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1. ABSTRACT 

Cooking made humans evolve. Cooking modified our gastrointestinal system, reducing the 

gut size and energy expenditure for digestion, which enabled the appearance of a more energy-

dependent brain. Cooking process have emerged as a way to maximize the nutritional benefits from 

a limited amount of food. During the evolution, different diets appeared, in which culinary 

techniques and combination of ingredients led to what we know today as dietary patterns, such as 

Mediterranean Diet. This diet is characterized by a high intake of phytochemicals and 

recommended as a dietary standard in the prevention of cardiovascular and chronic diseases. 

However, the health outcomes of Mediterranean Diet are reportedly difficult to reproduce in non-

Mediterranean populations, indicating the differences between cultures gastronomic techniques 

as one of the causes. Mediterranean cuisine was historically an excellent cooking model capable 

of exploring the healthy potential of different foods. Some traditional Mediterranean cooking 

process have a positive effect on nutritional quality of food, improving digestibility, retention of 

phytochemicals and caloric density. However, a scientific approach to how Mediterranean culinary 

process, the combination of their ingredients and their main dishes could influence bioactive 

compounds related to health has not yet been explored. The use of science in gastronomy is recent. 

In the 1980s, the term molecular gastronomy emerged as a discipline to approximate gastronomy 

and science in order to explain the mechanism and phenomena that occur during a dish preparation 

and consumption. This discipline is usually focus in physical and chemical process in relation to 

flavor but leaves aside nutritional aspects. Currently, some studies have characterized how 

different culinary techniques affect the content of phytochemicals, especially polyphenols and 

carotenoids, but with a simplistic approach, analyzing only one food and targeted compounds 

already known in raw food, forgetting the complexity of the dishes we eat and the formation of new 

chemical products. Therefore, an approximation between gastronomy and health needs to be more 

realistic, in which food consumption cannot be separated from culinary habits and cultural aspects. 

The aim of this thesis was studying the role of traditional Mediterranean cuisine, especially home-

made preparations, could impact the content of bioactive compounds and promote health using 

the Mediterranean technique of sofrito. For this, different methodological approaches such as 

factorial designs and “omics” technique were used to describe a simple cooking technique that 

transforms dishes into complex systems. 
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2. HYPOTESIS AND AIMS 

HYPOTESIS 

The main hypothesis of this thesis is: The Mediterranean cuisine have relevance on the 

health effects of the Mediterranean diet. 

 

AIMS 

The main aim of this thesis is to study the role of traditional Mediterranean cuisine, 

especially home-made preparations, in the content of bioactive compounds of tomato products 

with a special focus on the sofrito technique. 

 

The general aims are: 

• To study the effect of home-cooking tomato making on the bioactive compounds 

(Publication 1 and 2). 

• To characterize the sofrito cooking technique and the influence of the ingredients 

on the bioactive compounds (publication 3, 4, 5, 6 and 7). 

• To evaluate the tomato sofrito intake in health parameters (Publication 8). 

 

The specific aims are: 

 

• To study the role of olive oil as excipient on the extraction of bioactive 

compounds from food matrix during cooking process (Publication 1, 2 and 6). 

• To characterize the sofrito sauces, a key component of Mediterranean diet 

(Publication 3). 

• To evaluate the possible synergism between ingredients and cooking process on 

the content of bioactive compounds applying the sofrito technique (Publication 

4, 5 and 6). 

• To study the impact on cooking practices in the final composition of a sauce by 

non-targeted approach (Publication 7). 

• To evalute the effects of sofrito intake on cardiovascular health in animal model 

(Publication 8). 
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3. INTRODUCTION 

3.1 Gastronomy, science and health 

3.1.1 Cooking in evolution 

During human evolution, the use of fire was a key element for its development1. Cooking 

influenced the gastrointestinal tract, decreasing the gut size and energy spent during digestion, 

which made possible the development of an energy demanding brain2. This happened thanks to 

food processing which decrease chewing demands and facilitated nutrients absorption1–3. 

Humans are fire dependent for food preparation3. The development of thermal food treatment 

contribute substantial on phenotypical, intellectual, societal and economic development of 

humanity4. However, there is still a gap on how cooked foods has influenced our diets and health. 

All diets during evolution have one factor in common: cooked food3. Historically, human 

civilization develops different cooking techniques that was able to extract the maximum benefits 

from a limited food resource. For a long time, vegetables foods were sliced, mashed, fermented, 

baked, roasted or boiled, in which provide the calories, phytochemicals, macro and micro 

nutrients necessary for body maintaining3. However, the use of these culinary techniques and the 

preparation of meals at home diminish every day5. Since the middle of 20th century people have 

been cooking less from basic ingredients6. The modern life requires ready-to-eat and easy-to-

prepare foods which move away from home cooking7,8. However, the consumption of these type 

of food leads to an increase in the caloric intake inducing diet-related diseases, such as diabetes 

and obesity5,7. 

In this way, governmental and non-governmental organizations have promoted home 

cooking as a key strategic to put down obesity and poor diets9. There are indications that home 

food preparations improve diet, health and social outcomes. Home cooking decrease the risk of 

obesity and chronic-degenerative diseases5. People that prepare their meals at home show higher 

consumption of vegetables and fruits10, better diet7 and improved adherence to models diets 

such as Mediterranean diet11. However, cooking practice have a multidisciplinary face, in which 

not only factors like know how to cook influence, but also including gender, available time and 

employment, personal relationships and culture background that hampers the incentive to cook5. 

To promote home cooking as a dietary strategy it is necessary to understand how 

cooking impacts the nutritional content of food. Studies have been carried out to see how the 

different cooking techniques influence the content of bioactive compounds and health related 

compounds, however solid results to elaborate recommendations have not yet been 

established12–15. Not only the retention of bioactive molecules but how these techniques affect 

food structure and bioaccessibility has been explored 14,15. Since cooking is an essential part of 

our daily life, understand the mechanism of action with various cooking process, recipes and 
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cultural changes exert their effects on phytochemicals related with health effects merits further 

investigations15,16. 

3.1.2 When gastronomy meets science 

Gastronomy (from greek: gastèr, stomach; nomià, law) is characterized as the set of 

techniques and culinary arts for the preparation of a good food, in which it relates culture and 

food17. Antonie-Laurent de Lavosier starts an approach between cooking and science publishing 

in 1783 an article about his studies of meat stock in order to determinate how much meat was 

needed for Paris hospital18. In 19th century the scientists such as Justus Liegbig and Benjamin 

Thompson closely this approach in order to help to feed the poor19. Other scientist like Parmentier 

(nutritional chemist), Pasteur (microbiologist), Chevreul (lipid chemist) and Maillard (food 

chemist) contribute to approximate food, cooking and science20. But only in 1835 the definition 

of the term gastronomy was accepted by the Academie Francaise as a synonymous of cuisine or 

ways that food are traditionally cooked and consumed in a region or country21. At the end of 20th 

century emerged the concept of molecular gastronomy using scientific evidence to reveal secrets 

of the culinary arts. Today, some chefs and scientist come closer to apply the principles of 

molecular gastronomy in their restaurant and later were recognized as a top in the world19,21. Top-

ranked chefs such as Adrià, Blumenthal and the Roca brothers have or have had laboratories in 

their on local, however they do not consider themselves “molecular chefs”22. 

Molecular Gastronomy emerged as a discipline to approach science and gastronomy, in 

which it was defined as “the scientific activity consisting in looking for the mechanism or 

phenomena occurring during dish preparation and consumption”20. This discipline is considered 

part of food science and technology that aims to apply knowledge to improve dishes17. However, 

before 1980, food science neglected culinary process, in which textbooks of food chemistry 

containing almost nothing about culinary transformation18. This lack of information was probably 

by the complexity of culinary process and because science was focus on produce enough food 

for feed population, directing research to ingredients and solve technological problems18. Hervé 

This and Nicholas Kurti, in 198818, decided that this new disciple must be created and 1992 the 

discipline was recognized when the first International Conference of Science and Gastronomy 

was celebrated14. In a recent publication, Hervé This define the term “molecular gastronomy” as 

a science evidence approach to understand physical and chemical mechanism of a phenomenon 

in a culinary process, but cannot be confused with technology or engineering, once it is not focus 

on improving technique23. Currently there a still a debate whether molecular gastronomy is a really 

a discipline or would it be just food science17. 

Reporting molecular gastronomy in France, This describe dishes as system with 

bioactivity and culinary transformations could change that bioactivity24. Because most culinary 

transformations are thermal process of plant and animal tissues, a lot of work have been done in 

how different cooking techniques affect and preserve health-promote phytochemicals in order to 

approach cooking, nutrition and health12,13,15,24. However, literature only seek to verify how one 
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technique can influence one food, focus only the cooking technique and forgetting about the 

complexity of the dishes we eat. Besides, most of the articles are focus on targeted compounds 

found in raw foods, not exploiting other chemical classes or the formation of new compounds25. 

The approximation between gastronomy and health needs to be more realistic. Food 

consumption, as part of a diet, cannot be separated from cuisine habits and styles16. The 

complexity of homemade preparations that involve many factors such as utensils, ingredients, 

recipes and techniques affect the final product. Looking from this side, an approximation between 

food consumption, taking into account the traditional cuisine of a population, and nutrition has 

not yet been performed. 

 

3.2 Mediterranean cuisine as a model for approach gastronomy and 

health 

3.2.1 Could Mediterranean cuisine contribute to its diet beneficial effects? 

The Mediterranean diet (MD), characterized by a high intake of phytochemicals from 

vegetables, has been correlated with improvements in metabolic and cardiovascular health26,27. 

This association is supported by evidence from PREDIMED study, in which a MD supplemented 

with extra virgin olive oil (EVOO) or dried fruits reduce the risk of cardiovascular events among 

high-risk population27. These findings has been reaffirmed by other MD clinical trials28. However, 

the health outcomes of a MD are reportedly difficult to reproduce in non-Mediterranean 

populations26. This difficulty indicates that MD practices cannot be separated from food 

production, or social and cultural habits which have been built historically around food and 

nutrition. Thus, the study of the Mediterranean cuisine allows us to visualize the 

multidimensionality of food consumption by its population, because it is in the kitchen where 

different patrimonial aspects of the MD converge and could influence its health effect16. 

Mediterranean cuisine was historically an excellent cooking model capable of exploring 

the healthy potential of different foods. This cuisine improved cooking techniques through an 

empirical process of trials in which sensory quality and well-being determined the food 

preparation3. Some traditional Mediterranean cooking process have a positive effect on 

nutritional quality of food, improving digestibility, retention of phytochemicals and caloric density. 

Literature pointed the marinating process29, long and gently sauces preparations30, soups31 and 

use of extra virgin olive oil to cook30,32 as an example of these health techniques. 

In order to understand the Mediterranean cuisine, we should first begin to analyze the 

culinary system, which are combinations of ingredients, condiments and procedures that are 

within a common historical and territorial context. After that, we should examine the techniques, 

and finally, consider its elaboration, which is, in fact, what the population eats16. Sofrito is a 

culinary procedure used as a base to prepare Mediterranean dishes and sauces. This basic 

cuisine technique consists of lightly frying onion and garlic in olive oil and then add other 
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ingredients, such as tomato, to prepare tomato sofrito sauce as an example (Figure 1). The 

elaboration of tomato sofrito can be modified according to the region that prepares it by cultural 

diversity, varying the proportion of ingredients that impact its final chemical profile. This 

combinations of ingredients, called food pairing, has been used to understand the choice of 

ingredients by flavor in a culture by molecular gastronomy33, but this approach could be explored 

to verify beneficial health effects in the traditional cuisine. 

 

 
 

Figure 1. Contextualization of sofrito on the Mediterranean culinary system. 

 

Tomatoes, the base of sofrito sauce, are one of the most consumed vegetable in the 

world34. In 2017, fresh tomato was the most consumed vegetable by Spanish houses, 

representing 16.8% of the total fresh vegetable volume and 18.0% in economic measures. It was 

estimated a consumption of 12.84 kg/year per capita35. Moreover tomato sauces represented a 

40.8% of all sauce consumption in Spain36. Epidemiological studies have shown that tomatoes 

intake reduce prostate cancer risk and cardiovascular risk factors and has a greater correlation 

with a low incidence of chronic-degenerative diseases, especially cooked tomatoes 

products26,37,38. The tomato sofrito sauce show a high phenolic and carotenoids content39 and its 

consumption is one of 14-item validated questionnaire used to evaluate the adherence of 

traditional MD40. Recently, it is associated with improved cardiovascular risk parameters and 

insulin sensitivity, activates thermogenesis by browning fat tissue and manifestation of less 

aggressive prostate cancer36,41,42. Therefore, these characteristics make sofrito an excellent 

candidate to corroborate cuisine and health. 
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3.2.2 A multiapproach to understand Mediterranean cuisine  

As previously stated, research on cooking and nutrition has been focused on how a 

cooking technique influences the bioactive compounds of a food. This approach, considering 

nutrients in a targeted way, leaves behind the complexity of the culinary process. Therefore, a 

new step should be taken towards a more realistic approach to food preparation, looking for the 

culinary system, which considers a typical cooking process, the proportion of ingredients used 

and the variability of a recipe. For this, new strategies can be borrowed from other areas of 

science as experimental designs and foodomics to understand the cuisine in its entirety. 

Experimental designs tools have been frequently applied to optimized analytical 

methods43 and industrial process44. These techniques aim to reduce consumption of products, 

number of experiments and time for minimizing cost. For this, it studies different strategic factors 

together with the development of a mathematical models, which allow to reveal the statistical 

significance of each factor studied. Also evaluates a possible interaction between the factors. In 

multivariate design exist two types of variables: (I) factors that are the term that we want to verify 

their influence on the (II) response that is what we want to determine. In this case, factors must 

have a minimum and maximum values established in order to define the experimental domain to 

be investigated. First-order models are commonly used in exploratory studies when a large 

number of factors need to be screened. This type of method detects the factors that have an 

effect on the response in which it helps to discard those that do not contribute, being perfect for 

preliminary studies and first screening, and the most popular first-order designs are Full Factorial 

Design (FFD) and Fractional Factorial Design (FaFD)43,45,46. In our case, this approach could be 

useful to determinate how factors that influence the content of bioactive compounds in a dish 

preparation. For example, it could be checked the proportion of the ingredients in a recipe, the 

temperature applied, the cooking time and even a possible synergism between them (Figure 2). 

In the other side, foodomics is a new term introduced in 2009 by Cifuentes and co-

workers47,48 to describe “a discipline that studies the Food and Nutrition domains through the 

application of advanced omics technologies to improve consumer’s well-being, health and 

confidence”. Foodomics basic consist on the intent to perform a global approach integrating 

information from different areas where food, advanced analytical techniques and bioinformatics 

are involved48,49. This discipline is focused on analyzing hundreds of compounds found in a 

complex matrix and being able to find the perturbation in the compounds profile caused by an 

intervention, which could be provoked by a pathogen, a chemical contaminant or the effect of a 

process49,50. For that, foodomics tools have been used on food safety and quality51, food 

authentication52,53, to understand processing and matrix effects54. Therefore, the use of this tool 

in the study of culinary systems and typologies can reveal new information of how important are 

the proportion of ingredients in a recipe, influencing degradation of compounds and emergence 

of others and also reveal classes of chemical compounds not yet explored on some food that 

could show bioactivity (Figure 2). 
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3.3 Effect of cooking on health-related compounds 

In this section it will be discussed how the culinary process can modify the structure of 

the food, being able to extract bioactive compounds from the matrix, which can result in an 

increase of the bioaccessibility and bioavailability of these compounds so that they can act in the 

organism promoting their bioactivity. Within the mentioned concepts, the cooking process mainly 

affects the bioaccessibility, which is defined as “fraction of an ingested compounds which 

released or liberated from the food matrix on the gastrointestinal tract”. After liberate in the 

gastrointestinal tract the compounds must be bioavailable, in which is defined by “fraction of a 

given compounds or its metabolites that reaches the system circulation” and once the compounds 

reach a tissue and promote is effect its call bioactivity “specific effect of a compound in the body- 

It include tissue uptake and the consequent physiological response”55–58. 

 

 
Figure 2. Proposal of a multiapproach for study Mediterranean cuisine and approximate of 

health. 
 

3.3.1 Cooking and carotenoids 

3.3.1.1 Carotenoids in food, absorption and bioavailability 

Carotenoids are fat soluble pigments presents in plant, fungi and photosynthetic 

microorganism that participate in the photosynthesis light harvesting process, conferring photo-

protection and antioxidant capacity. Carotenoids are classified based on their chemical structure 

as: carotenes, highly conjugated C40 hydrocarbons; xanthophylls, oxygenated carotenes; apo-

carotenoids, shortened carotenes and xanthophylls resulting from carotenoids oxidation and 

metabolism; and C30 carotenoids, small class normally found in bacteria (Figure 3). 

Approximately 40-50 carotenoids are present in human food, in which some are important for the 

production of vitamin A. Provitamin A carotenoids contain at least one unsubstituted β-ionone 

ring (β-carotene, α-carotene and β-cryptoxanthin) that enzymatically can produce retinol, an 

essential vitamin for the human body57,58. 

The absorption and distribution of carotenoids in the body occurs similarly to other 

dietary fat soluble compounds. Firstly, carotenoids must be released from the food matrix and 

solubilized in oil drops. After that, carotenoids in the oil drops interact with bile salt micelles and 
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enzymes during lipids digestion like triglycerides, phospholipids and cholesterol esters that are 

cleavage to di-glycerides, mono-glycerides, lysophospholipids, free cholesterol and fatty acids. In 

this stage, carotenoids esters could also be deconjugated of fatty acids to their free form. These 

digested micelles are diffuse to the apical surface of enterocytes, interacting with bush border 

proteins for transfer to the cell interior. The absorption process can occur by two ways: passive 

diffusion and via transporters. The passive diffusion of carotenoids across the enterocyte it is 

believed to happen in supra-physiological concentrations. Internalization of carotenoids by 

transporters is facilitated by scavenger receptor class B type I (SR-B1), cluster determinant 36 

(CD36) and Niemann-Pick C1 Like1 (NPC1L1), proteins that also act in the absorption of lipids 

compounds, however the process still unclear. Because these transporters also mediated dietary 

fat soluble compounds absorption, they may compete with carotenoids for binding and cellular 

uptake. Once in the cell, provitamin A carotenoids could be metabolize to retinal by β-carotene 

oxygenase 1 (BCO1), follow by reduction to retinol with retinol dehydrogenase (RDH) and 

esterification by lecithin-retinol acyltransferase (LRAT) to produce retinyl esters for be distribute 

to the body. Other enzyme such β-carotene oxygenase 2 (BCO2) also participate in metabolism 

process on carotenoids producing apo-carotenoids, however its participation is not yet fully 

understood58,59. 

 

 
Figure 3. Carotenoids structures and classification. 

 
After enterocyte metabolism, lipids species such as fatty acids, mono-acylglycerols are 

re-esterified to triacylglycerol that are used to produce chylomicrons, which are TAG-rich particles 

containing phospholipids, cholesterol and other lipophilic compounds with a single molecule of 

apo-B48 lipoprotein. Carotenoids and retinyl esters are also incorporated in the chylomicrons 

particles, that are released in plasma suffering hydrolysis by lipoprotein lipase that diminish the 
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particle size to be taken up by the liver. Within in the liver, the carotenoids are released from the 

remnant chylomicrons and incorporated in small particles such as very low density lipoprotein 

(VLDL) that again are secreted into plasma. The VLDL delivery triacylglycerol and some 

carotenoids to peripheral and adipose tissues, converting to a low-density lipoprotein (LDL), with 

less triacylglycerols. LDL continues to circulate thought the body, delivering carotenoids to 

peripheral tissues57,58. Xanthophylls and a small amount of carotenes are also associated with 

HDL, however some works have been suggesting that HDL only receive xanthophylls60. 

The absorption of carotenoids from ingested plant food in relatively inefficient and 

research has been done to increase the efficiency of carotenoids absorption due to its health 

properties. A lot of factors have been pointed out as causes of this inefficiency such as: 

carotenoids physico-chemical characteristics, natural barriers of the plant tissue, chemical 

barriers during food process that difficult carotenoid solubilization, food processing, dietary 

components interaction and other substances that difficult carotenoid partitioning into mixed 

micelles and competition with other substances for the cell transporter. Moreover, inter-individual 

variability such as polymorphism in genes responsible to codify carotenoids cleavage enzymes, 

enterocyte transporters and secretion of chylomicron could affect the bioavailability of 

carotenoids57,58. 

 

3.3.1.2 Factors that influence carotenoids content, bioaccessibility and 

bioavailability 

In this section, it will describe how the different factors can interfere in the carotenoids 

bioaccessibility, giving basis to understand how the cooking process could help to release these 

compounds in the gastrointestinal system and improve bioavailability. In addition, a focus was 

given on carotenoids that are present in tomato sofrito, such as lycopene, α-carotene, β-carotene 

and lutein (Figure 4). 

