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ABSTRACT

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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HYPOTESIS AND AIMS

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
4,5and 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 development’. Cooking
influenced the gastrointestinal tract, decreasing the gut size and energy spent during digestion,
which made possible the development of an energy demanding brain?. This happened thanks to
food processing which decrease chewing demands and facilitated nutrients absorption™3,
Humans are fire dependent for food preparation®. The development of thermal food treatment
contribute substantial on phenotypical, intellectual, societal and economic development of
humanity*. 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 food?3. 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 maintaining®. However, the use of these culinary techniques and the
preparation of meals at home diminish every day®. Since the middle of 20" century people have
been cooking less from basic ingredients®. The modern life requires ready-to-eat and easy-to-
prepare foods which move away from home cooking”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’.

In this way, governmental and non-governmental organizations have promoted home
cooking as a key strategic to put down obesity and poor diets®. There are indications that home
food preparations improve diet, health and social outcomes. Home cooking decrease the risk of
obesity and chronic-degenerative diseases®. People that prepare their meals at home show higher
consumption of vegetables and fruits'?, better diet’” and improved adherence to models diets
such as Mediterranean diet'". 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 cook®.

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
established'> "5, Not only the retention of bioactive molecules but how these techniques affect
food structure and bioaccessibility has been explored "5, 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

investigations16,

3.1.2 When gastronomy meets science

Gastronomy (from greek: gastér, stomach; nomia, law) is characterized as the set of
techniques and culinary arts for the preparation of a good food, in which it relates culture and
food'. 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 hospital'®. In 19 century the scientists such as Justus Liegbig and Benjamin
Thompson closely this approach in order to help to feed the poor'®. Other scientist like Parmentier
(nutritional chemist), Pasteur (microbiologist), Chevreul (lipid chemist) and Maillard (food
chemist) contribute to approximate food, cooking and science?. 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 country?'. At the end of 20"
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 world™®?'. Top-
ranked chefs such as Adria, Blumenthal and the Roca brothers have or have had laboratories in
their on local, however they do not consider themselves “molecular chefs"?2.

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"?°. This discipline is considered
part of food science and technology that aims to apply knowledge to improve dishes. However,
before 1980, food science neglected culinary process, in which textbooks of food chemistry
containing almost nothing about culinary transformation’®. 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 problems’®. Hervé
This and Nicholas Kurti, in 19888, decided that this new disciple must be created and 1992 the
discipline was recognized when the first International Conference of Science and Gastronomy
was celebrated™. 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 technique®. Currently there a still a debate whether molecular gastronomy is a really
a discipline or would it be just food science’.

Reporting molecular gastronomy in France, This describe dishes as system with
bioactivity and culinary transformations could change that bioactivity?*. 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 health'>'31524_ 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 compounds?®.

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 styles’s. 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 health?627,
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 population?’. These findings has been reaffirmed by other MD clinical trials?®. However,
the health outcomes of a MD are reportedly difficult to reproduce in non-Mediterranean
populations?®. 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 effect®.

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
preparation®. 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 process?’, long and gently sauces preparations®’, soups®' and
use of extra virgin olive oil to cook3%3? 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 eats'®. 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 gastronomy?3, but this approach could be explored

to verify beneficial health effects in the traditional cuisine.

TECHNIQUES INGREDIENTS

SOFRITO TOMATO

RECIPE

OMATO SOFRITO [ .

DIVERSITY
COMPLEXITY

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 capita®®. Moreover tomato sauces represented a
40.8% of all sauce consumption in Spain®¢. 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
products?%3738 The tomato sofrito sauce show a high phenolic and carotenoids content®® and its
consumption is one of 14-item validated questionnaire used to evaluate the adherence of
traditional MD*°. Recently, it is associated with improved cardiovascular risk parameters and
insulin sensitivity, activates thermogenesis by browning fat tissue and manifestation of less
aggressive prostate cancer®®4'42, 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
methods*® and industrial process**. 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 (Il) 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)*34%4¢_ 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-
workers*’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 involved*84°, 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
process**°. For that, foodomics tools have been used on food safety and quality®’, food
authentication®2%, to understand processing and matrix effects®*. 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”®5~8,

MEDITERRANEAN DIET HEALTH

MULTIAPPROACH CUISINE EFFECT
F AL DESIG?

CULINARY
SYSTEM

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 B-ionone
ring (B-carotene, a-carotene and B-cryptoxanthin) that enzymatically can produce retinol, an
essential vitamin for the human body®57:%8,

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 | (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 B-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 B-carotene oxygenase 2 (BCO2) also participate in metabolism
process on carotenoids producing apo-carotenoids, however its participation is not yet fully

understood?®%.

CAROTENOIDS

CAROTENES
\ &
(all-E)-B-carotene
XANTHOPHYLLS
~ "~ _sOH

HOY S

all-E)-lutein

APO-CAROTENOIDS

carotenal

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 tissues®”%8, Xanthophylls and a small amount of carotenes are also associated with
HDL, however some works have been suggesting that HDL only receive xanthophylls®.

