* 
GHA+BG 255 (102%)  225 (90%)* 

OmeleP 
GHA 240 (96%)  270 (108%)* 
GHA+AF 345 (138%)  270 (108%)* 
GHA+BG 315 (126%)  270 (108%)* 

 
Figure 26. A mount (mg/portion) and recovery (%) of 5I A  in the B 9F after production (T=0) and after 3 weeks of storage 
(T=21).* 5I A  quantification in these products was performed at -18°C  during 21 days. 
 

A s shown in figure 26, the stability of 5I A  was not greatly affected during the processing of the dairy 

and egg B 9F; except for the 5I A  enriched pancake - in which 5I A  recovery was 88%- all B 9F presented 

recoveries over 96%. If the different enrichments are taken into consideration, only some significant 

differences were observed among them in the custard dessert and omelet. In these B 9F, the 

combination of 5I A  with A C  and B G presented 5I A  recovery values relatively higher than those in 

which 5I A  was presented alone. I owever, taking into consideration the high recovery values 

obtained, the differences seemed to be produced by the heterogeneity of the sample regarding the 

5I A  content and/or the variability of the analytical method rather than by the presence of the other 

bioactives. 

5uring storage, the 5I A  content remained fairly stable in both types of products. A lthough losses in 

some cases reached values as high as 30% in some cases, 5I A  recoveries at the end of the 3 weeks of 

storage were always higher than 84% for all products. Translated into quantities, that means that all 
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matrices were able to provide at least 220 mg of 5I A  per portion. A t the end of storage, differences 

among the different 5I A  enrichments were almost inexistent.  

2.3.5.3. B G 

A s explained in section 1.1.6.3.3. the effectiveness of B G against M S  depends not only on the quantity 

ingested but also on the molecular weight of the polymers. Therefore, both analyses were conducted 

in the B G-enriched B 9F. 

2.3.5.3.1. B G quantity 

 

 
  T=0  T=21 

FusPMrd BG 2B7 (90%)  2B6 (87%) 
GHA+BG 3B0 (100%)  2B8 (93%) 

MilksOMke 
BG 3B8 (127%)  3B2 (107%) 
GHA+BG 3B9 (130%)  3B4 (113%) 

PMncMke 
BG 2B5 (83%)  2B6 (87%) 
GHA+BG 2B7 (90B0%)  2B4 (80%) 

OmeleP 
BG 2B6 (87%)  2B7 (90%) 
GHA+BG 2B9 (97%)  3B0 (100%) 

 
Figure 27. A mount (g/portion) and recovery (%) of B G in the B 9F after production (T=0) and after 3 weeks of storage (T=21) 

 
 

B G recovery, as shown in figure 27, was quite high in all the dairy and egg products. They ranged 

between 83% and 130%. The high percentages found were probably due to the limits of the analytical 

method. A mong the different combinations of bioactives, the presence of 5I A  seemed to slightly 

increase the recovery of B G after manufacturing. I owever, the differences between the B G and 

5I A +B G enrichments were not higher than 10% in any case.  

The storage of the matrices did not affect B G quantity and variations in recoveries were in many cases 

of around 6-7 %. In milkshake, losses during storage were of around 20-25%. I owever, in all cases the 

quantity of B G delivered by portion of B 9F was very close to the target effective dose of 3 g. 
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2.3.5.3.2. B G average molecular weight  

 

 
  T=0  T=21 

FusPMrd BG 2217  1907 
GHA+BG 2267  2096 

MilksOMke 
BG 2374  2126 
GHA+BG 2653  2140 

PMncMke 
BG 2395  1481 
GHA+BG 2087  1486 

OmeleP 
BG 753  321 
GHA+BG 754  423 

 
Figure 28. M olecular weight (Kda) of the recovered B G after production (T=0) and after 3 weeks of storage (T=21). N5= Not 
detected 

 
A s it could be expected due to the very easy and non-aggressive processes involved in the dairy B 9F 

manufacturing and preparation, the average molecular weight of B G was hardly affected in these 

samples. A ccording to the supplier, the average molecular weight of the OatW ell® 28% XF, the source 

of B G used to fortify the B 9F was around 2000-2500 k5a. In the heat processed egg-based B 9F, 

recoveries varied a lot among the two products. W hile in pancake the molecular weight of B G was 

almost not affected and remained higher than 2000 k5a, in omelet B G molecular weight dropped to 

around 750 k5a. 

5uring storage, a very small depolymerization of around 10% was observed in the dairy products. A fter 

the 21 days of storage the molecular weight of B G in these products remained around 2000 k5a. In 

pancake, although B G molecular weight decreased by around 25%, the molecular weight remained 

well over the critical limit, around 1500 k5a. In omelet, however, the storage at 4°C  during 21 days 

produced a depolymerization which reduced the molecular weight of B W  by around 40-50%, which 

situated the molecular weight of B G under the critical limit of 500 k5a (indicated in figure 28 by a red 

line). 

I owever it must be noted that these changes during storage were observed when egg products were 

stored for 4 weeks in the fridge, and this will not occur in practice as the egg products will be supplied 

frozen to the volunteers.  
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If the global result about bioactive chemical stability is taken in to consideration, both the frozen egg-

based products and the dairy B 9F could provide the target effective dose of bioactives per portion. 

Therefore they all passed the decision sieve thresholds. 

 
Figure 29. 5ecision sieve for the dairy and egg –based B 9F according to their bioactive stability 

 

2.3.6.  Nutrient profile 

The use of B 9F having a balanced nutrient profile during the intervention studies was essential for the 

P athway 27 project. The setting of nutrient profiles, via the regulatory committee procedure with 

9uropean P arliament and C ouncil scrutiny by January 2009, is foreseen in A rticle 4 of the Regulation 

(9C ) n°1924/2006 on nutrition and health claims made on foods. In other words, if any of the B 9F 

produced at this stage of the project happened to be effective in reducing any of the risk factors of M S, 

a health claim by the 9FSA  could be rejected due to an undesirable nutrient content.  

2.3.6.1. 5airy products 

A s reported in table 12, in both dairy products the content of a disqualifying nutrient, the saturated 

fatty acids, was higher than the allowed threshold for B 9F. Since none of the two products showed a 

satisfactory nutrient profile, a mandatory attribute for the B 9F selection, the modification of the 

nutritional profile of the dairy B 9F had to be taken into consideration. 

 
Tab le 12. 5airy B 9F nutritional composition. V alues are reported as median value (min-max) in 100 g and in one portion. 

 E nergy (KcMl) S FA (g) ToPMl sugMrs (g) S odium (mg) ProPein (g) F iNers 

MilksOMke (100 g) 447 
(388 – 482) 

9B7 
(8B0 – 11B5) 

42B1 
(34B4– 52B1) 

203B8 
(166B7 – 250B9) 

18B1 
(15B1– 19B5) 

0B3 
(0B3 – 0B3) 

FomNined desserP (100 g) 166 
(125 – 174) 

3B0 
(2B0 – 3B1) 

12B3 
(11B5– 13B2) 

0B1 
(0B1 -0B5) 

4B8 
(2B9 – 6B2) 

0B5 
(0B5 – 0B5) 

MilksOMke (porPion) 243B5 
(175B0-250B0) 

5B3 
(3B7-5B8) 

21B3 
(19B3-21B9) 

102B2 
(93B4-105B4) 

9B3 
(8-10B9) 

0B1 
(0B1-0B1) 

FomNined desserP (porPion) 224 
(183-255) 

4B2 
(2B6-4B3) 

16B8 
(16B8-16B8) 

0B1 
(0B1-0B8) 

6B5 
(3B7-9B1) 

0B6 
(0B6-0B6) 

 

Since the modification in the nutrient profile of the custard dessert was not possible since it was based 

on the enrichment of a commercial crème dessert, the only solution was to change the nutritional 

profile of the milkshake. Furthermore, the modification of the milkshake allowed the use of a food that 

B oth products
(FROZ9N)

P ancake

Omelet

B oth products

C ustard 

M ilkshak
e
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is produced “in house” by the P athway 27 consortium, without having the need of purchasing an 

ingredient from a commercial source. 

Finally, an acceptable nutrient profile was achieved by developing a new milkshake recipe in which the 

original flavored milkshake powder, very rich in SFA  (14 g/100 g), was substituted by a new one 

containing much lower amounts (<6 g/100 g). C onsidering that one portion of the whole powder used 

to prepare B 9F milkshake was 20 g, the content of saturated fats/portion was well below the threshold 

of 4 g/portion. In addition, the energy content was significantly reduced too. The recipe of the new 

milkshake is presented in Table 13. 

It is conceivable that the modification of the nutrient composition of the flavored milkshake powder 

used for milkshake B 9F preparation had no impact on microbiological safety and bioactive stability 

results since they were determined on the powder, and not on the reconstituted product. On the 

contrary, the reduction of saturated fats could modify the sensory characteristics of the final product. 

Therefore it was agreed to evaluate them again using the new formulation prior to the b eginning of 

the pilot studies 

 

Tab le 13. C omposition of the new milkshake in g/portion and % (w/w).*New milkshake powder composition was: Sugar, 
skimmed milks powder, coffee whitener powder, maltodextrin, whey powder, aromas, carboxi-methyl-cellulose, silicon 
dioxide, salt, 9160, 

 AF GHA BG GHA+AF GHA+BG 
JMPer 130B0 (85B8 %) 130B0 (81B3 %) 130B0 (80B9 %) 130B0 (80B4 %) 130B0 (76B2 %) 
NeR MilksOMke poRder* 20B0 (13B2 %) 25B0 (12B5 %) 25B0 (12B4 %) 25B0 (12B4 %) 25B0 (11B7 %) 
OMP Rell 28% XF®  --- --- 10B7 (6B7 %) --- 10B7 (6B3 %) 
OVO-GHA®  --- 10B0 (6B3 %) --- 10B0 (6B2 %) 10B0 (5B9 %) 
E minol®  1B6 (1B1 %) --- --- 1B6 (1B0 %) --- 
ToPMl  151B6 (100 %) 160B0 (100 %) 160B7 (100 %) 161B6 (100 %) 170B7 (100 %) 

 

2.3.6.2. 9gg products 

The total score of the egg-based B 9F was better in pancakes than in omelet. Furthermore, in omelet 

the content of two disqualifying nutrients, SFA  and sodium, was higher than the allowed threshold for 

B 9F.  

 
Tab le 14. 9gg-based B 9F nutritional composition. V alues are reported as median value (min-max) in 100 g and in one 
portion. 

 E nergy (KcMl) S FA (g) ToPMl sugMrs (g) S odium (mg) ProPein (g) F iNers 

PMncMke (100 g) 170  
(143 – 204) 

1B6  
(1B1 – 2B3) 

1B9  
(1B7 – 7B6) 

201  
(199 – 207) 

4B3  
(3B9 – 5B6) 

0B7  
(0B7 – 0B8) 

OmeleP (100 g) 229  
(212-243) 

4B1  
(3B4-4B3) 

0B05  
(0B03-1B0) 

467B8  
(436B2-497B4) 

8B1  
(7B2-9B4) 

0  
(0-0) 

PMncMke (porPion) 204 
(170-235) 

2B2  
(1B6-2B4) 

1B9 
(1B7-11B4) 

413 
(397B7-617B7) 

5B6  
(4B3-6B5) 

0B7  
(0B7-0B8) 

OmeleP (porPion) 
 

344 
(318-364) 

6B1  
(5B2-6B4) 

0B1 
(0B1-0B1) 

701B6 
 (654B2-746B2) 

12B2  
(10B8-14B1) 

0  
(0B0-0B0) 
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Therefore, from a nutritional point of view and following the corresponding decision sieve 

methodology only pancakes appear therefore suitable egg-based B 9F 

 
Figure 30. 5ecision sieve for the dairy and egg –based B 9F according to their nutritional profile 

 

2.3.7. Selection of the b est B 9F 

 
B ased on the decision sieve utilized for B 9F selection, the following products appeared to possess the 

mandatory characteristic for their further use in pilot and intervention studies 

 9gg-based products: Frozen pancakes without preservatives 

 5airy egg products: New milkshake  

In addition, the further analysis concerning the secondary characteristics of the products confirmed 

the selection. 

 
Tab le 15. Results obtained for the mandatory attributes after the decision sieve methodology 

 
 MilksOMke FusPMrd Frozen PMncMke Frozen OmeleP 

MicroNiologicMl sMfePy OK OK OK OK 

FOemicMl sPMNiliPy of NioMcPiQes OK OK OK OK 

NuPrienP profile NO NO OK NO 

 
Tab le 16. Results obtained for the secondary attributes after the decision sieve methodology 

 
 MilksOMke FusPMrd Frozen PMncMke Frozen OmeleP 

S ensory MnMlysis ++ + ++ + 
BioMccessiNiliPy of NioMcPiQes ++ + ++ + 
E Mse of prepMrMPion + + ++ + 
E Mse of sPorMge ++ + + + 
Food mMPrix sPMNiliPy ++ ++ + - 

 
 
 

Frozen pancake

P ancake

Omelet

New milkshake

C ustard

M ilkshak
e
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2.4. C ONC L U SION 

5espite all the problems faced during the formulation and development of the B 9F, at the end of this 

part of the work it was possible to develop and produce under industrial conditions one dairy 

(milkshake) and one egg product (pancake) meeting all the mandatory requirements/attributes: 

V  B eing enriched with the five different combinations of bioactives. 

V  I aving the required amounts of bioactives (250 mg of 5I A , 3 g of B G and 40 mg of A C ). 

V  9nsuring the chemical stability of bioactives during storage. 

V  Safe for human consumption. 

V  I aving optimized sensory properties.  

V  I aving an adequate nutritional profile. 

The work performed during this part of the P h5 contributed to achieve the first milestone of the 

P athway 27 project: the selection and characterization of the dairy and egg-based B 9F for the human 

pilot intervention studies. 
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C hapter 3: In vitro digestion of dairy and egg products 
enriched with grape extracts: 9ffect of the food matrix 

on polyphenol b ioaccessib ility and antioxidant 
capacity 

 

 

 

B ased on the following pub lications 

 

P ineda-V adillo C ., Nau F., C heynier V ., M eudec 9., Sanz- B uenhombre M ., Guadarrama A ., Tóth T., 

C savajda 9., I ingyi I ., Karakaya S., Sibakov J., C apozzi F., B ordoni A ., Guerin-5ubiard C . & 5upont, 5. 

In vitro digestion of dairy and egg products enriched with grape extracts: 9ffect of the food matrix on 

polyphenol bioaccessibility and antioxidant activity, Food Research International (2016), doi: 

10.1016/j.foodres.2016.01.029 

 
P ineda-V adillo C ., Nau F., Guerin-5ubiard C ., Jardin J., Lechevalier V ., Sanz-B uenhombre M ., 

Guadarrama A ., Tóth T., C savajda 9., I ingyi I ., Karakaya S., Sibakov J., C apozzi F., B ordoni A . & 

5upont 5. The food matrix affects the anthocyanin profile of fortified egg and dairy matrices during 

processing and in vitro digestion, Food C hemistry (2016), under revision 
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3.1. INTRO5U C TION 

The previous chapter “5evelopment of bioactive-enriched foods against M etabolic Syndrome” 

presented the successful production of dairy and egg-based matrices enriched with A C , 5I A  and B G in 

theoretically effective amounts, microbiologically safe, with optimized sensory properties and with an 

adequate nutrient profile according to the F5A  and 9FSA  requirements. 

I owever, as discussed in the bibliographic review (cf chapter 1, section 1.3), a direct cause-effect 

relationship between the presence of a nutrient or a bioactive in a food and its health benefits cannot 

be established due to the potential food matrix effect, among other factors. Only those bioactives 

capable of been released from their food matrices and solubilized into the digestive fluids during the 

course of digestion (bioaccessible) will be potentially available for absorption through the GIT 

epithelium, metabolization and transportation by the blood or lymphatic system to their target organs, 

tissues or cells. On the contrary, those bioactives trapped in the food matrix won’t be in any case 

susceptible of being absorbed and will be expulsed from the body without exerting any physiological 

effect.  

In order to evaluate the potential deleterious effect that the food matrix could have on the B 9F 

effectiveness, P A TI W A Y-27 assessed the bioaccessibility of the different bioactives in all the B 9F. A s 

part of this task, the ob jective of the current chapter was to evaluate to what extent the different 

dairy and egg-b ased matrices produced for the 9uropean project P A TI W A Y-27 could affect or 

modulate the release of A C  and polyphenols during in vitro digestion.  

A lthough P A TI W A Y-27 only considers total A C  content, some additional analyses were carried out for 

this P h5 Thesis. In particular: 

 Since the interactions during digestion, absorption, and metabolism of each individual A C  

could be different due to their specific chemical structure, and since the grape extract used for 

the fortification of the B 9F contains at least 12 different A C  (cf chapter 2, section 2.3.5.1.2.1), 

it was decided to follow the fate of each individual A C  during digestion. 

 The source of A C  used to fortify the dairy and egg-based B 9F (a grape extract) contains high 

concentrations of other polyphenols, especially proanthocyanidins. Since these molecules 

could also exert a b eneficial effect against M S, their quantities in the soluble and insoluble 

fractions were additionally determined throughout digestion.  

 In order to have an idea of the whole polyphenol content (not only A C  and proanthocyanidins), 

and since according to the literature not only the parental A C  and polyphenols but also their 



 99 C hapter 3: In vitro digestion of dairy and egg products enriched with grape extracts: 9ffect of the food 
matrix on polyphenol bioaccessibility and antioxidant capacity 

degradation products could exert a b eneficial physiological effect against M S, the proportion 

of total phenolic compounds in the soluble and insoluble fractions was additionally 

determined.  

 In order to establish whether the antioxidant capacity of the A C -enriched B 9F would be 

maintained along digestion, or if it could be affected by the different food matrices, it was also 

measured in the soluble and insoluble fractions along digestion.  

Results concerning the evolution of the antioxidant capacity of the A C -enriched B 9F, as well as those 

regarding the evolution of proanthocyanidin, phenolic and total A C  content during in vitro digestion 

are presented in section 3.2. The results, presented under the form of an article, were published in 

January 2016 in Food Research International: “In vitro digestion of dairy and egg products enriched 

with grape extracts: 9ffect of the food matrix on polyphenol bioaccessibility and antioxidant activity”. 

Results concerning the effect of the food matrices on the bioaccessibility of the individual A C  are 

presented in the section 3.3, also under the form of article. The publication, entitled “The food matrix 

affects the A C  profile of fortified egg and dairy matrices during processing and in vitro digestion” was 

submitted to Food C hemistry in February 2016 and is currently under revision. 
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C hapitre 3 : 5igestion in vitro de produits laitiers et à 
b ase d’œuf enrichis avec des extraits de raisin : effet 
de la matrice alimentaire sur la b ioaccessib ilité des 

polyphénols et sur le pouvoir antioxydant 
 

 

 

B asé sur les publications suivantes 

 

P ineda-V adillo C ., Nau F., C heynier V ., M eudec 9., Sanz- B uenhombre M ., Guadarrama A ., Tóth T., 

C savajda 9., I ingyi I ., Karakaya S., Sibakov J., C apozzi F., B ordoni A ., Guerin-5ubiard C . & 5upont, 5. 

In vitro digestion of dairy and egg products enriched with grape extracts: 9ffect of the food matrix on 

polyphenol bioaccessibility and antioxidant activity. 

Food Research International (2016), doi: 10.1016/j.foodres.2016.01.029 

 

P ineda-V adillo C ., Nau F., Guerin-5ubiard C ., Jardin J., Lechevalier V ., Sanz-B uenhombre M ., 

Guadarrama A ., Tóth T., C savajda 9., I ingyi I ., Karakaya S., Sibakov J., C apozzi F., B ordoni A . & 

5upont 5. The food matrix affects the anthocyanin profile of fortified egg and dairy matrices during 

processing and in vitro digestion. 

Food C hemistry (2016), sous révision 
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3.1. INTRO5U C TION 

L e chapitre précédent « 5éveloppement d'aliments enrichis avec des bioactifs contre le Syndrome 

M étabolique » a présenté le succès de la production de 5P  et d’9P  enrichis en A C , 5I A  et B G en 

quantités théoriquement efficaces, microbiologiquement sûrs, avec des propriétés sensorielles 

optimisées et avec un profil nutritionnel adéquat selon les exigences de la F5A  et de l'9FSA . 

Toutefois, comme discuté dans la revue bibliographique (chapitre 1, section 1.3), une relation directe 

de cause-effet entre la présence d'un nutriment ou d'un bioactif dans un aliment et ses bienfaits pour 

la santé ne peut pas être établie en raison, entre autres facteurs, de l'effet potentiel de la matrice 

alimentaire. Seuls les bioactifs susceptibles d'être libérés de leurs matrices alimentaires et solubilisés 

dans les fluides digestifs au cours de la digestion (bioaccessibles) seront potentiellement disponibles 

pour absorption gastrointestinale, métabolisation et transport par le sang ou par le système 

lymphatique vers les organes, les tissus ou les cellules cibles. A u contraire, les bioactifs piégés dans la 

matrice alimentaire ne seront pas susceptibles d'être absorbés et seront éliminés du corps sans exercer 

aucun effet physiologique. 

A fin d'évaluer le possible effet délétère que la matrice alimentaire pourrait avoir sur l'efficacité du 

bioactif, le projet P A TI W A Y-27 a évalué la bioaccessibilité des différents bioactifs dans tous les B 9F. 

5ans le cadre de cette tâche, l'ob jectif du chapitre actuel était d'évaluer dans quelle mesure les 

différents 5P  et 9P  produits pour le projet P A TI W A Y-27 pourraient affecter ou moduler la lib ération 

des A C  et des polyphénols pendant la digestion in vitro. 

B ien que le projet P A TI W A Y-27 ne tienne compte que de la teneur totale en A C , certaines analyses 

supplémentaires ont été réalisées pour cette thèse. Notamment: 

 É tant donné que les interactions lors de la digestion, absorption et métabolisme de chaque A C  

peuvent être différentes en raison de leur structure chimique spécifique, et puisque l'extrait 

de raisin utilisé pour la fortification des B 9F contient au moins 12 A C  différentes (cf. chapitre 

2, section 2.3.5.1.2.1), il a été décidé de suivre individuellement le chemin de chaque A C  au 

cours de la digestion. 

 La source d’A C  utilisée pour fortifier les 5P  et les 9P  B 9F (un extrait de raisin) contient des 

concentrations élevées d'autres polyphénols, en particulier les proanthocyanidines. 9tant 

donné que ces molécules pourraient aussi exercer un effet bénéfique contre le SM , leurs 

quantités dans les fractions solubles et insolubles ont été déterminées au cours de la digestion. 
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 A fin d'avoir une idée du contenu total  en polyphénol (non seulement A C  et 

proanthocyanidines), et étant donné que selon la littérature non seulement les A C  parentales 

et les polyphénols, mais aussi leurs produits de dégradation peuvent exercer un effet 

physiologique bénéfique contre le M S, la proportion des composés phénoliques totaux dans 

les fractions solubles et insolubles a été déterminée. 

 A fin de déterminer si la capacité antioxydante des B 9F enrichis en A C  serait maintenue au 

cours de la digestion, ou si elle peut être affectée par les différentes matrices alimentaires, 

cette capacité antioxydante a également été mesurée dans les fractions solubles et insolubles. 

Les résultats concernant l'évolution de la capacité antioxydante des B 9F enrichis en A C , ainsi que ceux 

relatifs à l'évolution du contenu en proanthocyanidine, A C  phénoliques et totales lors de la digestion 

in vitro, sont présentés dans la section 3.2. C es résultats sont présentés sous forme d'un article publié 

en Janvier 2016 and le journal Food Research International : « In vitro digestion of dairy and egg 

products enriched with grape extracts: 9ffect of the food matrix on polyphenol bioaccessibility and 

antioxidant activity ». 

Les résultats concernant l'effet des matrices alimentaires sur la bioaccessibilité des A C  individuelles 

sont présentés dans la section 3.3, également sous forme d'article. La publication, intitulée « The food 

matrix affects the A C  profile of fortified egg and dairy matrices during processing and in vitro 

digestion » a été soumis au journal Food C hemistry en Février 2016 et est actuellement en cours de 

révision. 
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3.2. IN V ITRO 5IG9STION OF 5A IRY A N5 9GG P RO5U C TS  9NRIC I 95 W ITI  GRA P 9 9XTRA C TS: 

9FF9C T OF TI 9 FOO5 M A TRIX ON P OLYP I 9NOL  B IOA C C 9S SIB ILITY A N5 A NTIOXI5A NT 

A C TIV ITY 

3.2.1. A B STRA C T 

The aim of this study was to evaluate the effect of the food matrix on polyphenol bioaccessibility and 

antioxidant activity during the in vitro digestion of dairy and egg products enriched with grape extracts 

(G9). Four G9-enriched matrices produced under industrial conditions (custard dessert, milkshake, 

pancake and omelet) and the G9 dissolved in water (control solution) were submitted to in vitro 

digestion and the bioaccessibility of the major classes of polyphenols as well as the evolution of the 

antioxidant activity of the matrices were monitored at oral, gastric and intestinal level. A part from the 

digestion effect itself, the release, stability and solubility of polyphenols was governed by mainly two 

factors: 1- the composition and structure of the food matrices and 2- the class of polyphenol. Results 

showed that the inclusion of the G9 extracts into the different egg and dairy food matrices greatly 

impacted the release and solubility of A C  and proanthocyanidins during digestion, especially in the 

solid food matrices and during the oral and gastric phases of digestion. A lso, the presence of the food 

matrices protected A C  from degradation during the intestinal phase. I owever, if the total phenolic 

content is considered at the end of the whole digestion process, the proportion of soluble 

(bioaccessible) and insoluble phenolics delivered by the enriched-matrices was quite similar to that of 

the control solution. On the contrary, the food matrix effect did not affect the antioxidant activity of 

the matrices, which remained constant during the oral and gastric phases but greatly increased during 

the intestinal phase of digestion. A mong the G9-enriched matrices, omelet presented higher 

recoveries of total phenolics and antioxidant activity at the end of digestion. 

Keywords: In vitro digestion; bioaccessibility; food matrix; polyphenols; A C ; proanthocyanidins. 
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3.2.2. INTRO5U C TION 

Grape extracts (G9), a by–product resulting from juice and wine making process, are very promising 

ingredients for the food industry. They are natural, inexpensive, can be obtained in considerable 

quantities and represent a very good source of phenolic compounds such as A C , proanthocyanidins, 

flavanols, flavonols, phenolic acids and stilbenes. The list of biological activities and health benefits 

associated with the intake of grape phenolic compounds is large. A ntioxidant, cardioprotective, anti-

carcinogenic, anti-inflammatory or anti-aging properties have been observed both in vitro and in vivo 

(Xia, 5eng, Guo, & Li, 2010; Teixeira et al., 2014; Soares 5e M oura et al., 2002). 5ue to these myriad of 

healthy effects, polyphenol-rich grape products have been suggested as potential effective candidates 

in preventing metabolic diseases such as (M S), a risk factor for cardiovascular disease and mortality 

that affects nearly one-fourth of the developed world’s population (C huang & M cIntosh, 2011). 