 

I) Molecular structure 

Carotenoids chemical structure in food and after food process influence their 

bioaccessibility and bioavailability57,58. Among the carotene class, β-carotene and lycopene are 

abundantly present in carotenoids rich vegetables and are most studied in literature. These 

compounds in plant food are usually found in the form of large, tightly-packed crystalloid 

aggregates, especially, lycopene in E-form that has a planar structure that facilitates strong 

intermolecular interaction with other lycopene molecules57. These tightly crystal package 

presentation makes lycopene hardly solubilize, in which the presence of dietary lipids and thermal 

processing is necessary for solubilization. In addition, carotenes need to be incorporated in the 

center of the micelles by their high lipophilicity, in which is less spacious compared to the surface, 

which reduces their incorporation and bioaccessibility57. Therefore, carotenes are less favored to 

absorption compared to xanthophylls. However, the change in the structure conformation to Z-
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form decreases aggregation and crystallization by not being more planar, which can increases its 

bioaccessibility61. 

 

 
Figure 4. Factors that affect carotenoids bioaccessibility. 

 

Xanthophylls contain at least one oxygen atom in their molecule structure with different 

types of substitute groups such as hydroxyl, methoxyl, carbonyl or epoxy groups. The presence 

of the oxygen increases the molecule polarity and improve their solubilization in aqueous system, 

especially in digestive phases with the presence of bile acids that are potent emulsifier. Different 

from carotenes, xanthophylls are able to form hydrogen bonds with other molecules, in which it 

facilitates their entry, stability and presence on the surface of the micelles57,58,61. 

In nature, the carotenoids all-E-configuration is the most commons and abundant, 

however, Z-isomer can be often found especially after food processing. The Z-form is 

characterized of at least one of the double bonds introduces a bend differentiating from the E-

form geometric conformation61. This conformational change diminish the susceptibility to form 

crystal arrangements and improving their solubility in lipids62. Therefore, lycopene Z-isomers have 

been demonstrated to be significantly more bioavailable compared to the E-form, in which it was 

related to an increase in solubility in the micelles. In human blood and tissue, at least 18 different 

E/Z-isomers of lycopene have been found63. 

II) Food matrix 

The food matrix shows important factors in the bioaccessibility of carotenoids, especially 

in fruits and vegetables. Literature have reported the main characteristics of the food matrix that 

affect the bioaccessibility and bioavailability of carotenoids are: fruit maturation, chromoplast 

morphology and cell wall structure and cluster 57,58. 
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During fruits ripening, large quantities of carotenoids are accumulated within specialized 

plastids: the chromoplast. These plastids are formed by chloroplast transformation into 

chromoplast during ripening by degradation of the photosynthetic system and accumulation of 

pigments. Chromoplast can be classified by their internal structure that directly influence the 

physical-chemical state and bioaccessibility of carotenoids64. A good review was recently 

published by Schweiggert about this topic 64. Four class are described in literature such as: 

globular, characterized by the presence of plastoglobules bearing lipid-dissolved carotenoids; 

Tubular, that containing a tubular shape and carotenoids are presented in a liquid-crystalline form; 

globular-tubular, that show a mixed composition of the last two types; and crystalloid, that are 

characterized by the presence of crystalized carotenoids64. An in vitro bioaccessibility study 

comparing tomato, carrot, papaya and mango found that mango and papaya had higher β-

carotene bioaccessibility, 10.1% and 5.3%, respectively, compared to carrot and tomato, 0.5% and 

3.1 %, respectively. Mango and papaya are characterized by storage carotenoids in globular-

tubular chromoplast and tomato and carrot in crystalloid chromoplast, indicating that crystalloid 

carotenoids were more difficult to extract from the matrix65. In addition, a human bioavailability 

study described an absorption 2.9 and 3.1 time higher for β-carotene from papaya than from 

carrot and tomato, respectively, and 2.6 higher for lycopene from papaya compared to tomato66. 

The cell wall and the cluster of adjacent cells represent another barrier for release 

carotenoid release from food matrix and the incorporation on lipid droplets during digestion58. 

For that, processing methods could disrupt cell cluster, walls and chromoplast being expected to 

increase bioaccessibility. Studies conducted by Hendrickx and co-workers developed a model to 

isolate chromoplasts and cell clusters from food to understand how these natural barriers could 

be affected by processing and in vitro digestion. Although heat and other mechanical methods 

induce the rupture of the structures, the bioaccessibility of β-carotene and lycopene was not 

significant greater compared to no-heated or non-processed controls for oranges, tomato and 

red carrot. This indicates that only cell wall disruption is not effective to increase carotenoids 

bioaccessibility. 

 

III) Dietary components 

Different dietary components such as lipids, fiber and also the synergism between 

liposoluble compounds like vitamin, multiple carotenoids, ω-3 and phytosterols can influence the 

carotenoids absorption and was put in evidence by a book chapter published by Cervantez-Paz 

and co-workers57,58,67. 

Dietary fiber, correspond to oligo and polymeric carbohydrates can be classified as a 

factor from the food matrix and also as a dietary component that influence carotenoids 

absorption. Among the different types of fiber, pectin is the one that influences the transference 

of carotenoids to oil droplets during digestion. Pectin has unique characteristics that may 

influence carotenoids bioaccessibility such as: degree on methyl-esterification, content in cell 

walls and pectin type58,67. For example, heat treatment of carrots increase the solubility, 
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depolymerizes and demethoxylates pectin which was correlated with an increase in carotene 

bioavailability in processed and digested carrot compared to raw digested carrot68. Moreover, 

emulsions model systems have been used to investigate the role of the pectin on carotenoid 

bioaccessibility, in which was inversely associated with the methyl-esterification degree, once 

with less esterification there is a greater formation of gel network forming structures that hinders 

the passage of lipid droplets69. Furthermore, the interaction of pectin with lipases, bile acids and 

the surface of the lipid droplets may affect the formation of the small lipid droplets during the 

digestion process, which makes it difficult to deliver to the apical membrane of enterocytes58,67. 

The consumption of fat and oil is the mandatory factor of the dietary components that 

influence the absorption of carotenoids and the most explored by literature. Fat acts in different 

ways to increase bioaccessibility and bioavailability of carotenoids. It starts with its ability to 

extract and solubilize carotenoids and other lipophilic compounds from the food matrix. 

Afterwards, the fat intake at the meals stimulate the secretion of lipases, bile salts and 

phospholipids into the intestinal lumen helping the formation of mixed micelles that solubilize 

carotenoids for absorption. In addition, fat slows gastric emptying and transit through the small 

intestine which provides more time for the production of fatty acids, mono-acylglycerides and 

other lipids that are responsible to produce the mixed micelles. Literature have suggests a 

minimum of 3-5 g per meal of fat to have a significant absorption effects. The type of fat also 

influences the bioaccessibility and bioavailability of carotenoids. Transference to mixed micelles 

showed to be greater to soybean, olive or canola oil compared to butter, indicating that 

unsaturated fatty acids improve carotenoids bioaccessibility. Moreover, when compared the type 

and ratios of fatty acids, olive oil showed better absorption in caco-2 cells model compared to 

soybean oil by the presence of more unsaturated fatty acids. 

Phytosterols are correlated with a decrease in plasma cholesterol between 5 to 15% by 

inhibition of the micellarization of cholesterol that influence its absorption. For that, phytosterols 

influence part of the absorption process of vitamins, lipid and by consequence carotenoids 

absorption. 

 

3.3.1.3 How cooking impact carotenoids on diet? 

The main cooking techniques can impact the carotenoids content on food13. Home-

cooking techniques are based in thermal process (boiling, steaming, microwaving, frying, grilling, 

baking and stir-frying) that provoke chemical modifications like isomerization and oxidation and 

losses of carotenoids13,70–73. Oxidation is the major cause of carotenoids loss. This process 

dependent of oxygen available and can be induced by heat, light, temperature and pH74. Cooking 

also improve bioaccessibility of carotenoids by overcoming the aforementioned factors. These 

changes are conditioned by cooking time and temperature on each cooking technique applied, 

which influences the profile and final content on food. However, there is still no consensus 

regarding the best way to cook to preserve these compounds13. 
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I) Chemical stability of carotenoids on cooking 

The conjugated polyene chains make carotenoids susceptible to isomerization and 

degradation from different agents. Boon and co-workers74 published an excellent review about 

all aspect involving carotenoids degradation and pointed autoxidation, photodegradation, thermal 

degradation and free radicals reaction as the main causes. Oxidative damage after cooking 

process could results in loss of bioactivity. For that, understand detrimental aspect of carotenoids 

oxidation is important to have a critical view about the oxidation mechanism during cooking and 

how optimize the stability of these compounds74. Meanwhile, carotenoids degradation may 

generate novel compounds with bioactivity such as apocarotenoids and epoxides that are formed 

during thermal treatment and final reaction products such as volatiles that contribute to food 

flavor75. 

Carotenoids isomerization are currently gaining interest in food. Multiple isomeric forms 

of carotenoids can be found due to the long and conjugated double bonds carbon chain typical 

from this class of compounds. Electron transfer reactions was pointed as mediators in the 

isomerization process by the formation of carotenoid cations o dications by radicals, acids or 

metals like iron. Carotenoids cation formation can be a decisive step on isomerization, since the 

conformational change in cations require less energy compared to neutral molecules. Moreover, 

the synergism between neutral and radical carotenoids initiates a reaction chain that increases 

the number of isomers. However, Colle and co-workers76 described mathematical models that 

explain the isomerization process, indicating that all isomers are produced from E-forms and tend 

to return for this configuration by being more stable. For that, after a certain process time the Z-

isomers production will attain a maximum. However, the rate constant for Z-isomers formation 

and for come-back to E-form were significant lower in the presence of an oil matrix, indicating 

that isomerization reaction occur in the oil and lower activation energy is necessary76,77. The 

orientation of the double bounds on isomers influence the shape and length of the molecule that 

influence biological functions, improve antioxidant capacity and their bioaccessibility and 

bioavailability61,74.Cooking process present three important factors for carotenoid degradation: 

presence of oxygen, temperature applied and time of processing. But also the same factors are 

important for heating, agitation and improving surface area help to breakdown cell walls and 

induce Z isomerization13,74. 

 

II) Effect of cooking techniques on carotenoids 

A meta-analysis evaluating the effect of different cooking techniques on carotenoid 

content was published by Murador and co-wokers13. Using a response ratio (R) to see the 

influence of different cooking techniques, was indicated boiling (R = 1.01) and stewing (R = 1.33) 

as the techniques that improved carotenoid content. Steaming (R = 0.96), microwaving (R = 0.79) 

and stir-frying (R = 0.77) showed a decreased in the carotenoid content, being frying (R = 0.59) 

the technique that most affect carotenoids on food. 
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The boiling technique increase the content of carotenoid by promote structural changes 

on food matrix, softening vegetable tissues, which improve extractability21. However, some 

divergences are found in literature, indicating that a decrease could occur by water absorption by 

the food and may cause dilution on carotenoid content78. Moreover, structural specifies of 

carotenoids can influence in these processes, where more carotenes decrease with more time of 

processing compared to xanthophylls, probably by chromoplast internal structure differences58,74. 

The same reasoning line can be applied by steaming process, since it does not affect the 

carotenoid content either. Furthermore, carotenoid steam results are not affected by the gain of 

water in the food, which makes results more reliable13. Stewing technique showed to be the best 

way to improve carotenoids in cooked food13. This technique is characterized by an oil and water 

environment, in which water improve carotenoids extractability like in boiling process with an 

extra help of oil that improve carotenoid solubility61. Carotenoids are lipophilic molecules, in 

which are storage in hydrophobic structures of cells that are extracted by an oil matrix, however 

water is needed to soften the previous polar structures such as cell wall61. Stir-frying decrease 

the content of carotenoids by the high temperature used to process food, however it is may 

concentrate the carotenoids by loss of water. The most drastically methods for carotenoids are 

microwaving and frying. Microwaving is a technique used for the same purpose of boiling, while 

a longer processing time is necessary to achieve the same characteristics21, which leads to a 

carotenoids oxidantion13. Frying, that are pointed as the mess aggressive process for 

carotenoids, decreases the content due to molecule instability in high temperature, presence of 

oxidative species generate by the lipid matrix and also by leaching carotenoids into the oil13,73. 

Mayeaux and co-workers73 applied microwave, pan-frying and bake technique on 

tomatoes variating time and temperature, found that the less aggressive technique was 

microwave, in which a process with 1000 w for 60 s decrease in 35% the lycopene content. When 

bake technique was applied, lycopene degradation increases with time and temperature used, 

remaining 64% for 15 min, 45% for 30 min and 37% for 45 min at 177 ºC. With a higher temperature 

of 218 ºC, 51% for 15 min, 41% for 30 in and 25% for 45 min of lycopene was remained. Frying 

showed to be the most drastic technique with a lycopene degradation of 70% for 145 ºC and 75% 

for 165 ºC with 2 min of processing. Sahlin and co-workers70 comparing boiling, baking and frying 

process on lycopene content for two varieties of tomato concluded that all cooking techniques 

diminish lycopene after process. Baked and boiled tomatoes showed no differences in lycopene 

content, however the frying process decreased almost the half. 

Therefore, food matrix, chromoplast structure and molecular composition influences the 

effect of each cooking technique on carotenoids content in a unique way, which difficult stablish 

a rule for cooking effects on carotenoids. Literature regarding cooking process does not show 

the results on dry matter or equivalent to raw food, in which it is difficult to compare the effect of 

each technique on the carotenoid content. Moreover, industrial process and new technologies 

have been explored the presence of lipids to improve carotenoids extractability and 

bioaccessibility79–81, but only a few studies can be seen using home-cooking techniques82. 
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3.3.2 Cooking and phenolic compounds

3.3.2.1 Phenolic compounds in food and bioavailability

Polyphenol are structure characterized by a hydroxyl group on aromatic rings83. More 

than 8000 structures have been reported and several hundred of them have been identified on 

edible plants83,84. These compounds are classified into two major classes: flavonoids and non-

flavonoids. Flavonoids share a common structure consisting of two benzenes rings (A and B) that 

are bound together through 3 carbon atoms that form an oxygenated heterocycle (ring C). They 

can be classified in main subclasses in function of the heterocyclic involved: flavones, flavonols, 

flavanols, isoflavones, flavanones and anthocyanidins (Figure 5). Other flavonoid groups that are 

minority dietary components are chalcones, dihydochalcones, coumarins and aurones. On the 

other hand, non-flavonoids are a heterogeneous group, in which can be simple such as phenolic 

acids (C6-C1), hydroxycinmates (C6-C3) (Figure 6) to a more complex like stilbenes (C6-C2-C6) 

and lignans83,85. Produced from secondary metabolism of plants, the phenolic compounds 

content can vary on food, since factors such as ripeness at the time of harvest, environmental 

(soil type, sun exposure, rainfall) and agronomic factors (greenhouse or field culture, biological 

culture, hydroponic culture, etc.) could influence its production83. Moreover, factors such as food 

processing and storage will also influence the final content of phenolic compounds in the food 

and as consequence its intake83. 

 

 
Figure 5. Structure of flavonoids found in food. 
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The absorption, distribution, metabolism and excretion of phenolic compounds after 

consumption have been explored by literature83,85–89. Follow ingestion, the first alteration on 

polyphenols begin with saliva contact, in which the first hydrolysis occurs to remove the sugar 

moiety by amylase83. However, this is a fast stage, with little interaction between enzymes and 

polyphenols, in which it does not contribute to the release of phenolic compounds87,89. After that, 

during the gastric phase, pepsin digestion with peristaltic movements and low pH diminish 

particle size that helps in the performance of enzymes. Moreover, the low pH increases liberation 

of polyphenols from food matrix to aqueous phase due to ionic interactions. Passing into the 

duodenum, the pH changes approximately to 7 and new enzymes are secreted by the pancreas 

and bile, with act in the digestion of sugars, protein and lipids83,85. The presence of lipases and 

bile salts are important for lipid digestion and results in the formation of mixed micelles, 

previously mentioned, in which are responsible for carotenoids absorption. Apolar polyphenols 

may also be micellarized, but there still unknown if this pathway improve or result in a lower 

bioaccessibility83. Upon reaching the intestine, polyphenols will be absorbed as aglycones, so the 

action of lactase-phlorizin hydrolase (LPH) enzymes found on the brush border of small intestine 

epithelial cells are necessary to remove the sugar moiety if it still persist85,86. LPH shows a 

specificity for flavonoid-O-β-D-glucosides, which after sugar hydrolysis, increases the lipophilicity 

of the polyphenol that would help to cross the cell membrane83,87,90. The absorption of a phenolic 

compound still conjugated with a sugar could accord by the sodium-dependent glucose 

transporter (SGLT-1), responsible for the glucose transport into the enterocyte. In this case, the 

sugar hydrolysis process would be carried out inside the cell, by the cytosolic β-glucosidase 

(GBC)83,85,91. Once inside the enterocyte, the aglycones can undergo into phase II metabolism 

forming sulfate by sulfotransferases (SULTs), glucuronide by uridin-5’-diphosphate 

glucosyltransferase (UGT) and/or methylated metabolites by catechol-O-methyltransferase 

(COMTs). Phenolic and possible metabolites are efflux from enterocyte by GLUT2 and MRP3 

(ATP-dependent efflux transporters) transporters into the portal circulation to reach the liver, but 

some of these compounds also return to the intestinal lumen via MRP1/2 transporters. Once in 

the liver, their again suffer phase II metabolism, follow by enterohepatic recirculation and may 

result in some enterohepatic circulation to the small intestine by bile extraction83,85. 

 
Figure 6. Structure of phenolic acids. 
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There is an increase evidence that a chronical intake of phenolic compounds may reduce 

the incidence of chronical diseases such as cancer, diabetes, cardiovascular and 

neurodegenerative diseases85. These compounds are responsible for approximately 90% of 

dietary antioxidants intake92,93. Follow a MD the consumption of polyphenols can reach more than 

1g per day94,95. However, for these compounds to reach the target tissues and perform bioactivity 

it is necessary to overcome different factors that affect their bioaccessibility and bioavailability88. 

 

3.3.2.2 Factors that affect phenolic compounds bioaccessibility and 

bioavailability 

As for carotenoid, this session will describe the main factors that affect the 

bioaccessibility of phenolic compounds and provide a basis for understand how the cooking 

process could improve it. Unlike carotenoids, polyphenols current a wide range of chemical 

structures, in which it is difficult to establish a common rule applied to all classes. Among 

phenolic compounds structures, glycosylation, acetylation/methylation and polymerization88,93,96 

showed to impact their bioaccessibility. Moreover, food matrix, the co-ingestion of dietary 

components and host variability could influence their absorption83 (Figure 7). 

 

I) Molecular structure 

Polyphenols can exist in two forms: aglycones and glycosylates. The glycoside form can 

be as O-glycoside or as C-glycoside, being glucose the most common follow by galactose, 

rhamnose, xylose and arabinose. As previously stated, aglycones are absorbed and the 

glycosylated ones require the enzymatic process. However, some types of sugar, such as 

rahmnoses, are not hydrolysable is this process, requiring the microbiota enzymatic action for be 

absorbed83. Another molecular modification in polyphenols are the presence of acetylation and 

methylation. The first, usually found in nature, is the association of an organic acid or polyphenol 

with a flavonoid, such as catechin and epigallocatechin as an example. This modification does 

not interfere in the absorption of the polyphenols and is currently being studied as a tactic to 

improve biological activity, solubility and avoid oxidation97. Methylation process of flavonoids is 

a natural xenobiotic transformation by methyl transferases, especially promoted by gut 

microbiota. This process increase the ability to be transported across biological membranes, 

improving stability and reducing metabolic changes by decreasing the number of free hydroxyl 

groups that could suffer phase II conjugation83,96,98.  Lastly, polyphenols that are polymerized, 

such as tannins, are not bioavailable and require gut microbiota metabolization to be released 

and absorbed96. 

 

II) Food matrix 

Food matrix showed an important role in the bioaccessibility of phenolic compounds, 

since it is necessary to disrupt cell walls to improve digestibility and release them from 
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carbohydrates and proteins in which are trap to the food matrix. Phenolic compounds can be 

classified into two main classes by their solubility: extractable polyphenols and non-extractable 

polyphenols. When categorized as extractable, polyphenols have a low/intermediate molecular 

weight that can be extracted using water, methanol or hydroalcoholic solutions. On the other 

hand, the non-extractable polyphenols show a high molecular weight, since they are bound to 

fiber and protein, in which require a previous hydrolysis process before extraction to make them 

soluble and bioaccessible. Because of this need for hydrolysis, non-extractable polyphenols 

require an extra step to be bioavailable, in which they receive help from gut microbiota, which 

ferments these compounds releasing aglycones and other metabolites. Unfortunately, there is 

few literature about the health effects of these compounds on nutritional clinical trials93,96. 

 

 
Figure 7. Factors that affect polyphenols bioaccessibility. 

 

Another barrier associated with the solubility is in relation to the cell walls and porosity 

of the matrix. Mechanical processes are capable of disrupt cell walls and increase the 

bioaccessibility of polyphenols. In addition, they are able to increase the surface and porosity of 

the food matrix, in which allows bacteria and enzymes to enter and cleavage chemical bonds, 

liberating these compounds on the lumen. Therefore, foods in which matrices undergo a prior 

mechanical process and/or thermal process could increase polyphenols bioavailability88,96. 

 

III) Dietary components 

The co-ingestion of dietary components such as fiber, lipids and proteins can change the 

digestive process, influencing the action of enzymes, delay gastric emptying, hindering 
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transporters performance and stimulate gut microbiota, which will impact the bioaccessibility of 

polyphenols. 

Information on the effect of fiber consumption on the bioaccessibility of polyphenols is 

still scarce and studies have indicated that the presence of fiber impairs the absorption of these 

compounds83,88. Fiber promotes some processes in the gut that decrease the absorption of 

polyphenols as physical entrapment, viscosity increase, bulk increase and reduce transit time 

(depending of fiber type)88. Pectin consumption has been shown to be detrimental to the 

absorption of polyphenols, since pectin may form gels and meshes that impair enzyme and 

bacteria action due to surface decrease 88,99. However, the presence of fermentable fibers, such 

as fructooligosaccharides, inulin and resistant starches, would help to stimulate gut microbiota 

on the production of enzymes and as consequence the liberation of more phenolic 

compounds100,101. With a greater microbial activity, the production of polyphenols metabolites 

could also be stimulated, in which the presence of native phenolic compounds are reduced. 

However, some studies with inulin have indicated that fiber enhancement decreases the 

bioaccessibiity of tomato polyphenols102. Dietary fiber also affects gastrointestinal transit time. 

Soluble and insoluble fibers increase the intestinal bulk, but only insoluble fiber reduces the transit 

time. With a shorter transit time it be expected less microbial activity, metabolites production and 

small intestinal uptake88. 

In relation to fat consumption, some studies were carried out in relation to aglycones and 

more apolar polyphenols88. The phenolic compounds appear to exert an effect on lipolysis during 

digestion, which decrease the lipid absorption and consequently increase the bulk. This 

increment on the bulk would result in a lower intestinal transit in which it could change the kinetics 

absorption of some polyphenols88. Recent studies have indicated that the use of olive oil in food 

preparation could increase the bioavailability of polyphenols, especially flavonoids. These 

compounds are also re-introduced into the gut by the enterohepatic cycle, which indicate that 

olive oil could increase the time that flavonoids remain in the body103–105. 

Proteins and carbohydrates are related to a lower absorption of polyphenols. Proteins are 

capable of forming complexes with polyphenols, which prevents their absorption. Polymerized 

polyphenols, such as tannins, are used for the precipitation of proteins. Carbohydrates, when 

hydrolyzed, release simple sugars that are a competitor for the uptake of polyphenols by SGLT-1 

transporter, which hinders phenolic absorption. However, studies analyzing high simple sugar 

meals should be performed to confirm this hypothesis88,96. 

 

3.3.2.3 How cooking influence phenolic compounds on diet? 

Cooking techniques impact the polyphenols content of food. The causes most pointed in 

the literature by the decrease in the content of polyphenols in cooked food are oxidation and 

leaching process12,14,15. The oxidation process considers many factors such as the cooking 

technique, degree of heating of the technique, pH of the medium and surface area exposes to 
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water and oxygen12. For leaching process, the polarity of the polyphenols is the decisive factor, in 

the majority polar by the presence of hydroxyls groups, in which it causes to be solubilized in 

aqueous medium and would remove them from the food matrix12,14,21. However, thermal cooking 

process are able to inactivate enzyme such as peroxidases, which use the polyphenols as a 

substrate for the enzymatic browning, avoiding the loss of these compounds12,14. In addition, 

thermal process softens vegetable tissues, in which it helps to break down cellular structure and 

cells, helping to release polyphenols for enzymatic action during gastrointestinal digestion88. 

 

I) Effect of cooking techniques on polyphenols 

Another meta-analysis published by Murador and co-workers12 evaluating the effect of 

different cooking techniques on total polyphenols content and antioxidant activity revealed that 

all cooking process diminish the content of phenolic compounds on food. Applying the same ratio 

cited on carotenoids section, the techniques steaming (R= 0.95) and blanching (R=0.94) were that 

most preserve polyphenols of food. Frying (R=0.72) decrease it content, but baking (R=0.51), 

boiling (R=0.62) and microwave (R=0.54) were the most impact the polyphenols content on food. 

It is important to note that the p-values for steaming and frying were not significant in the 

publication, indicating that the results for these techniques are not clear. It is worth remembering 

that even with these results performed by a metanalysis, depending on the food, processing 

conditions and extraction performed for analysis could modify the tendency showed for each 

technique. Moreover, this meta-analysis was performed for total phenolic compounds, in which 

it does not consider the variability of chemical structures of the polyphenols, in which it could 

change its behavior front each cooking technique. 

Steaming process is characterized by the energy exchange of the water molecule in the 

vapor state, which is deposited on the surface of the food, promoting the softening of the 

vegetable tissue and their cooking21. This modification on the tissue helps to increase the 

bioaccessibility of polyphenols12,14. Moreover, this process maintains the temperature at 

approximately 100 C, which is less drastic compared to other techniques and does not favor 

oxidation21. This process, different from boiling and blanching, the food does not come into 

contact of water, therefore it avoids the leaching process12. As describe by Murador and co-

workers12, the bleaching process does not decrease the polyphenols content compared to boiling, 

since it is characterized by a rapid passage through the boiling water, which decreases the 

contact time and avoid leaching21. In addition, in the end of this cooking process the food is 

immersing in water at low temperature that would help to stop oxidation reactions. For frying, 

baking and microwaving process, the degradation of polyphenols is carried out by the oxidation 

process21. Frying and baking use high temperatures on the food preparation that favors the 

appearance of oxidants species. In addition, the factor time is more relevant on baking than in 

the other cooking techniques, with reflects in a great decrease in the content of polyphenols12. 

The effect of different cooking techniques on tomatoes polyphenols content is divergent 

in the literature. Sahlin and co-workers70 investigating the effect of boiling, baking and frying on 
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different tomato cultivars of tomato concluded that frying process was the factor that most 

affected the content of polyphenols, regardless of the tomato variety. The baking and boiling 

process showed similar polyphenols content reduction. Natella and co-workers106 comparing 

microwave with traditional cooking methods found that microwave and pressure cooking 

increase total polyphenols content in 104% and 101%, respectively, but, boiling process showed 

a reduction of 95% on polyphenols content. Dolinsky and co-workers107 quantifying total 

polyphenols after different cooking technique found only an increase on steaming process (25.50 

mg GAE/100g) compared to raw tomato (24.81 mg GAE/100g) and a decrease for boiling (21.94 

mg GAE/100g), microwave (18.18 mg GAE/100g)and pressure process (20.67 mg GAE/100g). 

However, no statistical differences was found between the processing techniques. Ramirez-

Anaya and collaborators32 studying Mediterranean vegetables prepared with olive oil in different 

cooking techniques found an increase in total polyphenols content in tomato for deep-fried and 

sautéed process compared to raw fruit and a reduction with boiling and boiling with water and 

olive oil. The increase in the polyphenols content was attributed to the presence of phenolic 

compound from olive oil, such as oleuropein, pinoresinol and hydroxytyrosol that was not present 

in tomato before cooking. An increase in typical tomato polyphenols such as chlorogenic acid 

and rutin were also detected. 

In the production of homemade tomato sauce, Kamiloglu and co-workers82 found a 

decrease on the content of total and some individual’s phenolics with an increase only in the 

content of naringenin compared to raw tomato. Tomas and co-workers34 comparied industrial 

and home tomato sauce process and found a decrease on chlorogenic acid and rutin content 

compared with raw tomato, but an increase on naringenin, even higher than the industrial sauce. 

Searching for differences between tomato, tomato sauce and tomato sauce with 2% of olive oil, 

Martínez-Huélamo and co-workers103 found that process increase the content of naringenin, rutin 

and also promote isomerization of dicaffeoylquinic acid. 

Therefore, cooking process impacts the content of phenolic compounds on food. This 

process helps to break food matrix and release the polyphenols to make them more 

bioaccessible. However, the thermal and leaching process, depending on the technique, promote 

the oxidation and loss of polyphenols, respectively. Few studies in the literature have been found 

with a quantification of phenolic compounds individually, which makes it difficult to understand 

the differences in behavior between the different classes and structures in relation to the applied 

cooking technique. Some studies have attempted a more realistic approach of the culinary 

process by adding the lipid matrix. The presence of the oil matrix seems to help in the extraction 

of the phenolic compounds and consequently their absorption. 
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3.4 Cooking practice and the matrix effect on the health properties 

of Mediterranean diet: A study in tomato sauce 

As described above, the cooking process and the presence of ingredients in a dish 

preparation may influence the bioaccessibility and bioavailability of bioactive compounds related 

to health-beneficial effects. Tomato and their derivate are one of the most consumed products in 

the MD, with a high daily consumption due to its affordable price and availability through the year. 

In addition, tomatoes are a great source of ascorbic acid, polyphenols and carotenoids, and 

epidemiological studies have related their consumption with a lower incidence of chronic-

degenerative diseases, especially with processed tomato products. 

A possible effect of cooking/food processing and the presence of ingredients may 

influence the food matrix and exert the beneficial effects of tomato products is described in the 

book chapter “Cooking practice and the matrix effect on the health properties of Mediterranean 

diet: A study in tomato sauce” (American Chemical Society, 2018, Advances in Plant Phenolics: 

From Chemistry to Human Health, eISBN: 9780841232952, DOI: 10.1021/bk-2018-1286.ch016). 
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4. RESULTS 

The results are collected in eight manuscripts, five of them have been published in 

journals included in the Science Citation Index. All articles are published in journals ranked in the 

first quartile, except for one article that is published in International Journal of Molecular Science 

and Molecules which belongs to the second quartile. The remaining two papers have been 

submitted and are under revision to reference journals.  

A brief summary containing objective of the study, methodology, results and conclusion 

is included prior each publication.  

This section is further organized in three parts: 

I) Home cooking and bioactive compounds (publication 1 and 2) 

II) Sofrito cooking process and the ingredients impact bioactive compounds (publication 

3, 4, 5, 6 and 7). 

III) Health effect of tomato sofrito intake (publication 8). 
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4.1 Section I: Home cooking and bioactive compounds 

4.1.1 Publication 1. Carotenoid profile of tomato sauces: effect of cooking time 

and content of extra virgin olive oil 

Anna Vallverdú-Queralt, Jorge Regueiro, José Fernando Rinaldi de Alvarenga, Xavier Torrado, 

Rosa Maria Lamuela-Raventós. International Journal of Molecular Sciences, 2015, 16, 9588-9599 

 

The consumption of carotenoid-rich vegetables is associated with a reduction of the risk of 

several chronical diseases. Tomato products has been call attention by Z-isomers formation 

during thermal process and by the addition of an oil matrix, which are related with better 

bioavailability. The aim of this study was to verify the effect of thermal treatment and the addition 

of EVOO on the carotenoid content of homemade tomato sauces. Tomato sauce were prepared 

following a regular homemade process. A 4x2 mixed level factorial design was applied, which the 

8 different formulation were processed in triplicate, involving a total of 24 randomized runs. The 

factor EVOO had 2 levels (5% and 10%) and the factor time of process had 4 levels (15, 30 45 and 

60 min). A targeted quantification of carotenoids were performed using a HPLC-DAD and 

identification was confirmed by HPLC-ESI-QqQ-MS/MS. The antioxidant capacity were measured 

by DPPH• and ABTS•+ assay. The antioxidant capacity increased with a lower percentage of EVOO 

and a higher time of cooking for both methods. The content all-E-α-carotene and all-E-β-carotene 

increased during cooking process with a maximum levels in 60 min, with an increase of 25% and 

40%, respectively. All-E-lycopene content increased during the first 30 min and 45 min of cooking, 

for 10% and 5% of EVOO, respectively, and after that a decreased was observed. Different from 

all-E-lycopene, the isomers 13, 9 and 5-Z-lycopene slightly increased with longer cooking time by 

31%, 15% and 18%, respectively, indicating an isomerization process of all-E-lycopene by the 

cooking process. Tomato sauces prepared with 5% of EVOO showed a higher content of total 

carotenoids and individual carotenoids compared to 10% of EVOO. However, no statistically 

differences were found between samples containing 5% or 10% of EVOO at the same time of 

cooking. As a general pattern, longer time of cooking increased the content of carotenoids in 

tomato sauce and improve Z-lycopene isomers production that could contribute to improve 

bioavailability of carotenoids.
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Abstract: The consumption of carotenoid-rich vegetables such as tomatoes and tomato 
sauces is associated with reduced risk of several chronic diseases. The predominant 
carotenoids in tomato products are in the (all-E) configuration, but (Z) isomers can be formed 
during thermal processing. The effect of cooking time (15, 30, 45 and 60 min) and the addition 
of extra virgin olive oil (5% and 10%) on the carotenoid extractability of tomato sauces was 
monitored using liquid chromatography-tandem mass spectrometry (LC-ESI-MS/MS) and 
LC-ultraviolet detection (LC-UV). The thermal treatment and the addition of extra virgin 
olive oil increased the levels of antioxidant activity, total carotenoids, Z-lycopene isomers, 
α-carotene and β-carotene. These results are of particular nutritional benefit since higher 
lycopene intake has been associated with a reduced risk of lethal prostate and a reduction 
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of prostate-specific antigen (PSA) levels. Moreover, β-carotene has been reported to 
suppress the up-regulation of heme oxygenase-1 gene expression in a dose dependent 
manner and to suppress UVA-induced HO-1 gene expression in cultured FEK4. 

Keywords: LC-ESI-MS/MS; LC-UV; C30 column; β-carotene; α-carotene; lycopene; 
antioxidant capacity 

 

1. Introduction 

The traditional Mediterranean diet is characterized by a high intake of olive oil, fruit, nuts, 
vegetables, and cereals [1,2]. Tomato and tomato sauces are typical components of the Mediterranean 
diet and are of great interest because of their high content of bioactive compounds, including 
carotenoids, polyphenols, and vitamin C. Regular consumption of tomato products has been related to 
a decrease in the incidence of chronic degenerative diseases [3,4]. Some carotenoids, such as β-carotene 
and (all-E)-α-carotene, may exhibit provitamin A activity [5]. Studies have demonstrated that 
consumption of lycopene decreases the risk of degenerative diseases, for example, certain kinds of 
cancer and cardiovascular diseases [6]. Another major characteristic of the Mediterranean diet is  
a high consumption of olive oil, which is associated with numerous health benefits [7,8]. Oil added to 
tomato sauce has been reported to improve the accessibility and extractability of bioactive compounds 
in tomato [9]. Gärtner et al. [10] reported that with a constant content of fat and other ingredients, 
lycopene bioavailability from tomato paste was significantly higher than from fresh tomatoes [10]. 

Thermal treatments are the main cause of the depletion of natural antioxidants in food. Browning 
and oxidation reactions are responsible for the degradation of naturally occurring antioxidants during 
the processing of tomato products [11,12]. The highly unsaturated nature of carotenoids makes them 
susceptible to isomerization, oxidation and breakdown of the carotenoid molecule during thermal 
processes, especially under severe processing conditions. The oxidation products formed are a mixture 
of epoxides, apocarotenals and hydroxy compounds [13]. During thermal treatments, (Z)-isomers are 
formed. Studies have proven that >50% of the carotenoids present in the human body are in the  
(Z) isomeric configuration, suggesting that this is the most bioavailable form [14]. 

The effects of industrial processing on the lycopene content of tomatoes have been extensively 
studied. However, little is known about the impact of cooking time or added extra virgin olive when 
tomato products are prepared at home. Thus, the aim of this study was to examine how the duration of 
cooking (15, 30, 45 and 60 min) and the addition of extra virgin olive oil (5% and 10%) affected the 
carotenoid content of tomato sauces. 

2. Results and Discussion 

While some studies have reported a loss of lycopene in tomato-based foods undergoing thermal 
processing (bleaching, retorting and freezing) [15], others have shown that processing tomatoes may 
increase the levels of some bound antioxidants [9,16,17]. As carotenoids are widely present in food, 
the assessment of their stability in food systems is of major importance. 



PUBLICATION 1 

 

61 

Int. J. Mol. Sci. 2015, 16 9590 
 

 

Analysis of the tomato sauces during the home-cooking processes showed that the antioxidant level 
measured by the ABTS+ assay increased from 106.68 mmol/g DW at 15 min to 124.57 mmol TE/g 
DW at 60 min or from 96.91 mmol TE/g DW at 15 min to 119.08 mmol TE/g DW at 60 min in sauces 
containing 5% or 10% extra virgin olive oil, respectively (Figure 1). The same pattern of antioxidant 
capacity was observed in the DPPH assay. Food processing may improve carotenoid bioavailability by 
breaking down cell walls, which weakens the bonding forces between carotenoids and the plant tissue 
matrix. Piga et al. [18] reported an increase in the DPPH content of mandarin juices over time, and 
attributed this increase in antioxidant capacity to the formation of Maillard’s reaction products [18].  
The food matrix in which the bioactive compounds are contained also plays a crucial role in 
determining their accessibility and extractability from food [9]. 

 

Figure 1. Changes in antioxidant capacity during processing time. 

Figures 2 and 3 show the evolution of the carotenoid content in the studied tomato sauces  
during the cooking process. The concentration after 15 min of processing of (all-E)-lycopene  
was 573.76 ± 45.83 mg/kg·DW, whereas those of (all-E)-α-carotene and (all-E)-β-carotene were  
4.99 ± 0.13 and 4998.5 ± 268.95 mg/kg DW, respectively (Figures 2 and 3). Between 15 and 30 min of 
cooking, (all-E)-lycopene increased from 573.76 to 659.27 mg/kg·DW in tomato sauces containing 5% 
olive oil and from 503.37 to 643.46 mg/kg DW in those with 10% olive oil. Between 30 and 60 min, 
the (all-E)-lycopene content decreased from 659.27 to 597.11 mg/kg DW in tomato sauces containing 
5% olive oil, with a similar pattern being observed in sauces containing 10% olive oil. In contrast,  
(all-E)-α-carotene and (all-E)-β-carotene increased over the cooking period (15 to 60 min) from 4.99 
to 6.50 mg/kg DW and from 4998.5 to 8185.12 mg/kg DW, respectively. No statistically significant 
differences were found between samples containing 5% or 10% olive oil at the same time of 
processing. Gärtner et al. [10] reported that tomato juice cooked in oil medium resulted in a two- to 
three-fold increase in carotenoid serum concentrations one day after ingestion, while no rise was found 
after an equivalent consumption of unprocessed tomato juice [10]. 

Our results are in line with those reported by Lin and Chen [19], who attributed the lower stability 
of (all-E)-lycopene to its coplanar structure with 11 conjugated double bonds, which results in a higher 
reactivity in comparison with (all-E)-β-carotene [19]. In contrast, tomato processing may activate 
enzymes involved in the synthesis of β- and α-carotene. The carotenoid biosynthetic pathway in  
plants has two main branches after lycopene, distinguished by different cyclic end-groups. Two β rings 
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lead to the β,β branch (β-carotene and its derivatives) through β-carotene cyclase, while one beta and  
one epsilon ring define the β,ε branch (α-carotene and its derivatives) through ε- and β-carotene  
cyclase. Thermal processing may activate ε- and β-carotene cyclase and, thus stimulate α- and  

β-carotene production. 

 

Figure 2. Changes in total carotenoids, α-carotene and β-carotene during processing time. 

The (Z)-isomers of lycopene during processing were also studied since these compounds are of 
particular nutritional benefit due to their ready absorption in the human intestine [20]. We tentatively 
identified three isomers in tomato sauces: 5-, 9- and 13-(Z)-lycopene (Figure 3). This lycopene isomer 
profile is in accordance with that reported by other authors in different tomato products, in which  
(all-E)-lycopene represents the most abundant lycopene isomer, varying from 35% to 96% of total 
lycopene, and 5-, 9-, 13- and 15-(Z)-lycopene are the main (Z)-isomers detected [21,22]. We observed 
higher levels of (Z)-lycopene in sauces containing less virgin olive oil. For instance, at 45 min of 
cooking the concentration of 5-(Z)-lycopene was 79.35 mg/kg DW with 5% olive oil as opposed to 
72.06 mg/kg DW with 10% olive oil. 
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Figure 3. Changes in (all-E)-lycopene and 5-(Z), 9-(Z) and 13-(Z)-lycopene during 
processing time. 

It has been shown that during the cooking process lycopene undergoes (all-E)/(Z)-isomerization, 
leading to an increase in the proportion of (Z)-isomers [19]. As mentioned above, (all-E)-lycopene 
underwent a loss of 9% during the preparation of tomato sauces, in contrast with (Z)-lycopene isomers, 
which increased slightly, by 31%, 18% and 15% in the case of 13-, 5- and 9-(Z)-lycopene, respectively 
(Figure 3). These results are in agreement with those reported by Lin and Chen [19], who observed the 
formation of (Z)-lycopene isomers in tomato juice [19]. This could be explained by the isomerization 
phenomenon: (all-E)-lycopene can be converted to 13-(Z)-lycopene, which can then undergo 
subsequent conversion into other (Z)-isomers [23]. Similar lycopene degradation patterns have been 
described by Giovanelli and Paradiso [24] during the processing and storage of tomato paste. The 
biosynthetic enzymes involved in carotenoid biosynthesis in plants are encoded by nuclear genes, and 
precursor proteins are post-translationally imported into plastids, where carotenoid biosynthesis takes 
place. Disruption of tissue by wounding could promote the transcription of the genes or the transport of 
the mRNA related to the synthesis of carotenoids [25]. The production of (Z)-lycopene isomers due to 
thermal treatments could be explained by the activation of enzymes such as phytoene synthase and  
ζ-carotene desaturase (ZDS). Phytoene undergoes a set of desaturation reactions, each of which creates 
a new double bond and extends the chromophore by two conjugated double bonds; the end product  
is lycopene [26]. Controversially, García Alonso et al. [27] found that the total lycopene content 
remained quite stable throughout the storage trial and varied from 99 to 120 mg/kg in tomato juice 
packaged in Tetra Paks and from 96 to 115 mg/kg in samples stored in glass bottles. For both types of 
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samples, no clear temperature dependency was revealed regarding the rate of total lycopene loss, 
which was affected only by storage time [27]. 