A bsorption, metabolism and bioavailability, i.e. the proportion of a compound that reaches systemic 

circulation and remains available to be used by cells or tissues, are indicative concepts when assessing 

the beneficial effects of polyphenols. I owever, their measurement usually requires high cost and 

complicated in vivo studies. In addition, some health effects of polyphenols may not require their 

absorption through the gut barrier: A C  antioxidant activity seems to protect against the oxidative 

damage implicated in many degenerative diseases of the gastrointestinal tract such as colorectal 

cancer or inflammatory bowel disease (5’evoli et al., 2013). On the contrary, the proportion of 

polyphenols released from the food matrix and solubilized into the digestive fluids (bioaccessibility) is 

a key step that has to be accomplished in all cases since only bioaccessible polyphenols can be further 

absorbed and remain bioavailable. A lthough it is difficult to exactly mimic the physiological conditions 

taking place in vivo, the use of in vitro digestion models is ideal for this kind of studies due to their 

simplicity, ease of application and low cost. 

Structure and composition of the food matrix in which polyphenols are included are factors that can 

either enhance or prevent the release and stability of these compounds during digestion and hence, 

their effectiveness. The effect of the co-digestion of polyphenols with different food components, 

matrices or diets has been proven to affect their digestibility, bioaccessibility or antioxidant activity 

(Ribnicky et al., 2014; Sengul, Surek, & Nilufer-9rdil, 2014; M c5ougall, 5obson, Smith, B lake, & Stewart, 

2005; 5upas, M arsset-B aglieri, Ordonaud, 5ucept, & M aillard, 2006). The release from liquid or solid 

food matrices has been also studied but mainly in naturally enriched matrices like fruits and juices 

(Tagliazucchi, V erzelloni, B ertolini, & C onte, 2010; Tagliazucchi, V erzelloni, & C onte, 2012). I owever, 

the inclusion, release and digestibility of polyphenols into and from non-naturally enriched food 

matrices have been scarcely studied to date.  
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On the other hand, dairy and egg products are excellent foods to be fortified: they have natural and 

great nutritional properties, are accepted worldwide by all age groups, can be eaten on a daily basis 

and exist under a great variety of forms and structures. 

In the present study, we investigated the effect of the food matrix on polyphenol bioaccessibility and 

antioxidant activity during the in vitro digestion of dairy and egg products fortified with grape extracts. 

For this purpose, four G9-enriched matrices produced under industrial conditions (custard dessert, 

milkshake, pancake and omelet) and a G9 control solution (no matrix present) were submitted to an 

in vitro digestion model and the bioaccessibility of the major classes of polyphenols as well as the 

evolution of the antioxidant activity of the matrices were monitored at oral, gastric and intestinal 

levels.  

3.2.3. M A T9RIA L  A N5 M 9TI O5S  

3.2.3.1.  C hemicals 

A ll solvents (I P L C  grade) and chemicals were purchased from Sigma A ldrich (St Louis, M O, U SA ) unless 

further specified. Type V I-B  α-amylase from porcine pancreas (A 3176), pepsin from porcine gastric 

mucosa (P 6887), porcine bile extract (B 8631), pancreatin from porcine pancreas 8xU SP  (P 7545), potato 

starch (S2004), 3,5 dinitrosalicylic acid (50550), 5(+) maltose monohydrate from potato (M 5885), 

bovine blood hemoglobin (I 2500), N-p-tosyl-L-arginine methyl ester hydrochloride (TA M 9) (T4626), 

N-benzozyl-L-tyrosine ethyl ester (B T99) (B 6125), aminoantipyrine (4-A P ) (O6800), type II horseradish 

peroxidase (I RP ) (P 8250), catechin standard (43412), fluorescein sodium salt (F6377), 6-hydroxy-

2,5,7,8-tetramethylchromane-2-carboxylic acid (TROLOX) (238813), 2,2′-azobis (2-

methylpropionamidine) dihydrochloride (A A P I ) (440914), 2,4,6- tripyridyl-S-triazine (TP TZ) (T1253), 

epicatechin standard (68097), epigallocatechin standard (93768), epicatechin 3-O-gallate standard 

(93893), phloroglucinol (P 3502) and ascorbic acid (A 1300000) were also supplied by Sigma A ldrich. 

M alvidin 3-O-glucoside (0911S) was purchased from 9xtrasynthese (Lyon, France). B ile salts 

quantification was performed using a 5iaSys commercial kit (C at. No. 1 2212 99 90 313).  

3.2.3.2. Grape extract 

The G9 used as source of polyphenols, registered as 9minol®, was provided by Grupo M atarromera. 

The extract, which is obtained by means of a patented extraction process (9S 2 309 032), comes 100% 

from red grapes (V itis vinifera, variety Tempranillo) harvested from vineyards located in the 

5esignation of Origin Ribera de 5uero (C astilla and León, Spain).  

The phenolic composition of the G9 (Table 17) was determined after extraction with a 

methanol/water/ acetone/TFA  (25/30/45/0.037 v/v) solution as described by M ané et al. (2007). 
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P henolic and hydroxycinnamic acids, tryptophan, flavonols, A C  and flavan-3-ol monomers and dimers 

were analyzed at 35°C  using a W aters A cquity U P L C -5A 5 system (M ilford, M A ) equipped with an 

A cquity B 9I  C 18 column (150 × 1 mm i.d., 1.7 μm; W aters, M ilford, M A ). M obile phase consisted of 

water/formic acid (99/1, v/v) (eluent A ) and methanol/formic acid (99/1, v/v) (eluent B ). Flow rate was 

0.08 ml/min. The elution program was as follows: isocratic for 1 min with 2% B , 2-18% B  (1-7 min), 

isocratic with 18% B  (7-9 min), 18-30% B  (9-12 min), isocratic with 30% B  (12-14 min), 30-75% B  (14-27 

min), 75-95% B  (27-32 min), isocratic with 95% B  (32-37 min). Identification was achieved on the basis 

of U V -visible and mass spectra. 9SI-M S/M S analyses were performed with a B ruker 5altonics A mazon 

(B remen, Germany) mass spectrometer equipped with an electrospray source and an ion trap mass 

analyzer. The spectrometer was operated in the positive ion mode (capillary voltage: 2.5 kV ; end plate 

off set: -500V ; temperature: 200°C ; nebulizer gas: 10 psi dry gas: 5L/min) and negative mode (capillary 

voltage: -4.5 kV ; end plate off set: -400 V ; temperature: 200°C ; nebulizer gas: 10 psi and dry gas: 5 

L/min). C ollision energy for fragmentation used for M S2 experiments were set at 1.  

C oncentrations were calculated from peak areas at 520 nm for A C , at 360 nm for flavonols, at 320 nm 

for hydroxycinnamic acids and at 280 for flavan-3-ols, tryptophan, and gallic acid, using external 

calibrations. M alvidin 3-glucoside, quercetin 3-glucoside and caffeic acid were used as standards for 

quantification of A C , flavonols and hydroxycinnamic acids, respectively. 

Tab le 17. 9minol® composition. m5P  = mean degree of depolymerization 
PolypOenol mgCg mGP 
GMllic Mcid 0B23 - 
TrypPopOMn 0B85 - 
F lMQonols 3B26 - 
HydroxycinnMmic Mcids 11B56 - 
AF  23B79 - 
ProMnPOocyMnidins (MfPer depolymerizMPion) 60B30 5B53 

 
 

3.2.3.3. 9nriched food matrices and control solution 

Two liquid (milkshake and custard dessert) and two solid (pancake and omelet) enriched food matrices 

were produced and supplied by A 59XGO Ltd (B alatonfüred, I ungary). M ilkshake was provided as a 

packed-powder that had to be rehydrated in water before use. C ustard dessert was provided as a 

combined product in which the G9 was provided in an independent polyethylene bag and had to be 

added and mixed with a commercial custard dessert before use. G9 enriched pancakes and omelets 

were provided frozen in modified atmosphere trays. The control solution was prepared by directly 

dissolving the G9 (provided in an independent polyethylene bag) in water at 40 mg/ml. Food matrices 

detailed composition and production flow-charts are presented in Figure 31. 
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Figure 31. P roduction flow-chart and composition in % (w/w) of the control solution and G9-enriched matrices. * Time of 
cooking for the first side of the pancake/omelet. ** Time of cooking for the second side of the pancake/omelet. *** Only milk 
quantity was expressed in the packaging of the commercial custard dessert.  
 

3.2.3.4. In vitro oro-gastro-intestinal digestion 

The control G9 solution and the G9-enriched matrices were subjected to successive oral, gastric and 

intestinal digestion following a new standardized static digestion method based on physiologically 

relevant conditions developed by M inekus et al. (2014). This model was developed by the C OST action 

INFOG9ST (www.cost-infogest.eu). 

B efore digestion, all the matrices were prepared/defrosted and enough quantity of each one was 

freeze dried for further polyphenol extraction and quantification. In addition, the enzymatic activities 

of individual enzymes and pancreatin, as well as the bile salt concentration in the porcine bile extract 

were determined following the protocols proposed by M inekus et al., (2014).  

C ustard dessert, milkshake and control solution were not subjected to mastication due to their liquid 

structure. For pancake and omelet, mastication was simulated by using a manual mincer (9ddington’s 

M incer P ro. P roduct code 86002, B erkshire, U K). Then, 25 g of the liquid or minced matrices were 

mixed with 17.5 ml of simulated salivary fluid electrolyte stock solution (SSF), 125 µl of 0.3 M  C aC l2, 

4.875 ml of water and 2.5 ml of α- amylase solution in SSF (1,500U /ml), all of them pre-warmed at 

37°C . The mix was thoroughly mixed and incubated under stirring for 2 min at 37°C . Gastric digestion 

continued by the immediate addition to the oral bolus of 37.5 ml of simulated gastric fluid electrolyte 

stock solution (SGF), 25 µl of 0.3 M  C aC l2 and enough volume of 1 M  I C l to adjust the pI  to 3. A fter 

the addition of 10 ml of porcine pepsin solution made up in SGF (20,000 U /ml) and distilled water to a 

MilksOMke FusPMrd desserP PMncMke OmeleP FonProl 

Mixing 

GosMge 

PMckMging 

S PorMge R oom 
PemperMPure 

All ingredienPs 
Time: 10 min 

PrepMrMPion 

PolyePOylene  
OpMque NMgs 

Mixing 
Mixing 
HeMP 

PreMPmenP 
Fooling 
R esPing 

PMckMging 
S PorMge 

2B5 min MP 250a F  * 
2 min MP 270a F  ** 

JMPer Mnd oil 
Time: 5 min 

Under 40a F 
Time: 5 min 
Time: 15 min 

Gry ingredienPs 
Time: 3 min 

-20aF 

Polypropylene PrMys 
NCFO2 mixPure (70C30)  

GefrosP Po room 
PemperMPure PrepMrMPion 

JMPer 
E minol ®  100 

4B0 JMPer 
Milk sOMke poRder 
S kimmed milk poRder 
Modified sPMrcO 
E minol®  

70B62 
17B66 

7B06 
3B53 
1B13 

Milk *** 
S ugMr 
MMlPodexPrine 
Modified sPMrcO 
Glucose syrup 
S PMrcO 
S odium MlginMPe 
FMrrMgeenMn 
S MlP 
R iNoflMQin 
E minol®  

83 
- 
- 
- 
- 
- 
- 
- 
- 
- 

1B26 

JMPer 
F lour 
Oil 
E minol®  
S kimmed milk poRder 
JOole egg poRder 
S MlP 

48B83 
31B89 
11B13 

3B20 
2B22 
2B22 
0B51 

JMPer 
JOole egg poRder 
Oil 
Modified sPMrcO 
E minol®  
S MlP 
BMking poRder 

57B90 
18B73 
16B32 

3B36 
2B14 
0B96 
0B60 

IngredienPs 

IngredienPs 

GissolQe in 
RMPer 

R oom  
PemperMPure 

PolyePOylene 
opMque NMgs 

E minol 
® 

GissolQe  in 
RMPer 

GosMge 

PMckMging 

S PorMge 

PrepMrMPion 

R oom  
PemperMPure 

PolyePOylene 
opMque NMgs 

E minol 
® 

GissolQe  in 
cusPMrd 

GosMge 

PMckMging 

S PorMge 

PrepMrMPion 

2  min MP 250a F  * 
45s MP 250a F  ** 

JMPer Mnd oil 
Time: 5 min 

Under 40a F 
Time: 5 min 
Time: 15 min 

Gry ingredienPs 
Time: 3 min 

-20aF 

Polypropylene PrMys 
NCFO2  mixPure (70C30)  

GefrosP Po room 
PemperMPure 



 108 C hapter 3: In vitro digestion of dairy and egg products enriched with grape extracts: 9ffect of the food 
matrix on polyphenol bioaccessibility and antioxidant capacity 

final volume of 100 ml, the mix was thoroughly mixed and incubated under stirring for 2 h at 37°C . A t 

the end of gastric digestion, intestinal digestion was mimicked by the addition of 55 ml of simulated 

intestinal fluid electrolyte stock solution (SIF), 200 µl of 0.3 M  C aC l2 and 12.5 ml of 160 mM  bile extract 

solution in SIF. A fter adjusting the pI  to 7 with 1M  NaOI , 25 ml of a pancreatin solution made up in 

SIF (800 U /ml, based on trypsin activity) and distilled water to a final volume of 200 ml were added. 

The final mix was then digested under stirring for 2 h at 37°C . 

Instead of withdrawing aliquots from the reaction vessel at the end of the oral, gastric or intestinal 

step, individual digestions were carried out for each phase of digestion. A lso, in order to ensure the 

stability of the phenolic compounds, the oral and intestinal samples were acidified to pI  2 right after 

their digestion. Finally, all digestions were immediately centrifuged at 21,000g and 5°C  for 20 min, and 

the supernatants and pellets collected, freeze dried and stored until further used for polyphenol 

extraction.  

3.2.3.5. P olyphenol extraction  

9xtractions from the freeze dried digested fractions and matrices were performed in triplicate 

following the protocol developed by M ané et al. (2007). B riefly, 200mg of the freeze dried samples 

were suspended in 8 ml of methanol and stirred during 2 min. Then, 24ml of an acetone/water/TFA  

mixture (60/40/0.05) were added and stirred during 1h at room temperature. Finally, after a 15min 

centrifugation step at 10,000g and room temperature, 1.5ml of supernatant was taken from each 

sample and fully evaporated in a Savant SV C 200I  Speedvac concentrator (Thermo, NY, U S A ). The 

remaining polyphenol and antioxidant analyses were performed on these pellets.  

3.2.3.6. Total phenolic quantification 

A lthough widely used to report total phenolic content, the Folin-C iocalteu method has substantial 

interferences with many other non-phenolic molecules such as ascorbic acid, reducing sugars, peptides 

and purines (Singleton, Orthofer, & Lamuela-Raventos, 1999; Slinkard & Singleton, 1977). Since many 

of these compounds were present in our matrices or could be produced during the course of digestion, 

a more specific enzymatic method developed by Stevanato, Fabris, & M omo (2004) was used. The 

method, based on the oxidation of phenols to phenoxyl radicals by the horseradish peroxidase enzyme 

(I RP ) has already been used in samples after in vitro digestion (Tagliazucchi, V erzelloni, B ertolini, & 

C onte, 2010; Tagliazucchi et al., 2012). B riefly, 0.1 ml of each resolubilized pellet or catechin standard 

solution was added to 3 ml of 0.1 M  potassium phosphate-buffered solution, pI  8, containing 3 mM  

4-A P , 2 mM  I 2O2 and 10 U  of I RP . The absorbance value was read at 500 nm after exactly 15 min 

incubation. C atechin standard solutions in water ranged from 2 to 600 µg/ml. 9ach sample was 
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quantified in triplicate. Results were expressed in milligrams of catechin equivalents per 100 grams of 

matrix. 

3.2.3.7. A C  quantification 

Total A C  content in the matrices and in vitro digestion fractions were quantified by RP -I P L C . A fter 

redissolution of the pellets in I 2O/methanol/formic acid (75/11.25/13.75 v/v) and filtration through 

0.2µm cellulose filters (Sartorius ministart RC 4 17821), A C  were separated on a Grace/V ydac 201TP  

C 18 column (250x4.6mm particle size 5 µm) connected to an A gilent 1100 I P L C  system provided with 

a photo diode array detector (A gilent technologies, M assy, France). 9lution was performed according 

to a previous method with slight modifications (Sanza et al., 2004). The chromatographic conditions 

were: 30°C ; 50µl injection volume; 0.5 ml/min flow-rate; eluent A  was methanol; eluent B  was 

methanol/water/formic acid (45/45/10, v/v), and eluent C  was formic acid/water (15/85, v/v). Zero-

time conditions were A /B /C  (0/25/75); at 25 min the pump was adjusted to A /B /C  (0/80/20) and kept 

at such for 10 min; at 38–43 min the conditions were A /B /C  (100/0/0). A t 45 min the initial conditions 

were reached again and maintained during 15 min before the next injection. A bsorbance was 

measured at 528nm and quantification (calculated as mg of malvidin-3-O-glucoside equivalents 

(M 3OG9) /100g of food matrix) was carried out by means of an external calibration method and by 

measurement of each peak area. 

3.2.3.8. P roanthocyanidin analysis  

P roanthocyanidin composition and mean degree of polymerization (m5P ) were determined after 

phloroglucinolysis as described by Fournand et al. (2006). A fter dissolution of the pellets in 250µl of 

methanol-I C l 0.2N containing phloroglucinol (50g/l) and L-ascorbic acid (10g/l), samples were heated 

in a water bath at 50°C  for 20min. Then, the phloroglucinolysis reaction was stopped by adding an 

equal volume of ammonium formate 200mM  and the reaction medium was analyzed by U P L C -5A 5-

9SI-IT-M S as previously described in section 3.2.3.2. The concentration of each unit released after 

phloroglucinolysis was calculated from its peak area at 280 nm (i.e. flavan-3-ols from terminal units 

and the corresponding phloroglucinol derivatives from extension and upper units), using the 

calibration curve established for the corresponding standard, either commercial ((+)-catechin, (-)-

epicatechin, (-)-epigallocatechin and (-)-epicatechin-3-gallate) or purified in the laboratory 

(phloroglucinol derivatives). The m5P  of proanthocyanidins, which took into consideration the free 

flavan-3-ol monomers present in the sample before depolymerization, was calculated as follows: 

 

ܦ݉ܲ =෍ ݐܽܶ݋ ݑ݈݊  ܿ ݐ݅ ݁ܿ݊݋ ݊݋ݐ݅ݎܽݐ݊ ෍ ݎ݉ݐ݁ ݑ݊ ݈ܽ݊݅ ܿ ݏݐ݅ ݁ܿ݊݋ ൗ݊݋ݐ݅ݎܽݐ݊  
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3.2.3.9. C alculations 

For each phenolic compound analyzed, the proportion released from the food matrices or control 

solution into the digestive fluids and the proportion that remained insoluble during the different 

phases of digestion was calculated as follows: 

ɣ݈݁ݑܾ݈݋ ሺ%ሻ=ሺܳݎ݊݁݌ݑݏ ݐݐ ݐܽܽ ݐ݊ ⁄݀ݐ݁ݏ݁݃݅݀ ݐݐܳ ሻ×1-- 

݈݈݁݁݌ ݐݐሺ%ሻ=ሺܳ ݈݁ݑܾ݈݋ݏܫ݊ ݐ ݀ ݐݐܳ ݅݃ ⁄݀ݐ݁ݏ݁ ሻ×1-- 

where 1tt su pernatant is the compound quantity (in mg) in the supernatant at the end of the 

corresponding phase of digestion, 1tt pellet is the compound quantity (in mg) in the pellet at the end 

of the corresponding phase of digestion and 1tt d igested  is the compound quantity (in mg) that was 

submitted to digestion (based on the results obtained after the chemical extraction in the 

control/matrices). Finally, the total recovery for each class of polyphenol was calculated as follows: 

ݐܽܶ݋ ݎ݈݁   ሺ%ሻ ݈݁ݑܾ݈݋ݏܫ݊ +ሺ%ሻ ݈݁ݑܾ݈݋ɣ=ݕݎݒ݁ܿ݋

 

3.2.3.10.  A ntioxidant activity 

3.2.3.10.1. ORA C  –Fluorescein (ORA C -FL) method 

ORA C – FL  assays were carried out in 75 mM  phosphate buffer pI  7.4 (P B S) following the protocol of 

5ávalos, Gómez-C ordovés, & B artolomé (2003) which was developed from the original ORA C -FL assay 

of Ou et al., (2001). B riefly, 20 µl of resolubilized pellet were placed in triplicate into the microplate. 

A fter the addition of 120 µl of a 116.6 nM  fluorescein solution in P B S, the plate was incubated for 15 

min at 37°C . Then 60 µl of a 14 mM  A A P I  solution in P B S  were rapidly added and the plate was 

immediately placed in a SA FA S  M onaco FLX-Xenius spectrofluorometer; fluorescence was recorded 

every min for 80 min. In order to compare different plates, the photomultiplier voltage of the first plate 

was automatically adjusted and then kept fixed during the following readings. A  blank (fluorescein + 

A A P I ) using P B S  buffer instead of the antioxidant solution and ten calibration solutions using Trolox 

(1.12-15 µM , final concentration) as antioxidant were also carried out in each assay. A ntioxidant curves 

(fluorescence vs time) were first normalized to the curve of the blank corresponding to the same assay 

by multiplying original data by the factor fluorescence blank,t=0/fluorescence sample,t=0. From the 

normalized curves, the area under the fluorescence decay curve (A U C ) was calculated as: 

ܣܷ ෍ +1=ܥ ݋݂/݂݅
௜ୀ଼ ଴

௜ୀଵ
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where ݂݋ is the initial fluorescence reading at 0 min and ݂  ݅is the fluorescence reading at time i. The 

net A U C  corresponding to a sample was calculated by subtracting the A U C  corresponding to the blank. 

Regression equations between net A U C  and antioxidant concentration were calculated for all the 

samples. ORA C -FL  values were expressed as mmol of Trolox equivalents per 100 grams of food matrix 

by using the standard curve calculated for each assay. 

3.2.3.10.2. FRA P  method 

The reducing ability of samples by single electron transfer was determined by the ferric reducing ability 

of plasma (FRA P ) assay (B enzie & Strain, 1996). In brief, 3 ml of freshly prepared FRA P  reagent (300 

mM  acetate buffer pI  3.6, 10 mM  TP TZ in 40 mM  I C l and 20 mM  FeC l3 at a ratio of 10:1:1) were added 

to 0.1 ml of each resolubilized pellet. A fter exactly 8 min, the absorbance was read at 593 nm. A scorbic 

acid (vitamin C ) solutions ranging from 0.58 to 150 mg/ml were used to create a calibration curve. The 

results were expressed as milligrams of vitamin C  equivalent antioxidant activity (V C 9A C ) per 100 

grams of food matrix. 

3.2.3.11.  Statistical assays 

P olyphenol extraction in the matrices and in vitro digestion fractions were performed in triplicate. A C  

quantification, polyphenols quantification analyses and both antioxidant assays were performed in all 

the extracted samples (n=3) while proanthocyanidin analysis were performed in only one of the 

extracts (n=1). Results were expressed in means ± standard deviation (S5). C orrelations were 

established by P earson regression analysis at a 95% significance level. C omparison of polyphenols’ 

bioaccessibilities/recoveries between the different matrices and steps of digestion were studied by a 

post one-way A NOV A  Tukey’s test at α= 0.01. A ll statistical analyses were performed using the 

GraphP ad P rism 6.0 software (GraphP ad Software, San 5iego, C A ).  
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3.2.4. R9SU LTS   

3.2.4.1. 9valuation of the food matrix effect on the stab ility and solub ility of phenolic 

compounds during in vitro digestion 

The first part of the study was focused on the evaluation of the food matrix effect on the stability and 

solubility of phenolic compounds during the different phases of in vitro digestion. In order to achieve 

this goal, the quantification of total phenolic content and of the two most abundant groups of 

polyphenols present in the G9 used in the study, namely A C  and proanthocyanidins (Table 17), was 

carried out in the soluble and insoluble fractions of the oral, gastric and intestinal phases of in vitro 

digestion. It must be underline that the quantified polyphenols only constituted the 10% of the grape 

extract.  

3.2.4.1.1. A C   

The results reported in figure 32 show that, when digested in the absence of any food matrix, A C  

stability was not affected by the oral nor the gastric phases of digestion (total A C  recoveries in these 

phases were 96 and 101 %, respectively). In addition, most A C  remained soluble, as indicated by the 

small proportion (around 10%) recovered in the pellet/insoluble fraction. On the other hand, the 

transition from the acid gastric phase to the neutral/basic intestinal phase produced big changes in A C  

stability and solubility: after 2h of digestion only 55 % of total A C  could be detected: 30% bioaccessible 

and 25 % in the insoluble fraction. 

In custard dessert and milkshake, the presence of the food matrix did not greatly affect A C  stability 

and solubility with respect to the control solution. The main differences were found in the oral phase, 

where the percentage of insoluble A C  was higher (24 and 30% in custard and milkshake, respectively, 

vs the 12% in the control), and in the intestinal phase, where the percentage of soluble A C  was 

significantly higher (39 and 47% in custard and milkshake, respectively, vs 30% in the control). A mong 

the two liquid matrices, milkshake presented slightly higher values of total recovery during the whole 

digestion.  

On the other hand, A C  included into the pancake and omelet did behave differently from those of the 

control solution and the liquid food matrices. 5uring the oral phase, a very high proportion of A C  

remained insoluble (70 and 82% in pancake and omelet, respectively). The release of A C  occurred 

during the subsequent gastric phase. A t the end of it, around 60% of A C  were already soluble. 

Surprisingly, the final incubation with pancreatic solution did not have any significant effect (p<0.01) 

and total A C  content remained constant in both matrices with respect to the previous gastric phase. 

In addition, the proportion of soluble/insoluble A C  did not change after the 2h of intestinal digestion. 
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A mong the two solid matrices, omelet presented slightly higher values of total recovery than pancake 

during the whole digestion.  