The thermal treatment increased the levels of antioxidant activity and total carotenoids by 15% and 
30%, respectively. As mentioned above, 13-, 5- and 9-(Z)-lycopene increased by 31%, 18% and 15%, 
respectively. The (Z)-isomers of lycopene during processing are of particular nutritional benefit due to 
their ready absorption in the human intestine [10]. Higher lycopene intake is associated with a reduced 
risk of lethal prostate [28] and an increase of levels of lycopene in sauce may help to reduce PSA [29]. 
Moreover, (all-E)-α-carotene and (all-E)-β-carotene increased over the cooking period by 25% and 
40%, respectively. Dietary β-carotene has been reported to decrease (distal) colon cancer [30] and 
moreover, to suppress the up-regulation of heme oxygenase-1 gene expression in a dose dependent 
manner and to suppress UVA-induced HO-1 gene expression in cultured FEK4 [31]. Moreover,  
it seems that these compounds may act synergically increasing their anticancer activity [32]. 

3. Experimental Section 

3.1. Standards 

All samples and standards were handled without exposure to light. β-carotene, α-carotene,  
lycopene, methyl tert-butyl ether (MTBE), ABTS: 2,2'azino-bis(3-ethylbenzothiazoline-6-sulfonic 
acid), Trolox: (±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid 97% and manganese 
dioxide and hexane were purchased from Sigma® (St. Louis, MO, USA); ethanol and methanol HPLC 
grade were obtained from Scharlau (Barcelona, Spain); DPPH: 2,2-diphenyl-1-picrylhydrazyl from 
Extrasynthèse (Genay, France); and ultrapure water (Milli-Q) from Millipore (Bedford, MA, USA). 

3.2. Tomato Sauce Material 

A commercial tomato (Licopersicon esculentum Mill. c.v. Daniella), suitable for tomato sauce 
making, was used for the study. Virgin olive oil was kindly furnished by Manuel Heredia Halcón  
(Cortijo De Suerte Alta, Albendin-Baena-Cordoba). The tomato sauces were prepared at Torribera 
Campus, University of Barcelona (UB, Barcelona, Spain), following a conventional home cooking 
method. Fruits were washed, chopped in a breaker unit, weighed and crushed with a Thermomix®.  
Two variables were evaluated: virgin olive oil addition at two different concentrations and the cooking 
time. The olive oil (5% and 10% of oil, w/w) was added to the chopped tomatoes, and the mixture was 
cooked at 95–96 °C for 15, 30, 45 or 60 min. The tomato sauces were aliquoted and stored in vacuum 
bags at −20 °C until the day of the analysis. A 4 × 2 mixed-level factorial design was performed, 
involving a total of 8 randomized runs. For the reproducibility, each process was evaluated three times. 
The carotenoids profile of tomato sauce control without addition virgin olive oil are reported in Table 1. 
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Table 1. The carotenoids profile of tomato sauce control without addition virgin olive oil. 

Compounds Tomato Sauce Control (mg/kg DW) 
α-carotene 4.3 ± 0.3 
β-carotene 3266.9 ± 53.1 

(all-E)-Lycopene 178.9 ± 10.1 
5-(Z)-Lycopene 20.3 ± 1.1 
9-(Z)-Lycopene  26.2 ± 0.9 

13-(Z)-Lycopene 33.6 ± 2.7 
Total Carotenoids 3530.1 

3.3. Extraction and Analysis of Carotenoids 

3.3.1. Extraction of Carotenoid Compounds 

The extraction of carotenoids was carried out in darkness using dry ice in order to minimize 
autoxidation and (Z)-(all-E) isomerization, and to avoid exposure to light, oxygen and high temperatures. 

Tomato sauces (0.5 gram) were weighed and homogenized with 5 mL ethanol:n-hexane (4:3, v/v) 
following a procedure described in the literature [33]; they were then sonicated for 5 min and 
centrifuged (4000 rpm at 4 °C) for 15 min. The supernatant was transferred into a flask and extraction 
was repeated. The supernatants were combined and evaporated under nitrogen flow; finally, the 
residue was reconstituted with MTBE up to 1 mL and filtered through a 25 mm, 0.45 µm PTFE filter 
(Waters, Mildford, MA, USA). 

3.3.2. Analysis of Carotenoid Compounds 

Chromatographic analysis was performed using the HPLC system previously described by  
Vallverdu-Queralt et al. [28]. The analytes were separated on a reversed-phase C30 column YMC30 
(250 × 4.6 mm, 5 μm) from YMC (Dinslaken, Germany) and kept at 20 °C. The injection volume was 
20 µL and flow rate 1 mL·min−1. The mobile phase consisted of two different solvent mixtures:  
A—water: MTBE:methanol (4:26:70, v/v/v)—and B, with the same solvents but other proportions 
(4:90:6, v/v/v). The linear gradient was 26% B to 90% B in 23 min. The column was equilibrated for  
10 min prior to each analysis. MTBE was used as a modifier to facilitate the elution of lycopene, 
which is strongly retained in a methanol environment [34]. 

3.4. Identification and Quantification of Carotenoids 

3.4.1. Diode Array Detector 

Commercially available carotenoid standards ((all-E)-α-carotene, (all-E)-β-carotene and  
(all-E)-lycopene) were used to identify analytes by retention times and UV-VIS spectra. The LC-DAD 
chromatograms were acquired by selecting the 450 nm wavelength; in addition, the UV-VIS spectra 
were recorded in the range of 350–550 nm for the tentative identification of carotenoids and their 
geometrical isomers ((Z)-lycopene isomers), on the basis of the retention times and absorption 
spectrum characteristics described in the literature [21,34]. 
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3.4.2. Mass Spectrometry 

The API 3000 (PE Sciex, Concord, ON, Canada) triple quadrupole mass spectrometer in positive-ion 
mode was used to obtain MS/MS data for carotenoid analysis. Turbo Ionspray source settings were the 
same as previously described by our group [33]. Post-column addition of a solution of LiCl (500 mg·L−1) 
was performed using an isocratic pump Agilent 1100 Series (Agilent Technologies, Palo Alto, CA, 
USA) at a flow rate of 100 µL·min−1 via a zero-volume mixing T-piece. 

Carotenoids were quantified with respect to their corresponding standard according to the internal 
standard method using trans-β-apo-8'-carotenal. When standards were not available, as in the case of 
(Z) isomers of lycopene, they were quantified on the basis of the peak area of the (all-E)-lycopene 
standard. Results are expressed as mg/kg dry weight (DW). 

3.5. Antioxidant Capacity 

The antioxidant capacity of tomato sauces was measured using ABTS+ and DPPH assays reported 
in the literature [33]. 

3.5.1. ABTS+ Assay 

One mM Trolox (antioxidant standard) was prepared in methanol once a week. Working standards 
were prepared daily by diluting 1 mM Trolox with methanol.  

An ABTS+ radical cation was prepared by passing a 5 mM stock solution of ABTS (in methanol) 
through manganese dioxide powder. Excess manganese dioxide was filtered through a 13 mm 0.45 µm 
filter PTFE (Waters). Before analysis, the solution was diluted in methanol pH 7.4 to give an absorbance at 
734 nm of 1.0 ± 0.1, and pre-incubated in ice. Then, 245 µL of ABTS+ solution was added to 5 µL of 
Trolox or to tomato extracts and the solutions were stirred for 30 s. The absorbance was recorded 
continuously every 30 s with a UV/VIS spectrophotometer Thermo Multiskan Spectrum from Thermo 
Fischer Scientific (San Jose, CA, USA) for 1 h and methanol blanks were run in each assay. 

The working range for Trolox (final concentration 0–750 µmol/L) was based on triplicate 
determinations and consisted of plotting the absorbance as a percentage of the absorbance of the 
uninhibited radical cation (blank). The activities of the tomato extracts were assessed at four different 
concentrations, which were within the range of the dose-response curve. Each sample was analyzed in 
triplicate at each concentration. Results were expressed as mmol Trolox equivalent (TE)/g DW. 

3.5.2. DPPH Assay 

The antioxidant capacity was also studied through the evaluation of the free radical-scavenging 
effect on the DPPH radical. Solutions of known Trolox were used for calibration. 5 µL of tomato 
extracts or Trolox were mixed with 250 µL of methanolic DPPH (0.025 g/L). The homogenate was 
shaken vigorously and kept in darkness for 30 min. Absorption of the samples was measured on  
a UV/VIS Thermo Multiskan Spectrum spectrophotometer at 515 nm. The percentage of inhibition of 
the DPPH activity was calculated and plotted as a function of the Trolox concentration for the standard 
reference data. The final DPPH values were calculated using a regression equation between the Trolox 
concentration and the percentage of DPPH inhibition and results were expressed as mmol TE/100 g DW. 
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3.6. Statistical Treatments 

Treatments of tomato sauces were carried out in triplicate and each replicate was analyzed three 
times. Significance of the results and statistical differences were analyzed using Statgraphics plus v. 
5.1 software (Manugistics, Rockville, MA, USA). Data were analyzed by multifactor analysis of 
variance and a Duncan multiple range test was applied to determine differences among means, with  
a significance level of p = 0.05. 

4. Conclusions 

In this work, the effects of cooking time (15, 30, 45 and 60 min) and the amount of added virgin 
olive oil (5% and 10%) on the carotenoid profile of tomato sauces were studied using LC-ESI-MS/MS 
and LC-UV. During the thermal treatment, levels of antioxidant activity, total carotenoids, α-carotene,  
β-carotene and (Z)-lycopene increased. This information may be used for industries to develop new 
treatments so as to obtain products with high carotenoid content and higher physiological effects. This 
increase in carotenoids and antioxidant capacity may reduce lipid peroxidation, increase HDL and 
decrease the incidence of chronic degenerative diseases, such as cancer and cardiovascular diseases. 
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4.1.2 Publication 2. Home cooking and phenolics: effect of thermal treatment and 

addition of extra virgin olive oil on the phenolic profile of tomato sauces 

Anna Vallverdú-Queralt, Jorge Regueiro, José Fernando Rinaldi de Alvarenga, Xavier Torrado, 

Rosa Maria Lamuela-Raventós. Journal of Agricultural and Food Chemistry, 2014, 62, 3314-3320 

 

Tomato products and olive oil are keys components of the Mediterranean diet which are strongly 

related to health benefits. The use of olive oil in tomato sauces, typically from home-made 

sauces, could improve the bioaccessibility and bioavailability of phenolic compounds. The aim of 

this study was to verify the effect of thermal treatment and the addition of EVOO on the phenolic 

content of homemade tomato sauces. Tomato sauce were prepared following a regular 

homemade process. A 4x2 mixed level factorial design was applied, which the 8 different 

formulation were processed in triplicate, involving a total of 24 randomized runs. The factor EVOO 

had 2 levels (5% and 10%) and the factor time of process had 4 levels (15, 30 45 and 60 min). A 

targeted quantification of phenolic compounds were performed using a HPLC-ESI-QqQ-MS/MS 

and the antioxidant capacity were measured by DPPH• and ABTS•+ assay. The antioxidant 

capacity decreased with time of cooking for both methods. Among hydroxycinnamic and 

phenolic acids, p-coumaric, protocatechuic and chlorogenic acids showed the maximum levels 

at 30 min of cooking and then decreased. Ferulic acid was stable during up to the first 30 min of 

processing and slighty decreased after this time. Unlike the others, caffeic acid increased up to 

60 min of thermal treatment. Among flavonoids, rutin and quercetin decreased during the cooking 

process, in which this decrease was more abruptly for quercetin. Naringenin showed a slight 

increase in the first 15 min up to 45 min of cooking, after that a decreased in its content was 

observed. Tomato sauces prepared with 10% of EVOO showed a higher content of all phenolic 

compounds compared to 5% of EVOO. As a general pattern, longer time of cooking decreased 

the content of phenolic compounds and antioxidants, except for caffeic acid. Tomato sauces 

prepared with higher percent of EVOO showed higher levels of phenolic compounds, which could 

improve bioacessibility and bioavailability of polyphenols in culinary process. 



 

 



PUBLICATION 2 

 

73 



PUBLICATION 2 

 

74 



PUBLICATION 2 

 

75 



PUBLICATION 2 

 

76 



PUBLICATION 2 

 

77 



PUBLICATION 2 

 

78 



PUBLICATION 2 

 

79 



 



PUBLICATION 3 

 

81 

4.2 Section II: Sofrito cooking process and the ingredients impact 

bioactive compounds 

4.2.1 Publication 3. Bioactive compounds present in the Mediterranean sofrito 

Anna Vallverdú-Queralt, José Fernando Rinaldi de Alvarenga, Ramon Estruch, Rosa Maria 

Lamuela-Raventós. Food Chemistry, 141 (2013) 3365-3372 

 

The aim of this study was to characterize the profile of bioactive compounds presents in 

commercial tomato sofrito. Ten different brands of tomato sofritos were analyzed to measure 

the content of polyphenols and carotenoids. The phenolic profile was identified using a HPLC-

LQT-Orbitrap-MS/MS and the content of each polyphenol by UPLC-QqQ-MS/MS and the total 

polyphenols by Folin-Ciocalteu reaction. The carotenoid content was determinate by HPLC-DAD 

and the identification confirmed by UPLC-QqQ-MS/MS. Forty phenolic compounds were identified 

in Mediterranean sofrito using high resolution mass spectrometry. Some of these polyphenols 

were founded in tomato products, but luteolin-O-hexoside, sinapic acid-O-hexoside, sinapic acid, 

quercetin-O-dihexoside and isoharmnetin-O-hexoside were reported for the first time, due to the 

presence of different ingredients such as onion, garlic and olive oil. The total polyphenols content 

ranges from 13.20 to 20.23 mg GAE/100 g fresh weight. Among phenolic acids, chlorogenic acid 

was the major compound, with a content ranging from 4.43 to 5.50 µg/g FW, probably due to 

presence of onion and garlic as ingredients. Other major phenolic acids were caffeic acid and 

sinapic acid with levels of 2.01-3.54 and 3.11-4.72 µg/g FW, respectively. Higher levels of ferulic, 

p-hydroxybenzoic and protocatechuic acid were found in garlic contaning sofritos. Among 

flavonols a high content of rutin, quercertin-3-O-glucoside and quercetin were found in sofritos 

and correlated with the presence of onion and garlic. Naringenin, the main flavonone in tomato, 

and naringenin-7-O-glucoside were detected at levels of 10.20-13.05 µg/g FW and 3.78-4.23 µg/g 

FW, respectively, without differences related to the presence of garlic or another ingredient. The 

content of total carotenoid ranges from 53.10 to 81.49 µg/g FW. The major carotenoid found in 

sofrito was lycopene, especially the isomer trans, at levels of 29.32 to 40.50 µg/g FW, and other 

isomers such as 13-Z-lycopene, 9-Z-lycopene and 5-Z-lycopene were detected. The higher content 

of carotenoids was detected in sofrito with higher levels of extra virgin olive oil. A PCA analysis 

was performed to discriminate among sofritos according to their phenolics and carotenoids 

profiles. The metabolites chlorogenic, ferulic and p-coumaric acids and rutin, and also E-lycopene, 

-carotene and lutein had higher discriminant power. The presence of extra virgin olive oil, onion 

and garlic influenced the phenolic and carotenoid profile of tomato sofrito. 
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4.2.2 Publication 4. Home cooking and ingredient synergism improve lycopene 

isomer production in Sofrito 

José Fernando Rinaldi de Alvarenga, Camilla Tran, Sara Hurtado-Barroso, Miriam Martinez-

Huélamo, Montserrat Illan, Rosa Maria Lamuela-Raventós. Food Research International, 2017, 99, 

851-861 

 

There has been increasing interest in tomato products rich in carotenoids Z-isomers since these 

compounds preset higher bioavailability and antioxidant capacity compared to E-form. Cooking 

process and ingredients used in food preparation can influence the content, type and 

bioavailability of carotenoids. The aim of this study was to evaluate whether carotenoid content 

and isomerization in tomato-sofrito is affected by the presence of other ingredients and home 

cooking process. Carotenoids content was analyzed by HPLC-DAD and identification confirmed 

by HPLC-ESI-QqQ-MS/MS. A full factorial design (FFD) 24 was performed to clarify the effect of 

the factors EVOO (5% and 10%), onion (20% and 40%), garlic (2% and 4%) and cooking time (30 

and 60 min) on carotenoid composition of tomato-sofrito. The FFD experiments were performed 

independently, randomized and in triplicate totalizing 48 experiments. Data obtained from FFD 

were evaluated by ANOVA and Fisher test and mathematical models for each carotenoid were 

constructed. During sofrito cooking process the content of all-E-lycopene decreased in all 

formulation compared to raw tomato and an adequate model was no possible to be constructed 

by the low value of r2 and adj-r2. In contrast with all-E-lycopene, the content of 5 and 9-Z-lycopene 

isomers increased in the tomato sofrito compared to raw tomato, as did for 13-Z-lycopene in 

certain formulations. Mathematical models were constructed for 5, 9 and 13-Z-lycopene isomers 

verifying how each factor influenced the production of these isomers. The main factor for the 

formation of Z-isomers in sofrito was cooking time. EVOO showed to improve carotenoids level, 

but when associated with longer time of cooking a decrease was observed. Onion proved to be 

the most interesting ingredient in the sofrito, combined with long cooking time, they promoted 

the formation of lycopene isomers. All-E-α-carotene content decreased during sofrito cooking 

technique compared to raw tomato. In contrast, all-E-β-carotene and 13-Z-β-carotene increased 

in all formulations compared to raw tomato. The models for all-E-α-carotene, all-E-β-carotene and 

13-Z-β-carotene were not constructed because the values of r2 and adj-r2  were beyond of the 

established criteria. Longer time of cooking and the addition of onion in the preparation of tomato 

sofrito increased lycopene isomerization, which are more bioavailable and active compared to E-

form. Mediterranean sofrito technique could be used to improve carotenoids absorption.
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4.2.3 Publication 5. Mediterranean sofrito home-cooking technique enhances 

polyphenol content in tomato sauce 

José Fernando Rinaldi de Alvarenga, Paola Quifer-Rada, Victoria Westrin, Sara Hurtado-Barroso, 

Xavier Torrado-Prat, Rosa Maria Lamuela-Raventós. Sent to Journal of Science of Food and 

Agriculture. 

 

Tomatoes are highly daily consumed in Mediterranean countries compared to other vegetables 

and epidemiological studies suggested that processed tomato-based products have a greater 

correlation with a low incidence of chronic-degenerative diseases. Sofrito, a basic culinary 

technique widely used in the Mediterranean, may preserve polyphenols and help to increase their 

intake in the Mediterranean population. The aim of this study was to evaluate how the sofrito 

cooking technique could improve tomato polyphenols content in sofrito sauce. Phenolic 

compounds content was analyzed by HPLC-ESI-QqQ-MS/MS. A full factorial design (FFD) 24 was 

performed to clarify the effect of the factors EVOO (5% and 10%), onion (20% and 40%), garlic (2% 

and 4%) and cooking time (30 and 60 min) on polyphenols content of tomato-sofrito. The FFD 

experiments were performed independently, randomized and in triplicate totalizing 48 

experiments. Data obtained from FFD were evaluated by ANOVA and Fisher test and 

mathematical models for each phenolic compound were constructed. Among of 16 polyphenols 

typically found in tomato, ferulic acid, caffeic acid, caffeic acid hexoside I and II were excluded of 

from the statistical analysis for being part of the composition of the other ingredients. When 

compared to raw tomato, the content of chlorogenic acid, ferulic acid hexoside and narigenin 

increased after cooking process, criptochlorogenic acid remained stable and dicaffeoylquinic 

acid and coumaric acid hexoside I and II decreased independently of the cooking time and 

ingredients content used in the sofrito preparation. Mathematical models were constructed for 

chlorogenic acid, ferulic acid hexoside and naringenin to understand how cooking and ingredients 

synergism improve phenolic compounds content. Cooking time decreased the content of 

phenolic compounds in tomato sofrito. The use of EVOO helps to extract polyphenols from the 

food matrix that contribute to the increase its content. The presence of a high content of onion 

can protect some phenolic compounds from oxidation during the sofrito cooking process. 