 

 

 

 

 

 

 

Figure 32. 9volution of A C  recovery in the soluble (Sol)(□) and insoluble (Insol.)(n) fractions during in vitro oral (Or), gastric 
(Gs) and intestinal (Int) digestion of the control solution and G9- enriched matrices. 5ata are means ± S5 (n=3). Significant 
differences between matrices for the same step of digestion and fraction are denoted by different letters superscripts after 
one-way A NOV A  and Tukey’ test at p<0.01 .  
 

3.2.4.1.2. P roanthocyanidins 

A s shown in Fig. 33, proanthocyanidin stability and solubility during the digestion of the control 

solution was similar to that of A C , particularly during the oral and gastric steps of digestion. 5uring 

these phases, no proanthocyanidins were degraded (total recovery values were over 100% in both 

cases) and, except for a small proportion of proanthocyanidins that precipitated during the gastric 

phase, most of them remained soluble (88% and 77 % in the oral and gastric steps, respectively). 5uring 

the intestinal phase, although the degradation of proanthocyanidins was less pronounced than that of 

A C  (83% were recovered), most of them were recovered in the insoluble fraction at the end of digestion 

(57%). Finally, m5P  analyses showed that proanthocyanidin m5P  was always higher in the insoluble 

fraction than in the soluble ones and the m5P  of both fractions was much lower after the final step of 

digestion.  

The inclusion of the G9 in the custard dessert and milkshake did not affect proanthocyanidin stability 

during digestion, as indicated by the total recovery values obtained at the end of the whole digestion 

process (95% and 117%, respectively). I owever, it considerably affected their solubility during the oral 

and gastric phases; contrary to the control solution, most proanthocyanidins remained insoluble at the 

end of both steps of digestion whereas the highest solubility values were obtained at the end of the 

intestinal phase. In particular, while only 25% and 33% of proanthocyanidins were soluble in custard 
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and milkshake, respectively, their solubility increased during the intestinal digestion, up to 60% and 

83%, respectively. The exact opposite behavior was observed for the control solution, in which 

proanthocyanidin solubility was 88% and 26% at the end of the oral and intestinal phases, respectively. 

In terms of m5P , the tendency observed in these matrices was the same than in the control solution. 

A ctually, their degree of depolymerization at the end of digestion was almost identical to that of the 

control solution: 1.1 for the soluble fractions and around 3.5 for the insoluble ones. 

In omelet and pancake, proanthocyanidins behave in a similar way than in the liquid matrices, i.e. their 

solubility increased along digestion. I owever, the proportion of insoluble proanthocyanidins was 

much higher. In fact, except during the intestinal digestion of the omelet, where a significant 

proportion of proanthocyanidins were resolubilized into the liquid phase (47%), proanthocyanidin 

solubility never exceeded 18%. Regarding stability, despite the low recoveries found during the oral 

and gastric phases, all proanthocyanidins were recovered at the end of digestion in omelet (101%). In 

pancake, on the other hand, a small proportion of them seemed to have been degraded or irreversibly 

absorbed (total recovery after digestion was 77%). In terms of degree of polymerization, the m5P  

values were higher in the insoluble fraction. I owever, the m5P  values found in the solid matrices were 

generally lower than those of the control solution and liquid food matrices, particularly during the oral 

and gastric phases. 

 

 

 

 

 

 

 

Fig. 33. 9volution of proanthocyanidin recovery and their mean degree of polymerization (m5P ) in the soluble (Sol.)(□) and 
insoluble (Insol.)(n) fractions during in vitro oral (Or), gastric (Gs) and intestinal (Int) digestion of the control solution and G9- 
enriched matrices. m5P  of proanthocyanidins are displayed in bold. 
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3.2.4.1.3.  Total phenolics 

The evolution of the total phenolic recoveries in the soluble and insoluble fractions of the control and 

G9- enriched matrices during in vitro digestion is presented in figure. 34. In the control solution, 

phenolic compounds remained stable during digestion as indicated by the high recovery rates, close 

to 100% or higher. Regarding solubility, most phenolics remained soluble during the oral and gastric 

phases (87% and 80%, respectively). On the contrary, most of them precipitated during the final 

intestinal phase of digestion (75%).  

In custard and milkshake, although phenolic solubility had the same tendency than in the control 

solution, i.e. decreasing during the course of digestion, a large proportion of phenolic compounds 

remained insoluble (from 34% to 75%). 9xcept for the intestinal phase of the custard dessert where 

total phenolic recovery was close to 100%, total phenolic recoveries were around 10% to 30% smaller 

in these liquid matrices than in the control solution. In pancake and omelet, although some soluble 

phenolic compounds were progressively released from the solid matrices during digestion, most of the 

phenolic compounds remained mainly insoluble all along digestion. Regarding stability, it can be 

noticed that omelet presented the highest total phenolic recoveries compared to the other food 

matrices.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 34. 9volution of total phenolic recovery in the soluble (Sol)(□) and insoluble (Insol.)(n) fractions during in vitro oral (Or), 
gastric (Gs) and intestinal (Int) digestion of the control solution and G9- enriched matrices. 5ata are means ± S5 (n=3). 
Significant differences between matrices for the same step of digestion and fraction are denoted by different letters 
superscripts after one-way A NOV A  and Tukey’ test at p<0.01 .  
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3.2.4.2. 9valuation of the food matrix effect on the antioxidant activity during in vitro 

digestion 

The second part of the study was focused on the evaluation of the food matrix effect on the antioxidant 

activity of the enriched egg and dairy products during digestion. In order to get information about the 

two main antioxidant mechanisms of polyphenols, the antioxidant activity of the samples was 

measured by the ORA C  and FRA P  methods. W hile the ORA C  method measures the antioxidant ability 

to quench free radicals by hydrogen atom transfer, the FRA P  method is based on single electron 

transfer mechanism. 

3.2.4.2.1.  FRA P   

A s presented in figure 35A , the antioxidant activity of the control solution and the G9-enriched 

matrices was not strongly affected during digestion when measured by the FRA P  method. 9xcept for 

the intestinal digestion of the omelet, where the antioxidant activity increased until almost double the 

initial antioxidant value (187%), in the rest of the matrices it remained constant and very close to their 

initial antioxidant activity. A t the end of the whole digestion process, the remaining antioxidant activity 

was 91%, 112%, 113% and 125% in the control, custard dessert, milkshake and pancake, respectively.  

The correlations between on the one hand the FRA P  antioxidant activity, and on the other hand total 

phenolic content (0.910; p<0.0001), A C  content (0.987; p<0.0001) and proanthocyanidin content 

(0.981; p<0.0001), were very high and similar. Thus, in the control solution and liquid food matrices, 

most of the antioxidant activity was measured in the soluble fractions, especially during the oral and 

gastric phases of digestion. On the contrary, in the solid matrices, the main contribution to the total 

antioxidant activity was provided by the insoluble fractions.  

3.2.4.2.2.  ORA C  

A s it can be seen in figure 35B , during the oral and gastric phases of digestion, the antioxidant activity 

of the control and enriched matrices measured by the ORA C  method was quite similar to those 

measured by the FRA P  method, and close to 100%. Only after the gastric digestion of the liquid 

matrices, the total antioxidant activities were slightly higher than those measured by the FRA P  method 

(135% vs 97.9% for the custard dessert, and 128% vs 111% for the milkshake). On the contrary, the 

intestinal phase of digestion dramatically increased (2 to 3-fold) the initial antioxidant activity of all 

samples, up to 269% in control solution, 225% in custard, 251% in milkshake, 254% in pancake, and 

333% in omelet.  
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W hen measured by ORA C , the correlations of the antioxidant activity with the different polyphenols 

classes were slightly smaller for A C  (0.771; p<0.0001) and proanthocyanidins (0.811; p<0.0001) than 

for total phenolic content (0.912; p<0.0001). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 35. 9volution of the initial antioxidant activity measured by the FRA P  (A ) and the ORA C  (B ) in the soluble (Sol.)(□) and 
insoluble (Insol.)(n) fractions during in vitro oral (Or), gastric (Gs) and intestinal (Int) digestion of the control solution and G9- 
enriched matrices. 5ata are means ± S5 (n=3). Significant differences between matrices for the same step of digestion and 
fraction are denoted by different letters superscripts after one-way A NOV A  and Tukey’ test at p<0.01  

 
 

3.2.5. 5ISC U S SION  

 In the present study, four dairy and egg products enriched with grape extracts were submitted to in 

vitro digestion to determine the food matrix effect on their antioxidant activity and on A C , 

proanthocyanidin and total phenolic bioaccessibility. Since some polyphenols from the G9 such as A C  

could be efficiently absorbed across the oral and gastric mucosa (Talavéra et al., 2003; Talavéra et al., 

2004), a recently standardized model comprising the three phases of digestion (oral, gastric and 

intestinal) was used. A t the end of each digestion step, two fractions were collected and analyzed 

separately: the soluble fraction and the insoluble one. The soluble fraction would be the one that could 

be available for absorption into the systemic circulation after active or passive transport through the 

digestive tract i.e. bioaccessible. On the contrary, the insoluble fraction would comprise the non 

bioaccessible compounds that would reach the successive compartment of digestion (or large intestine 

at the end of the intestinal phase). 5espite dialysis membranes have been widely used to separate 

such fractions, many factors can actually interfere during dialysis, thus leading to non-reliable results 

(B ermúdez-Soto et al., 2007). I ence, in the present study, separation was finally done by a 

centrifugation step. Finally, it must be stressed that, since the total phenolic quantification is based on 

0

40

80

120

160

200

Or Gs
C ontrol

Int Or Gs
C ustard

Int Or Gs
M ilkshake

Int Or Gs
P ancake

Int Or Gs
Omelet

Int

%
 o

f i
ni

tia
l a

nt
io

xi
da

nt
 c

ap
ac

ity
 

0

100

200

300

400

Or Gs
C ontrol

Int Or Gs
C ustard

Int Or Gs
M ilkshake

Int Or Gs
P ancake

Int Or Gs
Omelet

Int
%

 o
f i

ni
tia

l  
an

tio
xid

an
t c

ap
ac

ity
 A  B  

Sol. 
Insol. 
Total 

98
a 

12
c 

111
a 

94
a 

19
c 

112
a 

49
b 

41
c 

90
c 

59
b 

42
b 

101
a 

69
b 

29
bc 

98
a 

49
b 

63
b 

112
bc 

60
b 

43
b 

103
a 

78
b 

32
b 

111
a 

52
b 

62
b 

113
bc 

20
c 

79
a 

99
a 

45
c 

60
a 

104
a 

59
b 

66
b 

125
bc 

20
c 

87
a 

107
a 

41
c 

64
a 

105
a 

70
a 

117
a 

187
a 

Sol. 
Insol. 
Total 

95
a 

10
d 

105
b 

105
a 

9
c 

114
a 

97
d 

172
a 

269
b 

61
b 

36
c 

97
b 

98
a 

37
ab 

98
a 

157
bc 

67
c 

225
b 

54
c 

47
c 

101
b 

109
a 

19
bc 

128
a 

167
b 

64
c 

231
b 

23
d 

83
b 

107
b 

64
b 

47
a 

110
a 

133
c 

100
b 

234
b 

27
d 

101
a 

128
a 

63
b 

55
a 

117
a 

204
a 

149
a 

353
a 



 118 C hapter 3: In vitro digestion of dairy and egg products enriched with grape extracts: 9ffect of the food 
matrix on polyphenol bioaccessibility and antioxidant capacity 

the oxidation of phenol groups rather than in a molecular quantification of them, phenolic 

bioaccessibility here measured is more related to phenol activity than to phenol molecular 

concentration. 

3.2.5.1. In the ab sence of food matrix, polyphenols are stab le and mainly solub le during 

oral and gastric digestion, b ut undergo degradation and precipitation during the 

intestinal phase 

In order to discriminate the food matrix effect from the in vitro digestion effect, the latter was 

independently studied by submitting a water solution of the G9 (control solution) to the in vitro 

digestion procedure. The results obtained, which were in line with those of other authors, showed that 

most polyphenols remained stable and soluble during the oral and gastric steps of digestion. B y 

contrast, many of them were extensively modified and/or precipitated during the intestinal step of 

digestion. 

5uring the oral phase, it is very likely that most polyphenols precipitated due to the ability of proteins 

to interact and form insoluble aggregates with them, especially the high-molecular-weight 

proanthocyanidins (Sarni-M anchado, C heynier, & M outounet, 1999). A t this step of digestion, since 

any salivary proline-rich proteins were added, the most abundant protein was the added α-amylase. A  

previous study performed with extracts from the same source (V itis vinifera) and at the same pI  (7), 

proved the formation of insoluble aggregates between α- amylases and proanthocyanidins (Gonçalves, 

M ateus, & de Freitas, 2011). Similarly, the interaction of polyphenols with gastric and intestinal 

enzymes has been previously described (Gu, I urst, Stuart, & Lambert, 2011; I e, Lv, & Yao, 2007). In 

terms of stability, the high polyphenol recoveries found in the control solution after the oral step can 

be explained by the fact that, although many polyphenols of the G9 such as proanthocyanidins, 

flavonoids or A C  are not stable under neutral and/or basic pI  conditions (Tagliazucchi et al., 2010; Kay 

et al., 2009), their degradation is usually a time-depending process and the oral step lasted only 2 min. 

5uring the gastric step, the well-known high stability of polyphenols against degradation under the 

acidic gastric media (G. J. M c5ougall et al., 2005; Tagliazucchi et al., 2010) maintained A C , 

proanthocyanidin and total phenolic recovery practically unaltered. Finally, the degradation of A C  as 

well as the degradation and precipitation of proanthocyanidins during intestinal digestion is also in line 

with previously published studies (Serra et al., 2010; Fernández & Labra, 2013; Gordon J. M c5ougall, 

5obson, Smith, B lake, & Stewart, 2005; P odsędek et al., 2014). The decrease observed on 

proanthocyanidin m5P  during the intestinal phase of digestion was likely caused by oxidation reactions 

(which are favored at higher pI  values) rather than to depolymerization ones, which usually take place 

under acidic conditions. Indeed, the formation of acid-resistant inter and intramolecular bonds during 
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oxidation leads to lower proanthocyanidins recovery and errors in the estimation of their m5P  by 

phloroglucinolysis (P oncet-Legrand et al., 2010). 

In terms of antioxidant activity, the very large increase of the radical scavenger capacity measured by 

ORA C  during the intestinal phase seems to be caused by the formation of new oxidation products with 

a higher antioxidant activity than that of their precursors. A nother reason could be the unmasking of 

a previously sterically impeded pool of hydroxyl radicals as a consequence of conformational changes 

undergone by polyphenols. In any case, the antioxidant activity of polyphenols is a complex 

phenomenon that relies on many other factors such as the assay performed or the solubility of 

polyphenols (P lumb, 5e P ascual-Teresa, Santos-B uelga, C heynier, & W illiamson, 1998; 5angles, 2012). 

Finally, although ORA C  only measures antioxidant activity mediated by hydrogen transfer, it is very 

likely that these derived products could also quench radicals by single electron transfer since, in 

general, deprotonation increases the electron-donating capacity of polyphenols (P rior, W u, & Schaich, 

2005).  

3.2.5.2. In the G9-enriched foods, the composition and structure of the matrix, and the 

class of polyphenols govern polyphenol stab ility and b ioaccessibility  

In the liquid matrices (custard dessert and milkshake), due to their immediately solubilization into the 

digestive fluids, the only parameter affecting polyphenol stability and solubility during the different 

phase of digestion was the matrix composition, i.e., the interactions of polyphenols with the food 

matrix components. M any of the ingredients of our matrices, such as casein, lactose, starch or fructose 

have already proven to decrease phenolic bioaccessibility during in vitro gastric and intestinal 

digestion. (Sengul, Surek, & Nilufer-9rdil, 2014). In pancake and omelet, in addition to the composition, 

an extra parameter influenced the release and solubilization of polyphenols during digestion: the solid 

structure of the matrices. A s a result, in pancake and omelet most A C , proanthocyanidins and total 

phenolics were recovered in the insoluble fraction during the oral and gastric phases. It is interesting 

to stress that the presence of the food matrix, far from being and impediment for A C  stability and 

solubility during the intestinal phase, actually protected A C  from degradation, especially in omelet and 

pancake.  

Total recovery rates of both A C  and proanthocyanidins presented similar values. I owever, the capacity 

of proanthocyanidins to interact with other food components and form insoluble aggregates during 

the oral and gastric phases of digestion was much higher than that of A C . In addition, not only during 

the digestion of the G9-enriched matrices but also during the digestion of the control solution, the 

m5P  of the insoluble proanthocyanidins was always higher than that of the soluble ones. This indicates 

that long-chain proanthocyanidins are more prone than the smaller ones to interact and form insoluble 
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complexes with macromolecules such as proteins (Sarni-M anchado et al., 1999) and plant cell wall 

material (Le B ourvellec, Guyot, & Renard, 2004). A s the result of these two factors, as it can be seen in 

Fig. 32, 33 and 34, the quantities and the proportion of each polyphenol that were bioaccessible or not 

varied greatly from one matrix to another during the different phases of digestion.  

3.2.5.3. The four G9-enriched dairy and egg matrices delivered similar proportions of 

b ioaccessible polyphenols than the control solution at the end of digestion and did not 

affect the antioxidant activity  

Since monomeric and low molecular weight polyphenols are primarily absorbed in the upper small 

intestine and most of the higher molecular-weight polymers such as proanthocyanidins are usually 

absorbed in the large intestine after b eing metabolized by the colonic microbiota, it would be more 

suitable and relevant to do the comparison of the matrices among themselves and with respect to the 

control solution at the end of the intestinal digestion. A s mentioned above, the polyphenols that 

remained soluble at the end of this step would be the ones that could be absorbed by the small 

intestine and those that remained insoluble would be the ones to reach the large intestine for colonic 

fermentation. Thus, it can be concluded that the four enriched dairy and egg products tested in our 

study could deliver similar proportions of soluble and insoluble phenolics at the end of the intestinal 

digestion than the control solution. A mong the different matrices, omelet presented the highest 

recovery values. A lthough the assessment of bioactivity requires relevant assays and cannot be 

predicted in any way from bioaccessibility assays, the results here obtained look promising since some 

clinical studies have already proven the beneficial effects of the G9 used in our study (9minol®). In 

particular, a study performed by Yubero et al., (2012), proved that the ingestion of 700mg of 

encapsulated 9minol® significantly lowered the plasmatic L5L-cholesterol and oxidation levels in 

healthy volunteers. Since the capsules of the study were degraded in the stomach, the behavior and 

quantities of polyphenols liberated during digestion of the 9minol should have been equivalent to that 

of the control solution of our study. These quantities could be easily delivered by the matrices here 

studied.  

A s mentioned in the results section, the inclusion of the G9 in the different matrices did not affect its 

antioxidant activity, which remained unaltered during the oral and gastric phases and greatly increased 

during the intestinal phase, especially in the omelet. The results obtained are in line with those of 

Oliveira & P intado, (2015) in which, the radical scavenging capacity of strawberry and peach enriched 

yoghurts increased by 480 and 550% respectively during the intestinal phase of in vitro digestion. 

A lthough according to the latest clinical trials performed to test the benefits of dietary antioxidants, 

the relationship between the antioxidant capacity of foods or their products of digestion (especially if 

measured in vitro) and its beneficial effect on humans after ingestion cannot be establish, it seems 
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quite probable that the G9-enriched matrices could effectively exert some beneficial effects in the 

gastrointestinal lumen before absorption such as the protection of other food components (such as 

polyunsaturated fatty acids) and/or intestinal cells from oxidative stress.  

3.2.6. C ONC L U SION 

In conclusion, the inclusion of the G9 into the different egg and dairy food matrices greatly impacted 

the release and solubility of A C  and proanthocyanidins during digestion, especially in the solid food 

matrices and during the oral and gastric phases of digestion. A lso the presence of the food matrices 

protected A C  from degradation during the intestinal phase. I owever, if the total phenolic content is 

considered at the end of the whole digestion process, the proportion of soluble and insoluble phenolics 

delivered by the enriched-matrices was quite similar among them and with respect to the control 

solution. On the other hand, the food matrix effect did not affect the antioxidant activity of the 

matrices, which remained constant during the oral and gastric phases but greatly increased during the 

intestinal phase of digestion. A mong them, omelet presented higher total phenolic and antioxidant 

activity recoveries. A lthough most assays should be done in order to check their bioactivity, the 

fortification of dairy and eggs products with G9 seems a feasible strategy to develop polyphenol-

enriched foods.  
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3.3. TI 9 FOO5 M A TRIX A FF9C TS  TI 9 A NTI OC YA NIN P ROFIL9 OF FORTIFI95 9GG A N5 

5A IRY M A TRIC 9S  5U RING P ROC 9S SING A N5 IN V ITRO 5IG9STION  

3.3.1. A B STRA C T 

The aim of the present study was to understand to what extent the inclusion of A C  into dairy 

and egg matrices could affect their stability after processing and their release and solubility during 

digestion. For this purpose, individual and total A C  content of four different enriched matrices, namely 

custard dessert, milkshake, pancake and omelet, was determined after their manufacturing and during 

in vitro digestion. Results showed that A C  recovery after processing largely varied among matrices, 

mainly due to the treatments applied and the interactions developed with other food components. In 

terms of digestion, the present study showed that 1- the inclusion of A C  into food matrices could be 

an effective way to protect them against intestinal degradation. 2 – the incorporation of A C  into 

matrices with different compositions and structures could represent an interesting and effective 

method to control the delivery of A C  within the different compartments of the digestive tract.  

 

Keywords: A C ; processing; food matrix; in vitro digestion; bioaccessibility. 
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3.3.2. INTRO5U C TION 

A C  are a very large group of natural pigments that belongs to the flavonoid subclass of polyphenols. 

Interest in A C  has progressively increased during the last two decades due to their beneficial health 

effects. Ingestion of A C  and A C -rich foods is associated with a lower risk of hypertension and type 2 

diabetes mellitus (T25M ) (M uraki et al., 2013; C assidy et al., 2011; W edick et al., 2012); it is also directly 

correlated with decrease in central systolic blood pressure (Jennings et al., 2012), lower peripheral 

insulin resistance (Jennings, W elch, Spector, M acgregor, & C assidy, 2014) and the improvement of the 

lipid blood profile by increasing I 5L-cholesterol and decreasing L5L-cholesterol (Q in et al., 2009; Y. 

Zhu et al., 2011). 5ue to these myriad of healthy effects, A C -rich foods have been suggested as 

potential effective candidates in preventing metabolic disorders such as M S, a risk factor for 

cardiovascular disease and mortality that affects nearly one-fourth of the developed world’s 

population (C huang & M cIntosh, 2011). 

The average daily intake of A C  in some 9uropean countries, the U nited States or C hina (W u et al., 2006; 

Zamora-Ros et al., 2011; Knaze et al., 2012; Li et al., 2013) could be sufficient to exert some beneficial 

effects according to some epidemiological studies which establish that 22.3 mg of A C /day lower the 

risk of T25M  (W edick, et al., 2012). I owever, most of the b eneficial effects observed during human 

intervention studies were measured after ingestion of much higher amounts of A C , from 50 to 320 

mg/day (Guo & Ling, 2015). In addition, dietary habits and choices, geographical situation, purchasing 

power or age group have a great impact on A C  consumption. A s a result, many groups of population 

could actually be ingesting insufficient amounts of A C . A s many of these factors are not easy to 

overcome, the fortification of highly consumed and well-accepted food matrices with A C  represents a 

good strategy in order to increase or complete A C  consumption to their effective dose.  

Grape extracts (G9), a by–product resulting from juice and wine making process, are very promising 

ingredients for this purpose. They are natural, inexpensive, can be obtained in considerable quantities 

and represent a very good source of A C  and other polyphenols (A ntoniolli, Fontana, P iccoli, & B ottini, 

2015; Katalinić et al., 2010). On the other hand, dairy and egg products are excellent foods to be 

fortified: they have natural and great nutritional properties, are accepted worldwide by all age groups, 

can be eaten on a daily basis and exist under a great variety of forms and structures. 

I owever, the structure and composition of the food matrix may either enhance or prevent the release 

and solubilization of A C  during digestion and hence their bioavailability and effectiveness. Then, the 

study of the interactions between the food matrix and A C  is of vital importance during the 

development of potential effective enriched-foods. The effect of the co-digestion of A C  with different 
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food components, matrices or diets has been proved to affect their bioaccessibility (Ribnicky et al., 

2014; Sengul et al., 2014; Gordon J. M c5ougall et al., 2005). The release from liquid or solid food 

matrices has been also studied but mainly in naturally enriched matrices like fruits and juices 

(Tagliazucchi, V erzelloni, & C onte, 2012; Tagliazucchi et al., 2010). I owever, the inclusion, release and 

solubilization of A C  into and from non-natural food matrices have been scarcely studied to date.  

The objective of the present study was to understand to what extent the inclusion of A C  into dairy and 

egg matrices could affect their stability after processing and their release and solubility during in vitro 

digestion. For this purpose, a control (a solution of A C  in water) and four matrices enriched with A C  

were submitted to in vitro digestion. The four food matrices studied were milkshake, custard dessert, 

omelet and pancake; they were all produced under industrial conditions. Identification and 

quantification of total and individual A C  were made by mass spectrometry. The effect of processing 

and oral, gastric and intestinal digestion on total and individual A C  was determined.  

3.3.3. M A T9RIA L S  A N5 M 9TI O5S  

3.3.3.1. C hemicals 

Type V I-B  α-amylase from porcine pancreas, pepsin form porcine gastric mucosa, porcine bile extract, 

pancreatin from porcine pancreas 8xU SP , potato starch, 3,5 dinitrosalicylic acid, 5(+) maltose 

monohydrate from potato, bovine blood hemoglobin, N-p-tosyl-L-arginine methyl ester hydrochloride 

(TA M 9) and N-benzozyl-L-tyrosine ethyl ester (B T99) were supplied by Sigma A ldrich (St Louis, M O, 

U S A ). M alvidin 3-O-glucoside was purchased from 9xtrasynthese (Lyon, France). B ile salts 

quantification was performed using a 5iaSys commercial kit (C at. No. 1 2212 99 90 313). 

3.3.3.2. A C -rich extract 

The A C -rich extract used to fortify the food matrices was obtained from grape pomace. The extract, 

registered as 9minol®, was obtained by means of a patented extraction system developed by Grupo 

M atarromera (9S 2 309 032). The extract comes 100% from red grapes (Tempranillo variety, V itis 

vinifera) harvested from vineyards located in the Ribera de 5uero 5esignation of Origin, in C astilla y 

León (Spain). 

Identification of individual A C  in 9minol® was determined by analyzing an aqueous solution of the 

extract at 40 mg/mL on a Grace/V ydac 201TP  C 18 column (250 x 4.6 mm i.d., 5 µm) connected to an 

A gilent 1100 I P L C  system provided with a photo diode array detector (A gilent technologies, M assy, 

France). 9lution was performed according to Sanza et al., (2004) with slight modifications. The 

chromatographic conditions were: 30°C ; 20 µl injection volume; 0.5 mL/min flow-rate; eluent A  was 

methanol; eluent B  was methanol/water/formic acid (45/45/10, v/v), and eluent C  was formic 
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acid/water (15/85, v/v). Zero-time conditions were A /B /C  (0/25/75); at 25 min the pump was adjusted 

to A /B /C  (0/80/20) and kept as such for 10 min; at 38–43 min the conditions were A /B /C  (100/0/0). A t 

45 min the initial conditions were reached again and maintained during 15 min before next injection. 

A bsorbance was measured at both 280 and 528 nm. The chromatographic system was fitted to a 

Q STA R XL mass spectrometer (M 5S SC I9X, Toronto, C anada) equipped with an electrospray ionisation 

source (9SI) (P roxeon B iosystems A /S, Odense, 5enmark). The mass spectrometer was operated in 

positive mode at 5000 V  and data collected in full scan mode in the mass range of 400 to 700 m/z. 

Instrument was calibrated by multipoint calibration using fragment ions that resulted from the 

collision-induced decomposition of a peptide from β-casein, β-C N (193–209). W hile A C  identification 

was based on the obtained mass measurements, quantification of single A C  - calculated as malvidin-3-

O-glucoside equivalents (M 3OG9) - was achieved by measurement of each peak area at 528nm and an 

external calibration curve. 

3.3.3.3. 9nriched food matrices 

Two liquid (milkshake and custard dessert) and two solid (pancake and omelet) A C -enriched food 

matrices were produced and supplied by A 59XGO Ltd (B alatonfüred, I ungary). M ilkshake was 

provided as a packed-powder that had to be rehydrated in water before use. C ustard dessert was 

provided as a combined product in which the A C  extract was provided into an independent 

polyethylene bag and had to be added and mixed with a commercial custard dessert before use. A C -

enriched pancakes and omelets were provided frozen in modified atmosphere trays. The control 

solution was prepared by directly dissolving the A C -rich extract (provided into an independent 

polyethylene bag) in water at 40 mg/mL. Food matrices detailed composition and production flow-

charts are presented in figure 36. 
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Figure 36. P roduction flow-chart and composition in % (w/w) of the control solution and G9-enriched matrices. * Time of 
cooking for the first side of the pancake/omelet. ** Time of cooking for the second side of the pancake/omelet. *** Only milk 
quantity was expressed in the packaging of the commercial custard dessert.  
 

3.3.3.4. In vitro oro-gastro-intestinal digestion 

The control solution and the A C -enriched matrices were subjected to successive oral, gastric and 

intestinal digestion following a new standardized static model based on physiologically relevant 

conditions (M inekus, et al., 2014). This model was developed by the C OST action INFOG9ST (www.cost-

infogest.eu). 

B efore digestion, all the matrices were prepared/defrosted and enough quantity of each one was 

freeze dried for further A C  extraction and quantification. In addition, the enzymatic activities of 

individual enzymes and pancreatin, as well as the bile salt concentration in the porcine bile extract 

were determined following the protocols proposed by M inekus et al. (2014).  

C ustard dessert, milkshake and control solution were not subjected to mastication due to their liquid 

structure. For pancake and omelet, mastication was simulated by using a manual mincer (9ddington’s 

M incer P ro. P roduct code 86002, B erkshire, U K). Then, 25 g of the liquid or minced matrices were 

mixed with 17.5 ml of simulated salivary fluid electrolyte stock solution (SSF), 125 µl of 0.3 M  C aC l2, 

4.875 ml of water and 2.5 ml of α- amylase solution in SSF (1,500 U /mL), all of them pre-warmed at 

37°C . The mix was thoroughly shaken and incubated under stirring for 2 min at 37°C . Gastric digestion 

continued by the immediate addition to the oral bolus of 37.5 ml of simulated gastric fluid electrolyte 

stock solution (SGF), 25 µl of 0.3 M  C aC l2 and enough volume of 1 M  I C l to adjust the pI  to 3. A fter 

the addition of 10 ml of porcine pepsin solution diluted at 20,000 U /ml in SGF and distilled water to a 
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final volume of 100 ml, the mix was thoroughly shaken and incubated under stirring for 2 h at 37°C . A t 

the end of gastric digestion, intestinal digestion was mimicked by the addition of 55 ml of simulated 

intestinal fluid electrolyte stock solution (SIF), 200 µl of 0.3 M  C aC l2 and 12.5 ml of 160 mM  bile extract 

solution in SIF. A fter adjusting the pI  to 7 with 1 M  NaOI , 25 ml of a pancreatin solution made up in 

SIF (800 U /ml, based on trypsin activity) and distilled water to a final volume of 200 mL were added. 

The final mix was then digested under stirring for 2 h at 37°C . 

Instead of removing aliquots from the reaction vessel at the end of the oral, gastric or intestinal step, 

individual digestions were carried out for each phase of digestion. A lso, in order to ensure the stability 

of A C , the oral and intestinal samples were acidified to pI  2 right after their digestion. Finally, all 

digestions were immediately centrifuged at 21,000g and 5°C  for 20 min, and the supernatants and 

pellets collected, freeze dried and stored until further used for A C  extraction. 

3.3.3.5. A C  extraction 

9xtractions from the freeze dried digested fractions and matrices were performed in triplicate 

following the protocol developed by M ané et al., (2007). B riefly, 200 mg of powder were suspended in 

8 ml of methanol and stirred during 2 min. Then, 24 ml of an acetone/water/TFA  mixture (60/40/0.05 

v/v) were added and stirred during 1 h at room temperature. Finally, after a 15 min centrifugation step 

at 10,000g and room temperature, 1.5 ml of supernatant was taken from each sample and fully 

evaporated in a Savant SV C 200I  Speedvac concentrator (Thermo, NY,U SA ) .  

3.3.3.6. A C  identification and quantification  

 A C  identification and quantification in the matrices and in vitro digestion fractions were performed by 

RP -I P L C . A fter the dissolution of the freeze dried samples in I 2O/methanol/formic acid 

(75/11.25/13.75 v/v) and filtration through 0.2 µm cellulose filters (Sartorius ministart RC 4 17821), A C  

were separated on a Grace/V ydac 201TP  C 18 column (250 x 4.6 mm i.d., 5 µm) connected to a W aters 

e2695 separation module provided with a W aters e2489 U V /V isible detector (W aters Inc., M ilford, 

U S A ) following the chromatographic conditions described in section 2.2.1.1. Individual A C  were 

identified by comparison of the retention times to those of the 9minol® sample identified by mass 

spectrometry. Q uantification (calculated as mg of malvidin-3-O-glucoside equivalents (M 3OG9) /100g 

of food matrix) was carried out by means of an external calibration method and by measurement of 

each peak area. 

3.3.3.7. C alculations 

The proportion of total and individual A C  recovered in the matrices and control solution after 

manufacturing and/or preparation was calculated as follows:  
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ܴ݁ ݁ ݐݐሺ%ሻ=ሺܳݕݎݒ݁ܿ݋ ݎܽݐݔ ݐܿ݁  ݀ ܽ ݐݐܳ ݀݀ ݁݀⁄ ሻ×1-- 

where 1tt extrac ted  is the quantity of A C  (mg) extracted after manufacturing and/or preparation and 

1tt ad d ed  is the quantity of A C  (mg) added to the matrices (based on the quantity of A C  present in the 

9minol® G9). 

The proportion of A C  that were released from the food matrices/control and solubilized into the 

digestive fluids and the proportion of A C  that remained insoluble during the different phases of 

digestion were calculated as follows: 

ɣ݈݁ݑܾ݈݋ ሺ%ሻ=ሺܳݎ݊݁݌ݑݏ ݐݐ ݐܽܽ ݐ݊ ⁄݀ݐ݁ݏ݁݃݅݀ ݐݐܳ ሻ×1-- 

݈݈݁݁݌ ݐݐሺ%ሻ=ሺܳ ݈݁ݑܾ݈݋ݏܫ݊ ݐ ݀ ݐݐܳ ݅݃ ⁄݀ݐ݁ݏ݁ ሻ×1-- 
 
where ܳ ݎ݊݁݌ݑݏ ݐݐ ݐܽܽ is the quantity of A ݐ݊ C  (mg) in the supernatant at the end of the corresponding 

phase of digestion, ݈݈ܳ݁݁݌ ݐݐ is the quantity of A ݐ C  (mg) in the pellet at the end of the corresponding 

phase of digestion and ܳ ݀ ݐݐ ݅݃ ݐ݁ݏ݁  ݀is the quantity of A C  (mg) that was submitted to digestion (based 

on the A C  content of the matrices after manufacturing and/or preparation). Finally, total A C  recovery 

during the steps of digestion was calculated as follows: 

ݐܽܶ݋ ݎ݈݁   ሺ%ሻ ݈݁ݑܾ݈݋ݏܫ݊ +ሺ%ሻ ݈݁ݑܾ݈݋ɣ=ݕݎݒ݁ܿ݋

3.3.3.8. Statistical assays 

The combined effect of manufacturing and the different phases of in vitro digestion on A C  recovery 

and solubility was studied by a principal component analysis (P C A ). In order to test the reliability of 

running the P C A  on means instead of on the raw data, the absence of a repeatability effect in the 

measurements of each variable was verified by a one-way A NOV A  analysis (p>0.05). P C A  was then 

performed using the Facto-M ineR package of the R software (R C ore Team, 2013; Le, Josse, & I usson, 

2008). The variables were automatically standardized (mean centered and scaled) by the software to 

give them all the same importanceB Recoveries after processing and recoveries in the soluble and 

insoluble fractions after oral, gastric and intestinal digestion were defined as the active variables. Type 

of matrix was added as an illustrative factor. P C A  transformed the variables into a new set of 

independent variables called principal components (P C s) which were uncorrelated linear combinations 

of the original variables which allowed the representation of most of the information in the data by a 

2-5 graph. The comparison of A C  recoveries after manufacturing and during the different phases of 

digestion was studied by post one-way A NOV A  Tukey’s tests at α= 0.01 using the GraphP ad P rism 6.0 

software (GraphP ad Software, San 5iego, C A ).  
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3.3.4. R9SU LTS  A N5 5ISC U S SION 

3.3.4.1. G9 composition 

M ass spectrometry analyses performed in the control solution identified 12 A C , all of them 3-O 

monoglucosides. In decreasing order, the 3-O-glucosides of malvidin, petunidin, peonidin, delphinidin 

and cyanidin were the most abundant A C  of the G9. In fact, the 3-O-glucosides, including the 

methylpyranomalvidin, accounted for more than three fourths of the total A C  content (80.8%) of the 

extract. The remaining A C  were the 3-O-acetylglucosides of malvidin and peonidin, and the 3-O-

coumarylglucosides of malvidin, petunidin, delphinidin and peonidin. Identified A C  accounted for 94.4 

% of the total A C  content. A lthough some other minor peaks were detected at 528 nm, they could not 

be identified as A C . A  RP -I P L C  chromatogram of the 9minol® G9 with the corresponding peak 

assignments, retention times, m/z values and relative amount of the identified A C  is shown in figure 

37.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37. RP -I P L C  chromatogram of an 9minol sample at T=0 with the corresponding peak assignments, abbreviations, 
retention times, mass spectral data and relative amount of the identified A C . 

P eak A nthocyanin A b breviation RT m/z (+ve) Relative amount 
1 5elphinidin 3-O-glucoside 5el-3G 6.45 465.0 10.05 
2 C yanidin 3-O-glucoside C yn-3G 7.49 449.0 9.52 
3 P etunidin 3-O-glucoside P et-3G 8.34 479.0 12.39 
4 P eonidin 3-O-glucoside P eo-3G 10.07 463.0 10.24 
5 M alvidin 3-O-glucoside M al-3G 10.93 493.0 36.54 
6 M ethylpyranomalvidin 3-O-glucoside M pm-3G 16.25 531.0 2.02 
7 P eonidin 3-O-acetylglucoside P eo-3A G 18.84 505.1 0.65 
8 5elphinidin 3-O-coumarylglucoside 5el-3C G 19.18 611.1 1.04 
9 M alvidin 3-O-acetylglucoside M al-3A G 19.59 535.1 5.83 
10 P etunidin 3-O-coumarylglucoside P et-3C G 22.79 625.1 1.10 
11 P eonidin 3-O-coumarylglucoside P eo-3C G 25.50 609.1 0.69 
12 M alvidin 3-O-coumarylglucoside M al-3C G 25.79 639.1 4.37 
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3.3.4.2. P C A  analysis highlights a strong matrix effect on A C  stab ility and solub ility 
during processing and digestion 

The graph of the P C A  variables on the first two dimensions is shown in figure 38A . The plane defined 

by the first two P C s explained 92.0% of the variability of the dataset. P C 1 explained 63.7% of the 

variability; it was strongly correlated to A C  recoveries after manufacturing (0.84) and A C  recoveries 

after oral (0.97 and -0.97 for the soluble and insoluble fractions, respectively) and gastric digestion 

(0.93 and -0.94 for the soluble and insoluble fractions, respectively). P C 2 explained 28.2% of the 

variability; it was strongly correlated to A C  recoveries after intestinal digestion (0.95 and 0.88 for the 

soluble and insoluble fractions, respectively). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 38. (A ) P rojection of variables onto the plane defined by the first two principal components (P C s) of principal 
component analysis (P C A ). The coordinates of each variable are the correlation coefficients with the two first P C s: the closer 
the arrow to the circle, the better the representation of the variable. The smallest the angle between the direction of two 
variables, the highest the correlation between them. (B ) P C A  map of individual A C  projected on the 25 plane defined by P C 1 
and P C 2. The type of matrix in which A C  were included into is indicated by different geometrical forms: control solution 
(empty diamonds), milkshake (full squares), custard dessert (empty stars), pancake (empty triangles) and omelet (full circles). 
Individual A C  are numbered following figure 38 assignments. A dditionally, total A C  values are represented by an asterisk (*)  

 
A s highlighted in figure 38B , the distribution of the projected A C  into the 25 plane defined by P C s 1 

and 2 could be easily divided into 5 different clusters, each one comprising all the individual A C  from a 

same matrix. In other words, A C  recovery and bioaccessibility during processing and in vitro digestion 

were highly influenced by the type of matrix in which they were included in. In omelet and pancake, 

situated on the left hand-side of the P C A  map of individuals by the P C 1, A C  recoveries in the soluble 

fractions after processing and bioaccessibilities after oral and gastric phase of digestion were 

significantly lower than the overall mean, especially in omelet. On the other hand, in milkshake and 
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custard which almost overlapped, and in the control solution, A C  recoveries in the soluble fractions 

were clearly over the overall mean. Finally, regardless of the matrix type, the 3-O-coumaryglucosides 

presented much lower stabilities after the intestinal digestion than the rest of A C . In order to better 

understand and discuss the results obtained by the P C A , the effect of processing and in vitro digestion 

were analyzed separately. 

3.3.4.3. P rocessing effect  

In order to evaluate the potential effect of manufacturing and/or preparation processes on A C  stability, 

total and individual A C  recoveries were calculated in the ready-to-eat products. Results, expressed as 

recovery percentages, are summarized in figure 39 and table 1 of the supplementary data.  

In custard dessert and milkshake, although total A C  recoveries were very high (96.6% and 91.1% 

respectively), only that of the custard dessert was not significantly different from that of the control 

solution. Since these matrices were not thermally processed, the small losses observed seem to be 

caused by the interaction of A C  with the food components. These interactions could have produced 

the formation of insoluble aggregates, the masking of the A C  chromophore or even A C  degradation.  

 

In pancake and omelet, although the times and temperatures applied during manufacturing were 

almost identical (Figure. 36), total A C  recovery was more than 2-fold higher in pancake than in omelet 

(74.5% vs.31.4%). A lthough part of this big difference could be related to a lower protection of A C  by 

the omelet during heat treatment, the incomplete extraction of A C  b ecause of their interaction with 

other components seems to be the main reason. A dditional analysis to test the stability of A C  during 

storage revealed that, after 21 days of storage (data not shown), total A C  recovery in omelet had 

almost doubled. Since A C  could not be produced during storage, the increase on A C  recovery can be 

only explained by the weakening and/or breaking of previous interactions between A C  and the omelet 

components. In pancake, on the other hand, A C  recovery after storage did not increased in time. 

Therefore, in this matrix, the loss of A C  observed after manufacturing seems to be mainly caused by 

the heat treatment applied during processing, a phenomenon that has been deeply studied before 

(P atras et al., 2010).  
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Figure 39. Total and individual A C  recoveries in the control solution and A C -enriched food matrices after manufacturing 
and/or preparation. 5ata are means ± S5 (n=3). Individual A C  are numbered following figure 37 abbreviations. For total A C  
recovery, 1 denotes significant difference at p<0.01 (t-test) with respect to control’s total recovery. Recoveries of individual 
A C  within a same matrix without common letters superscripts denotes significant difference at p<0.01 after one-way A NOV A  
and Tukey’ test.  
 

C oncerning individual A C , apart from the slightly lower recoveries found in pancake (from 64.7% to 

90.4%) in comparison to milkshake (from 82.1% to 102% ) and custard dessert (from 87.3% to 104.2%), 

these three matrices shared an almost identical profile after processing. 9xcept for delphinidin 3-O-

coumarylglucoside, which presented the highest recovery in the three matrices, the recoveries of 

individual A C  within each matrix were almost not significantly different among them. These data 
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suggest that, probably due to the formation of weaker interactions with other food components, 

delphinidin 3-O-coumarylglucoside presented better extraction efficiency. B ut, most importantly, it 

suggests that the thermal degradation of the G9 A C  during heating did not depend either on the nature 

of the aglycone moiety, or on the nature of the glucoside moiety attached to it.  

In omelet, recoveries of the 3-O-coumaryl-glucosylated A C  were significantly higher than that of their 

respective 3-O-glucosides, and within these last ones, delphinidin, petunidin and malvidin showed the 

smallest recoveries. Finally, differences between malvidin and peonidin 3-O-acetylglucosides were also 

significant, being malvidin recovery the highest one. If we take into consideration that omelet was 

cooked under almost identical conditions than pancake, it seems reasonable to think that all A C  were 

also degraded in the same proportion. Therefore, although the incomplete extraction of A C  makes 

impossible to determine the precise contribution of processing on A C  recovery, it can be hypothesized 

that the differences among them were caused by the interactions with the food matrix. 

3.3.4.4. In vitro digestion 

In order to understand to what extent the different matrices could either promote or inhibit the 

release, solubilization and stability of A C  during digestion, the control solution and all the A C -enriched 

matrices were submitted to in vitro digestion. Since A C  could be efficiently absorbed across the oral 

and gastric mucosa (Talavéra et al., 2003; Talavéra et al., 2004), a recently standardized model 

comprising the three phases of digestion (oral, gastric and intestinal phases) was used. A t the end of 

each digestion step, two fractions i.e. a soluble and an insoluble one were collected and analyzed 

separately. The soluble fraction contains the A C  available for absorption into the systemic circulation 

after transport through the digestive tract, i.e. the bioaccessible A C ; the insoluble fraction includes the 

non bioaccessible A C  that would reach the successive compartment of digestion, or large intestine at 

the end of the intestinal phase.  

Finally, in order to discriminate the food matrix effect from the in vitro digestion effect, a water 

solution of the G9 (control, no matrix) was submitted to in vitro digestion and the evolution of A C  was 

followed throughout digestion.  
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3.3.4.4.1. Intestinal phase of digestion results in a strong degradation and 

precipitation of A C  in the ab sence of any food matrix 

A s shown in figure. 40 and tables 2 and 3 of the supplementary data, the oral and gastric phases of 

digestion did not affect the stability of A C , which presented individual recovery yields that ranged 

between 90% and 105%. 5espite the neutral pI  conditions of the oral step, known as propitious to A C  

instability (Kay et al., 2009), no degradation was observed during this first step of digestion. Since A C  

degradation is a time-dependent process, oral phase was probably too short (only 2 min) to affect A C . 

The quinoidal-base form is the most abundant form of A C  at pI  7, whereas the flavylium cation form 

is the most abundant form at pI  3. 5uring the gastric phase, the transition of A C  to the very stable 

flavylium cation form explains why all A C  recoveries remained unaltered after this step of digestion. 

The high stability of A C  during gastric digestion is a well-documented phenomenon (Tagliazucchi et al., 

2010; Liang et al., 2012; G. J. M c5ougall et al., 2005). 

In terms of solubility, the oral phase of digestion produced the precipitation of 12.3% of total A C . The 

insolubilization of A C , unlike stability, greatly depended on their chemical structure; while the 

proportion of glucosylated and acetyl-glucosylated A C  that precipitated was around 10%, coumaryl-

glucosylated A C  presented precipitation values around 3-fold higher. A mong them, 5el-3C G and P et-

3C G presented significantly higher insolubilization rates (39% and 35.4%, respectively) than P eo-3C G 

and M al-3C G (27.2% and 29.5%, respectively). Since no proline-rich proteins were added to simulate 

the presence of salivary proteins, the insolubilization of A C  observed would be explained by the 

formation of insoluble A C -alpha amylase aggregates. The decrease of insoluble rates during the 

subsequent gastric phase suggests that these aggregates were scarcely resolubilized in these 

conditions. The capacity and different specificity of amylase to form insoluble aggregates with A C  and 

other polyphenols has already been reported (Xiao et al., 2013; A kkarachiyasit, C haroenlertkul, 

Yibchok-anun, & A disakwattana, 2010).  

The intestinal digestion of the control solution extensively affected the stability and solubility of A C . A t 

the end of digestion, only 55% of total A C  remained stable: 30% in the soluble fraction and 25% in the 

insoluble one. The decrease of total A C  content during intestinal digestion has already been described 

(M c5ougall et al., 2005; Tagliazucchi, V erzelloni, & C onte, 2012; P odsędek et al., 2014). It can mainly 

be associated to the high instability of A C  at physiological pI , rather than to the effect of the digestive 

enzymes (B ermúdez-Soto, et al., 2007; Tagliazucchi et al., 2010). The change from acidic to 

neutral/basic conditions produces the transformation of the flavylium cation to the chalchone 

pseudobase, which can be further broken down into hrydroxibenzoic acids and aldehydes such as 

protocatechuic acid or phloroglucinaldehyde (Kay et al., 2009). A mong the different types of A C , the 

coumaryl-glucosylated forms were the most affected ones: 5el-3C G was completely degraded and the 
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others, which were only detected in the insoluble fraction, presented recovery yields below 8%. A mong 

the glucosylated, the nature of the aglycone seemed to have an important effect on their stability: A C  

having peonidin, malvidin and cyanidin presented significantly higher resistances to degradation 

(60.8%, 59.5% and 55.9% respectively) than petunidin and delphinidin (37.9% and 24.5%, respectively). 

The two acetyl-glucosylated A C  present in the extract, P eo-3A G and M al-3A G, presented very similar 

values to those of their corresponding glucosylated forms i.e. 62.3% and 51.4%, respectively. Finally, 

the proportion of soluble A C  was around 50%, regardless of the nature of the aglycone, except for the 

coumaryl-glucosylated A C  (100% insoluble). 

3.3.4.4.2. The composition and structure of the food matrices govern the release 

and solub ilization of A C  during digestion, and protect them from intestinal 

degradation.  

A s shown in figure 40, the release, solubilization and stability of A C  during the digestion of the liquid 

food matrices (custard dessert and milkshake) were very similar to that of the control solution. 5uring 

the oral and gastric phases, most A C  remained stable and soluble, but during the final intestinal phase, 

many of them were degraded and insolubilized. I owever, two main differences could be observed in 

comparison to the control solution. Firstly, the proportion of total A C  that precipitated in custard 

dessert and milkshake during the oral phase of digestion (23.8% and 30%, respectively) was 

significantly higher than in the control solution (12.3%). Since the stability of A C  was not significantly 

affected during this phase, this precipitation resulted in a decrease of A C  bioaccessibility (62.7% and 

67.4% in custard and milkshake, respectively, vs 83.4% in the control solution). Secondly, the 

proportion of A C  that resisted degradation during the intestinal phase of digestion and that remained 

stable after the whole in vitro digestive process was higher in custard dessert and milkshake (63.5% 

and 76.5%, respectively) than in the control solution (55.2%). It must be noted that, while the 

precipitation of A C  during the oral phase of digestion affected all individual A C  in a similar proportion 

regardless of their chemical structure, the degradation of A C  during the intestinal phase of digestion 

affected the coumaryl-glucosylated A C  to a much higher extent than the glucosylated and acetyl-

glucosylated ones. 

 If we take into consideration that custard dessert and milkshake were completely solubilized into the 

digestive fluids and that in consequence, all A C  should be soluble from the beginning of the digestion, 

all the observed differences with respect to the control solution can only be explained by the 

interactions between the food components of the matrices and A C , i.e. by the composition of the 

matrix. 
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Figure 40. Total and individual A C  recovery in the soluble and insoluble fractions of the control solution and A C -enriched food 
matrices after oral (Or), gastric (Gs) and intestinal (In) in vitro digestion. 5ata are means ± S5 (n=3). Individual A C  are named 
following figure 37 assignments.  
 
 
In pancake and omelet, the release, solubilization and stability of A C  during digestion appeared to be 

controlled by their solid structure and secondly, by the composition of the matrices. Indeed, the A C  

profile obtained during the digestion of these matrices was very different from that of the control 

solution and the liquid food matrices. 5uring the oral phase, most A C  remained entrapped within the 

solid structure of pancake and omelet and recovered in the insoluble fraction. A t the end of the oral 
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digestion, only 28.4% and 23.4% of the total A C  had been respectively released and solubilized vs 83.4% 

in the control solution. Regarding the coumaryl-glucosylated A C , bioaccessibilities did not exceed 10% 

in pancake and 5% in omelet. This could result from the combined effect of the structure and of the 

interaction with the amylase. 5uring the gastric phase, although the progressive degradation of the 

matrices allowed the release and solubilization of around 60% of total A C  (59.2% and 62.2% in pancake 

and omelet, respectively), solubility values continued to be much lower than in the control solution 

(92.4%), custard dessert (80.2%) or milkshake (89.2%). Finally, as it happened in the liquid food 

matrices, the presence of the solid matrices during the intestinal phase of digestion somehow 

protected all the glucosylated and acetyl-glucosylated A C , which presented recovery values of around 

75%-85% in the pancake and 90-110% in the omelet. In these matrices, it is likely that the progressive 

release of A C  from the solid matrices contributed to their protection, since it would lower the time of 

contact with the neutral/basic pI  intestinal fluids. On the contrary, the coumaryl-glucosylated A C  were 

greatly degraded and none of them were found bioaccessible. I owever, since they represent only a 

very small proportion of the extract, the total A C  recovery was not affected by their degradation. 