Mediterranean sofrito cuisine technique could contributes to polyphenol consumption in the 

Mediterranean population. 
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MEDITERRANEAN SOFRITO HOME-COOKING TECHNIQUE 

ENHANCES POLYPHENOL CONTENT IN TOMATO SAUCE 

Running title: Sofrito cooking process enhances tomato polyphenol content 

 

José Fernando Rinaldi de Alvarenga1, Paola Quifer-Rada1,2, Victoria Westrin3, Sara Hurtado-

Barroso1,2, Xavier Torrado-Prat1, Rosa M. Lamuela-Raventós1,2 

 

1Department of Nutrition, Food Sciences and Gastronomy, XaRTA, INSA-UB, School of Pharmacy 

and Food Sciences. University of Barcelona, Barcelona. Spain.  

2CIBER Physiopathology of Obesity and Nutrition (CIBEROBN), Instituto de Salud Carlos III, 

Madrid. Spain 

3Internal Medicine and Clinical Nutrition Department, Sahlgrenska Academy, University of 

Gothenburg, Gothenburg. Sweden. 

 

Abstract 

BACKGROUND: Sofrito, a basic culinary technique widely used in the Mediterranean, may 

preserve dietary polyphenols and enhance their intake in the Mediterranean population. The aim 

of this study was to investigate if the sofrito technique improves the polyphenol content in a 

tomato-based sofrito sauce. RESULTS: A full factorial design was applied using mathematical 

models. The content of chlorogenic acid, ferulic acid hexoside and naringenin was higher in the 

sofrito sauce than in raw tomato. The bioaccessibility of some tomato polyphenols was enhanced 

by the presence of olive oil and they were protected from oxidation during the cooking process 

by the use of onion. CONCLUSION: The use of olive oil and onion in Mediterranean cooking as a 

base for sauces and dishes, with an appropriate cooking time, enhances the polyphenol content 

of food. Thus, Mediterranean cuisine contributes to the health effects of the Mediterranean diet. 

 

Keywords: phenolic compounds, matrix effect, extra virgin olive oil, onion, cooking 

 

1. Introduction 

The health benefits of the Mediterranean diet are associated with a high intake of 

phytochemicals from vegetables and legumes 1,2, yet have proved difficult to reproduce in non-

Mediterranean populations; cultural differences between countries, including culinary techniques, 

may be among the factors responsible for this lack of success 1. The impact of cooking on 

bioactive compounds has been analyzed 2,3, but only a few studies have focused on the effect of 

Mediterranean culinary techniques on polyphenol intake in the Mediterranean population 4,5. 

Tomatoes are highly prevalent in the Mediterranean diet because of their versatility, being 

consumed directly or as an ingredient in many food recipes 6. Due to their year-round availability 
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and accessible price, the daily consumption of tomatoes in Mediterranean countries is higher 

than that of other vegetables and fruits 7,8. The tomato sofrito sauce, the basis of many 

Mediterranean recipes, is prepared by frying onion and garlic in olive oil. This sauce has been 

reported to contain 40 different phenolic compounds and a high content of carotenoids 9. 

Epidemiological studies have shown that the consumption of processed tomato-based products 

has a greater correlation with a low incidence of chronic-degenerative diseases compared to raw 

tomato 10. Moreover, tomato sofrito consumption is associated with improved cardiovascular risk 

parameters and insulin sensitivity, and activates thermogenesis by browning fat tissue 11,12. This 

key component of the Mediterranean diet has also recently been correlated with the 

manifestation of less aggressive prostate cancer 13. 

The aim of this study was to evaluate how the sofrito cooking technique and ingredients 

used to prepare tomato sofrito sauce could improve the content of tomato phenolic compounds. 

 

2. Material and methods 

2.1 Material 

Tomatoes (Licopersicon esculentum Mill, c. v. Pera) of equal diameter from the same 

batch were bought from Grupo Almeria (La Cañada, Almeria, Spain). Onions and garlic were 

bought from Casa Ametller (Barcelona, Spain). Manuel Heredia Halcón (Cortijo De Suerte Alta, 

Albedin-Baena-Cordoba) supplied the extra virgin olive oil (EVOO). 

 

2.2 Sofrito cooking process 

The sofritos were prepared based on a traditional Mediterranean recipe in an industrial 

kitchen at Torribera Campus, University of Barcelona (Santa Coloma de Gramenet, Spain). The 

ingredients were washed, crushed with a mixer (model R5 Plus, Robot Coupe®), and weighed 

according to a previously published full factorial design (FFD) 5. The EVOO was heated for 1 min 

in a pan (24 cm diameter, 15 cm height, 6.3 L volume, 1.59 mm thickness, made of inox 18/10) 

without a lid, followed by the addition of onion and garlic. After frying for 3 minutes, the tomato 

was added and the cooking time was monitored. The temperature of the electrical cooking plate 

(180 mm diameter, 1500W, model Encimera EM/30 2P, Teka®) was adjusted to remain constant 

throughout the cooking process (100 ± 1 ºC). Once prepared, all the sofritos were weighed to 

evaluate water loss (Table 1), and frozen in plastic vacuum bags for storage at -25º C. 

 

2.3 Full factorial design and statistical analysis 

In order to understand the effect of each ingredient, the cooking time, and any ingredient 

synergism on the tomato phenolic compounds, a full factorial design (FFD) was used with the 

factors EVOO (E), onion (O) and garlic (G) content, and cooking time (t). The four factors had a 

high (+1) and low (-1) level, providing a 24 FFD for a total of 16 formulations. These were 

independently analyzed in triplicate and randomized for better reproducibility and error 
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estimation, resulting in a total of 48 experiments. The levels for the different factors are described 

in Table 1. Data obtained from the FFD were evaluated by analysis of variance (ANOVA) and the  

Table 1. Experimental level of the factors used in the Full Factorial Design (FDD). 

 
EVOO (%) 

Onion 
(%) 

Garlic 
(%) 

Time 
(min) 

Tomato 
(%) 

Initial 
weight 

(g) 

Final weight (g) 

 a b c 

1 5 20 2 30 73 1000 497 492 515 
2 10 20 2 30 68 1000 523 485 500 
3 5 40 2 30 53 1000 347 390 401 
4 10 40 2 30 48 1000 465 436 430 
5 5 20 4 30 71 1000 486 545 491 
6 10 20 4 30 66 1000 535 628 621 
7 5 40 4 30 51 1000 453 454 433 
8 10 40 4 30 46 1000 407 385 380 
9 5 20 2 60 73 1000 446 486 423 

10 10 20 2 60 68 1000 455 497 478 
11 5 40 2 60 53 1000 461 466 464 
12 10 40 2 60 48 1000 422 420 421 
13 5 20 4 60 71 1000 398 472 513 
14 10 20 4 60 66 1000 503 547 531 
15 5 40 4 60 51 1000 379 500 480 
16 10 40 4 60 46 1000 401 361 362 

n = 3 (represent as a, b and c) 
EVOO = Extra Virgen Olive Oil. Initial weight (before cooking) and Final weight (after cooking process). 

 

Fisher test using STATISTICA 10 software (StatSoft, USA). A possible first-order regression 

equation with the factors and the interaction between them was applied for modeling as follows 

(Equation 1): 

 

Y = b0+b1E+b2O+b3G+b4t +b12EO+b13EG+b14Et+b23OG+b24Ot+b34Gt+b123EOG+ 

b124EOt+b134EGt+b234OGt+b1234EOGt 

 

In order to construct an adequate model, the following criteria were established: a 

coefficient of regression (r2) and adjusted coefficient of regression (r2-adj) greater than 80% 

(<0.80), a non-significant lack of fit (p>0.05) and a coefficient of variation less than 10% (<10%). 

The normality of the data was verified and a linear correlation plot of observed versus predicted 

values was obtained. 

 

2.4 Extraction and Analysis of Polyphenols 

Polyphenol extraction was performed under lights with UV filters and ice to minimize 

compound degradation. All samples were extracted in triplicate. 

 

2.4.1 Extraction of polyphenols from tomato, onion, garlic and sofrito 

The sofrito and each ingredient were weighed (0.5g) and homogenized with 5 mL of 

methanol:ultra-pure water (80:20, v:v) for 1 min, sonicated for 10 min in an ice bath and 

centrifuged at 4000 rpm for 15 min at 4º C. The supernatant was transferred into a 10 mL glass 

tube and the extraction was repeated. After that, the supernatants were combined and evaporated 

using a vacuum evaporator (miVac DNA concentrator, Genevac LTD, England). The residue was 
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suspended in up to 2 mL of ultra-pure water with 0.1% of formic acid, filtered through a 0.22 µm 

PTFE filter into a 2 mL amber vial and stored at -80 ºC 9. 

 

2.4.2 Extraction of polyphenols from EVOO 

EVOO (1g) was weighed and diluted with 1 mL of n-hexane. After the addition of 2 mL of 

methanol, it was homogenized and centrifuged at 3000 rpm for 3 min at 4ºC. The nonpolar and 

polar phases were separated and extracted again with 1 mL of n-hexane and 2 mL of methanol, 

respectively. The polar phases were combined, and 50 mg of C18 was added to remove the polar 

fatty acids, followed by homogenization for 1 min and centrifugation. After the extract was 

maintained at -80 ºC for 15 min, a visual inspection was made to ensure that no lipids were 

present. The clean liquid was evaporated until dryness using a vacuum evaporator. The residue 

was reconstituted using 2 mL of ultra-pure water with 0.2% of acetic acid, filtered with a 0.22 µm 

PTFE filter into a 2 mL amber vial and stored at -80 ºC 14. 

 

2.4.3 Targeted polyphenol analysis by UHPLC-ESI-QqQ-MS/MS 

The quantification of phenolic compounds from tomato was carried out in an UHPLC 

Acquity system equipped with a binary pump and an autosampler from Waters (Milford, MA, 

United States) coupled to an API 3000 triple quadrupole mass spectrometer (ABSciex, 

Framingham, MA, USA) equipped with a Turbo Ion spray source in negative-ion mode for the 

MS/MS data analysis. Quantification of polyphenols was performed using multiple reaction 

monitoring (MRM) mode. The separation was performed in a BEH C18 column (50 mm x 2.1 mm) 

i.d., 1.7 µm from Waters. Chromatography conditions and mass spectrometer settings were 

according to a method previously validated by our group 15. 

The quantification was carried out using ethylgallate as an internal standard. The 

polyphenols were quantified using the corresponding standard or a compound of the same class. 

In order to compare the content of each phenolic compound in the different sofrito sauces, the 

samples of the FFD were expressed per g of fresh tomato. 

 

3. Results and discussion 

3.1 Polyphenols in the sofrito sauce and its ingredients 

We investigated the effect of the sofrito ingredients and cooking time on 16 polyphenols 

typically found in tomatoes15. Analysis of raw tomato revealed a high content of caffeic acid (CfA) 

and its hexoside forms (I and II), chlorogenic acid (CA), criptochlorogenic acid, coumaric acid 

hexosides (CoAH), ferulic acid hexoside (FAH), naringenin and rutin (Table 2). The phenolic 

compounds found in onion were CfA hexoside I and II, ferulic acid (FA), and quercetin. Garlic 

contained FA and CfA and its hexoside forms I and II, and EVOO only presented FA. 

The polyphenols found in ingredients other than tomato (FA, CfA, CfA hexoside I and II) 

were excluded from the statistical analysis in order to construct a mathematical model describing  
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the behavior of tomato polyphenols during the cooking process and to determine the effect of 

the sofrito technique on these bioactive compounds.  

Table 2 shows the tomato polyphenols quantified in the sofrito formulations. The content 

of CA, FAH and naringenin increased after the cooking process, reaching maximum values of 6.7  

µg/g, 7.2 µg/g and 3.5 µg/g, respectively, compared to the respective values of 4.4 µg/g, 4.5 µg/g 

and 1.9 µg/g in raw tomato. Criptochlorogenic acid remained stable during the cooking process, 

whereas rutin presented a slight increase in formulations 1 and 2 after 30 min of cooking 

compared to raw tomato, decreasing in the other formulations. Dicaffeoylquinic acid and CoAH I 

and II levels in the sofritos decreased, independently of the cooking time or amount of ingredients 

used in the formulations. 

All the phenolic compounds in Table 2 were included in the statistical analysis and 

selected according to the criteria described in Section 2.3. CA, CoAH I, FAH, naringenin and 

naringenin-7-O-glucoside fulfilled the criteria, and a model was generated for each of these 

compounds to describe the effect of the sofrito technique on the polyphenol content of the 

tomato sauce. CA, FAH and naringenin were chosen to investigate how cooking and ingredient 

synergism may affect the different classes of phenolic compounds. 

 

3.2 Effect of the sofrito technique on CA 

The content of CA in the 16 different tomato sofrito sauce formulations ranged from 3.1 

to 6.7 µg/g of tomato (Table 2). ANOVA was performed to determine the factors that affect the 

CA content in the sofrito, using a p-value and F-value in the confidence level (α = 0.05) to 

determine the statistical significance and importance of the factors for the model, respectively. 

Factors O, G, and t, and the interaction factors EG, EO, Et, OG, Ot and EGt all presented a 

statistically significant p-value (p≤0.05) and significant F-values (Table 3). The CA model 

presented an r2 of 0.9510 and an adj-r2 of 0.9303; the lack of fit was statistically insignificant 

(p≥0.05) and the CV% was low (5.64%). The graphs of predicted and observed values (Figure 1) 

agree with the experimental data. These statistical parameters confirm the consistency of the 

linear model, indicating its suitability for describing how the ingredients and cooking time 

influenced the CA content. To improve the model, the insignificant terms were excluded, a new 

ANOVA was performed, and the regression coefficients were used to design the equation for the 

model (Table 3): 

 

CA(µg/g of tomato)=5.722652 + 0.117481𝑂 − 0.384765𝐺 

−0.048519𝑡 − 0.005029𝐸𝑂 + 0.115502𝐸𝐺 − 0.035970𝑂𝐺 + 0.001259𝑂𝑡 

 

Figure 2 depicts the effect of the factors and their interactions on the CA content in a 

surface plot. Cooking time was the variable that most affected the CA levels (Figure 2c, 2e and 

2f), which decreased along the cooking process. On the other hand, the presence of onions  
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Figure 1. Comparison of predicted vs. observed values of chlorogenic acid (a), naringenin (b) and 

ferulic acid hexoside (c). 
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Figure 2. Response surface plot of the combined effects of: garlic and oil at time/onion on level 

0 (a); oil and onion at garlic/time on level 0 (b); time and oil at garlic/garlic on level 0 (c); onion 

and garlic at time/oil on level 0 (d); time and onion at oil/garlic on level 0 (e); time and garlic at 

oil/onion on level 0 (f) the content of chlorogenic acid of home-cooked Mediterranean sofrito. 

(level 0: garlic = 3%; olive oil = 7.5%; onion = 30% and time = 45 min). 
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contributed to preserving CA in the sauce, showing a positive main factor (O) and interaction 

factor with time (Ot) (Figure 2b, 2d and 2e). A high content (10%) of EVOO was associated with 

an increase in CA (Figure 1c), albeit not statistically significant, and the main factor did not affect 

the CA content. 

In a study of industrial Spanish sofritos, Vallverdú-Queralt et al (2013) reported a CA 

content between 4.43 and 5.50 µg/g, which is in accordance with our results. The observed 

increase in CA could be attributed to the hydrolysis of dicaffeoylquinic acid present in tomato, as 

free hydroxyl phenol groups may be enhanced by the hydrolysis of quinic acid16. The positive 

effect of onion on CA in the sofrito could be related with its content of other antioxidants, such 

as quercetin, which is an effective scavenger of free radicals in an emulsion system17. In a study 

of polyphenols in tomato sauces, Vallverdú-Queralt et al. (2014) found that EVOO improved CA 

levels, which also increased after 15 to 30 min of cooking, decreasing thereafter. Ramírez-Anaya 

et al. (2015) studied the effect of different domestic cooking techniques using olive oil on 

Mediterranean vegetables and found a higher CA content in sautéed than in raw tomatoes. Tomas 

et al. (2017), comparing industrial- and home-processed tomato sauces, found that CA levels in 

the latter were lower than in raw tomato (17.9 to 13.3 mg/100g of dry weight). However, the 

domestic process was based on a long cooking time (60 min at 100 ºC) and without the addition 

of other ingredients, which supports the preserving effect of the sofrito cooking technique on 

polyphenols. 

 

3.3 Effect of the sofrito technique on naringenin 

The highest naringenin content was observed in formulation 2 at 3.5 ± 0.1 µg/g of tomato, 

being lowest in formulation 16 at 1.3 ± 0.1 µg/g of tomato (Table 2). Statistical analysis confirmed 

the suitability of the model, with an r2 of 0.9180 and adj-r2 of 0.8832, an acceptable CV% (7.92) 

and a non-statistically significant lack of fit. All the linear factors presented a significant F-value 

and p-value and the only interaction factor with statistical significance was EOG. After running a 

new ANOVA with the significant terms, the regression coefficients were used to design the model 

equation (Table 3): 

 

naringenin(µg/g of tomato) = 5.884412 − 0.057117𝐸 

−0.016713𝑂 − 0.403614𝐺 − 0.030680𝑡 

 

Analysis of the surface plots revealed that a high amount of garlic (4%) and a long 

processing time (60 min) significantly reduced the naringenin content in the sofrito (Figure 3f). 

Although onion and EVOO had a slight influence, the surface graph was flat (Figure 3b), indicating 

that these factors had little effect on naringenin and probably helped to preserve its content 

during cooking. Naringenin is trapped in the cuticle of ripe tomato, interacting with insoluble 

polyesters, and can be released by the presence of oil and mechanical and thermal processes 6.  
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Figure 3. Response surface plot of the combined effects of: garlic and oil at time/onion on level 

0 (a); oil and onion at garlic/time on level 0 (b); time and oil at garlic/garlic on level 0 (c); onion 

and garlic at time/oil on level 0 (d); time and onion at oil/garlic on level 0 (e); time and garlic at 

oil/onion on level 0 (f) the content of naringenin of home-cooked Mediterranean sofrito. (level 0: 

garlic = 3%; olive oil = 7.5%; onion = 30% and time = 45 min). 
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Zhang et al. (2015) describe a high solubility of naringenin in ethyl acetate compared to methanol, 

indicating a less polar structure compared to other polyphenols. In addition, temperature 

improves naringenin solubility in non-polar solvents such as petroleum ether and hexane, 

corroborating the extraction effect of oil during the cooking process. Vallverdú-Queralt et al 

(2014) found that the naringenin content in tomato sauces increased with 15 to 45 min of 

cooking, but decreased thereafter. In the same study, naringenin levels were higher with 10% of 

EVOO than 5%, probably because of enhanced solubility, whereas the oil content did not affect 

the degradation pattern. Martínez-Huélamo et al. (2016) found that processing increased the 

naringenin concentrations in tomato sauce, compared to the raw fruit, even more so if oil was 

used. Tomas et al. (2017) reported a statistically significant increase of naringenin in home-made 

versus industrial tomato sauce and fresh fruit. Thus, the home-cooking process improves the 

content of naringenin in tomato sauces, and the use of olive oil in the sofrito technique enhances 

its solubilization and bioaccessibility. 

 

3.4 Effect of the sofrito technique on FAH 

A high amount of FAH was found in the sofrito formulations, above all in formulation 4 

(7.2 ± 0.7 µg/g of tomato) followed by formulation 13 (3.2 ± 0.1 µg/g of tomato) (Table 2). 

Statistical analysis showed that the linear factors O, G and t and the interaction factors OG, EO, 

Ot and EOG presented a significant F-value and p-value. The model was suitable, with an r2 value 

of 0.8917 and adj-r2 value of 0.8458, a CV% of 8.06 and a non-significant lack of fit. The regression 

coefficients of the significant factors were used to design a mathematical equation model (Table 

3): 

 

FAH(µg/g of tomato)=8.367237 − 0.105396𝑡 

−0.037746𝑂𝐺 + 0.002039𝑂𝑡 

 

The surface plots show that the cooking time reduced the FAH in the sofrito samples 

(Figure 4c, 4e and 4f), whereas high amounts of EVOO (10%) had a protective effect (Figure 4c), 

resulting in higher FAH levels at both 30 and 60 min than when using less oil. A high onion content 

(40%) also had a protective effect on FAH, since after a cooking period of 60 min, levels were 

greater than when using less onion (Figure 4e). Martínez-Huélamo et al. (2016) reported that, 

compared with raw tomatoes, the FAH content of tomato sauces was not affected by processing 

but decreased when olive oil was added. In contrast, in the current work, the presence of oil did 

not negatively affect FAH levels. A synergistic effect with onion promoted by the sofrito technique 

probably avoided its degradation. Kelebek et al. (2017) found that industrial tomato paste had 

higher FAH concentrations than the raw tomatoes used for its elaboration, independently of the 

inclusion of a hot or cold break process. The low impact of processing on FAH could be because  
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Figure 4. Response surface plot of the combined effects of: garlic and oil at time/onion on level 

0 (a); oil and onion at garlic/time on level 0 (b); time and oil at garlic/garlic on level 0 (c); onion 

and garlic at time/oil on level 0 (d); time and onion at oil/garlic on level 0 (e); time and garlic at 

oil/onion on level 0 (f) the content of ferulic acid hexoside of home-cooked Mediterranean sofrito. 

(level 0: garlic = 3%; olive oil = 7.5%; onion = 30% and time = 45 min. 
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phenolics in their hexoside forms are less susceptible to oxidative degradation compared to free 

forms in which the sugar moiety diminishes antioxidant scavenging16. 