Finally, the bioaccessibilities of the glucosylated and acetyl-glucosylated A C  did no significantly 

changed in comparison with the previous gastric phase. Since these A C  were not degraded, it suggests 

that their release from the pancake and omelet was further counteracted by their insolubilization. The 

coumaryl-glucosylated A C , as mentioned above, were not detected in the soluble fraction. A t the end 

of the intestinal phase, total A C  recovery and bioaccessibility in pancake and omelet were higher than 

in the control solution and liquid food matrices. A mong the two matrices, omelet presented 

significantly higher values than pancake (111% vs 86.5% for total recovery and 62.5% vs 51.5% for 

bioaccessibility, respectively). 

 

3.3.5. C ONC L U SION 

A C  recovery after processing largely varied among the different matrices, mainly due to the treatments 

applied and the interactions developed with other food components. The digestion of the control 

solution showed that most A C  of the extract were rather stable and soluble during the oral and gastric 

phases of digestion but were highly degraded and precipitated during the intestinal phase. In the liquid 

enriched matrices, the release, solubilization and stability of A C  during digestion was very similar to 

that of the control solution and seemed to be governed, apart from the digestion effect itself, by the 

composition of the matrices. In the solid matrices, the composition and mostly the structure of the 

matrices produce the progressive release of A C  during digestion and the obtention of a very different 

A C  profile. In all matrices, in any case, the presence of the food matrices protected A C  against intestinal 
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digestion. A t the end of the whole digestive process the four enriched matrices, especially the solid 

ones, delivered significantly higher proportions of A C  than the control solution. 

A lthough the in vitro bioaccessibility essays performed in our study do not permit to assess the 

potential health benefits of the different matrices and more relevant essays should be performed, the 

results here obtained shows that: 1- the inclusion of A C  into food matrices can be an effective way to 

protect them against intestinal degradation 2 – the incorporation of A C  into matrices with different 

compositions and structures could represent an interesting and effective method to control the 

delivery of A C  within the different compartments of the digestive tract.  
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4.1. INTRO5U C TION 

W e previously showed in chapter 3 that both the composition and the structure of the food matrix, in 

which A C  and polyphenols are included in, have a great impact on their release and solubilization 

during in vitro digestion. I owever, although the information provided by in vitro digestion models is 

very valuable, especially when screening and comparing different matrices among them, it must be 

cautiously interpreted due to the impossibility of reliably mimicking the physicochemical environment 

of the GIT during digestion. In addition, as stated in the bibliographic review, due to the large number 

of complex events taking place between the nutrient liberation and solubilization in the digestive fluids 

and their final utilization by organs, tissues and cells, it is controversial to predict their real in vivo 

physiological effect based on in vitro data.  

In order to validate the in vitro bioaccessibility data previously obtained, but mostly to evaluate the 

effect of the food matrix on A C  bioavailability in vivo, our initial next step was to repeat the 

experiments of chapter 3 using pigs as in vivo digestion model. Nevertheless, the proportion of 

parental A C  usually found in blood does not represent, in many cases, more than 1-2% of the total 

ingested amount. M oreover, A C  exist in the circulation primarily as an immense myriad of metabolites 

that are not quantifiable by traditional analytical methods such as I P L C . Then, the objective of 

measuring in vivo the A C  bioavailability was finally discarded.  

On the contrary, the metabolism and determination of 5I A  in digesta effluents and plasma imply far 

fewer limitations and can be easily achieved by traditional gas chromatography. A s explained in section 

1.2.3 and represented in figure 11, 5I A  is absorbed into enterocytes included into mixed micelles. 

A fter its transesterification in the latter, mainly in form of TA G and P Ls, they are finally poured into the 

bloodstream as such. Therefore, we finally decided to use the pig model to determine the effect of the 

food matrix on 5I A  digestion kinetics and bioavailability.  

One of the limitations faced in chapter 3 was the impossibility of discriminating to what extent the 

differences observed in bioaccessibility/bioavailability were due either to the composition or the 

structure of the matrix. In order to overcome this difficulty and to solely focus on the effect of the food 

structure, the matrices of the P A TI W A Y-27 project were replaced by three new 5I A -enriched egg 

matrices having exactly the same composition but different structures.  

 To sum up, the objective of the current chapter was to evaluate in vivo the effect of the food matrix 

structure on the release and bioavailability of 5I A  during digestion. 
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The strategy followed in this chapter included: 

 The development of 3 egg-based matrices enriched with 5I A  with a similar composition but 

different structures (omelet, hard-boiled egg and mousse). 

 The feeding of 7 pigs fitted with a T-shape cannula at duodenal level and a jugular venous 

catheter with the 3 different matrices and the sampling of duodenal effluents and plasma at 

different times after their ingestion. 

 The determination of pI , 5I A , total and free NI 2, and degree of proteolysis in the duodenal 

effluents  

 The determination of 5I A  in plasma.  
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C hapitre 4 : 5igestion in vivo de produits à b ase d’œuf 
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4.1. INTRO5U C TION 

Nous avons montré dans le chapitre 3 que la composition et la structure de la matrice alimentaire dans 

laquelle les A C  et les polyphénols sont inclus ont un grand impact sur leur libération et leur 

solubilisation lors de la digestion in vitro. C ependant, bien que les informations fournies par des 

modèles de digestion in vitro soient très précieuses, surtout lors de la comparaison et de la 

discrimination de différentes matrices, l’interprétation doit être réalisée avec prudence dû à 

l'impossibilité de mimer de manière fiable l'environnement physicochimique du GIT. 9n outre, comme 

indiqué dans la revue bibliographique, en raison du grand nombre d'événements complexes qui ont 

lieu entre la libération et la solubilisation des nutriments dans les fluides digestifs, ainsi que leur 

utilisation finale par les organes, tissus et cellules, il est controversé de prédire leur réel effet 

physiologique in vivo en se basant sur des données in vitro. 

A fin de valider les données de bioaccessibilité précédemment obtenues in vitro, mais surtout pour 

évaluer l'effet de la matrice alimentaire sur la biodisponibilité des A C  in vivo, l’étape suivante 

initialement prévue était de répéter les expériences du chapitre 3 en utilisant des porcs comme 

modèles de digestion in vivo. Néanmoins, la proportion d’A C  parentales habituellement trouvées dans 

le sang ne représente souvent pas plus de 1-2 % de la quantité totale ingérée. 9n outre, les A C  existent 

dans la circulation principalement comme une multitude de métabolites qui ne sont pas quantifiables 

par des méthodes analytiques traditionnelles telles que l’I P L C . 9n conséquence, l'objectif de mesurer 

la biodisponibilité des A C  in vivo a finalement été écarté. 

A u contraire, la détermination du 5I A  dans les effluents digestifs et dans le plasma implique peu de 

limitations et peut être facilement obtenue par chromatographie de phase gazeuse classique. C omme 

expliqué dans la section 1.2.3 et représenté dans la figure 11, le 5I A  est absorbé dans les entérocytes 

dans des micelles mixtes. A près sa transestérification dans les micelles, principalement sous forme de 

TA G et de P Ls, le 5I A  est finalement versé dans la circulation sanguine. P ar conséquent, nous avons 

finalement décidé d'utiliser le modèle porcs pour déterminer l'effet de la matrice alimentaire sur les 

cinétiques  de digestion et la biodisponibilité du 5I A . 

U ne des limitations rencontrées dans le chapitre 3 était l'impossibilité de discriminer dans quelle 

mesure les différences observées en termes de bioaccessibilité et de biodisponibilité étaient dues à la 

composition ou à la structure de la matrice. A fin de surmonter cette difficulté et de se concentrer 

uniquement sur l'effet de la structure des aliments, les matrices du projet P A TI W A Y-27 ont été 

remplacées par trois nouvelles matrices 9P  enrichies en 5I A , ayant exactement la même composition 

mais des structures différentes. 
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P our résumer, l'objectif du chapitre actuel était d'évaluer in vivo l'effet de la structure de la matrice 

alimentaire sur la libération et la biodisponibilité du 5I A  pendant la digestion. 

La stratégie suivie dans ce chapitre impliquait : 

 Le développement de 3 matrices 9P  enrichies en 5I A , avec une composition similaire mais 

différentes structures (omelette, œuf dur et mousse) 

 L'alimentation de 7 porcs (munis d'une canule en forme de T au niveau du duodénum et d’un 

cathéter veineux jugulaire) avec les 3 matrices différentes, et l'échantillonnage des effluents 

duodénaux et de plasma à des moments différents après l’ingestion 

 La détermination du 5I A , des degrés de protéolyse et de lipolyse et de l'évolution des 

différentes classes de lipides dans les effluents duodénaux au cours du temps 

 La détermination du 5I A  dans le plasma. 
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4.2. M A T9RIA L  & M 9TI O5S  

A ll procedures were in accordance with the guidelines formulated by the 9uropean C ommunity for the 

use of experimental animals (L358-86/609/99C ) and the study was approved by the Local C ommittee 

for 9thics in A nimal 9xperimentation. 

4.2.1. C hemicals 

U nless otherwise stated, chemicals were purchased from Sigma (St Louis, M O, U SA ). U ltrapure water 

was purified using a M illi-Q  system (M illipore, M olsheim, France). 

4.2.2. A nimals and animal housing 

The study involved 7 adult Large W hite × Landrace × P iétrain female pigs (34.4 ± 2.0 kg). Three weeks 

before the experimentation, pigs were surgically fitted with a T-shaped cannula (silicone rubber) in the 

duodenum (10 cm downstream from the pylorus) and a catheter (polyvinyl chloride; 1.1 mm internal 

diameter, 1.9 mm outer diameter) in the jugular vein (around 10 cm inside the blood vessel)(Fig. 41). 

P re-anesthesia of the animals was achieved by an intramuscular injection of ketamine at 15 mg / kg 

(Imalgene 1000®). Then, the animals were anesthetized by intubation with an oxygen / isoflurane gas 

mixture and rested like that throughout the surgical procedure. 5uring the intervention, analgesia of 

the animals was achieved by the intravenous infusion at ear level of Fentanyl Renaudin® (10 ml at 50 

µg/ml). A nimals received an intramuscular dose of amoxicillin the day of the operation and then 2 

more after 48 and 96 hours (5uphamox Long A cting®, 150 mg/ml; at a dose of 1 ml/10 kg body weight). 

In case of post-surgical discomfort, analgesia continued during 2 days by a subcutaneous injection of 

morphine hydrochloride every 2 hours (0.1 to 0.5 ml). A lso in case of post-surgical discomfort, pigs 

were given Spasfon® for abdominal pain (1 ampoule of 4 ml twice a day) and paracetamol mixed with 

the food twice a day (P racétam® 10%) at a dose of 30 mg/kg body weight. 

P igs were housed in individual slatted pens (1 m2) within a ventilated room with controlled 

temperature (21°C )(figure 42) These conditions allowed the pigs to see, feel and hear each other. 

B etween the sampling days, pigs were fed twice daily with 800 g/d of a concentrate feed containing 

wheat (32.2%), corn (15%), barley (25%), wheat bran (5%), rapeseed (7%), soy (11.5%), vegetal fat (1%), 

calcium carbonate (1.5%), dicalcium phosphate (0.1%), sel (0.45%), lysine (0.53%) methionine (0.04%), 

L-threonine (0.1%), tryptophan 20% (0.07%) and phytase (0.01%). The days before sampling, pigs were 

fed only once daily with 400 g/d of the concentrate feed. P igs had free access to water.  
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Figure 41. P igs surgical intervention. A - A nesthesia and general view of the intervention. B - P lacement of the T-shaped 
cannula in the duodenum C - P lacement of the catheter in the jugular vein.  
 

 
Figure 42. I ousing of the pigs 

 

4.2.3. 5I A -enriched test meals  

The 5I A  used to fortify the matrices of the study was supplied by A pplications Santé des Lipids-A SL  

(V ichy, France). The product, registered as OV O-5I A ®, consisted of a 5I A -enriched egg yolk powder 

obtained after the spray-drying of pasteurized 5I A -enriched egg yolks. The accumulation of 5I A  in 
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the yolks is naturally obtained after the feeding of hens with a selection of foods inherently rich in 

P U FA s. In order to avoid differences among the products all the OV O-5I A ® used in the study came 

from a same batch. OV O-5I A ® fatty acid composition is shown in table 18. 

Three egg matrices having a similar composition but different structure - namely omelet, hard-boiled 

egg and mousse- were prepared maintaining the natural white : yolk ration found in eggs i.e. 32:68 ( 

w/w) (Sauveur, 1988)(Figure 43). Omelets were prepared by filling 45 mm diameter 

polyvinylidenechloride (P V 5C ) casings (Krehalon Ind., 5eventer, I olland) with an homogeneous 

mixture of 160 g of pre-rehydrated egg yolk powder (72 g of OV O-5I A ® in 88 g of water following the 

supplier recommendation) and 340g of pasteurized liquid egg-white from Liot® (P leumartin, France). 

A fter their tight closing, they were cooked during 30 min at 86°C  in a water bath, cooled down to room 

temperature and then stored at 4°C  in the frigde. I ard boiled eggs were prepared similarly, with the 

solely exception that the egg yolk and the egg white were cooked separatly in independent P V 5C  

casings. Omelets and hard boiled eggs were cooked 24h before the pigs feeding. Just before feeding 

the P V 5C  casings were removed, and the matrices sliced into 1-2 cm thick pieces. The mousses were 

obtained by beating the pasteurized egg whites to a stiff peak stage with a stand mixer at maximum 

speed during 3 min. Then the rehydrated egg yolk was added and mixed gently until a homogeneous 

mousse was obtained. M ousses, in order to keep their foamy structure by the time of ingestion, were 

prepared 1 h before the pig’s feeding. 

 

Tab le 18. OV O-5I A ® fatty acid composition. Source: A SL  (V ichy, France) 

Fommon nMme FOemicMl nMme FormulM mgCg of producP 
IMuric Mcid GodecMnoic Mcid F 12:0 0B00 
MyrisPic Mcid TePrMdecMnoic Mcid  F  14:0 2B29 
VMleric Mcid PenPMnoic Mcid F  15:0 0B83 
PMlmiPic Mcid HexMdecMnoic Mcid F  16:0 148B72 
PMlmiPoleic Mcid  9-cis-HexMdecenoic Mcid F  16:1 22B33 
MMrgMric Mcid  HepPMdecMnoic Mcid F 17:0 0B62 
S PeMric Mcid OcPMdecMnoic Mcid F  18:0 38B14 
Oleic Mcid cis-9-OcPMdecenoic Mcid F  18:1 243B09 
Iinoleic Mcid  Mll-cis-9,12-ocPMdecMdienoic Mcid F 18:2 (n-6) 52B23 
ɣ -linolenic Mcid, GIA  Mll-cis-6,9,12-ocPMdecMPrienoic Mcid F 18:3 (n-6) 0B32 
α-linolenic Mcid, AIA  Mll-cis-9,12,15-ocPMdecMPrienoic Mcid F 18:3 (n-3) 2B45 
S PeMridonic Mcid, S GA  Mll-cis-6,9,12,15,-ocPMdecMPePrMenoic Mcid F  18:4 (n-3) 0B00 
E icosenoic Mcid  cis-11-eicosenoic Mcid F  20:1 1B38 
GiOomo-ɣ-linolenic Mcid, GGIA   Mll-cis-8,11,14-eicosMPrienoic Mcid F 20:3 (n-6) 0B30 
ArMcOidonic Mcid, AA  Mll-cis-5,8,11,14-eicosMPePrMenoic Mcid F  20:4 (n-6) 3B46 
Timnodonic Mcid, E PA   Mll-cis-5,8,11,14,17-eicosMpenPMenoic Mcid F 20:5 (n-3) 1B85 
J uniperonic Mcid, E TA   Mll-cis-8,11,14,17-eicosMPePrMenoic Mcid F  20:4 (n-3) 0B00 
F lupMnodonic Mcid, GPA  Mll-cis-7,10,13,16,19-docosMpenPMenoic Mcid F  22:5 (n-3) 1B57 
OsNond Mcid,  Mll-cis-4,7,10,13,16-docosMpenPMenoic Mcid F  22:5 (n-6) 0B42 
Adrenic Mcid  Mll-cis-7,10,13,16-docosMPePrMenoic Mcid F  22:4 (n-6) 0B00 
NerQonic Mcid  cis-15-PePrMcosenoic Mcid F  24:1 0B00 
FerQonic Mcid, GHA  Mll-cis-4,7,10,13,16,19-docosMOexMenoic Mcid F  22:6 (n-3) 26B25 
ToPMl mg    553B92 
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Figure 43. 5I A -enriched egg matrices, feeding and sampling. A - M ousse, B - Omelet, C - I ard-boiled egg 5 – Feeding and 
sampling of duodenal effluents 
 

4.2.4. 9xperimental procedures  

The experimental protocol included 2 periods: the first one for the duodenum effluent sampling and 

the second one for blood sampling. In each one, the three egg matrices were randomly tested on each 

pig. W ithin a period (2 weeks), the days of sampling were separated by at least 48 h. Test meals (500 

g of freshly prepared matrices) were entirely consumed within 2-5 min. P igs had no access to water 

from 1 h before to 7 h 30min after the meal delivery. 5uodenum effluent samplings were collected in 

50 ml Falcon tubes 15 min before and 2 min, 20 min, 50 min, 1h 30 min , 3h, 4h 30 min, 6h and 7h 

30min after the beginning of meal ingestion. The sampling was stopped when at least 20 ml of effluents 

were collected (this was always before 5 min of sampling). C ollected effluents were vortexed and 

divided into two aliquots. The first one, containing around 15 ml, was used for de visu morphologic 

characterization and pI  measurements. The second one, containing 4 ml of effluents and used for the 

chemical analysis, was further homogenised during 1 min at 13000 rpm with an IKA  T-25 U ltraturrax 

digital disperser (IKA , Staufen, Germany) and transferred into tubes containing 80 µl of a methanolic 

solution of a “cocktail” of lipase inhibitors as described by (I ernell, Staggers, & C arey, 1990) (50 mM  

diisoprpylfluorophosphate, 50 mM  di-ethyl (p-nitrophenyl) phosphate, 50 mM  acetophenone and 250 
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mM  of phenylboronic acid). To prevent bacterial growth, 5 µL  of an aqueous solution of 8% NaN3 (w/w) 

and 10% chloramphenicol (w/v) per mililiter of collected effluents was also added to the tubes prior to 

sample collection. In order to avoid 5I A  oxidation, butylated hydroxytoluene (B I T) dissolved in 

methanol to a final concentration in the final mixture of 100 µM  was also added. Finally, in order to 

stop proteolysis, pepstatin A  (to a final concentration in the final mixture of 10 µM ) and pefabloc (to a 

final concentration in the mixture of 5 mM ) were added after homonegenization. A fter vortexing, four 

aliquots of around 1 ml each were stored at -20°C  for the further chemical analysis. B lood sampling 

was performed 15 min before and 1 h, 2 h, 3 h, 4 h, 6 h, 8 h, 10 h, 24 h and 48 h after the beginning of 

meal ingestion. B lood samples (3 ml) were collected in V enosafe® V F-053SI L  tubes containing 45 U SP  

U  lithium-heparin (Terumo, Shibuya, Tokyo, Japan) and immediately placed on ice. W ithin the same 

day all tubes were centrifuged at 3,000 g for 10 min at 4°C . Supernatant (plasma) was collected, added 

B I T (10 µl of a 10.1 mM  methanolic solution per ml of plasma) and stored at –80°C  until further 

analysis.  

4.2.5. C hemical analysis 

4.2.5.1. 5I A  extraction from food matrices 

In order to determine that no losses of 5I A  occurred during the preparation of the matrices, especially 

in the cooked ones, the recovery of 5I A  in the ready-to-eat matrices was calculated. 

A fter the lyophilisation of the matrices, the extraction of the fat was performed following a classic 

Folch extraction method (Folch et al., 1957). B riefly, around 2 g of each freeze-dried matrix were 

weighed, added with 6 ml of water and placed during 15 min in an ultrasound bath. Then, after the 

addition of 45 ml of Folch solvent (chloroform: methanol 2:1 v/v) and a known quantity of an internal 

standard (C 13), the mix was homogenised during 2 min at 10000 rpm with an U T25 basic ultraturrax® 

disperser (IKA , Staufen, Germany). The whole mixture was then transferred into a 250 ml separatory 

funnel (a final rinsing with 15ml of Folch solvent was used to assure that the mixture was fully 

transferred). A fter shaking variously, the mixture was left 15 min in contact with the solvent and then 

added with 9 ml of a 0.73% NaC l solution (w/v) in order to reach the final Folch conditions and help 

deproteinization. A fter shaking and a 30 min wait time, the lower phase was recovered in a 500 ml 

Florence flask after passing through a W hatman® ashless grade 42 filter containing a small amount of 

anhydrous Na2SO4. Then, a mixture containing 60 ml of Folch solvent and 15 ml of 0.58% NaC l solution 

(w/v) was added to the separation funnel. A fter 30 min of dephasing, the lower phase was recovered 

in the 500 ml Florence flask as previously described. This step was performed twice. The recovery of 

the fat was obtained after the full evaporation of the solvent (constant weight) in a I eidolph I ei-V A P  

P latinum 2 Rotary 9vaporator (Schwabach, Germany) (water bath T=55°C , 474 mbar, 200 rpm). A  final 
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incubation of 10 min at 102.5°C  was carried out to evaporate any trace of water. A fter the 

quantification of lipids by gravimetry, the fat was recovered and stored at -20°C  prior to analysis.   

4.2.5.2. 5I A  quantification in food matrices, effluents and plasma 

5I A  in the effluents and plasma samples were analyzed by gas chromatography coupled to a flame 

ionization detector (GC –FI5), after direct transmethylation in the presence of internal standard (C 13) 

and without prior extraction. 5I A  in the food matrices was quantified by the same technique but 

transmethylation was performed in the fat extracts previously obtained by Folch extraction and 

dilution in chloroform.  

5irect transmethylation was carried out based on an adapted method proposed by Lopez et al., (2008). 

In brief, in a screw-capped tube, 0.5ml of chloroform, 200 μl of the sample (effluent, plasma or fat 

extracts of the matrices), 20 µl of the C 13 (0.5 mg/ml in chloroform, only for effluents and plasma) and 

1 ml of 0.5 M  sodium methoxide were added. A fter a flush of nitrogen, caps were closed, and tubes 

were vortexed and placed in a Stuart SB I 2005 dry bath (B ibby scientific France, V illepinte, France) at 

50°C  for 10 min. Tubes were cooled to room temperature, and 1 ml of 10% B F3-M ethanol was added. 

A fter a flush of nitrogen, caps were closed, and tubes were placed again in a water bath at 50 °C  for 10 

min. Tubes were cooled before adding 1 ml of 10% (w/v) K2C O3 and 2 ml of hexane. A fter centrifugation 

during 10 min at 1500 rpm and 20°C , the upper layer containing the fatty acids methyl esters (FA M 9s) 

was collected and stored at -80 °C  until injection to GC . Transmethylation of the samples was 

performed in double. 

FA M 9s were measured on an A gilent 7890A  (Santa C lara, U nited States) equipped with a FI5, a 

programmed temperature injector, and 2 capillary columns (50 m by 0.32 mm; film thickness 0.25 μm 

each one) coated with 70% cyanopropyl polysilphenylenesiloxane (B P X-70, SG9, Ringwood, V ic., 

A ustralia) mounted in series. 9xperimental conditions were as follows: initial temperature of the 

column injection was 40°C  for 0.2 min; the temperature injector was programmed to increase to 200°C  

at a rate of 200°C /min, an isotherm at 200°C  for 6 min and a decrease in temperature to 40°C  at a rate 

of 200°C /min. 5etector temperature was 250°C ; carrier gas was hydrogen at a pressure of 138 kP a. 

Oven temperature was programmed as follows: 60°C  for 3 min followed by an increase to 175°C  at a 

rate of 20°C /min; the oven was maintained at this temperature for 15 min. Then, temperature was 

increased to 215°C  at a rate of 4°C /min and maintained during 25 min. Total analysis time was 58.75 

min. The fatty acids methyl esters were identified by comparing the retention time with the standards 

(and contents were expressed as mg/ml). 
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4.2.5.3. P rotein degree of hydrolysis in effluents 

4.2.5.3.1. Kjeldahl method 

Total protein content in the effluents was analysed by a Kjeldahl digestion following the ISO 8968-

1:2014 (I5F 20-1:2014) methodology. Results were expressed as mg of protein /100 g of digesta.  

4.2.5.3.2. Free NI 2 quantification (OP A ) 

The method, adapted from 5arrouzet-Nardi, et al., (2013) was a fluorescent microplate analysis based 

on the reaction of ortho-phthaldialdehyde (OP A ) and β-mercaptoethanol with primary amines 

resulting in 1-alkylthio-2-alkylisondole detected at 340 nm. B riefly, effluents were centrifuged at 10000 

g during 10 min and both the pellet and supernatant weights were recorded. The OP A  method was 

performed in diluted supernatants (1/25, 1/50 and 1/100 in M iliQ  water). B riefly, after the application 

of 50 µl of each diluted supernatant in a 96-well microplate, 100 µl of the OP A  solution (2.5 ml of 20% 

w/v S5S, 50 µl of β-mercaptoethanol, 2.5 ml of OP A  at 10 mg/ml in ethanol and 0.02M  potassium 

tetraborate buffer pI  9.5 to a final volume of 100 ml) were added and absorbance read at 340 nm 

exactly after 2 min of incubation in a M ultiskan™ GO M icroplate Spectrophotometer (Thermo fischer 

Scientific, W altham, M assachusetts, U nited States). Q uantification of the free NI 2 in the effluents was 

carried out by a methionine standard curve that ranged from 0 to 2.0 mM  (0- 32 mg free NI 2/l). B lanks 

were made of M iliQ  water. Results were expressed as mmol of free NI 2 /100g of digesta 

4.2.5.3.3. C alculations 

Total protein content was converted to mmol of total NI 2 /100 g of digesta assuming that the 

average molecular weight of amino acid residue is 120 g/mol and that the stoichiometry between aa 

and NI 2 is 1:1. Then, protein degree of hydrolysis (5I ) was calculated as follows: 

 

ሺm =ܪܦ ݊݅ݐ݁݋ݎ݌ m ol of free B ( – /1--g d igesta m m ol of total B ( – /1--g d igesta⁄ ሻ ×1--  

4.2.5.4.  Statistical analysis 

Time, matrix, and time x matrix effects on plasma 5I A  increments were tested using a nonparametric 

analysis of repeated measures with the “f1.ld.f1” function of the package “nparL5” (Noguchi, Gel, 

B runner, & Konietschke, 2012) in R 3.1.2 (R C ore Team., 2014). In case of a significant effect, the 

function “npar.t.test” of the package “nparcomp” (Konietschke, P laczek, Schaarschmidt, & I othorn, 

2015) was used for each time point. Finally the area under the curve (trapezoidal method) for each 

matrix was analysed by a Friedman test. In case of significative differences a post hoc C onover test 

(alpha value corrected by B onferroni) was applied to perform the multiple comparisons. Statistical 

analyses were performed in the curves depicting the increase of 5I A  concentration and not on the 
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total 5I A  concentration after ingestion of the matrices (that is, the concentration of 5I A  measured 

before the ingestion of the matrices - the basal 5I A  level- was subtracted to all the rest of the 

measures). 