 

3.5 Synergistic effect of the sofrito ingredients and cooking technique on tomato 

polyphenols 

The cooking process can increase polyphenols in food by physical processes such as 

cellular disruption, which releases compounds from the food matrix, and by chemical processes 

that change molecular structures and promote hydrolysis. Cooking can also reduce phenolic 

compounds by exposing them to oxidation 2. In the sofrito, the cooking time was the main factor 

affecting the polyphenol content. A short cooking period can help to extract phenolics from the 

food matrix 4,6,16,19,21, and resulted in a higher content of CA, naringenin and FAH in the sofrito 

compared to raw tomato. However, after a medium-long thermal process, the amounts of these 

compounds started to decrease due to oxidation. 

The presence of EVOO is known to improve the bioaccessibility of carotenoids as well as 

polyphenols, promoting their release from the food matrix. Vallverdú-Queralt et al. (2014) reported 

a higher content of CA, p-coumaric acid, protocathechuic acid, naringenin, rutin and quercetin in 

tomato sauces prepared with a higher amount of EVOO. The literature attributes the polyphenol 

increase in the presence of oil to different mechanisms, including the concentration effect after 

evaporation of moisture 22 and the diffusion of polyphenols in the oil when heated 23. In our study, 

the evaporation effect can be excluded, as all the samples were expressed per gram of fresh 

tomato added in the formulation, but the diffusion mechanism may explain the impact of the 

sofrito technique. The structure/solubility relation of phenolic compounds is important to 

determine their solubility in oil, which improves their bioaccessibility. Polyphenols such as CA and 

naringenin are solubilized in the oil phase during cooking, whereas FAH is conjugated with a sugar 

that hampers solubility. 

In a previous study, onion was found to significantly impact carotenoid isomerization and 

preservation during the tomato sofrito sauce preparation 5, and a similar protective effect was 

observed here for CA and to a lesser extent naringenin. The sofrito cooking technique could 

involve the mechanism proposed by Becker, Ntouma, and Skibsted (2007) in which quercetin, the 

major polyphenol in onion, has a synergistic effect with other chain-breaking antioxidants, such 

as carotenoids, in oil/water systems. Quercetin is able to inhibit lipid oxidation in multiphasic 

systems, especially in oil/water emulsions. Its good solubility allows quercetin to be localized at 

the oil-water interface, where oxidation takes place, and to scavenge free radicals in both phases, 

protecting other compounds from oxidation during the cooking process. The onion protective 

effect was notable in CA and FAH and less so in naringenin, as this polyphenol also presents a 

good solubility in oil/water phases and could help quercetin in the scavenging process. Yin, 

Hwang, & Chan (2002) attribute an antioxidant activity to organosulfur compounds, typically 

present in onion and garlic, this being another possible mechanism for the protective effect of 
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onion on tomato polyphenols during cooking. The process of frying onion in olive oil to prepare 

sofrito could liberate quercetin into the oil phase, thus improving the radical scavenging process 

in the system and avoiding oxidation of other bioactive compounds. 

There is still no consensus in the literature on the best way to cook vegetables to preserve 

their bioactive compounds 2. Furthermore, each food has a unique composition, containing 

compounds with different thermabilities, which the same cooking technique affects differently25. 

Tomas et al. (2017) reported that the content of specific phenolic compounds such as naringenin 

increased in home-cooked tomato sauce, thus generating interest in how the cooking process 

influences polyphenol profiles. In our study, the use of the sofrito technique contributed to 

preserving tomato polyphenols and improved their bioaccessibility.  

 

4. Conclusion 

In this study, we analyzed the effect of the sofrito technique on the tomato polyphenol 

content, which was reduced by a longer cooking time. However, the use of EVOO helps to extract 

polyphenols from the food matrix and may also improve their bioaccessibility. The use of onion 

in the sofrito process protected some phenolic compounds from oxidation during the cooking 

process and could have application as a functional ingredient to avoid bioactive compound 

oxidation in tomato sauce products. More studies on how bioactive compounds can be 

influenced by home-cooking techniques, ingredients, and the synergism between these factors 

should be performed to understand how Mediterranean cuisine contributes to polyphenol 

consumption in the Mediterranean population. 
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4.2.4 Publication 6. Using extra virgin olive oil to cook vegetables enhances 

polyphenol and carotenoid extractability: a study applying the sofrito technique 

José Fernando Rinaldi de Alvarenga, Paola Quifer-Rada, Fernanda Francetto Juliano, Sara 

Hurtado-Barroso, Montserrat Illan, Xavier Torrado-Prat, Rosa Maria Lamuela-Raventós. 

Molecules, 2019, 24 (8), 1555. 

 

Mediterranean diet is characterized by a high intake of phytochemicals that are correlated with 

improvements in cardiovascular and metabolic health. However, Mediterranean diet reported 

health effects are difficult to reproduce in non-Mediterranean populations, possibly by different 

cooking practices. Olive oil is the main source of fat in the Mediterranean diet and the most 

frequently used ingredient in Mediterranean cuisine. Cooking with olive oil has been calling 

attention by its capacity to act as a food excipient that could increase bioaccessibility and 

bioavailability of phytochemicals. The aim of this study was understanding the enhancing effect 

of olive oil on the extraction of bioactive compounds from other ingredients in the cooking 

process, using sofrito as a representative model of the Mediterranean diet. Sofrito samples were 

fractionated in insoluble, water and oil fraction in order to understand a possible incorporation of 

phytochemicals in the oil fraction. The different fractions were analyzed by their content of 

phenolic compounds using a HPLC-ESI-QqQ-MS/MS and their content of carotenoids using a 

HPLC-DAD and HPLC-APCI-QqQ-MS/MS. Among polyphenols, the insoluble fraction showed the 

highest content of phenolic compounds, follow by oil and water fraction. The oil fraction was 

found to contain phenolic compounds not present in the EVOO before cooking such as naringenin, 

ferulic acid and quercetin. Among carotenoids, the insoluble fraction showed the higher total 

carotenoids content (53.89 g/g of sofrito) compared to oil fraction (23.83 g/g of sofrito), 

however, before cooking process no quantifiable carotenoids were detected in the EVOO. 

Moreover, oil was the only fraction containing carotenoids such as all-E-lutein, apo-8--carotenal, 

9,13-Z-lycopene and 9,5-Z-lycopene and higher content of lycopene isomers. The use of olive oil 

in Mediterranean cuisine may improve the extractability of bioactive compounds such as 

polyphenols and carotenoids from the food matrix and could contribute to its bioaccessibility, 

bioavailability and health effects. 
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4.2.5 Publication 7. “Omics” allows to discover an unrevealed side of cooking: 

cuisinomics 

José Fernando Rinaldi de Alvarenga, Paola Quifer-Rada, Sara Hurtado-Barroso, Montserrat Illan, 

Xavier Torrado-Prat, Rosa Maria Lamuela-Raventós.  

 

Cooking made humans evolve. This habit has led humans to develop cooking techniques that 

extract maximum benefits from food resources and improve digestibility and nutrients 

absorption. However, is it not yet clear known how cooking impacts our health and the changes 

that promote on food. “Omics” is a new strategy that has been used for a global analysis of a 

complex system in which the discipline foodomics makes this approach to food to ensure food 

security and nutritional aspects. Our proposal is to bring foodomics closer to the gastronomy to 

better understand the culinary process. Five tomato sofritos formulations, differentiated by a 

fortification of extra virgin olive oil (EVOO) (10%), onion (40%), garlic (4%) and cooking time (60 

min) were prepared and compared with a control (5% EVOO, 20% onion, 2% garlic and 30 min). 

Freeze-dried sofritos were extracted with different dissolvent (acetonitrile, methanol and water) 

and analyzed LC-LQT-Orbitrap-MS/MS. Data management (feature detection, peak alignment, 

retention time correction, filtering) were performed using XCMS-R. PCA Multivariate statistical 

analysis was performed to search differences between groups. Univariate statistical using 

Wilcox-Mann Whitney test (p≤0.05) was used to find significant features between groups. 

Metabolites that discriminate the groups were identified using online databases with exact mass 

matching and confirmed by MS/MS spectra. The PCA using two components revealed that the 

increase of the different ingredients modified the chemical profile, while an increase in cooking 

time did not, revealing that sofrito technique is not so aggressive to the sauce chemical profile. 

When a third component was added, the groups were separated by their composition. Using the 

univariate analysis, markers for the increase of olive oil (224), of onion (666), of garlic (276) and 

of cooking time (226) were detected that differ from the control sauce. New classes of 

compounds not explore in tomato products such as phytoprostanes are increased with more 

onion and garlic on the recipe. Other class such as hydroxycinnamic acid amides were detected 

with more cooking time. Amino acids, thiosulfates and phenolic compounds are also affected by 

ingredients and cooking time. Home-cooking is a complex system, in which recipe variation and 

cooking time impact the chemical profile of a dish, which influence the contribution of bioactive 

compounds. Studies should take into account cooking in the development of nutritional 

recommendations 
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OMICS ALLOW TO DISCOVER AN UNREVALED SIDE OF COOKING: 
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Abstract 

Cooking played an important role in human evolution. Untargeted approach allows to detect 

thousands of compounds without any knowledge about sample composition. Using an 

untargeted omics technique (cusinomics), applied to different cooked preparations, that were 

made increasing minority ingredients or time, allowed to detect the presence of a unexplored 

compounds that may have a beneficial effect on health such as phytoprostanes, hydroxycinnamic 

acid amides and compounds such as 3,4 dihydroxyphenylglycone. Moreover, the effect on other 

known compounds, such as aminoacids, thioulfastes or phenolic has also been observed. 

Applying an untargeted approach allows to know the influence of ingredients and time on cooking 

that may help to advance on dietary recommendations to improve our diet, habits and health. 

 

Keywords: Phytoprostanes, 3,4 dihydroxyphenylglycone Extra virgin olive oil, Mediterranean diet, 

Tomato, onion, garlic, sofrito, cooking time, cuisine 
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Cooking made humans evolve1. This habit played an important role in human evolution 

by reducing the intestine and the consumption of energy by digestion, allowing the development 

of a brain that could consume more energy2. For that, humans advance a range of cooking 

techniques to prove the maximum benefits from limited food resources. This habit changes the 

preference of our taste and consequently our health, since most of daily eaten foods are cooked1. 

Cooking makes nutrients and phytochemicals more easily absorbed3. Nowadays, efforts on 

research about how culinary techniques affect and preserve health-promote phytochemicals has 

been carried out4,5, however they are focused on targeted compounds found in raw foods, 

completely forgetting about other chemical classes or formation of new compounds6. 

The “omics” era has been advancing significantly in the last years, particularly 

metabolomics by the advance in equipment, software and strategies. Applying an untargeted 

approach, thousands of compounds can be detected without any knowledge about sample 

composition7. Recently, the term foodomics was incorporated by Cifuentes and co-workers8 for 

a global approach to integrating information regarding food science and nutrition applying 

advanced analytical techniques and bioinformatics. Foodomics have been applied in food safety 

and quality, personalized nutrition and human health, but not yet explored in cuisine, improving 

our knowledge about how daily cooked food impacts our diets and health. 

Our findings demonstrate that exploring cooking with an omics approach “cuisinomics” 

provide unrevealed information about cooking. Studying the sofrito, a typical tomato-based 

sauce, of Mediterranean diet, different classes of compounds like phytoprostanes, 

hydroxycinnamic acid derivates and 3,4 dihydroxyphenylglycol seems to increase. This increment 

occurs when more amount of garlic or onion were used as an ingredient or prolonging cooking 

time. Other known compounds from vegetables such as polyphenol, thiosulfates and amino acids 

can evolve during the cooking process.  

The use of an untargeted approach helps to explain the influence of cuisine: ingredient 

addition and cooking time on the chemical profile and allows to discover new ones, besides 

evaluating the profile changes of known bioactive compounds that may help to advance on the 

dietary recommendations for improve our diets and health. 

 

Results 

Data processing  

The data processing with XCMS revealed 60164 features in negative ion mode during the 

30 min of chromatogram using the same acquired range from chromatography analysis (100-

1000 m/z) that was grouped in 4628 features. Applying filtering representativeness (80% rule), 

the number of features was reduced to 4451 (~96.18%) of the initial dataset. The intensity criteria 

reduced the feature numbers for 1314 (~29.52%) of the dataset after representativeness filtering. 

The CV% criteria do not reduce the number of features in the dataset. After data filtering, a Wilcox-

Mann Whitney test adjusted by FDR were performed and the fold change of the mean intensity 
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between “control” vs “EVOO”, “control” versus “onion”, “control” versus “garlic” and “control” 

versus “time” were calculated, then features that presented adjusted p-value <0.05 and a fold 

change (FC) > 2 were selected. 

During LC-MS analysis, a single metabolite is typically detected as a multiple metabolic 

feature having the same retention time but a different m/z. This variety of different ion types 

detected can be applied as an advantage in identification since it decreases the number of false 

positives identified by assigning an identification to an adduct or isotope7. Therefore, annotation 

is an essential step in metabolites identification. The selected features annotation was checked 

by CAMERA-R package and manually for isotopes and adducts confirmed by peak shape 

similarity, retention time and presence in full scan mass spectra. For EVOO, 224 features were 

selected and clustering in 73 group, for onion 666 features in 92 groups, for garlic 276 features 

in 40 groups and for time 226 features in 39 groups (Figure 1). Some of the features were not 

able to be grouped in the selected features list and the annotation was performed checking the 

full scan mass spectra. 

Features that filled the criteria in the univariate analysis were putatively identified (Table 

1), in which six compounds were related to higher content of EVOO, 12 to garlic, 16 to onion and 

seven with longer time of processing. The adducts and isotopes that corroborate the 

identification were showed in S1 (supplemental material 1). The unsupervised PCA analysis 

grouped the samples in 4 groups, in which no differences between longer cooking time versus 

control using two components, with a R2X = 0.50 and a Q2 = 0.33, indicating that sofrito technique 

and the ingredients in its recipe stabilized the profile of the sauce after 30 min extra of cooking 

(Figure 2). When a third component was added, a better model was constructed with R2X = 0.63 

and a Q2 = 0.40, increasing differences between time and control with the quality of the model 

(Figure 3) and the univariate analysis revealed markers that were attributed to longer time of 

processing compared to control. 

The untargeted approach revealed unexplored class of compounds, such as 

phytoprostanes and hydroxycinnamic acid amide or link to an amino acid in relation to the 

ingredient composition, cooking effect. Moreover, classical targeted compounds such as amino 

acids, sulfur and phenolic compound were found as markers of ingredients or time and it is still 

unclear what role these compounds could play on cooking process.  

The larger processing time revealed presence of new markers such as p-

coumaroyltyramine and 2feruloyl-1-(4-hydroxyphenyl)-1,2-ethanediol and the increase of garlic in 

the recipe showed N-caffeoyltyramine, an unexplored class of hydroxycinnamic derivate 

compounds. The hydroxycinnamic acid amides, such as p-coumaroyltyramine and N-

caffeoyltyramine, are commonly found in flowering plants and are involved in a variety of plant 

physiological processes as signaling molecules in the cell wall structure for plant defense against 

microbial challenges and wound healing9,10. In food the presence describing these compounds is 

scarce, only in tomato, cherry tomato, pepper, paprika, onion, spinach9 and in goji berry10. During 

cooking a catalytic oxidation process occurs, in which hydroxycinnamic acids can undergo 
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Figure 2. PCA analysis of different tomato sofrito sauces with an increment on ingredients and 
cooking time. 

 

 

Figure 3. PCA analysis with three components of different tomato sofrito sauces with an 
increment on ingredients and cooking time. 
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Table 1. Annotated putative metabolites discriminating the effect of ingredient addition and 

cooking time on the chemical profile of tomato sofrito sauce. 

Compound 
Molecular 
Formula 

rt 
m/z 

detected 
Annotation MS2 fragments 

Error 
(ppm) 

ID 
Level 

p-value 
adjusted 

Model 

5-caffeoylquinic acid (chlorogenic 
acid)* 

C16H18O9 8.54 353.0857 [M-H] 

329.0130 (5) 
191.0551 

(100) 
179.0340 (10) 
135.0444 (5) 

-
2.516 

I 0.0272 ↓ E 

4-caffeoylquinic acid 
(cryptochlorogenic acid)* 

C16H18O9 8.98 353.0858 [M-H] 

173.0447 
(100) 

179.0341 (60) 
191.0552 (25) 
135.0445 (10) 
111.0446 (5) 

-
2.516 

I 0.0145 ↓ E 

Naringenin-O-hexoside C21H22O10 13.77 433.1116 [M-H] 
271.0604 

(100) 
-

5.103 
II 0.0491 ↓ E 

Hesperetin* C16H14O6 20.34 301.0699 [M-H] 

151.0031(100) 
177.0186(20) 
221.1536(15) 
283.1907(15) 

-
5.618 

I 
0.0145 

 
↓ E 

Oleuropein aglycone (3,4-DHPEA-
EA) 

C19H22O8 20.64 377.1221 [M-H] 

345.0971(25) 
333.1331(45) 

307.0810(100) 
275.0913(90) 

-
5.279 

I 0.0498 ↑ E 

Ligstroside-aglycone C19H22O7 21.14 361.1271 [M-H] 

329.1009(20) 
291.0861(85) 

259.0967(100) 
-6.22 II 0.0125 ↑ E 

N-gamma-Glutamyl-S-allylcysteine C11H18O5N2S 4.63 289.0845 [M-H] 

271.0744(45) 
249.1088(5) 

215.0663(20) 
171.0772(10) 

128.0347(100) 

-
6.907 

III 0.0001 ↑ G 

N-gamma-L-Glutamyl-L-isoleucine / 
gamma-L-Glutamyl-L-leucine 

C11H20N2O5 5.61 259.1283 [M-H] 

241.1182(40) 
223.1076(10) 

128.0347(100) 

-
5.811 

III 0.0001 ↑ G 

3/4-Hydroxybenzoic acid C7H5O3 6.31 137.0235 [M-H] 93.0341(100) 
-

6.111 
II 0.0182 ↓ G 

N-Caffeoyltyramine C17H17NO2 13.83 298.1066 [M-H] 
280.0964(100) 
253.9980(20) 

-
0.874 

II 0.0005 ↑ G 

Quercetin* C15H10O7 19.29 301.0335 [M-H] 

301.0337(100) 
273.0389(15) 
257.0440(10) 
178.9976(90) 
151.0028(70) 

-
0.899 

I 0.0378 ↑ G 

Luteolin* C15H10O6 20.40 285.0387 [M-H] 
241.0492(100) 
175.03395(90) 

-
6.705 

I 0.0229 ↑ G 

9,12,13,TriHODE (Corchorifatty acid 
F)  

C18H32O5 20.43 327.2158 [M-H] 

327.2160(100) 
309.2054(15) 
191.1949(25) 
199.1433(40) 
171.1017(40) 

-
1.061 

II 0.0000 ↑ G 

Isorhamnetin* C16H12O7 20.53 315.0492 
[M-H] 

[13C M-H] 

315.0505(100) 
300.0269(100) 

151.0034(5) 

-
0.859 

II 0.0337 ↑ G 

9,12,13-TriHOME (Pinellic acid) C18H34O5 20.69 329.2315 [M-H] 

329.2320(100) 
311.2216(15) 
293.2110(15) 
229.1436(50) 
211.1331(30) 
171.1021(20) 

-
0.981 

II <0.0001 ↑ G 
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16-A1-phytoprostane/ 

16-B1-phytoprostane/ 

16-J1-phytoprostane/ 

9-A1-phytoprostane/ 

9-B1-phytoprostane/ 

9-J1-phytoprostane 

C18H28O4 21.22 307.1895 [M-H] 

315.1220(100) 
163.0391(40) 
145.0286 (20) 
119.0496 (10) 

-6.91 III 0.0009 ↑ G 

3-Oxo-2-(2-
entenyl)cyclopentaneoctanoic acid 

C18H30O3 21.71 293.2103 [M-H] 

293.2107(100), 
275.2000(10), 
249.2212(20) 

-
0.941 

III 0.0004 ↑ G 

Unknown / lipid C18H32O4 22.01 311.2208 [M-H] 

311.2210(100) 
293.2104(90) 
275.1999(25) 
211.1327(40) 
197.1171(35) 
171.1017(35) 

-
0.666 

III 0.0001 ↑ G 

S-Propyl thiosulfate C3H8O3S2 4.78 154.9832 [M-H] 
154.9836(20) 
80.9648(100) 

-
0.118 

II <0.0001 ↑ O 

gamma-Glutamyl-leucine C11H20N2O5 5.61 259.1283 [M-H] 

241.1076(30) 
223.1076(10) 

128.0346(100) 

-
4.811 

II <0.0001 ↑ O 

Quercetin-dihexoside C27H30O17 11.73 273.0863 [M-H] 

625.1392(10) 
463.0863(100) 
301.0339(35) 

-
4.771 

II <0.0001 ↑ O 

Isorhamnetin-dihexoside C28H32O17 13.03 639.1533 [M-H] 

639.1541(100) 
477.1018(35) 
315.0495(40) 