 

4.3. R9SU LTS  

The samples collected at 15 min before the ingestion of the matrices for both the effluents and the 

blood sample are plotted in the graphics and tables as min 0 and represent the initial conditions found 

before the ingestion of the 5I A -enriched matrices. 5uodenal postprandial curves were characterized, 

for all the parameters quantified, by their zenith (Ymax), and by the time at which the zenith was 

observed (tYmax). 5I A  plasmatic curve was, in addition, characterized by the area under the curve 

(calculated by the trapezoidal method). Results are shown in tables 20 and 21. 

4.3.1. 5I A  recovery in the matrices 

In order to determine if any loss of 5I A  had been produced during the preparation of the matrices, 

especially in those submitted to a heat treatment, and make sure that all the matrices provided exactly 

the same amount of 5I A  to the pigs, the recovery of 5I A  in the matrices was carried out in the fat 

fraction after a Folch extraction. A s shown in table 19, all the matrices presented recovery yields near 

100%, which indicates that no losses of 5I A  took place during preparation. In addition to the 5I A -

enriched matrices, the quantification of 5I A  was also performed in the concentrated food that the 

pigs ate on a daily basis after and between essays. No trace of 5I A  was detected in the concentrate. 

 
Tab le19. 5I A  recovery (%) in the 3 5I A -enriched matrices. 

OmeleP E gg Mousse 
99B41±1B51 104B3±4B50 91B7±1B35 

 

4.3.2. 5uodenal effluents 

4.3.2.1. 5e visu morphological characterization 

The macroscopic aspect of the duodenal effluents after the ingestion of the 5I A -enriched matrices is 

shown in figure 45. A s it could be expected, the effluents obtained after the ingestion of the mousse 

where very homogenous while those obtained after the ingestion of the hard-boiled egg and omelet 

presented a large heterogeneity. In the latter, solid particles as big as 5-7 mm could be found in the 

effluents. A lso, the presence of the mousse was evident after only 2 min of ingestion while in the solid 

matrices the aspect of the effluents at this time was identical to that of the effluents before ingestion 

(0 min). In a similar way, the last time point collected (450) for the mousse was very similar to the 
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effluents at time 0. A fter the ingestion of hard-boiled egg and omelet on the other hand, the presence 

of big pieces of matrices was still evident. 

 

4.3.2.2. pI   

 
Figure 44. pI  evolution in the duodenal effluents during digestion. 9ach point represents the mean ± S9M  of 
determinations from 7 pigs.  
 
A s shown in figure 44, the pI  measured in the duodenum before the ingestion of the matrices (time 0 

min) was quite low and different among the different groups of pigs (means were 3.5, 4.1 and 5.1 for 

the groups that had eaten the mousse, the egg and the omelet respectively). I owever, the ingestion 

of the matrices produced an instant raise in the pI  and only 2 min after the beginning of the ingestion 

pI  had already increased to values of around 6.5 (6.7, 6.7 and 6.3 for the mousse, egg and omelet 

respectively). 9xcept for the mousse, this was the highest measured pI  value in the pigs that had eaten 

the eggs and omelet. 5uring the first 90 min of digestion, the pI  in the duodenum dropped constantly 

and in a very similar way after the ingestion of the 3 matrices. The decrease in pI  was slightly less 

pronounced during the 20 first min after ingestion of the mousse. A t the end of this time, pI  in the 

duodenal effluents was 5.3 for the mousse and omelet and 5.2 for the eggs, the lowest pI  values 

measured in the duodenum regardless the matrix ingested. A fter this time, despite pI  started to 

increase in all cases, two clear behaviors could be distinguished. In the pigs fed the mousse the increase 

in pI  was higher than in those fed the omelet or the eggs. In the mousse, pI  increased constantly until 

270 min, where it reached its maximum value (7.1) and then it slowly decreased until the last point 

recorded (6.5 after 450 min of digestion). In hard egg and omelet, pI  values in the duodenum were 

less stable, with falls and raises which ranged between 5.8 and 5.2. A fter 450 min of digestion, 

duodenal pI  in the effluents after the ingestion of the egg and omelet was 5.9 and 5.7 respectively. 



 

 
Figure 45. M acroscopic appearance of the duodenal effluents over a 450 min-period of digestion after the ingestion of the 5I A - enriched matrices. A - Omelet effluents; B - M ousse effluents; 
C - 9gg effluents. 
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4.3.2.3. 5I A   

 
Figure 46. 5I A  concentration in the duodenal effluents over a 450min-period of digestion. C oncentration is expressed as 
mg 5I A  /ml effluent. 9ach point represents the mean ± S9M  of determinations from 7 pigs. 
 
The evolution of 5I A  concentration in the duodenal effluents during digestion, expressed as mg/ml 

of effluent is plotted in figure 46. A s it can be seen in the figure, the appearance of 5I A  in the 

duodenum was much faster when 5I A  was ingested through the mousse than through the egg or the 

omelet. In the first, a very high concentration of 5I A  was detected only 2 min after ingestion (0.3 

mg/ml). In omelet and eggs almost no 5I A  was detected after such a short period of time (0.02 and 

0.01 mg/ml respectively). The concentration of 5I A  in the duodenum reached its maximum in all the 

matrices after 50 min of ingestion. A fter this period of time, a pronounced and continuous decrease 

in 5I A  concentration took place after the ingestion of the mousse. A fter 270 min of ingestion, 5I A  

concentration had already fallen to 0.1 mg/ml i.e. a drop of about 75% with respect to the maximum 

concentration. Then, concentration remained stable during the last 180 min of digestion. For omelet 

and egg, the diminution of 5I A  concentration after reaching its maximum at 50 min was significantly 

less pronounced than for the mousse. A ctually, except for the last sample point for the egg, 5I A  

concentration values remained quite stable for the period comprised b etween minutes 90 and 450 

min. A t the end of the recorded time (450 min) 5I A  concentration in the two samples had fallen only 

between 20% and 50% with respect to its maximum concentration. 

 

Tab le 20: 5escriptive parameters of the postprandial curves against time of pI , 5I A  concentration, total and free NI 2 

amounts and degree of proteolysis in duodenal effluents, after the ingestion of the 5I A  enriched omelet, egg and mousse.  

 OmeleP  E gg  Mousse 
 VMlue  Time  VMlue  Time  VMlue  Time 
L GHA ] mMx (mgCml) 0B35 ± 0B03 50  0B32 ± 0B04 50  0B43 ± 0B04 50 
pH mMx 6B3 ± 0B4 2  6B7± 0B2 2  7B1 ± 0B3 270 
ToPMl NH2 (mmol C100g)  30B2 ± 2B9 20  24B9 ± 1B6 50  33B7 ± 4B6 50 
Free NH2 (mmol C100g)  4B9 ± 1B0 270  3B9 ± 0B6 360  4B2 ± 0B7 90 
ProPeolysis (%) 23B1± 2B5 270  19B3 ± 2B7 270  34B1 ± 5B6 270 
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4.3.2.4. Total NI 2 

 
Figure 47. Total NI 2 in the duodenal effluents during digestion. Results are expressed as mmol NI 2 /100g of effluents. 
9ach point represents the mean ± S9M  of determinations from 7 pigs. 
 
A s shown in figure 47, the kinetics of total NI 2 in the duodenal effluents followed an almost identical 

behavior than that of the 5I A . B riefly, the appearance of NI 2 in the effluents was faster after the 

ingestion of the mousse than after the ingestion of the omelet or egg. The drop after reaching the 

maximum concentration was also faster and greater for the mousse than for omelet and egg. 

The only slight difference in comparison with 5I A  concentration was that the maximum NI 2 content 

in the duodenum was reached after 50 min for the egg and mousse and but only after 20 min for the 

omelet. In addition, a residual amount of NI 2 was already present before the ingestion of the 

matrices.  

4.3.2.5. Free NI 2 

 
Figure 48. FreeNI 2 in the soluble fraction of the duodenal effluents during digestion Results are expressed as mmol 
NI 2/100g of effluents. 9ach point represents the mean ± S9M  of determinations from 7 pigs. 

 
The evolution of free NI 2 in the duodenal effluents during digestion, expressed as mmol/100 g of 

effluents is plotted in figure 48. A lthough some differences were observed among the matrices, they 
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were not as obvious as those already described for 5I A  or total NI 2. The ingestion of the mousse 

produced an increment of free NI 2 in the effluents that reached its maximum after 90 min of ingestion 

(4.2 mmol/100g effluents). From that time on, a very soft decrease took place and in fact, after 450 

min of digestion the amount of free NI 2 was still much higher than the initial residual value found 

before ingestion (3.42 V s 1.13). The increasing rate of free NI 2 observed after the ingestion of the 

omelet was exactly the same than that experienced for the mousse during the first 90 min of digestion. 

I owever, although the rate of increase slowed down, free NI 2 continued to rise until min 270 or 360 

in the omelet (the high S9M  found after 270 min could be caused by the high heterogeneity of the 

samples and therefore might not be very representative). A s for the egg, the apparition of NI 2 was 

very similar to that of the omelet. That is, NI 2 gradually increased until 360 min to start decreasing 

only after that moment.  

 

4.3.2.6. 5egree of proteolysis 

 
Figure 49. 5egree of proteolysis (%) in the duodenal effluents during digestion. 9ach point represents the mean ± S9M  
of determinations from 7 pigs. 

 
A s it can be seen in figure 49, if the 2 min time-point is not taken into consideration (residual free and 

total NI 2 not coming from our matrices were most likely present at that moment), the degree of 

proteolysis at duodenal level was similar for the 3 different matrices during the first 90 min of 

digestion. It increased from about 10% after 20 min (7.0, 9.8 and 10.4 for omelet, egg and mousse 

respectively) to about 15% after 90 min of digestion (16.3, 13.8 and 15.9% for omelet, egg and mousse 

respectively). From that time on, the degree of proteolysis for omelet and egg was always inferior than 

that for the mousse. The highest degree of proteolysis in the mousse (34.1%) was reached after 180 

min of ingestion. In egg and omelet, the maximum degree of proteolysis was 19.3 and 23.1, both of 

them reached after 270 min of digestion.  
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4.3.3. P lasma 

4.3.3.1. 5I A   

Kinetics of 5I A  increments in plasma after the ingestion of the matrices are presented in figure 50.  

A lthough a time x matrix interaction was not significant (p=0.34), it seems that the increase of 5I A  

concentration reached higher values and was more prolonged in time after the ingestion of the 

omelet. In fact, when the areas under the curve (A U C ) were analyzed by the Friedman test and the 

C onover post-hoc test, significant differences were found among the 3 matrices. Omelet showed a 

significant higher A U C  than the egg and mousse (p=0.004 and p=0.001 respectively). On the contrary, 

differences b etween egg and mousse were not significant (p=0.99). 

A s it can be seen in figure 50, both the rate of 5I A  accumulation and elimination were very similar for 

all the matrices. The differences in the A U C  were mostly due to the fact that, after the ingestion of the 

omelet, the accumulation of 5I A  in the plasma started before and continued over a longer period of 

time than in the mousse or egg. Tukey’s post hoc tests show that after 1h of ingestion, only the omelet 

had produced a significant increase of 5I A  concentration with respect to the initial baseline level. In 

mousse and eggs, the increment was no significant until 2h and 3h after the ingestion, respectively. In 

addition, as shown in table 21, the accumulation of 5I A  after the ingestion of the mousse and egg 

continued until 4h and 6h after ingestion; 5I A  increment at that points was of 19.8 and 30.6 mg/ml. 

From that time on, 5I A  started to be eliminated from the blood. In omelet, on the contrary, 5I A  

continued to accumulate in the plasma as long as 10h after the ingestion i.e. 4h more than in the eggs 

and 6h more than in the mousse. A s a consequence, since the 5I A  elimination rate was very similar 

among the matrices as evidenced by the almost identical descending slope of the curves, after 48h 

only significant amounts of 5I A  with respect to the baseline could be detected after the ingestion of 

the eggs and the omelet, being the latter much more pronounced.  

 
Figure 50. Increment of 5I A  concentration in plasma, expressed in mg/ml. 9ach point represents the mean ± S9M  of 
determinations from 7 pigs. Time effect was significant (p<10-3) after analysis by a nparL5 pack and post hoc Tukey’s test 
with the R software. Lines in the bottom of the graph indicate a significant difference (p<0.05) from baseline for each curve. 
Time x matrix and matrix effects were not significant 
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Tab le 21. 5escriptive parameters of the postprandial curve against time of ∆ 5I A  (mg/ml) in the plasma, after the ingestion 
of the 5I A  enriched omelet, egg and mousse. For ∆ GHA mMx, Qalues are means ± S E M of 7 pigsB For AUF, Qalues are means 
± S G of 7 pigs 

 OmeleP  E gg  Mousse 
 VMlue  Time  VMlue  Time  VMlue  Time 
∆ GHA mMx 33B3 ± 3B6 600  30B6 ± 9B6 360  19B82 ± 2B7 240 
AUF 57B4 ± 22B15   36B6 ± 12B5   26B1 ± 6B8  

 
 

4.4. 5ISC U S SION 

The main objective of the present study was to investigate the effect of the food matrix structure on 

5I A  bioavailability. A dditionally, in order to better understand the potential differences among the 

matrices, the quantification of 5I A , as well as the degree of proteolysis, pI , total and free NI 2 and a 

morphological de visu characterization in the digestive effluents at duodenal level was carried out. To 

highlight potential differences induced by the matrix structure, 3 5I A -enriched matrices having 

exactly the same composition but different structures were designed: omelet (solid matrix in which 

lipids and proteins were mixed and cooked), hard-boiled egg (solid matrix in which lipids and proteins 

were cooked but not mixed) and mousse (foamy matrix in which lipids and proteins were mixed but 

not cooked). A lthough the combination of in vitro digestion and cellular models can be used to 

measure the bioavailability of nutrients and compounds, the complexity and high number of 

complexes occurring between the ingestion of nutrients and their appearance in the systemic 

circulation makes impossible to accurately simulate the physicochemical conditions that take place in 

vivo in the GIT during digestion. Therefore, for this study it was decided to use a pig model instead.  

A lthough in these types of studies, the incorporation of a indigestible marker such as chromium oxide, 

chrome-95TA  or titanium dioxide is usually added to the foods in order to calculate the rate of gastric 

emptying of the chyme and measure the volume of gastric and intestinal secretions during digestion, 

it was finally decided not to add it in order to avoid the potential oxidation of 5I A . Therefore, in the 

present study a series of factors would be simultaneously acting at duodenal level: secretion of 

digestive fluids, gastric emptying, absorption, variability among pigs and heterogeneity of the samples.  

A ccording to the results obtained, it seems that the structure of the matrices had an important 

influence on the digestion time and that the solid matrices, in comparison with the foamy mousse, 

were digested during a longer period of time.  

The mousse, which was apparently transformed into a liquid by the salivary and gastric juices reached 

the duodenum very fast. In fact, very high concentrations of 5I A  and protein (total NI 2) were already 

detected when the pigs were still ingesting the mousse (2 min after the b eginning of ingestion). For 

omelet and eggs, the concentrations of 5I A  were negligible after the same period of time and for 

total NI 2, the increase with respect the pre-ingestion levels was also minimal. Gastric emptying rate 
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seemed to be maximal during the first 90 min of digestion. In fact, the quantities of duodenal 

secretions were not sufficient to buffer the acidic pI  of the gastric chyme until that time. From that 

time on, the very clear inverse relationship observed between pI  and 5I A /total NI 2 seems to indicate 

that the gastric emptying rate and digestion of the mousse started to decrease. In fact, after 4h of 

digestion pI  values were very close to 7, which would indicate that small quantities of chyme would 

be coming out from the stomach. On the contrary, the more or less constant pI  values between 5 and 

6 and the constant and much higher concentrations of 5I A  and protein reaching the duodenum for 

omelet and egg, would indicate that still important amounts of the solid matrices were still being 

released from the stomach after 7h 30 min of digestion. A ll these results would be confirmed by the 

de visu morphological characterization of the effluents.  

This results are in line with those of B arbé et al., (2013), I ellström, Grybäck, & Jacobsson, (2006) and 

(F. Kong & Singh, 2008). B arbé et al., (2013), in which using 95TA -C R as digestion marker and pigs as 

digestion model, observed that the mean retention time in the stomach of a gelled matrix was 51 min 

superior than that of a liquid matrix having exactly the same composition.  

A ccording to the results obtained by I ellström et al. (2006) and Kong F., Singh R.P . (2008), liquid and 

semi-liquid matrices empty from the stomach according to 1st-order kinetics (being the speed directly 

proportional to the volume present in the stomach). A fter their ingestion, liquid matrices are initially 

emptied at rates of up to 10 to 40 ml/min to be, after a while, slowed down to rates of around 2 to 4 

ml/min. On the contrary, gastric emptying of solid foods usually show a typical biphasic pattern: after 

a lag phase during which little emptying occurs, a linear emptying phase follows during which solid 

particles empty from the stomach by mainly zero-order kinetics (independent of gastric volume).  

C ontrary to I ellström et al. (2006) and Kong F., Singh R.P . (2008), who stated that all solids are 

removed from the stomach after approximately 3 to 4 h, our results showed that still large pieces of 

omelet and egg were recovered in the duodenum after 7 h 30 min after ingestion. A lthough these 

pieces could have been expulsed from the stomach long time ago, it seems difficult to imagine that 

food particles of such a big size (5-7 mm) could not have been pushed by the peristatic movements of 

the duodenum and had been got trapped on it during 3 or 4 h. 

The results obtained for proteolysis could be explained by the different structure of the matrices and 

by their apparently different rate of digestion. Regarding the structure, it is conceivable to imagine 

that the degree of proteolysis during duodenal digestion were higher for the mousse than for the 

omelet and egg. In the first, proteolytic enzymes should have an easy and instant access to proteins 

due to its liquid structure, while in the second ones, the action of proteolytic enzymes would be mainly 

limited to the surface of the solid particles. The fact that these differences were only noticeable after 

one hour and a half after ingestion but not before could be explained by the apparently different rate 
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of digestion among the matrices. The higher amounts of mousse that would be reaching the 

duodenum during this period of digestion could be somehow superior than the proteolytic capacity 

of the enzymes secreted by the pancreas. In other words, the high protein to enzymes ratio could be 

counteracting the easier and faster access of enzymes to the mousse proteins. Finally, the decrease 

of the duodenal pI  during the first 90 min of digestion could also being contributing.  

 

Finally, the significant differences found in 5I A  bioavailability among the mousse and the omelet 

could be explained again by the fastest gastric emptying of the first. The much higher concentrations 

of 5I A  in the lumen of the intestine and its faster passage through it could have produced not only 

an incomplete release of 5I A  from TA Gs, P L  and other dietary lipids but also by a lower incorporation 

into mixed micelles (solubilization). A lso the saturation during their transport into enterocytes could 

be another explanation. A ctually, contrary to short fatty acids up to 8 carbon atoms for which the 

uptake has been shown to be linear with concentration (Trotter, I o, & Storch, 1996), the 

uptake/binding of long-chain fatty acids at the brush border membrane and the plasma membrane of 

other cell types such as hepatocytes, adipocytes or cardiac myocytes is saturable (A bumrad, P erkins, 

P ark, & P ark, 1981; A bumrad, P ark, & P ark, 1984; Stremmel, Strohmeyer, & B erk, 1986; Sorrentino, 

Robinson, Kiang, & B erk, 1989). In fact, the rate of 5I A  accumulation in the plasma was very similar 

for the three matrices despite the quantity of 5I A  available for absorption was apparently much 

higher for the mousse than for the other matrices during the first 3h of digestion. 

The significant differences found among the omelet and the hard-boiled egg seem more difficult to 

figure out because according to the results, both matrices behave similarly during digestion. I owever, 

it is also true that the digestion of these two matrices had not finished after 7h 30 and that, maybe 

from that time on, the kinetics of digestion completely changed for the two matrices. In fact, the 

concentration of 5I A  in the duodenal effluents for the egg was already following a downward trend 

during the last 3 h of recorded digestion. In the omelet, on the contrary, 5I A  concentration was 

actually increasing during the same period of time. 

To conclude, the possibility that the differences b etween the hard-boiled egg and the omelet were 

due to generation of lipid-protein during the cooking of the later should not be ruled out. This  

interactions, which in no way could have been formed in the egg  considering that  the egg white and 

yolk  were cooked separately, could have somehow favored the absorption of 5I A . 
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4.5. C ONC L U SION 

The structure of the 5I A -enriched matrices had a clear impact on both the kinetics of digestion and 

the final bioavailability of 5I A . A ccording to the obtained data, the mousse appeared to have been 

digested significantly faster than the solid food matrices. In the latter, even after 7h 30 of digestion, 

relatively large amounts of 5I A  were detectable in the duodenal effluents. P roteins had a similar 

behavior than 5I A  in terms of gastric emptying. The mousse, probably because of its foamy –liquid 

structure allowed and easier and faster access of pancreatic and gastric enzymes, presented a higher 

degree of proteolysis than the solid matrices. Finally, the bioavailability of 5I A  was higher after the 

ingestion of the omelet than for the mousse and the eggs. M ore essays are currently being done and 

hopefully, they will be useful to better understand the observed differences. Some of them are 

detailed in the short-term perspectives section included within the general discussion (page 163). 
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General 5iscussion & perspectives 
 
 
G9N9RA L  5IS C U S SION  
 

This work was aimed at addressing, first, the formulation of bioactive-enriched dairy and egg-based 

products for the prevention of M S  within the 9uropean P roject P A TI W A Y-27. In addition, the effect 

of the food matrix on the in vitro bioaccessibility of A C  and polyphenols, as well as the evolution of 

their antioxidant capacity during digestion was also evaluated in the A C -enriched matrices of the 

P A TI W A Y-27 project. Finally, the effect of the structure of the food matrix on the bioavailability of 

5I A  was evaluated using pigs as in vivo digestion model.  

The originality of this work resides in the fact that, in all cases, bioactives were not considered as 

concrete and isolated molecules, but as ingredients of real and complex foods that can be part of an 

everyday diet. Therefore, the critical evaluation of the bioactives and food matrix interaction was an 

integral part of this thesis. In addition: 

 A lthough products for the P A TI W A Y-27 project were initially formulated at laboratory scale, 

all the B 9F finally used in the present work were produced at pilot scale by specialized SM 9s 

under real industrial circumstances.  
 The produced dairy and egg-based foods were chosen considering the different dietary hab its 

of consumers across 9urope, as well as the amount and frequency of consumption. In 

addition, their production is of major economic importance and relevant to SM 9s and artisan 

producers all over 9urope.  
 The technological modifications occurring during food processing and production were taken 

into account. In addition, since the B 9F production site was not in France but in I ungary, the 

transportation and storage conditions were also taken into account. 
 5espite the egg-based products developed during chapter 4 were not produced at industrial 

scale, they were produced using food grade ingredients available in the market, maintaining 

the natural egg yolk/egg white ratio found in eggs and using techniques, times and 

temperatures that perfectly mimicked the processes of everyday circumstances.  
 The models of digestion used were adapted for the type of analysis. The bioaccessibility 

determination within the P A TI W A Y-27 project was performed using a static in vitro model. 

The latter, due to the highly controlled conditions in which it is performed and its high 

repeatability, is particularly adapted to the comparison of different matrices. In addition, its 

low cost makes it ideal for studies in which a large number of samples are concerned. On the 
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other hand, due to the high and complex number of processes between the ingestion of a 

molecule and its final availability in the blood, an in vivo digestion model of digestion (pig) was 

used for the determination of 5I A  bioavailability in chapter 4.  
 The release of A C  and polyphenols from liquid or solid food matrices during digestion has 

already been studied but mainly in naturally-enriched matrices like fruits and juices. I owever, 

the inclusion, release and solubilization of these compounds into and from non-natural and 

complex food matrices have b een scarcely studied to date. 

 In the same way, several studies have been conducted in order to establish the most effective 

form of 5I A  in terms of absorption, bioavailability and ultimately its incorporation and 

assimilation into the different human tissues (TA G, P L  or N9FA  for instance). I owever, the 

study of its interaction with the food matrix still remains poorly studied. In fact, to our 

knowledge, the study of the food matrix structure on the b ioavailab ility of 5I A  has b een 

never studied b efore. 

The first main challenge faced during the realization of this work was to produce a high scientific 

quality P h5 project and, at the same time, to reach the objectives and to release the deliverables on 

time of the 9uropean project. It was a huge challenge for a P h5 student to do some collaborative work 

with 13 partners from all over 9urope including well-known academic research centres as well as SM 9s 

that are not used to do research. 

Regarding the scientific challenges, the main one was to be able to develop functional foods having 

the exact required amount of bioactives, stable during processing and storage and having excellent 

sensory properties. A  second challenge was to be able to track bioactives during in vitro and in vivo 

digestion. Indeed, in vitro digested samples and in vivo effluents are extremely complex media where 

bioactives can be metabolized or interact with other molecules making their detection and 

quantification difficult. Finally, it must be stressed that the laboratory in which this project was carried 

out had no previous experience in the field of A C  and polyphenols and all the methods had to be firstly 

implemented.  

The strategy followed let us to achieve/conclude that:  

Regarding chapter 2: “5evelopment of bioactive-enriched foods against M etabolic Syndrome” 

 In collaboration with other partners, we were able to produce, at pilot scale, 5P  and 9P  

enriched with stable and potential effective doses of 5I A , A C  and B G. In addition, the products 

were microbiologically safe, had optimal sensory properties as determined by a professional 

sensory panel and had adequate nutritional profiles according to the F5A  and 9FSA  regulation. 
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B riefly, we produced B 9F meeting all the mandatory requirements to be tested in further 

clinical essays.  

Regarding chapter 3: “In vitro digestion of dairy and egg products enriched with grape extracts: effect 

of the food matrix on polyphenol bioaccessibility and antioxidant capacity”. 