-5.23 II 0.0001 ↑ O 

Kaempferol hexoside C21H20O11 16.76 447.0909 [M-H] 
447.0912(35) 

285.0390(100) 
-5.11 II <0.0001 ↑ O 

Isorhamnetin-O-hexoside C22H22O12 17.30 477.1014 [M-H] 
477.1021(80) 

315.0496(100) 
-

4.484 
II - ↑ O 

Quercetin* C15H10O6 19.29 301.0335 [M-H] 

301.0344 
(100) 

178.9980 (75) 
151.0032 (60) 
273.0395 (15) 
193.0135 (5) 
107.0135 (5) 

-
5.733 

I <0.0001 ↑ O 

Apiin C26H28O14 19.52 563.1380 [M-H] 
301.0870(100) 
436.1738(20) 
478.8416(20) 

-
4.401 

II <0.0001 ↑ O 

Kaempferol* C15H10O6 20.40 285.0387 [M-H] 

285.0389(100) 
257.0442(10) 
213.0548(10) 
169.0653(10) 
151.0027(10) 

-
0.534 

I <0.0001 ↑ O 

16-F1-phytoprostane / 
9-F1-phytoprostane / 

9,12,13,TriHODE (Corchorifatty acid 
F) 

C18H32O5 20.43 327.2158 [M-H] 

327.2164(100) 
309.2058(10) 
291.1952(20) 
229.1435(30) 
211.1330(20, 
171.1019(25) 
155.1071(5) 

-
0.921 

II <0.0001 ↑ O 

Isorhamnetin* C16H12O7 20.53 315.0492 [M-H] 
315.0497(100) 
300.0262(90) 
151.0033(10) 

-
0.549 

I <0.0001 ↑ O 

9,12,13-TriHOME (Pinellic acid) C18H34O5 20.69 329.2315 [M-H] 

329.2318(100) 
311.2214(20) 
293.2108(15) 
229.1435(40) 
211.1330(25) 
171.1019(25) 

-
0.591 

II <0.0001 ↑ O 

16-A1-phytoprostane / 
16-B1-phytoprostane / 

C18H28O4 21.22 307.1895 [M-H] 259.1666(100) 
279.1928(85) 

-
6.031 

III <0.0001 ↑ O 



PUBLICATION 7 

 

154 

16-D1-phytoprostane / 
16-E1-phytoprostane / 
16-H1-phytoprostane / 
16-J1-phytoprostane / 
9-A1-phytoprostane / 
9-B1-phytoprostane / 
9-D1-phytoprostane  

 9-D1-phytoprostane / 
9-E1-phytoprostane / 
9-H1-phytoprostane / 
9-J1-phytoprostane 

263.1638(40) 
205.0866(20) 

9,12,13,TriHODE (Corchorifatty acid 
F) 

C18H32O5 21.40 327.2158 [M-H] 

327.2163 
(100) 

291.1952 (20) 
229.1435 (30) 
171.1019 (30) 

-
0.921 

II <0.0001 ↑ O 

LysoPE(0:0/18:3)/LysoPE(18:3/0:0) C23H42NO7P 21.89 474.2601 [M-H] 

274.2604(50) 
277.2157(100) 
214.0475(10) 
196.0371(10) 

-
1.016 

II 0.0023 ↓ O 

Lipid C18H32O3 22.61 295.2260 [M-H] 

295.2265(100) 
277.2160(35) 
221.2373(5) 

195.1382(20) 
171.1019(15) 

-
0.791 

III 0.0031 ↑ O 

2/3/4-Methoxybenzoic acid C8H8O3 5.48 157.0496 [M-H] 107.0496(100) -6.67 II 0.0055 ↑ T 

(E)-S-1-Propenyl thiosulfate C3H6O3S2 10.59 152.9676 [M-H] 

152.9678(10) 
123.0446(100) 
109.0289(25) 
89.0062(35) 
80.9647(40) 
79.9570(55) 

-
6.529 

III 0.0043 ↓ T 

3,4-Dihydroxyphenylglycol C8H10O4 2.26 169.0495 [M-H] 
151.0394(100) 
123.0447(45) 

-
6.874 

III 0.0033 ↑ T 

N-trans-p-Coumaroyltyramine C17H17NO3 17.96 282.1118 [M-H] 

282.1121(100) 
162.0552(10) 
145.0287(20) 
134.0604(10) 
119.0496(15) 

-6.05 III 0.0006 ↑ T 

Hesperetin* C16H14O6 20.34 301.0699 [M-H] 
151.0031(100) 
286.0472(20) 

-
5.452 

II 0.0031 ↓ T 

(R)-2-Feruloyl-1-(4-Hydroxyphenyl)-
1,2-ethanediol 

C18H18O6 19.535 329.1010 [M-H] 
329.1017(15) 

193.0498(100) 
135.0445(60) 

-
5.899 

III <0.0001 ↑ T 

Luteolin 7-O-hexoside C21H20O11 16.11 447.0910 [M-H] 

285.0391(80) 
284.0313 (70) 
327.0496 (20) 
255.0287 (5) 
151.0028 (5) 

-
5.915 

II 0.0118 ↑ T 

rt (retention time); E (control vs EVOO); O ((control vs onion), G ((control vs garlic); T ((control vs 
time). 
*compounds confirmed by standards. 
 

oxidation to reactive O-quinones, which interact with NH2 and SH groups of amino acids, that 

could produce these class of compounds11,12. Moreover, cooking process is responsible to 

promote disruption of cell walls that could contribute to increase the extractability of these 

compounds4. The association of a hydroxycinnamic acid with an amine has been related with an 

increase in the molecule antioxidant activity13 and biological activities such as anti-inflammatory 

and anti-cancer properties10,12,14. N-caffeoyltyramine exhibit an inhibitory effect of NO production 
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in inflammatory cell models10 and N-coumaroylserotonin and N-feuroylserotonin are able to 

ameliorate atherosclerosis and aortic wall distensibility in hypercholesteremic rabbits15. The 

presence of 2-feruloyl-1-(4-hydroxyphenyl)-1,2-ethanediol was annotated by FoodDB as 

originating from herbs and species. A theoretical explanation for this compound could be an 

esterification between 4-hydroxyphenylglycol (phenylpropanoidic from olive oil such as 3,4-

dihydroxyphenylglycol) with a ferulic acid during the cooking process. Hydroxycinnamic acid 

ester derivates have characteristic like higher lipid solubility and antioxidant capacity compared 

to simple hydroxycinnamic acids which could improve their biological activities12. 

Another unexplored class of compounds are phytoprostanes, such as oxylipins like 

9,12,12-TriHODE and 9,12,12-TriHOME that were identified as markers of onion and garlic 

increase on the recipe. Plant oxylipins are fatty acids derivate from a non-enzymatic lipid 

peroxidation resulted from the attack of reactive oxygens species to α-linoleic acid, being 

reported in several seed oils such as soybean, corn, canola and other products like olive oil and 

tree nuts16,17 and recently was described in processed onions and garlics18. Gil-Izquierdo et al 

describe these compounds as a sensitive biomarker of the quality of nuts and vegetable oils. A 

recent publication has shown that hazelnuts oxylipins profile declines after a roasting process, 

indicating that processing may influence these compounds. Docking and structural-activity 

studies have been highlighted phytoprostanes by their similarity with human prostanes, which 

could show anti-inflammatory and antitumoral activities and being able to regulate biological 

functions17. However, the physiological effects of these compounds in in vivo studies and human 

body needs to be explored deeply. 

A high content of EVOO in sofrito samples revealed markers that diminish compared to 

the control, such as chlorogenic acid, cryptochlorogenic acid, naringenin-O-hexoside and 

hesperetin, compounds that are present in tomato (Figure 1)11,19,20. Some markers also decreased 

like hesperetin with cooking time and 3/4-hydroxybenzoic acid with more garlic on the recipe 

(Figure 1). The EVOO markers showed an interesting effect on the pattern of tomato compounds. 

Naringenin-O-hexoside probably reduced by a hydrolysis of glucoside moiety, once the sugar 

blocks the hydroxyl function at de C-ring, showing higher stability toward oxidation compared to 

aglycones21. This hydrolysis could contribute to maintain tomato’s aglycone content in the sofrito 

and help to stabilize the food system. 

Chlorogenic and cryptochlorogenic acid reduced with the presence of more EVOO, 

however their hydrolysis products such as caffeic and quinic acid were not detected as a marker 

(Figure 1). This indicate that caffeic acid could react producing new compounds like 

hydroxycinnamic acid amides or caffeoylquinic acids could directly suffer oxidation. Recent 

publications have pointed out that small phenolics can produce carbonyl-phenol adducts, by 

trapping lipid-derived reactive carbonyl formed by lipid oxidation during cooking, decreasing 

oxidative stress to which sofrito technique could provoke 22,23. The hydrolysis process that occurs 

during cooking could be an initial step on the production of new compounds. 
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Cooking process and ingredients also revealed phenolic compounds that increase its 

content as markers. The increment in the content of EVOO on the recipe increased oleuropein 

and ligstroside aglycone (Figure 1). There is a void in the literature about cooking process on the 

phenolic profile of extra virgin olive oil once normally they are focused on the raw product or on 

total polyphenols and more known EVOO compounds such as tyrosol and hydroxytyrosol 24. 

Cerretani et al. (2009) studied the microwave cooking process on the phenolic profile of EVOO 

and observed a reduction of its content after 15 min of process. Oleuropein aglycone decreased 

during microwave process, however ligstroside aglycone increased or remain stable during the 

first 6 min of processing. Again, ester hydrolysis was pointed as the main cause for the stability 

of ligstroside aglycone for being the product of ligstroside derivates hydrolysis. The presence of 

more secoiridoids aglycone forms could be interesting to improve bioavailability of olive oil, since 

aglycones are more bioavailable than the glycoside forms26. 

A higher content of onion and garlic revealed phenolic markers in which quercetin and 

isorhamnetin, compounds already described in these two foods18. These ingredients increased 

the presence of flavonols and flavones content. The increase of only 2% more of garlic in sofrito 

formulation revealed as a marker quercetin, luteolin and isorhamnetin. Higher addition of onion 

in the recipe was able to increment quercetin, isorhamnertin, kaempferol and phenolics 

glucosilated forms such as apiin, isorhamnetin-hexoside, kaempferol-hexoside, isorhamnetin-

dihexoside and quercetin-dihexoside. 

Cooking time revealed as marker methoxybenzoic acid and 3,4 dihydroxyphenylglycol. 

These compounds increased with longer time of process probably by oxidation and hydrolysis 

reactions. 3,4 dihydroxyphenylglycol, found in olives products, increased its content during 

alperujo process by thermal treatment influence, being again hydrolysis reaction evidenced27. In 

the same way, cooking time may help to increase the content of 3,4 dihydroxyphenylglycol in the 

sofrito sauce (Figure 1). This compound showed antioxidant capacity higher than hydroxytyrosol, 

with anti-inflammatory properties and may also protect against platelet activation and 

aggregation28,29, being a new target on olive oil research. 

Onion and garlic increased the presence of amides and peptides such as gamma-

glutamyl-S-allyl cysteine and gamma-glutamyl-S-allyl leucine for garlic and gamma-glutamyl-

leucine for onion. S-propyl thiosulfate and S-1-propenyl thiosulfate were markers that increased 

by onion content and decrease with cooking time, respectively. These compounds have been 

already described in the literature as part of the composition of the Allium family and being related 

to several biological effects such as antioxidant, antimicrobial, antiasthmatic, antitumor and 

cancer, platelet-antiaggregating and reduction of hypercholesterolemia18,30. 

 

Discussion 

The use of the omics approach to characterize a cooking technique showed an 

unrevealed side of cuisine. The unsupervised PCA analysis revealed that the amount of 
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ingredients of the recipe and cooking time are able to modify the chemical profile of tomato 

sofrito and also the grouping between control and time shows that sofrito culinary technique is 

able to almost maintain the phytochemical profile with a 30 min extra of cooking process follow 

the same recipe (Figure 1). An increment on the amount of onion and garlic in the recipe was able 

to increase the content of bioactive compounds like sulfur compounds and flavonols since these 

ingredients are an important dietary source. 

An untargeted approach proved to be a reliable tool to reveal the presence of new 

compounds. Hydroxycinnamic acid amides, hydroxycinnamic acid derivates and phytoprostanes, 

which could be extracted or formed during cooking, are a class of compounds not exploited and 

apparently may exhibit relevant biological activities. Oxylipins such as 9,12,12-TriHODE and 

9,12,12-TriHOME started now to be identified in foods and their effects on body are unknown. 

Database for foodomic studies are still recent and identification of new substances must be 

prioritized. Moreover, favoring of certain substances classes is evidenced by the greater number 

of phenolics markers compared to other classes, in which literature has more information. Food 

composition tables, that are necessary tools for epidemiological and nutritional studies, in 

general show their data in raw products. In addition, when there is data of cooked food, the 

information is focused on target compounds previously identified in raw food, forgetting how 

cook could modify substances. This aspect is important to be considered, since large parts of 

the vegetables consumed daily are processed and cooked or relevant information may be lost6. 

Epidemiological studies indicate that following a Mediterranean diet has beneficial effects on 

health that could be explained in part by the cuisine methodology used. 

 

Methods 

Chemicals and reagents 

Acetonitrile, methanol and formic acid were purchased from AppliChem, Panreac 

Quimica SA (Barcelona, Spain). Chlorogenic acid, cryptochlorogenic acid, hesperetin, quercetin, 

luteolin, naringenin, epicatechin and isorhamnetin were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Kaempferol was acquired from Extrasynthese (Genay, France), 4-hydroxyhipuric acid 

from Bachem (Bubendorf, Switzerland) and 3-hydroxybenzoic acid from Fluka (St. Louis, MO, 

USA). Ultrapure water was obtained using a Milli-Q purification system (Millipore, Bedford, MA, 

USA). 

 

Tomato sofrito sauce cooking process 

Tomatoes (Licopersicon esculentum Mill, c. v. Pera) of equal diameter from the same 

batch were bought from Grupo Almeria (La Cañada, Almeria, Spain). Onions and garlic were 

bought from Casa Ametller (Barcelona, Spain). Manuel Heredia Halcón (Cortijo De Suerte Alta, 

Albedin-Baena-Cordoba) supplied the extra virgin olive oil (EVOO). 
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Tomato sofrito sauces were prepared based on a traditional Mediterranean recipe in an 

industrial kitchen at Torribera Campus, University of Barcelona (Santa Coloma de Gramenet, 

Spain)31. In order to understand how a recipe could influence, the factors EVOO, onion, garlic 

content and cooking time were evaluated. Tomato sofrito formulations, differentiated by a 

fortification of increasing twice the ingredients: extra virgin olive oil (EVOO) (10%), onion (40%), 

garlic (4%) and the cooking time (60 min) were prepared and compared with a control with the 

following composition (5% EVOO, 20% onion, 2% garlic and 30 min). These samples were 

processed in triplicated and randomized for better reproducibility, resulting in a total of 15 

samples31. 

 

Sample preparation and extraction 

Frozen dried sofrito samples (0.5g) were homogenized with 5 mL of acetonitrile, vortexed 

for 1 min and sonicated for 10 min on ice and then centrifuged using 4000 rpm, for 20 min at 4 

ºC. The supernatant was separated, and another extraction was performed using 5 mL of 

methanol under the same conditions. The supernatants were combined, evaporated under 

nitrogen flow until dry and suspended with 1 mL of acetonitrile. The residual pellet was extracted 

with 3 mL of ultrapure water (MilliQ) under the same conditions and combined with the 

acetonitrile extract. The final extract was suspended up to 5 mL in a volumetric flask with 

ultrapure water, filtered using a 0.22 µm into a 2 mL amber vial for HPLC analysis and stored at -

80 ºC. 

 

Liquid chromatography high-resolution mass spectometry 

Liquid chromatography analysis was performed using a Accela chromatography (Thermo 

Scientific) equipped with a quaternary pump, a photodiode array detector and a thermostated 

autosamples. Chromatography separation was accomplished with an Atlantis T3 column 2.1 x 

100mm, 3µm (Waters, Milford, MA, USA). Sofrito metabolites elution was carried out with water 

0.1% formic acid (A) and acetonitrile 0.1% formic acid (B) using the follow conditions: 0 min, 2% 

B; 2 min, 2% B; 5 min, 8% B; 14 min, 20% B; 18 min, 30% B; 22 min, 100% B; 24 min, 100% B, 25 min, 

2% B; 30 min, 2% B. Flow rate was 350 µL/min and the injection volume was 10 µL32. 

An LQT Orbitrap Velos mass spectometrer (Thermo Scientific, Hemel Hempstead, UK) 

equipped with an ESI source working in negative mode was applied for mass measurements. The 

metabolomics approach was performed only in negative ion mode in order to focus on phenolic 

compounds changes during sofrito cooking process. Mass spectra acquired conditions was 

performed in profile mode with a resolution of 30,000 at m/z 400. Operation conditions were: 

source voltage, 4kV, sheath gas, 20 (arbitrary units); auxiliary gas, 10 (arbitrary units); sweep gas, 

2 (arbitrary units); capillary temperature, 275 ºC. Samples were analyzed in full scan mode with a 

resolution of 30,000 at m/z 400 and data-dependent scan MS/MS events at a resolving power of 

15,000. The most intense ion detected during full scan MS triggered the data-depending scan. 

Ions that were not intense enough for automatic data-dependent scan were analyzed in MS2 
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experiments with a resolution also set at 15,000 at m/z 400, with an isolation width of 100 amu. 

The precursor ions were fragmented by a collision induced dissociation C-trap (CID) with a 

normalized collision energy of 35V and an activation time of 10 ms. The mass range in FTMS 

mode was from m/z 100 to 1000. Data analysis was achieved using XCalivur software v2.0.7 

(Thermo Scientific, Hemel Hempstead, UK). 

To ensure the quality of the analysis, an external quality controls were prepared by 

pooling 5 phenolic compounds in mobile phase: 4-hydroxyhipuric acid, epicatechin, quercetin, 3-

hydroxybenzoic acid and naringenin. In addition, an equitable mixture of all samples was prepared 

as a quality control of the data. Quality controls were randomly injected before, during and once 

the sequence was finished, to control retention time shifts and mass accuracy. Intrabatch 

retention time shifts were lower than 0.04 min, peak area variation was lower than 12%, and mass 

accuracy was lower than 4 ppm. Additionally, principal component analysis was plotted with 

quality controls and samples to dismiss clustering by injection order and differences between 

quality controls. 

 

Data processing and statistical analysis 

The LC-MS raw files were converted to mzXML with the MSConvert utilizity included in 

ProteoWizard. Then, the mzXML files were processes with XCMS-R package that allows for 

obtaining data processing (feature detection, peak alignment and retention time correction) and 

the following parameters were set: mass tolerance 2.5 ppm, peak width range 10-60 s, three 

minimum scans, minimum intensity of 5000 arbitrary units. Peak detection was performed using 

“centWave” method, retention time corrected by “obiwarp” with a step size of 1 m/z and peak 

grouping using width of overlapping m/z slices of 0.015, a minimum fraction of sample per 

grouping of 0.5 and a bandwitdth of 5. The processed data obtained by XCMS in negative ion 

mode was filtered by samples representativeness using an 80% rule, that consists of retain in 

those features that are consistently found in 80% of the samples (n=2) or at least in one 

experimental group. A second filtering by intensity threshold was used at 30,000 arbitrary units 

as the minimum suitable intensity. A third filtering was applied using a coefficient of variation 

(CV%), accepting features that presented unleast a 20% of variation compared to a mix of all 

samples. 

Afterward, univariate statistical analysis of the data was performed in other to evidence 

features with statistically different intensities between groups. Wilcox-Mann Whitney test 

analysis was performed with R to compare the “control” with plus EVOO, plus onion, plus garlic 

and plus time. After that, p-values for all features was corrected for multiple testing by Benjamini 

and Hochberg False Rate Discovery (FDR) with a significance level of 0.05. 

Features discriminating between plus EVOO, plus onion, plus garlic and plus time versus 

control that presented an adjusted p-valeu <0.05 and a fold change (FC) > 2 were putatively 

identified by exact mass matching using PhytoHub, FooDB and METLIN with a accuracy of <10 

ppm. Metabolites identification was performed by the detected pseudo-molecular ion that must 
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differed from the exact mass of proposed molecular formula in a maximum value of 5 ppm (mass 

accuracy ≤5 ppm) and isotopic pattern was checked with theoretical isotope profile. Identification 

was confirmed by MS/MS experiments and comparing the spectra with databases and literature. 

Isotopes and adducts were annotated by CAMERA R-package. Metabolites were classified 

according to metabolomics guidelines using four levels of identification: Level I, confidently 

identified compounds comparing the proposed structure with reference standard; Level II, 

putatively annotated compound comparing physicochemical proprieties and/or spectral 

similarity with spectral libraries; Level III, putatively annotated compound class comparing 

physicochemical proprieties and/or spectral similarity to known compounds of a chemical class; 

Level IV, unknown compounds. 

The data was exported to SIMCA 13.0.3 software (Umetrics) to perform multivariate 

analysis. An unsupervised PCA analysis was used to see metabolomics differences between 

groups and the data was scaled by Pareto. The quality of the model was evaluated using the 

goodness-of-fit (R2X) and the predictive ability parameter (Q2). 