 In the 9P  and 5P  developed for the P A TI W A Y-27 project, the composition and the structure 

of the food matrices greatly impacted the release and solubilization of polyphenols during in 

vitro digestion. In addition, the class of the polyphenols also played a key role. 5ifferences 

were especially significant during the first steps of digestion.  

 5espite the differences on A C  and proanthocyanidins, at the end of the whole digestion 

process, the proportion of soluble and insoluble phenolic compounds delivered by the 

enriched-matrices was quite similar among them and with respect to the control solution 

(where no matrix was present). 

 The inclusion of A C  into food matrices protected A C  against intestinal degradation. This 

protection was higher in the solid matrices than in the liquid ones. 

 Stability and solubilization of individual A C  depended on their chemical structure. C oumaryl 

glucosylated A C  precipitated in higher proportions during the oral phase – especially 5el-3C G 

and P et-3C G – and were much more degraded during the intestinal phase of digestion –

especially 5el-3C G – than the glucosylated and acetyl-glucosylated ones. A mong the 

glucosylated A C , which represented more than 80% of the total A C  content of the extract, 

peo-3G, mal-3G and cya-3G were the least affected ones during intestinal degradation. On the 

other hand, 5el-3G and P et-3G were the two most degraded ones. 

 On the contrary, the food matrix did not affect the antioxidant activity of the matrices, which 

remained constant during the oral and gastric phases but greatly increased during the 

intestinal phase of digestion. 

 

Regarding chapter 4: “In vivo digestion of egg products enriched with 5I A : effect of the food matrix 

structure on 5I A  bioavailability” 

 A s indicated by the pI  values, total NI 2 content, 5I A  content and de visu observation of the 

duodenal effluents, the solid matrices were digested significantly more slowly than the 

“foamy” mousse. M ousse also presented a higher degree of proteolysis. 

 The structure of the food matrix also impacted 5I A  bioavailability. Omelet presented 

significantly higher values than the hard-boiled egg and mousse. 
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S I ORT–T9RM  P 9RSP 9C TIV 9S  

W ithin the P A TI W A Y-27 project, the short perspectives are well defined. The pilot studies, consisted 

in three randomized, double-blind studies comprising 100 participants each one and addressed to 

identify the most active bioactive combination within each best 9P  and 5P  (pancake and milkshake, 

respectively), have been already concluded. Results showed that, for the pancake and milkshake, the 

most effective combination to low blood TA G and I 5L-C  levels were the 5I A +A C  and 5I A +B G, 

respectively. Therefore, this indicates that there is a synergistic effect of the bioactives.  

The next step, a randomized, double-blind, placebo-controlled study comprising 800 volunteers at risk 

of M S from four different countries and addressed to test the effectivity of the 5I A +A C  pancake and 

5I A +B G milkshake, was due to start in a few weeks at the time this manuscript was written. B riefly, 

volunteers will undergo a physical examination every six weeks. B lood for routine lab  tests (I 5L-C , 

L5L-C , total cholesterol, TA G, complete blood count (C B C ), haemoglobin A 1C  (I b A 1C ), aspartate 

aminotransferase (A ST), alanine aminotransferase (A LT), total bilirubin, C -reactive protein (C RP ), 

creatinine, fasting blood glucose (FB G), insulinemia and homeostatic model assessment (I OM A ) from 

FB G and insulinemia) and urine for metabolomics will be collected at the b eginning and at the end of 

the study. A  number of subjects in each subgroup, selected double-blindly by means of customized 

software prepared by the project, will provide stool samples and undergo fat biopsies at the beginning 

and end of the study, and will provide urine samples for further metabolomics study. In addition, 

changes in physical activity and dietary habits, and actual consumption of the functional food (or 

placebo) will be monitored and recorded using structured questionnaires; the degree of satisfaction 

and possible side effects will also be recorded.  

 

W ithin chapter 3 (In vitro digestion of dairy and egg products enriched with grape extracts: effect of 

the food matrix on polyphenol bioaccessibility and antioxidant capacity), it would be interesting to 

check: 

 If the insoluble fractions obtained after the duodenal phase of digestion could be further 

metabolized by the colon microbiota into simpler phenolic acids that could be subsequently 

absorbed and become bioavailable. The identification and quantification could be carried out 

by I P L C -M S techniques. 

 The proportion and/or the type of A C  and polyphenols that could actually be absorbed 

through the gastrointestinal tract. This could be achieved by incubating the bioaccessible 

fractions obtained after in vitro digestion with cell models such as C aco2 and perform again 
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the quantification and identification of the polyphenols and metabolites found in both, the 

bioaccessible and the absorbed fraction, by I P L C -M S techniques. 

  Finally, it would be interesting to incubate the previous polyphenols and metabolites with 

another cell lines such as hepatocytes or adipocytes (clue in the development of M S) in order 

to determine their mechanism of action. The biomarkers to follow could be those related to 

TA G and cholesterol metabolism or glucose/insulin metabolism and uptake.  

W ithin chapter 4 (In vivo digestion of egg products enriched with 5I A : effect of the food matrix 

structure on 5I A  bioavailability), some analysis are currently been done. In particular 

 The disappearance and aparareance of the main classes of lipids (TA G, 5A G, M A G, FFA ) in the 

effluents has already been performed by thin layer chromatography. A t the moment the data 

treatment is being carried out. This information will allow to determine if the degree of 

lipolysis among the matrices is similar or not.  

 In addition, the evolution of other short and long fatty acids present in the matrices as well 

as the total fat content will be determine in order to find out if the different fatty acids behave 

similarly to 5I A  or not. 

 Finally, it would be very interesting to test some of the proposed hypotheses by repeating the 

digestion experiment under in vitro dynamic conditions, which provide a more mechanistic 

approach. 

In addition to these analyses, which will be performed in the samples already collected, it would be 

also interesting to study the effect of the food matrix on 5I A  bioavailability at the long term. A  

potential strategy could be: 

 To feed pigs (surgically fitted with a catheter at the jugular vein) everyday with the same 

matrices during, for instance, 6-12 months. A t T=0 and every 15 days, blood samples could be 

collected in order to analyse the incorporation of 5I A  in the blood cell membranes as well as 

to check for TA G, I 5L-C , L5L-C , adiponectin, leptin, ghrelin, or FB C  levels in plasma.  

 A s an alternative, the effectiveness of the different matrices could be achieved by the use of 

genetically engineered pig models with severe hypercholesterolemia and human-like 

progressive atherosclerotic lesions (A l-M ashhadi et al., 2013), T25M  (Renner et al., 2010), or 

high levels of endothelial nitric oxide synthase (which regulates vascular function and 

structure by generating nitric oxide) (I ao et al., 2006). 
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 Finally, although this thesis and the P A TI W A Y 27 project were focused in M S, the effect of 

the food matrix on the effectiveness of other pathologies could also be investigated in a nearly 

future. For instance the maintaining of cognitive functions during ageing.  

 

LONG–T9RM  P 9RSP 9C TIV 9S  

5uring the last years, the concerns of many consumers to improve their health and wellbeing in a 

natural manner have led to an increase in the number of foods sold in the 9U  possessing nutrition and 

health claims. In 2005, more than 500 products were labelled as “functional” in the 9U  (Side, 2006; 

Fern, 2007). One year later, in 5ecember 2006, 9U  adopted the Regulation (9C ) 1924/2006 to control 

the use of nutrition and health claims in foods. One of the key objectives of this Regulation is to ensure 

that any claim made on a food label in the 9U  is clear and substantiated by scientific evidence. The 

9FSA  is responsible for verifying the scientific substantiation of the submitted claims and recently 

(2011) has offered guidance on how to submit application dossiers for health claims. I owever, to 

date, a very high number of requested health claims (more than 80%) have been rejected by the 9FSA 's 

N5A  P anel, who often concluded that “there was no cause and effect relationship established between 

the health claims and the consumption of the active compound (bioactive)”. 

 

In order to overcome such a big percentage of rejection, all the knowledge and experience gained 

during the formulation of the B 9F and during the clinical intervention studies will be shared with the 

9uropean food industry in form of generic protocols, best practices and guidelines for correctly 

planning the nutritional and health studies needed for the submission of health claim dossiers. In 

addition, P A TI W A Y 27 will provide guidance to SM 9s in order to submit convincing health claim 

dossiers to 9FSA . Incrementing the options of obtaining health claims will stimulate the 9uropean Food 

industry to increase the production of new functional foods and thus, their competitively against 

foreign markets while providing consumers with tasty, affordable and healthy products. 

  

Finally, the results obtained regarding the effect of the food matrix on the bioaccessibility and 

bioavailability of A C , polyphenols and 5I A , will broaden our understanding of the interactions 

between dietary bioactives and food components. U nderstanding how dietary bioactives interact with 

the matrix during production, storage, transportation along with a deep understanding on how they 

are digested, released and solubilized from complex foods during digestion will be the basis for the 

production of the next generation of functional foods. This will allow to:  
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 M inimize the losses of bioactives during production, storage and transportation 

 C hose the most adequate form of bioactive depending on the nature of the food matrix 

 P rotect bioactives from degradation during digestion 

 M aximize the release of bioactives during digestion 

 M odulate the delivery of bioactives within the different compartments of the GIT 

 P rotect important nutrients or other bioactives  
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1. SU P P L9M 9NTA RY 5A TA  

Tab les 1A  and 1B . Recoveries of total and individual A C  after processing. Table A  compares differences among individual A C  within each matrix. Table B  compares differences among all matrices for 
each individual A C . V alues are means ± S9M , n = 3 per treatment group. M eans in a row without a common superscript letter differ (P <0.01) as analyzed by one-way A NOV A  and Tukey’s test. 

 
A 

 GelB3G FynB3G PePB3GB PeoB3G MMlB3G MpmB3G PeoB3AG GelB3FGB MMlB3AGB PePB3FG PeoB3FG MMlB3FG T OT AI  
FonProl  100 ± 0B9M 100 ± 0B8M 100 ± 0B8M  100 ± 0B3M 100 ± 0B4M 100 ± 3M 100 ± 4M 100 ± 3M 100 ± 0B6M 100 ± 0B7M 100 ± 2M 100 ± 0B9M 100 ± 0B2M 
FusPMrd  93B4 ± 0B8MN 91B8 ± 0B2N 92B5 ± 0B6MN 91B9 ± 0B7N 90B8 ± 0B2N 91B4 ± 2N 95 ± 4MN 104 ± 1M 87B3 ± 1N 98 ± 4MN 94B5 ± 3MN 92B6 ± 0B7MN 96B6 ± 1MN 
MilksOMke  88B5 ± 0B7Nc 86B4 ± 1Nc 86B5 ± 1Nc 85 ± 0B8Nc 84 ± 0B8Nc 89B3 ± 2Nc 89B6 ± 0B9Nc 102 ± 5M 82B1 ± 0B9c 94B4 ± 2MN 94 ± 0B8MN 86B8 ± 1Nc 91B1 ± 1Mc 
PMncMke  73 ± 2Nc 64B7 ± 2c 70B3 ± 2Nc 65B3 ± 2c 68B5 ± 2Nc 74B4 ± 2Nc 71B1 ± 2Nc 90B4 ± 5M 73B1 ± 2Nc 78B6 ± 2Mc 75B2 ± 1Nc 82B9 ± 2MN 74B5 ± 3Nc 
OmeleP  19B6 ± 0B9f 28B5 ± 1Nd 20B9 ± 1ef 26B7 ± 1cde 23B1 ± 0B9df 29B3 ± 1Nd 35B1 ± 0B6MN 30B6 ± 1MNc 25B8 ± 1cdf 37B3 ± 1M 36B4 ± 2M 33B8 ± 1MN 31B3 ± 0B8MNc 

 
 
B 

 FonProlB FusPMrd MilksOMke PMncMke OmeleP 
Gel-3G  100 ± 0B9M 93B4 ± 0B8MN 88B5 ± 0B7N 73 ± 2c 19B6 ± 0B9d 
Fyn-3G 100 ± 0B8M 91B8 ± 0B2N 86B4 ± 1N 64B7 ± 2c 28B5 ± 1d 
PeP-3G 100 ± 0B8M 92B5 ± 0B6MN 86B5 ± 1N 70B3 ± 2c 20B9 ± 1d 
Peo-3G 100 ± 0B3M 91B9 ± 0B7N 85 ± 0B8N 65B3 ± 2c 26B7 ± 1d 
MMl -3G 100 ± 0B4M 90B8 ± 0B2N 84 ± 0B8N 68B5 ± 2c 23B1 ± 0B9d 
Mpm-3G 100 ± 3M 91B4 ± 2M 89B3 ± 2M 74B4 ± 2N 29B3 ± 1c 
Peo-3AG 100 ± 4M 95 ± 4M 89B6 ± 0B9M 71B1 ± 2N 35B1 ± 0B6c 
Gel-3FG  100 ± 3M 104 ± 1M 102 ± 5M 90B4 ± 5M 30B6 ± 1N 
MMl- 3AG  100 ± 0B6M 87B3 ± 1N 82B1 ± 0B9N 73B1 ± 2c 25B8 ± 1d 
PeP-3FG 100 ± 0B7M 98 ± 4M 94B4 ± 2M 78B6 ± 2N 37B3 ± 1c 
Peo-3FG 100 ± 2M 94B5 ± 3M 94 ± 0B8M 75B2 ± 1N 36B4 ± 2c 
MMl-3FG 100 ± 0B9M 92B6 ± 0B7MN 86B8 ± 1Nc 82B9 ± 2c 33B8 ± 1d 
ToPMl 100 ± 0B2M 96B6 ± 1M 91B1 ± 1M 74B5 ± 3N 31B3 ± 0B8c 



 
Tab le 2. Recoveries of total and individual A C  within the different fractions and phases of the enriched matrix during in vitro digestion. V alues are means ± S9M , n = 3 per treatment group. 
M eans in a row without a common superscript letter differ (P <0.01) as analyzed by one-way A NOV A  and the TU K9Y test. 
 

F
O

N
T

R
O

I
 

 GelB3G FynB3G PePB3GB PeoB3G MMlB3G MpmB3G PeoB3AG GelB3FGB MMlB3AGB PePB3FG PeoB3FG MMlB3FG T OT AI  
OrMl soluNle 84B1 ± 0B6M 86B3 ± 1M 79B9 ± 1M 85B5 ± 0B5M 81B5 ± 0B5M 83B5 ± 3M 83B6 ± 3M 66B2 ± 3N 80B5 ± 0B6M 66 ± 0B5N 62B7 ± 2N 67B9 ± 0B4N 83B4 ± 0B1M 
OrMl insoluNle 11B9 ± 0B1de 8B4 ± 0B1f 11B8 ± 0B4de 7B6 ± 0f 9B9 ± 0B3ef 13B8 ± 0B1d 13B6 ± 0B6d 39 ± 0B4M 12 ± 0B2de 35B4 ± 0B8N 27B2 ± 2c 29B5 ± 0B2c 12B3 ± 0B2de 
OrMl PoPMl 96 ± 0B8MN 94B6 ± 2MN 91B7 ± 1N 93B1 ± 0B5MN 91B4 ± 0B8N 97B3 ± 3MN 97B1 ± 4MN 105 ± 3M 92B6 ± 0B8MN 101 ± 1MN 90 ± 4N 97B4 ± 0B6MN 95B7 ± 0B3MN 
GMsPB SoluNle 92B5 ± 0B1MN 92B6 ± 2M 91B8 ± 2MN 90B3 ± 1MN 92B5 ± 2MN 94B7 ± 0B8M 92B7 ± 3M 89B2 ± 5MN 88B5 ± 2MN 84B2 ± 1MN 78B3 ± 4N 85B4 ± 2MN 92B4 ± 0B8MN 
GMsPB InsoluNle 6B7 ± 0B9c 6B6 ± 0B5c 6B5 ± 0B5c 6B6 ± 0B1c 6B1 ± 0B5c 9B4 ± 0B8Mc 9B6 ± 2Mc 15B4 ± 5Mc 5B8 ± 2c 19B9 ± 2MN 20B9 ± 3M 18B9 ± 0B9MN 8B6 ± 0B5Nc 
GMsPB ToPMl 99B1 ± 1 99B2 ± 2 98B3 ± 2 96B9 ± 1 98B6 ± 2 104 ± 2 102 ± 5 105 ± 10 94B3 ± 4 104 ± 3 99B3 ± 7 104 ± 3 101 ± 1 
InPesPB SoluNle 12B4 ± 0B8e 29 ± 2c 20B5 ± 0B8d 35B1 ± 0B8MN 36B4 ± 2M 21B9 ± 1d 22B5 ± 1d 0 ± 0f 22B3 ± 1d 0 ± 0f 0 ± 0f 0 ± 0f 30 ± 0B8Nc 
InPesPB InsoluNle 12B2 ± 0B8de 26B9 ± 0B6N 17B4 ± 0B1cd 25B7 ± 0B3N 23B1 ± 0B3Nc 24B1 ± 2N 39B8 ± 2M 0 ± 0f 29B1 ± 1N 7B3 ± 0B1e 6 ± 0B9ef 6B8 ± 0B4e 25B1 ± 0B5N 
InPesPB PoPMl 24B5 ± 2d 55B9 ± 2MN 37B9 ± 0B9c 60B8 ± 1M 59B5 ± 2M 46 ± 3Nc 62B3 ± 4M 0 ± 0e 51B4 ± 3MN 7B3 ± 0B1e 6 ± 0B9e 6B8 ± 0B4e 55B2 ± 1MN 

F
U

ST
A

R
G

 

 GelB3G FynB3G PePB3GB PeoB3G MMlB3G MpmB3G PeoB3AG GelB3FGB MMlB3AGB PePB3FG PeoB3FG MMlB3FG T OT AI  
OrMl soluNle 63B3 ± 1MN 64B3 ± 0B4M 63B5 ± 2MN 62 ± 1MN 64B1 ± 2M 62B4 ± 3MN 63B1 ± 3MN 44B4 ± 0B2d 61B3 ± 1MNc 47B4 ± 0B9d 50B1 ± 5Nd 48B3 ± 1cd 62B7 ± 0B2MN 
OrMl insoluNle 22B6 ± 1cd 19B4 ± 0B8cd 18B5 ± 1cd 16B6 ± 0B3d 16B9 ± 0B5d 24B2 ± 0B2cd 28B3 ± 0B9c 50B7 ± 0B4M 19B4 ± 0B3cd 43B2 ± 2MN 39B8 ± 5N 40B4 ± 2MN 23B8 ± 0B7cd 
OrMl PoPMl 85B9 ± 2 83B8 ± 1 82 ± 3 78B6 ± 1 81 ± 2 86B6 ± 3 91B4 ± 4 95B1 ± 0B6 80B7 ± 1 90B6 ± 3 89B9 ± 10 88B7 ± 3 86B5 ± 0B9 
GMsPB SoluNle 77 ± 2M 80B5 ± 0B06M 77B5 ± 2M 76B5 ± 2MN 80B7 ± 2M 84B8 ± 2M 76B5 ± 3MN 62B9 ± 0B9c 77 ± 0B3M 66B6 ± 2Nc 64B1 ± 0B7c 66B3 ± 1c 80B2 ± 2M 
GMsPB InsoluNle 9B7 ± 1d 9B2 ± 0B4d 8B1 ± 0B8d 8B6 ± 0B3d 7B5 ± 0B5d 13B2 ± 0B2cd 16B8 ± 1c 30B8 ± 0B9M 8B9 ± 0B3d 25B7 ± 2MN 29B6 ± 1MN 24 ± 2N 12B3 ± 0B4cd 
GMsPB ToPMl 86B7 ± 3 89B7 ± 0B5 85B6 ± 3 85 ± 2 88B2 ± 3 98 ± 2 93B2 ± 4 93B7 ± 2 85B9 ± 0B5 92B4 ± 3 93B7 ± 2 90B2 ± 3 92B5 ± 2 
InPesPB SoluNle 19 ± 0B5d 39B4 ± 0B5MN 33B2 ± 2Nc 45B8 ± 0B9M 43B7 ± 1M 35B1 ± 0B7Nc 35B7 ± 3Nc 0 ± 0e 29B7 ± 0B8c 0 ± 0e 0 ± 0e 0 ± 0e 39B3 ± 0B5MN 
InPesPB InsoluNle 12B4 ± 1e 23B5 ± 1d 20B8 ± 1d 23B2 ± 1d 21B7 ± 2d 33B5 ± 0N 42B7 ± 2M 0 ± 0f 30B2 ± 0B4Nc 8B5 ± 0B9e 13B4 ± 1e 8B9 ± 0B4e 24B2 ± 0B6cd 
InPesPB PoPMl 31B4 ± 2d 62B8 ± 2Nc 54 ± 4c 69 ± 2MN 65B5 ± 3Mc 68B6 ± 0B7MN 78B4 ± 5M 0 ± 0e 60 ± 1Nc 8B5 ± 0B9e 13B4 ± 1e 8B9 ± 0B4e 63B5 ± 1Nc 

M
II

K
SH

A
K

E
  GelB3G FynB3G PePB3GB PeoB3G MMlB3G MpmB3G PeoB3AG GelB3FGB MMlB3AGB PePB3FG PeoB3FG MMlB3FG T OT AI  

OrMl soluNle 70B6 ± 2M 72B4 ± 2M 70B1 ± 2M 68 ± 2M 69B8 ± 1M 74B9 ± 0B3M 69B8 ± 4M 40B9 ± 0B6N 67B2 ± 2M 46B7 ± 2N 53 ± 2N 49B6 ± 2N 67B4 ± 2M 
OrMl insoluNle 29B4 ± 2cd 26 ± 2d 24B7 ± 3d 22B9 ± 2d 23B6 ± 2d 31B1 ± 2Ncd 31B8 ± 1Ncd 48B4 ± 4M 27B5 ± 2d 46B8 ± 4MN 44B5 ± 2Mc 48B3 ± 4M 30 ± 0B8cd 
OrMl PoPMl 100 ± 4 98B4 ± 4 94B8 ± 4 90B9 ± 4 93B4 ± 3 106 ± 3 102 ± 5 89B3 ± 4 94B7 ± 5 93B5 ± 6 97B5 ± 5 97B9 ± 7 97B3 ± 4 
GMsPB SoluNle 90B8 ± 3M 91B6 ± 0B6M 87B7 ± 4MN 83B3 ± 3Mc 89B2 ± 4M 94B1 ± 0B5M 86B6 ± 2MN 71B1 ± 2c 85B5 ± 1Mc 70B9 ± 1c 80B2 ± 2Mc 73B7 ± 2Nc 89B2 ± 3M 
GMsPB InsoluNle 11 ± 2d 9B6 ± 0B6d 8B6 ± 1d 8B7 ± 0B8d 7B7 ± 1d 13B8 ± 0B7Nd 17B1 ± 2Nd 30B7 ± 5M 9B6 ± 0B8d 26B6 ± 3MN 32B8 ± 0B06M 25B3 ± 4MNc 12B8 ± 1cd 
GMsPB ToPMl 102 ± 5 101 ± 1 96B3 ± 5 92 ± 4 96B9 ± 5 108 ± 1 104 ± 4 102 ± 7 95B2 ± 2 97B5 ± 5 113 ± 2 99B1 ± 6 102 ± 4 
InPesPB SoluNle 22B9 ± 2c 49B5 ± 1MN 41B7 ± 4MN 55B3 ± 4M 54B6 ± 4M 43B4 ± 3MN 44B3 ± 2MN 0 ± 0d 36B5 ± 2Nc 0 ± 0d 0 ± 0d 0 ± 0d 47B3 ± 3MN 
InPesPB InsoluNle 15B6 ± 1ef 29B1 ± 2cd 25B2 ± 2de 29B8 ± 2cd 27B6 ± 2cd 40B7 ± 2N 55B9 ± 2M 0 ± 0g 35B6 ± 2Nc 8B2 ± 1fg 8B3 ± 0B5fg 9B7 ± 0B3fg 29B2 ± 2cd 
InPesPB PoPMl 38B4 ± 4c 78B7 ± 3MN 66B8 ± 6N 85B1 ± 6MN 82B3 ± 6MN 84B1 ± 5MN 100 ± 4M 0 ± 0d 72B1 ± 4N 8B2 ± 1d 8B3 ± 0B5d 9B7 ± 0B3d 76B5 ± 5MN 

PA
N

F
A

K
E

 

 GelB3G FynB3G PePB3GB PeoB3G MMlB3G MpmB3G PeoB3AG GelB3FGB MMlB3AGB PePB3FG PeoB3FG MMlB3FG T OT AI  
OrMl soluNle 27B5 ± 1M 30B1 ± 2M 31B4 ± 2M 30B7 ± 2M 35 ± 2M 26B7 ± 3M 26B3 ± 2M 7B4 ± 0B06N 28B8 ± 2M 7B8 ± 0B5N 6B9 ± 2N 9B4 ± 0B5N 28B4 ± 1M 
OrMl insoluNle 68B1 ± 2Nc 68B5 ± 1Nc 63B6 ± 0B3Nc 59B1 ± 0B7c 59B5 ± 1c 70B5 ± 3N 70 ± 1N 96B9 ± 2M 64B7 ± 0B1Nc 94B5 ± 4M 97B6 ± 1M 93 ± 0B6M 70B5 ± 0B6N 
OrMl PoPMl 95B6 ± 3 98B6 ± 4 95 ± 2B4 89B8 ± 2B5 94B5 ± 3 97B2 ± 5 96B3 ± 3 104 ± 2 93B5 ± 2 102 ± 4 104 ± 3 102 ± 1 98B9 ± 2 
GMsPB SoluNle 58B8 ± 1MN 59B6 ± 3MN 62B3 ± 2MN 57B8 ± 3MN 65B4 ± 2M 58 ± 4MN 49B4 ± 3Mc 45B1 ± 4Nc 56B5 ± 3MN 30B4 ± 2c 32B9 ± 6c 33B6 ± 0B7c 59B2 ± 2MN 
GMsPB InsoluNle 31B6 ± 4M 30B8 ± 5M 27B2 ± 3M 26B1 ± 4M 24B7 ± 3M 35B8 ± 8M 32B9 ± 4M 59B9 ± 9M 27B6 ± 4M 53B5 ± 8M 49B3 ± 4M 54B2 ± 9M 33B5 ± 5M 
GMsPB ToPMl 90B4 ± 6 90B4 ± 9 89B5 ± 6 83B8 ± 7 90B1 ± 5 93B8 ± 10 82B2 ± 8 105 ± 10 84B1 ± 8 83B9 ± 10 82B2 ± 10 87B8 ± 10 92B7 ± 7 
InPesPB SoluNle 44B3 ± 0B6cd 52B5 ± 3MN 48B3 ± 3Mc 52B5 ± 0B2MN 56B1 ± 0M 45B4 ± 3Ncd 43B9 ± 0B1cd 0 ± 0e 37B7 ± 0B9d 0 ± 0e 0 ± 0e 0 ± 0e 51B5 ± 0B2Mc 
InPesPB InsoluNle 31B9 ± 3M 34B5 ± 2M 31B2 ± 3M 30B9 ± 1M 30B7 ± 3M 39B1 ± 3M 42 ± 3M 0 ± 0c 33B5 ± 0B8M 12B9 ± 1Nc 16 ± 2N 14B9 ± 0B9N 35 ± 3M 
InPesPB PoPMl 76B2 ± 3M 87 ± 5M 79B5 ± 5M 83B4 ± 1M 86B8 ± 3M 84B5 ± 5M 85B9 ± 3M 0 ± 0N 71B2 ± 2M 12B9 ± 1N 16 ± 2N 14B9 ± 0B9N 86B5 ± 3M 

O
M

E
I

E
T  

 GelB3G FynB3G PePB3GB PeoB3G MMlB3G MpmB3G PeoB3AG GelB3FGB MMlB3AGB PePB3FG PeoB3FG MMlB3FG T OT AI  
OrMl soluNle 20B8 ± 1Nd 21B3 ± 1Nd 21B6 ± 1Nd 25B9 ± 2MN 31B6 ± 1M 16B5 ± 1d 17B5 ± 1cd 3B3 ± 0B5e 22B6 ± 1Nd 3B6 ± 0B1e 3B1 ± 0B2e 4B9 ± 0B2e 23B4 ± 0B9Nc 
OrMl insoluNle 75B9 ± 2cd 77B3 ± 1Ncd 78B9 ± 3Ncd 67B6 ± 0d 75B5 ± 2cd 84B7 ± 2Md 78B5 ± 2Ncd 104 ± 6M 76B5 ± 1Ncd 96B8 ± 4MN 89B7 ± 8Mc 104 ± 3M 81B9 ± 2Ncd 
OrMl PoPMl 96B7 ± 3 98B6 ± 2 100 ± 4 93B6 ± 0B2 107 ± 4 101 ± 3 95B9 ± 3 107 ± 6 99B1 ± 2 100 ± 4 92B8 ± 8 109 ± 3 105 ± 2 
GMsPB SoluNle 56B1 ± 0B4c 60B5 ± 2Nc 68B1 ± 0B8MN 59B5 ± 0B2Nc 75 ± 1M 59B4 ± 5Nc 52B2 ± 2c 0 ± 0e 60B6 ± 3Nc 19B4 ± 2d 16B5 ± 2d 21B3 ± 1d 62B2 ± 0B2Nc 
GMsPB InsoluNle 34B9 ± 2d 37B5 ± 1d 34B4 ± 0B6d 33B8 ± 0B3d 33B5 ± 0d 46 ± 0B8cd 51B3 ± 0B3c 91B6 ± 5M 40B4 ± 0B3cd 82B1 ± 5MN 80B2 ± 0B2MN 76B4 ± 2N 44 ± 1cd 
GMsPB ToPMl 91B1 ± 2 98 ± 3 102 ± 1 93B3 ± 0B6 108 ± 1 105 ± 6 104 ± 2 91B6 ± 5 101 ± 3 102 ± 7 96B6 ± 3 97B7 ± 3 106 ± 2 
InPesPB SoluNle 52B1 ± 0B6cd 55B9 ± 1c 56B9 ± 0Nc 53B8 ± 0B2cd 66B2 ± 0B4M 48B5 ± 0B9de 44B3 ± 3ef 0 ± 0g 42B5 ± 0B1f 0 ± 0g 0 ± 0g 0 ± 0g 62B5 ± 0B2MN 
InPesPB InsoluNle 36B6 ± 0B6de 40B8 ± 0B2cde 38B9 ± 1cde 40B4 ± 2cde 41B1 ± 0B8cde 52B1 ± 1N 67B6 ± 6M 0 ± 0f 45B2 ± 0B3Nd 30B3 ± 2e 35B7 ± 1de 46B1 ± 0B1Nd 48B6 ± 0B2Nc 
InPesPB PoPMl 88B7 ± 1c 96B8 ± 1Mc 95B8 ± 1Mc 94B3 ± 2Nc 107 ± 1MN 101 ± 2Mc 112 ± 9M 0 ± 0e 87B7 ± 0B4c 30B3 ± 2d 35B7 ± 1d 46B1 ± 0B06d 111 ± 0B3M 
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Tab le 3. Recoveries of total and individual A C  within the different fractions and phases of the enriched- matrices during in vitro digestion. V alues are 
means ± S9M , n = 3 per treatment group. M eans in a row without a common superscript letter differ (P <0.01) as analyzed by one-way A NOV A  and the 
TU K9Y test. 
 
  FonProl FusPMrd MilksOMke PMncMke OmeleP FonProl FusPMrd MilksOMke PMncMke OmeleP 
OrMl solB 

G
el

B3
G

 

84B1 ± 0B6M 63B3 ± 1N 70B6 ± 2N 27B5 ± 1c 20B8 ± 1c 

Pe
oB

3A
G

 

83B6 ± 3B2M 63B1 ± 3B4N 69B8 ± 4MN 26B3 ± 2B1c 17B5 ± 1B0c 
OrMl insolB 11B9 ± 0B1c 22B6 ± 1N 29B4 ± 2N 68B1 ± 2M 75B9 ± 2M 13B6 ± 0B6d 28B3 ± 0B9c 31B8 ± 1B2c 70 ± 1B4N 78B5 ± 2B1M 
OrMl PoPMl 96 ± 0B8M 85B9 ± 2M 100 ± 4M 95B6 ± 3 M 96B7 ± 3M 97B1 ± 3B8 M 91B4 ± 4B3 M 102 ± 5M 96B3 ± 3M 95B9 ± 3 M 
GMsPB SolB 92B5 ± 0B1M 77 ± 2N 90B8 ± 3M 58B8 ± 1c 56B1 ± 0B4c 92B7 ± 3B3M 76B5 ± 2B5M 86B6 ± 2M 49B4 ± 3B3N 52B2 ± 1B8N 
GMsPB InsolB 6B7 ± 0B9N 9B7 ± 1N 11 ± 2N 31B6 ± 4M 34B9 ± 2M 9B6 ± 1B8c 16B8 ± 1B4c 17B1 ± 1B6c 32B9 ± 4B2N 51B3 ± 0B3M 
GMsPB ToPMl 99B1 ± 1 86B7 ± 3 102 ± 5 90B4 ± 6 91B1 ± 2 102 ± 5B2 93B2 ± 3B9 104 ± 3B5 82B2 ± 7B6 104 ± 2B1 
InPesPB SolB 12B4 ± 0B8d 19 ± 0B5cd 22B9 ± 2c 44B3 ± 0B6N 52B1 ± 0B6M 22B5 ± 1B3N 35B7 ± 3B5MN 44B3 ± 2B2M 43B9 ± 0B1M 44B3 ± 3B1M 
InPesPB InsolB 12B2 ± 0B8N 12B4 ± 1N 15B6 ± 1N 31B9 ± 3M 36B6 ± 0B6M 39B8 ± 2B3N 42B7 ± 1B6N 55B9 ± 1B6MN 42 ± 2B9N 67B6 ± 5B6M 
InPesPB PoPMl 24B5 ± 2N 31B4 ± 2N 38B4 ± 4N 76B2 ± 3M 88B7 ± 1M 62B3 ± 3B6c 78B4 ± 5B1Nc 100 ± 3B8MN 85B9 ± 2B9Mc 112 ± 8B7M 
  FonProl FusPMrd MilksOMke PMncMke OmeleP FonProl FusPMrd MilksOMke PMncMke OmeleP 
OrMl solB 

F
yn

B3
G

 

86B3 ± 1M 64B3 ± 0B4N 72B4 ± 2N 30B1 ± 2c 21B3 ± 1c 

G
el

B3
F

G
B 

66B2 ± 2B7M 44B4 ± 0B2N 40B9 ± 0B6N 7B4 ± 0B1c 3B3 ± 0B4c 
OrMl insolB 8B4 ± 0B1d 19B4 ± 0B8c 26 ± 2c 68B5 ± 1N 77B3 ± 0B6M 39 ± 0B4N 50B7 ± 0B4N 48B4 ± 3B5N 96B9 ± 2B2M 104 ± 5B9M 
OrMl PoPMl 94B6 ± 2M 83B8 ± 1M 98B4 ± 4M 98B6 ± 4 M 98B6 ± 2M 105 ± 3B1M 95B1 ± 0B6M 89B3 ± 4B2M 104 ± 2B3 M 107 ± 6B3M 
GMsPB SolB 92B6 ± 2M 80B5 ± 0B1N 91B6 ± 0B6MN 59B6 ± 3c 60B5 ± 2c 89B2 ± 4B9M 62B9 ± 0B9Nc 71B1 ± 2B2MN 45B1 ± 4c 0 ± 0d 
GMsPB InsolB 6B6 ± 0B5N 9B2 ± 0B4N 9B6 ± 0B6N 30B8 ± 5M 37B5 ± 1M 15B4 ± 5B1c 30B8 ± 0B9Nc 30B7 ± 5B1Nc 59B9 ± 9B4MN 91B6 ± 4B9M 
GMsPB ToPMl 99B2 ± 2 89B7 ± 0B5 101 ± 1 90B4 ± 9 98 ± 3 105 ± 10 93B7 ± 1B8 102 ± 7B3 105 ± 13 91B6 ± 4B9 
InPesPB SolB 29 ± 2c 39B4 ± 0B5Nc 49B5 ± 1MN 52B5 ± 3M 55B9 ± 1M 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
InPesPB InsolB 26B9 ± 0B6Nc 23B5 ± 1c 29B1 ± 2Nc 34B5 ± 2MN 40B8 ± 0B2M 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
InPesPB PoPMl 55B9 ± 2d 62B8 ± 2cd 78B7 ± 3Nc 87 ± 5MN 96B8 ± 1M 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
  FonProl FusPMrd MilksOMke PMncMke OmeleP FonProl FusPMrd MilksOMke PMncMke OmeleP 
OrMl solB 

Pe
PB3

G
B 

79B9 ± 1M 63B5 ± 2N 70B1 ± 2MN 31B4 ± 2c 21B6 ± 1c 

M
Ml

B3
A

G
 

80B5 ± 0B6M 61B3 ± 1B1N 67B2 ± 2B4N 28B8 ± 1B6c 22B6 ± 1B3c 
OrMl insolB 11B8 ± 0B4d 18B5 ± 1cd 24B7 ± 3c 63B6 ± 0B3N 78B9 ± 3M 12 ± 0B2e 19B4 ± 0B3d 27B5 ± 2B1c 64B7 ± 0B1N 76B5 ± 0B6M 
OrMl PoPMl 91B7 ± 1M 82 ± 3M 94B8 ± 4M 95 ± 3 M 100 ± 4M 92B6 ± 0B7MN 80B7 ± 1B4N 94B7 ± 4B5MN 93B5 ± 1B7MN 99B1 ± 1B9M 
GMsPB SolB 91B8 ± 2M 77B5 ± 2MN 87B7 ± 4M 62B3 ± 2c 68B1 ± 0B8Nc 88B5 ± 2B1M 77 ± 0B29M 85B5 ± 1B3M 56B5 ± 3B1N 60B6 ± 2B8N 
GMsPB InsolB 6B5 ± 0B5N 8B1 ± 0B8N 8B6 ± 1N 27B2 ± 3M 34B4 ± 0B6M 5B8 ± 1B9N 8B9 ± 0B29N 9B6 ± 0B75N 27B6 ± 4B4M 40B4 ± 0B3M 
GMsPB ToPMl 98B3 ± 2 85B6 ± 3 96B3 ± 5 89B5 ± 6 102 ± 1 94B3 ± 4 85B9 ± 0B52 95B2 ± 2 84B1 ± 7B5 101 ± 3B1 
InPesPB SolB 20B5 ± 0B8d 33B2 ± 2cd 41B7 ± 4Nc 48B3 ± 3MN 56B9 ± 0M 22B3 ± 1B1c 29B7 ± 0B7N 36B5 ± 2MN 37B7 ± 0B9M 42B5 ± 0B1M 
InPesPB InsolB 17B4 ± 0B1c 20B8 ± 1Nc 25B2 ± 2Nc 31B2 ± 3MN 38B9 ± 1M 29B1 ± 1B4N 30B2 ± 0B4N 35B6 ± 1B8N 33B5 ± 0B7N 45B2 ± 0B3M 
InPesPB PoPMl 37B9 ± 0B9c 54 ± 4Nc 66B8 ± 6N 79B5 ± 5MN 95B8 ± 1M 51B4 ± 2B5c 60 ± 1B1Nc 72B1 ± 3B9N 71B2 ± 1B6N 87B7 ± 0B4M 
  FonProl FusPMrd MilksOMke PMncMke OmeleP FonProl FusPMrd MilksOMke PMncMke OmeleP 
OrMl solB 

Pe
oB

3G
 

85B5 ± 0B5M 62 ± 1N 68 ± 2N 30B7 ± 2c 25B9 ± 2c 

Pe
PB3

F
G

 

66 ± 0B46M 47B4 ± 0B9N 46B7 ± 1B8N 7B8 ± 0B46c 3B6 ± 0B12c 
OrMl insolB 7B6 ± 0e 16B6 ± 0B3d 22B9 ± 2c 59B1 ± 0B7N 67B6 ± 0M 35B4 ± 0B7N 43B2 ± 2B2N 46B8 ± 4B3N 94B5 ± 3B6M 96B8 ± 4B3M 
OrMl PoPMl 93B1 ± 0B5M 78B6 ± 1N 90B9 ± 4MN 89B8 ± 2MN 93B6 ± 2M 101 ± 1B2M 90B6 ± 3B1M 93B5 ± 6B1M 102 ± 4 M 100 ± 4B4M 
GMsPB SolB 90B3 ± 1M 76B5 ± 2N 83B3 ± 3MN 57B8 ± 3c 59B5 ± 0B2c 84B2 ± 1M 66B6 ± 1B6N 70B9 ± 1B4N 30B4 ± 1B9c 19B4 ± 1B7d 
GMsPB InsolB 6B6 ± 0B1N 8B6 ± 0B3N 8B7 ± 0B8N 26B1 ± 4M 33B8 ± 0B3M 19B9 ± 1B7c 25B7 ± 1B6Nc 26B6 ± 3B2Nc 53B5 ± 8B3MN 82B1 ± 5M 
GMsPB ToPMl 96B9 ± 1 85 ± 2 92 ± 4 83B8 ± 7 93B3 ± 0B6 104 ± 2B8 92B4 ± 3B2 97B5 ± 4B6 83B9 ± 10 102 ± 6B6 
InPesPB SolB 35B1 ± 0B8N 45B8 ± 0B9M 55B3 ± 4M 52B5 ± 0B2M 53B8 ± 0B2M 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
InPesPB InsolB 25B7 ± 0B3N 23B2 ± 1N 29B8 ± 2N 30B9 ± 1N 40B4 ± 2M 7B3 ± 0B12N 8B5 ± 0B87N 8B2 ± 1B2N 12B9 ± 1B2N 30B3 ± 1B6M 
InPesPB PoPMl 60B8 ± 1c 69 ± 2Nc 85B1 ± 6MN 83B4 ± 1MN 94B3 ± 2M 7B3 ± 0B12N 8B5 ± 0B87N 8B2 ± 1B2N 12B9 ± 1B2N 30B3 ± 1B6M 
  FonProl FusPMrd MilksOMke PMncMke OmeleP FonProl FusPMrd MilksOMke PMncMke OmeleP 
OrMl solB 

M
Ml

B3
G

 

81B5 ± 0B5M 64B1 ± 2N 69B8 ± 1N 35 ± 2c 31B6 ± 1c 

Pe
oB

3F
G

 

62B7 ± 2B5M 50B1 ± 5B2M 53 ± 2B4M 6B9 ± 1B6N 3B1 ± 0B23N 
OrMl insolB 9B9 ± 0B3d 16B9 ± 0B5cd 23B6 ± 2c 59B5 ± 1N 75B5 ± 2M 27B2 ± 1B5N 39B8 ± 4B8N 44B5 ± 2B4N 97B6 ± 1M 89B7 ± 7B9M 
OrMl PoPMl 91B4 ± 0B8MN 81 ± 2N 93B4 ± 3MN 94B5 ± 3MN 107 ± 4M 90 ± 4M 89B9 ± 10M 97B5 ± 4B8M 104 ± 2B5 M 92B8 ± 8B1M 
GMsPB SolB 92B5 ± 2M 80B7 ± 2MN 89B2 ± 4M 65B4 ± 2c 75 ± 1Nc 78B3 ± 3B9M 64B1 ± 0B7M 80B2 ± 2B3M 32B9 ± 6B2N 16B5 ± 2B4N 
GMsPB InsolB 6B1 ± 0B5N 7B5 ± 0B5N 7B7 ± 1N 24B7 ± 3M 33B5 ± 0M 20B9 ± 2B7c 29B6 ± 1B4c 32B8 ± 0B1c 49B3 ± 3B6N 80B2 ± 0B2M 
GMsPB ToPMl 98B6 ± 2 88B2 ± 3 96B9 ± 5 90B1 ± 5 108 ± 1 99B3 ± 6B5 93B7 ± 2B1 113 ± 2B3 82B2 ± 9B8 96B6 ± 2B6 
InPesPB SolB 36B4 ± 2d 43B7 ± 1cd 54B6 ± 4Nc 56B1 ± 0MN 66B2 ± 0B4M 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
InPesPB InsolB 23B1 ± 0B3N 21B7 ± 2N 27B6 ± 2N 30B7 ± 3MN 41B1 ± 0B8M 6 ± 0B87c 13B4 ± 1B2Nc 8B3 ± 0B46Nc 16 ± 2B4N 35B7 ± 1B4M 
InPesPB PoPMl 59B5 ± 2d 65B5 ± 3cd 82B3 ± 6Nc 86B8 ± 3N 107 ± 1M 6 ± 0B87c 13B4 ± 1B2Nc 8B3 ± 0B46Nc 16 ± 2B3N 35B7 ± 1B4M 
  FonProl FusPMrd MilksOMke PMncMke OmeleP FonProl FusPMrd MilksOMke PMncMke OmeleP 
OrMl solB 

M
pm

B3
G

 

83B5 ± 3M 62B4 ± 3N 74B9 ± 0B3MN 26B7 ± 3c 16B5 ± 1c 

M
Ml

B3
F

G
 

67B9 ± 0B4M 48B3 ± 1B2N 49B6 ± 2B4N 9B4 ± 0B46c 4B9 ± 0B17c 
OrMl insolB 13B8 ± 0B1d 24B2 ± 0B2cd 31B1 ± 2c 70B5 ± 3N 84B7 ± 2M 29B5 ± 0B2c 40B4 ± 2B3Nc 48B3 ± 4B2N 93 ± 0B58M 104 ± 2B5M 
OrMl PoPMl 97B3 ± 3M 86B6 ± 3M 106 ± 3M 97B2 ± 5 M 101 ± 3M 97B4 ± 0B6M 88B7 ± 3B3M 97B9 ± 6B6M 102 ± 1 M 109 ± 2B7M 
GMsPB SolB 94B7 ± 0B8M 84B8 ± 2M 94B1 ± 0B5M 58 ± 4N 59B4 ± 5N 85B4 ± 1B8M 66B3 ± 1B2N 73B7 ± 2N 33B6 ± 0B7c 21B3 ± 1B2d 
GMsPB InsolB 9B4 ± 0B8N 13B2 ± 0B2N 13B8 ± 0B7N 35B8 ± 8M 46 ± 0B8M 18B9 ± 0B9N 24 ± 1B7N 25B3 ± 3B5N 54B2 ± 9B2M 76B4 ± 1B9M 
GMsPB ToPMl 104 ± 2 98 ± 2 108 ± 1 93B8 ± 10 105 ± 6 104 ± 2B7 90B2 ± 2B9 99B1 ± 5B5 87B8 ± 9B9 97B7 ± 3B1 
InPesPB SolB 21B9 ± 0B5c 35B1 ± 0B7N 43B4 ± 3MN 45B4 ± 3MN 48B5 ± 0B9M 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
InPesPB InsolB 24B1 ± 2c 33B5 ± 0Nc 40B7 ± 2N 39B1 ± 3N 52B1 ± 1M 6B8 ± 0B4c 8B9 ± 0B4c 9B7 ± 0B35c 14B9 ± 0B9N 46B1 ± 0B1M 
InPesPB PoPMl 46 ± 3c 68B6 ± 0B7N 84B1 ± 5MN 84B5 ± 5MN 101 ± 2M 6B8 ± 0B4c 8B9 ± 0B4c 9B7 ± 0B35c 14B9 ± 0B9N 46B1 ± 0B1M 

 
  FonProl FusPMrd MilksOMke PMncMke OmeleP 
OrMl solB 

T
O

T
A

I
 

83B4 ± 0B1M 62B7 ± 0B2N 67B4 ± 2B1N 28B4 ± 1c 23B4 ± 0B9c 
OrMl insolB 12B3 ± 0B2e 23B8 ± 0B7d 30 ± 0B81c 70B5 ± 0B6N 81B9 ± 1B5M 
OrMl PoPMl 95B7 ± 0B3MN 86B5 ± 0B9N 97B3 ± 4B4MN 98B9 ± 1B6MN 105 ± 2B4M 
GMsPB SolB 92B4 ± 0B7M 80B2 ± 1B7N 89B2 ± 2B7MN 59B2 ± 1B7c 62B2 ± 0B2c 
GMsPB InsolB 8B6 ± 0B52N 12B3 ± 0B4N 12B8 ± 1B4N 33B5 ± 5B1M 44 ± 1B2M 
GMsPB ToPMl 101 ± 1B3 92B5 ± 2B1 102 ± 4B2 92B7 ± 6B8 106 ± 1B5 
InPesPB SolB 30 ± 0B75d 39B3 ± 0B5c 47B3 ± 2B8Nc 51B5 ± 0B2N 62B5 ± 0B2M 
InPesPB InsolB 25B1 ± 0B5N 24B2 ± 0B6N 29B2 ± 2B1N 35 ± 3B2N 48B6 ± 0B2M 
InPesPB PoPMl 55B2 ± 1B3d 63B5 ± 1B2cd 76B5 ± 4B9Nc 86B5 ± 3B5N 111 ± 0B35M 
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2. A C C 9P T95 & S9NT P U B LIC A TIONS   

 
 
 



 192 A nnexes 
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P oster presented at: 
4th International C onference on Food digestion, Naples (Italy), 2015. (3rd prize) 
11th NuGO week Nutrigenomics of foods, C astellammare di Stabia (Italy), 2014 
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P oster presented at: 
4th International C onference on Food digestion, Naples (Italy),2015 
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P oster presented 
4th Foodomics International conference, C esena (Italy), 2015 
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Le syndrome métabolique (MS), une association des plus dange-
reux facteurs de risque pour les maladies cardiovasculaires et le 

diabète de type 2, est devenu l’un des principaux défi s cliniques 
et de santé publique dans le monde. Un nombre croissant d’évi-

dences s’est accumulé au cours de la dernière décennie, démon-

trant l’effi cacité de certains composés bioactifs alimentaires pour 
le traitement et la prévention du MS. Néanmoins, la plupart des 
études d’intervention administre les composés bioactifs sous 

forme de composés purs, sans considérer que l’interaction entre 

les bioactifs ajoutés et l’ensemble de la matrice alimentaire peut 

impacter la bioaccessibilité, la biodisponibilité et, par consé-

quent, l’effi cacité de ces molécules bioactives.
L’objectif principal de cette thèse, intégrée dans le projet euro-

péen PATHWAY-27, était de formuler des aliments enrichis en 

composés bioactifs potentiellement effi caces contre le MS, et 
d’étudier l’effet de la matrice alimentaire sur la bioaccessibilité et 

la biodisponibilité de ces bioactifs. Cette étude a mis l’accent sur 

l’utilisation des anthocyanes, de l’acide docosahexaénoïque et, 

dans une moindre mesure, des bêta-glucanes comme ingrédients 

bioactifs pour enrichir des produits laitiers et des produits à base 

d’œuf. Une combinaison des modèles de digestion in vitro et in 

vivo (chez le porc) a été utilisée.
La composition et la structure des matrices alimentaires ont im-

pacté la libération et la solubilisation de substances bioactives 

au cours de la digestion (bioaccessibilité), tel que démontré in 
vitro et in vivo. La structure de la matrice alimentaire a également 

modulé la quantité fi nale de DHA dans la circulation systémique 
des porcs (biodisponibilité). Cette étude démontre que la compré-
hension de l’interaction entre les composés bioactifs et la matrice 

alimentaire constitue une base pour la production d’aliments 

fonctionnels effi caces.

Development of bioactive-enriched dairy and egg products 

against metabolic syndrome: The effect of the food matrix 

on the bioaccessibility and bioavailability of polyphenols and 

docosahexaenoic acid

Metabolic Syndrome (MS), a constellation of the most dangerous 

cardiovascular disease and type 2 diabetes mellitus risk 

factors, has become one of the major clinical and public health 

challenges worldwide. During the last decade, many bioactives 

have been proposed as effective for the treatment and prevention 

of MS. However, most intervention studies administer bioactives 

as pure compounds, without consider that bioactive-food 

matrix interactions could deeply impact on the bioaccessibility, 

bioavailability and hence on the effectiveness of bioactives.

The main objective of this thesis, included within the European 

project PATHWAY-27, was to formulate potential effective 

bioactive-enriched foods against MS and to investigate the effect 

of the food matrix on the bioaccessibility and bioavailability of 

dietary bioactives. In particular, this study focused in the use of 

dairy and egg-based products as matrices and in the addition of 

anthocyanins, docosahexaenoic acid and, to a lesser extent, beta 

glucan as bioactives. A combination of in vitro and in vivo (pig) 

digestion models was used.

Both the structure and the composition of the food matrices 

impacted the release and the solubilisation of bioactives during 

digestion (bioaccessibility), as demonstrated in vitro and in 

vivo. In addition, the structure of the food matrix modulated 

the fi nal amount of DHA into the systemic circulation of pigs 
(bioavailability). This study proves that understanding how dietary 

bioactives interact with the matrix in which they are included in is 

the basis for the production of effective bioactive-enriched foods.  

Mots-clés : Aliments fonctionnels, bioaccessibilité, biodisponibilité, 

DHA, polyphénols, digestion

Keywords: Functional foods, bioaccessibility, bioavailability, DHA, 

polyphenols, digestion