 

Data availability 

Full identification of the isotopes and adducts are available in Supplementary Table 1. All relevant 

data are available from the corresponding author upon reasonable request. 
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4.3 Section III: Health effect of tomato sofrito intake 

4.3.1 Publication 8. Mediterranean tomato-based sofrito protects against 

vascular alterations in obese Zucker rats by preserving NO bioavailability 

Rosalia Rodriguez-Rodriguez, Francesc Jimenez-Altayó, Laia Alsina, Yara Onetti, José Fernando 

Rinaldi de Alvarenga, Carmen Claro, Elena Ogalla, Núria Casals, Rosa Maria Lamuela-Raventós. 

Molecular Nutrition and Food Research, 2017, 61, 9, 1601010 

 

Obesity is a multifactorial disease that affects all physiological functions of the body. It increases 

the risk of highly lethal chronic complications such as diabetes mellitus and cardiovascular 

diseases which have negative effects on quality of life and healthcare costs. Traditional dietary 

approaches, like Mediterranean diet, have proven successful as part of the treatment of obesity 

and cardiovascular pathologies. The aim of this study was to explore the potential beneficial 

effects of sofrito dietary intake on obesity-related cardiovascular alterations in obese Zucker rats. 

Eight weeks old obese and lean Zucker rats were fed with a control diet supplemented or not with 

2% (w/w) sofrito for 8 weeks. Body weight and food intake were evaluated weekly. Blood samples 

were analyzed by glucose, total cholesterol and triglycerides and tissues (liver, visceral and 

epididymal adipose tissue) were weight. Vascular function was evaluated in aorta in organ baths. 

Dihydroethidium staining and immunofluorescence were used to determinate aortic superoxide 

and peroxynitrite production, respectively. Food and caloric intake was significant higher in obese 

sofrito group compared to obese control, however no differences in body weight gain and organ 

weights was observed. Sofrito intake attenuated phenylephrine contractions in aorta for obese 

and lean without differences between groups. In the presence of phenylephrine and L-NAME (NO 

synthesis inhibitor), obese control rats demonstrated that obesity is associated with a loss of NO 

influence on aortic contraction. However, this effect was not seen in the obese rats supplemented 

with sofrito, indicating a restore of the endothelial NO influence contraction. Comparing obese 

groups, sofrito was able to reduce NO metabolites, vascular iNOS expression and superoxide 

production, which contribute to a better inflammatory state. In addition, obese sofrito group 

showed higher levels of nitrotyrosine compared to obese control group that normalize vascular 

levels of NO and O2- improving vascular functions. Sofrito was able to restore and normalize 

vascular levels of reactive oxygen and nitrogen species, vascular iNOS expression and systemic 

levels of NO metabolites. A short to medium term daily intake of sofrito prevents vascular 

alterations that could precede cardiometabolic complications associated with obesity. 
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5. GLOBAL DISCUSSION 

5.1 Methodological considerations 

In this study, two main methodologies were used to explore the effects of Mediterranean 

cuisine on bioactive compounds: factorial designs and foodomics. As mentioned in the 

introduction, factorial designs are useful exploratory analytical tools to verify which factors may 

influence a process43. Moreover, first-order models are the main tools chosen for a primary 

screening of which factors should be selected and be exploited in a process optimization43,46. In 

our case, the factors to be explored were the proportion of the ingredients onion, garlic, and olive 

oil and the cooking time could influence the bioactive compounds content in the tomato sofrito 

sauce. 

In publications 1 and 2, a fractional factorial design was applied, in which the effect of 

olive oil content (5% and 10%) on different cooking times (15, 30, 45, 60 min) was first evaluated 

in order to understand if olive oil could help in the extraction of lipophilic compounds such as 

carotenoids and more polar compounds like polyphenols. This approximation indicated that olive 

oil act as a food excipient for both apolar and polar compounds from the food matrix. In addition, 

it has been indicated that depending on the nature of a compound, more and lees processing time 

may be a critical factor to preserve or increase the content and extraction thereof. Unfortunately, 

this experiment design did not allows to fully understand the role of olive oil, since it was not 

possible to create mathematical models from it. In addition, tomate frito (tomato with olive oil) is 

used as an ingredient and is not a representative model of Mediterranean cuisine. From these 

results, new hypothesis were postulated: how could olive oil extract the compounds from food 

matrix? Are these compounds incorporated into the oil matrix? In a more complex and real 

culinary process, would these results also be reproducible? Could there be a synergistic effect 

between compounds/ingredients that may increase the content of bioactive compounds? Could 

be new compounds formed during cooking process? 

Firstly, to explore the Mediterranean cuisine, considering its plurality, one should choose 

something that is used in the daily life of that populations and its consumption is easily identified. 

The questionnaire of adherence to the Mediterranean diet has as a question “How many times 

per week do you consume vegetables, pasta, rice, or other dishes seasoned with tomato-based 

sofrito?”. The sofrito is a basis of many dishes of the Mediterranean diet, it consists of lightly 

frying onion and garlic in olive oil, to start preparing a dish or a sauce, such as tomato sofrito 

sauce. This product is known by the population, is part of the food habit and is available in 

commercial products. Therefore, tomato sofrito sauce is an excellent candidate for study how 

Mediterranean cuisine may influence the consumption of bioactive compounds. However, when 

searching in the literature for the sofrito composition, bioactive compounds profile and nutritional 

value, no results could be found. Therefore, the starting point was to characterize the composition 

of bioactive compounds present in commercial sofrito that resulted in the publication 3. With this 
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information obtained it was possible to establish the factors and domain that could influence the 

sofrito bioactive compounds composition and also the variable response that should be 

analyzed. 

The next step was to enlarge our study incorporated a food more complex and closer to 

reality, with Mediterranean tomato sofrito sauce, a full factorial design was performed variating 

the ingredients content such as onion (20% and 40%), olive oil (5% and 10%) and garlic (2% and 

4%) and time of cooking (30 and 60 min).With this new design, the effect of the ingredients and 

cooking time on the content of tomato carotenoids  (Publication 4) and polyphenols (Publication 

5) were studied, being a useful tool to characterize the sofrito technique. However this tool shows 

its limitations, since interaction between factors appears, with great influence in the calculated 

mathematical model, a second-order experimental design may be necessary to describe with 

precision the studied process43. An example is the graph describing processing time and oil 

content in the production of lycopene isomers (Publication 4), in which the  principle of distortion 

of the graph surface. However, this does not eliminate the validity of the first-order model, the 

identified factors and the synergism between them. 

Unfortunately, a factorial design is applied only to identify factors that influence a 

response pre-determinate43,45, in our case, polyphenols and carotenoids already identified in 

tomato sofrito sauce. This approach did not allow us to obtain a global view of the changes during 

the cooking process. For this, the use of a foodomics approach was applied to continue exploring 

the Mediterranean cuisine, resulting in the publication 7. Using mass spectrometry combined 

with bioinformatics it was possible to identify markers that cause a perturbation in the chemical 

profile with increasing the content of each ingredient and cooking time in the sofrito. During 

cooking, ingredients may help to produce new compounds or increase compounds from other 

ingredients. However, foodomics is a very young science and the libraries used for identifications 

still need to be improved, in which most of the detected markers could not be identified. 

The approximation between Mediterranean cuisine and health was done through a study 

using Zucker rats prone to develop obesity and metabolic syndrome with their respective 

controls. This model was chosen for the option of having obese and healthy groups with similar 

characteristic, in which the main difference would be the addition of 2% of tomato sofrito sauce 

in the diet. In this way, the sofrito could modify the clinical state of unhealthy individuals and at 

the same time its effects do not compromise the status on healthy individuals. Moreover, the 

sofrito content added in the animals feed was calculated based on the recommendation of the 

United States Department of Agriculture, which reported the measure of a cup of tomato sauce 

as 245g. According to this reason and previously studies38,103–105,108 that establish a dose of 240g 

of tomato sauce for an average weight of 70 kg , the addition of 2% of sofrito was calculated so 

that intake corresponds to rats that have a minimum of 100g of weight. 
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5.2 Discussion of results 

To promote cooking as a dietary strategy it is necessary to understand how cooking 

impacts the nutritional content of food, especially phytochemicals related to exert health effects, 

to arrive to any recommendation12–15. Since cooking is an essential part of our daily life, different 

factors such as culture, dietary pattern and culinary methods increase the complexity of the 

prepared dishes which can modify the bioactive compounds consumed. The MD is characterized 

by a high intake of phytochemicals and this diet has been correlated with improvements in 

metabolic and cardiovascular health26,27. However, the health outcomes of a MD are reportedly 

difficult to reproduce in non-Mediterranean populations, indicating that food preparation is one 

of the causes of this lack of sucess26. Therefore, efforts should be done to characterize 

Mediterranean cuisine, including its culinary process, ingredients and recipes to bring closer to 

Mediterranean diet and broaden the understanding of beneficial health effects. The aim of this 

thesis has been to study the role of traditional Mediterranean cuisine, especially home-made 

preparations, impact the content of bioactive compounds of tomato products, with a special 

focus on the sofrito technique, and its contribution to health effects. 

In Publication 1 and Publication 2 of this thesis, we evaluated the role of cooking with 

olive oil on the extraction of bioactive compounds in tomato sauce using different content of olive 

oil and time of processing. The Publication 1 showed that the presence of olive oil and thermal 

treatment are important for extracting carotenoids from the food matrix. Moreover, with the 

increase of cooking time, from 15 to 60 min, an increase in the content of α-carotene, β-carotene, 

lycopene Z-isomers and total carotenoids were observed. All-E-lycopene was the only carotenoid 

that decrease during the cooking process due to the isomerization reactions76. In this publication 

5% of olive oil proved to extract more carotenoids compared to 10%, indicating that not only 

solubilization of these apolar substances in the oil is involved on the extraction from food matrix. 

Publication 2 revealed also that olive oil is able to extract polar compounds such as polyphenols. 

Unlike the carotenoids, with a longer cooking time a decrease in polyphenol content occurs. Only 

caffeic acid and tyrosol showed an improvement with cooking time probably by hydrolysis 

reactions of glucoside phenolics109. The use of 10% of olive oil on tomato sauce preparation was 

able to extract more phenolic compounds compared to 5%. These works reveal the importance 

of olive oil, the main source of fat on Mediterranean diet, for Mediterranean culinary process. 

Literature has been exploring the consumption of olive oil, its composition and beneficial effects 

to health, but forgets that the main olive oil consumption form by Mediterranean’s is in the dishes 

elaborated with this product. 

Revealing the importance of the role of Mediterranean cuisine that could play the 

beneficial effects of the Mediterranean diet, it was proposed to explore deeper the main 

characteristic of this cuisine, choosing as a key element the tomato sofrito sauce. The starting 

point was to characterize the bioactive compounds present in commercial sofrito described in 

the publication 3. A full range of phenolic compounds found were characterized in ten different 
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commercial sofritos by high-resolution mass spectrometry in order to comprehend the phenolic 

diversity. 40 different polyphenols were identified and confirmed by exact mass, molecular 

formula, product ion scan experiments and standards, in which luteolin-O-hexoside, sinapic acid-

O-hexoside, sinapic acid, quercetin-O-dihexoside and isoharmnetin-O-hexoside are reported for 

the first time in tomato-based products. The identification of these new compounds was probably 

by the addition of ingredients such as onion and garlic. A targeted approach was used to quantify 

phenolic compounds by LC-QqQ-MS/MS and carotenoids by LC-DAD and LC-QqQ-MS/MS 

revealed that ingredients impact the content of bioactive compounds and Principal Component 

Analysis was able to discriminate the different sofrito formulation by the presence of garlic, onion 

and olive oil. Therefore, this work allowed to identify the bioactive compounds found in sofrito 

and to identify the factors that contribute to the presence of such polyphenols and carotenoids 

which turned to be olive oil, onion and garlic ingredients. 

Joining the results obtained from the first three publications, we observe that ingredients 

and cooking time can modify the profile of phytochemicals during a culinary process. To 

understand better how the sofrito technique could affect bioactive compounds a full factorial 

design was applied. The effect of the factors EVOO (5% and 10%), onion (20% and 40%), garlic 

(2% and 4%) and cooking time (30 and 60 min) were explored on carotenoid (Publication 4) and 

polyphenols (Publication 5) composition of tomato-sofrito sauce. Mathematical models were 

constructed in order to verify how ingredients and cooking time could affect the phytochemical 

content. Among carotenoids, an isomerization reaction was verified for lycopene, in which during 

the cooking process the content of 5, 9 and 13-Z-lycopene were increased. From these results, 

mathematical models were constructed revealing the factors that affect the isomerization 

process. Time was the factor that most influence lycopene isomers production and a 

combination of more cooking time with a high content of onion improved lycopene isomerization 

process. An increase in the content of EVOO seems to help to extract more lycopene from food 

matrix, but the combined effect of more EVOO with longer time decreases the production of these 

isomers, according to the result found in Publication 1. Unfortunately, it was no possible to 

construct a mathematical model for all-E-lycopene due to its multi-isomerization, which makes it 

difficult to predict its behavior76,77. Other carotenoids such as β-carotene and α-carotene did not 

showed the statistical requirements to be evaluated by mathematical models. Therefore the 

sofrito technique proved to be interesting for the production of Z-lycopene isomers, in which the 

literature has shown interest due to better bioavailability and antioxidant activity compared to the 

E-form110,111. Among polyphenols, 16 different polyphenols typical from tomato were evaluated, 

being ferulic acid, caffeic acid and caffeic acid hexoside I and II discarded for being present in 

the ingredients which would interfere in the evaluation of the mathematical models. An increase 

in the content of chlorogenic acid, naringenin and ferulic acid hexoside were found and 

mathematical models were constructed in order to verify how factors are involved. Again, time 

was the factor that most affect polyphenols, decreasing with more cooking time. The presence 

of a higher content of EVOO and onion was able to increase or maintain the content of these 
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polyphenols during cooking. EVOO is pointed out as responsible for the extraction of these 

compounds from the food matrix, while both onion and EVOO provide antioxidants that can 

prevent the oxidation of tomato compounds. Therefore, the sofrito technique, together with its 

ingredients, proved to be important for the extraction of phytochemicals from the food matrix and 

also in preserving them during cooking. 

The extraction process of phytochemicals from the food matrix, in particular by the use 

of olive oil and applying thermal process, has been correlated with an increase in the 

bioaccessibility and bioavailability of these compounds. Martinez-Huélamo and co-workers103 

compared the bioavailability of polyphenols from raw tomato, tomato sauce and tomato sauce 

with refined olive oil and reported an increase in the bioavailability of polyphenols, especially 

naringenin glucuronide and quercetin with the presence of an oil matrix. Moreover, a double peak 

was found on plasma pharmacokinetics profile of naringenin glucuronide, quercetin and ferulic 

acid glucuronide with the sauce prepared with oil, indicating that an oil matrix favors the re-

absorption of the compound through enterohepatic circulation, prolonging its permanence in the 

body. Arranz and co-workers110 also reported an increase in the absorption of carotenoids, 

especially E-lycopene and 5-Z-lycopene after a consumption of tomato juice with oil compared to 

tomato juice. The role of olive oil in the extraction of polyphenols and carotenoids during cooking 

process influence the bioaccessibility and bioavailability of these phytochemicals, although this 

process has not yet been clarified. The Publication 6 was designed to verify whether 

phytochemicals are incorporated into the oil matrix and this phenomenon would aid in the 

bioaccessibility of these compounds. A tomato sofrito was centrifuged and different fractions 

were isolated: insoluble, water and oil fraction. These fractions were analyzed by targeted 

approach for polyphenols composition from ingredients using a LC-QqQ-MS/MS and for 

carotenoids profile by LC-DAD and LC-QqQ-MS/MS. Among polyphenols, the insoluble fraction 

showed the higher content of phenolic compounds, follow by the oil and water fraction, indicating 

that most part of phenolics are still bound to the food matrix of tomato, onion and garlic. However, 

the presence of polyphenols in oil that were not present in EVOO before cooking, such as 

naringenin, ferulic acid and quercetin, shows that part of the polyphenols are incorporated into 

the oily matrix (Figure 6). Precisely these compounds are those that were detected by Martinez-

Huélamo and co-workers103 for tomato sauce with oil. Among carotenoids, again insoluble 

fraction showed the highest content of total carotenoids, follow by oil and water fraction, but it is 

detachable that carotenoids were not detected in EVOO before cooking. Oil matrix exhibited a 

high content of lycopene Z-isomers attributed by the structure and size of these molecules that 

favors its solubilization on oil61 (Figure 6). Moreover, di-Z-isomers of lycopene was detected, very 

unstable molecules, indicating that the oil fraction in a Mediterranean dish could be a stable 

environment for antioxidants. The presence of polyphenols and carotenoids in the oil fraction, 

especially those that are detected in bioavailability studies with tomato products, may indicate 

that cooking with olive oil favors the absorption of phytochemicals103,110. 
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Promoting a step forward in the study of Mediterranean cuisine, an untargeted approach 

by foodomics was carried out as the ingredients and cooking time could cause a change in the 

chemical profile of tomato sofrito and could also be contributing new compounds not yet 

explored by literature. The Publication 7 perform the sofrito analysis by LC-LQT-Orbitrap-MS/MS 

allied to bioinformatics treatments in order to find differences in the chemical profile of these 

sauces by ingredients and cooking time. The multivariate analysis applying a Principal 

Component Analysis using two components revealed that the increase of the different 

ingredients modified the chemical profile, while an increase in cooking time did not, revealing that 

sofrito technique is not so aggressive to the composite profile. Using the univariate analysis, 

markers for 10% of olive oil (224), 40% of onion (666), 4% of garlic (276) and 60 min of cooking 

time (226) were detected that differ from the control sauce (5% EVOO, 20% onion, 2% garlic and 

30 min cooking time). New classes of compounds not explore in tomato products such as 

phytoprostanes and hydroxycinnamic acid amides were detected and which are not exploited in 

relation to their bioactivity. Other compounds such as amino acids, thiosulfates and phenolics 

also are affected (Figure 7). This approach allows to know the influence of ingredients and time 

on cooking in a large number of chemical classes, opening up the opportunity to explore new 

compounds to be correlated with the beneficial effects of the Mediterranean cuisine, diet and to 

improve nutritional recommendations. 

 

 
Figure 6. Carotenoid and polyphenols incorporation to olive oil from food matrix during sofrito 

cooking process (Publication 6) 
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The multiapproach was able to identify different mechanisms by which Mediterranean 

cuisine could contribute to the beneficial effects of the Mediterranean diet and open new 

approaches to be explored in gastronomy such as foodomics. However, a more concrete 

approximation between the Mediterranean cuisine and health should be carried on. Previous 

studies have shown that adding olive oil in tomato sauce was able to decrease inflammatory 

biomarkers related to atherosclerosis by increasing lycopene absorption108 and regulate lipid 

profile and improve cardiovascular health38. The Publication 8 explores the effect of sofrito intake 

on vascular parameters in obesity rats compared with their healthy control. The obese group, 

whose diet contained 2% of sofrito, showed hyperphagia and a high calories intake, however no 

differences were observed in weight gain compared to the obese control. The sofrito 

consumption was able to restore the effect of NO on aorta contraction process that is lost due to 

obesity. In addition, there has been a decrease in reactive species of N2 and O2 that help to 

decrease the inflammatory state provoke by obesity. For that, a short to medium term daily intake 

of sofrito prevents vascular alterations that could precede cardiometabolic complications 

associated with obesity. Understand the Mediterranean cuisine, taking into accounts its products, 

culinary techniques and culture brings us closer to a global vision of the Mediterranean Diet and 

its beneficial effects to health. 
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6. CONCLUSION 

1. Addition of olive oil combined with thermal processing helps to extract polyphenols and 

carotenoids from tomato sauce. 

 

2. A longer cooking time with a smaller amount of olive oil provided higher content of carotenoids 

in tomato sauce with olive oil, however the opposite conditions is applied to improve polyphenols 

at the same matrix. 

 

3. Tomato sofrito sauce, a key element of Mediterranean diet, was characterized for the first time 

and its content of polyphenol and carotenoids quantified. 

 

4. A recipe, varying the content of the ingredients and cooking time applying a full factorial design, 

impacts the chemical profile of the tomato sofrito sauce. 

 

5. For carotenoids, time was the factor that most contributed to its increase. The presence of 

olive oil helps the extraction, however high content of oil with long time diminish its content. Onion 

was the ingredient that increased lycopene isomerization. 

 

6. For polyphenols, time was the factor that most contributed to its decrease. The presence of 

olive oil and onion helps to preserve polyphenols from tomato during the sofrito cooking process. 

 

7. Olive oil acts as a vehicle, in which polyphenols and carotenoids from other matrices are 

incorporated, which could increase the bioaccessibility and bioavailability of these compounds. 

 

8. The identification of compounds such as di-Z-lycopenes, which are difficult to found in food, 

indicate a high stability of the oil fraction from tomato sofrito. 

 

9. Foodomics unveiled chemical classes of compounds extracted/formed during the sofrito 

cooking process that open new ideas to explore about cooking and bioactive compounds. 

 

10. Chronic consumption of sofrito helps to prevent vascular alterations that could result in 

cardiovascular diseases associated with obesity. 
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