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

carotenoids®7:58,

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 soffrito, such as lycopene, a-carotene, 3-carotene

and lutein (Figure 4).

I) Molecular structure

Carotenoids chemical structure in food and after food process influence their
bioaccessibility and bioavailability>”%8. Among the carotene class, B-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 molecules®’. 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 bioaccessibility®’. Therefore, carotenes are less favored to

absorption compared to xanthophylls. However, the change in the structure conformation to Z-

28



INTRODUCTION

form decreases aggregation and crystallization by not being more planar, which can increases its

bioaccessibility®'.

MOLECULAR FOOD DIETARY
STRUCTURE MATRIX COMPONENTS
LYCOPENE
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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 micelles®”:5861,

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 conformation®’. This conformational change diminish the susceptibility to form
crystal arrangements and improving their solubility in lipids®2. 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 found®s.

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 758,
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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 carotenoids®. A good review was recently
published by Schweiggert about this topic 4. 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 carotenoids®. An in vitro bioaccessibility study
comparing tomato, carrot, papaya and mango found that mango and papaya had higher B-
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 matrix®. In addition, a human bioavailability
study described an absorption 2.9 and 3.1 time higher for B-carotene from papaya than from
carrot and tomato, respectively, and 2.6 higher for lycopene from papaya compared to tomato®®.

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 digestion®®.
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 B-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.

1) Dietary components

Different dietary components such as lipids, fiber and also the synergism between
liposoluble compounds like vitamin, multiple carotenoids, w-3 and phytosterols can influence the
carotenoids absorption and was put in evidence by a book chapter published by Cervantez-Paz
and co-workers>7:5867,

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 type®®®’. 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 carrot®. 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 droplets®®. 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 enterocytes®’.

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 food'®. 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 carotenoids'7%-73, Oxidation is the major cause of carotenoids loss. This process
dependent of oxygen available and can be induced by heat, light, temperature and pH”*. 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 compounds’®.
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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-workers’ 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 compounds’. 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
flavor’s.

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-workers’® 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 necessary’®’’. 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
bioavailability®™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 isomerization'374,

Il) 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-wokers'®. 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 extractability?’. 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 content’®. 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 differences®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 reliable®. Stewing technique showed to be the best
way to improve carotenoids in cooked food'3. 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 solubility®’. 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 wall®'. 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 characteristics?', which leads to a
carotenoids oxidantion'®. 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 0il'373,

Mayeaux and co-workers” 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 °C. With a higher temperature
of 218 °C, 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 °C and 75%
for 165 °C with 2 min of processing. Sahlin and co-workers’® 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

bioaccessibility”®-87, but only a few studies can be seen using home-cooking techniques®?.
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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 rings®:. More
than 8000 structures have been reported and several hundred of them have been identified on
edible plants®®4 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 lignans®38%. 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 production®. Moreover, factors such as food
processing and storage will also influence the final content of phenolic compounds in the food

and as consequence its intake®3.

FLAVONOIDS

FLAVONOLS P as R ISOFLAVONES

FLAVONES R ANy FLAVANONES

FLAVANOLS ANTHOCYANIDINS -

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 literature®385-8°  Follow ingestion, the first alteration on
polyphenols begin with saliva contact, in which the first hydrolysis occurs to remove the sugar
moiety by amylase®3. However, this is a fast stage, with little interaction between enzymes and
polyphenols, in which it does not contribute to the release of phenolic compounds®’#°. 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 lipids®385. 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
bioaccessibility®3. 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 persist®>®, LPH shows a
specificity for flavonoid-0-B-D-glucosides, which after sugar hydrolysis, increases the lipophilicity
of the polyphenol that would help to cross the cell membrane®387.9°, 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 B-glucosidase
(GBC)#85%1 Once inside the enterocyte, the aglycones can undergo into phase Il metabolism
forming sulfate by sulfotransferases (SULTs), glucuronide by uridin-5-diphosphate
glucosyltransferase (UGT) and/or methylated metabolites by catechol-O-methyltransferase
(COMTSs). 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 Il metabolism, follow by enterohepatic recirculation and may

result in some enterohepatic circulation to the small intestine by bile extraction8385,

NON-FLAVONOIDS
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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 diseases®®. These compounds are responsible for approximately 90% of
dietary antioxidants intake®2°. Follow a MD the consumption of polyphenols can reach more than
1g per day®4°°. However, for these compounds to reach the target tissues and perform bioactivity

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

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 polymerization893.6
showed to impact their bioaccessibility. Moreover, food matrix, the co-ingestion of dietary

components and host variability could influence their absorption®® (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
absorbed®. 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 oxidation®”. 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 Il conjugation®3°698_ | astly, polyphenols that are polymerized,
such as tannins, are not bioavailable and require gut microbiota metabolization to be released

and absorbed®®.

I1) 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 trials®3°6.

BIOACCESSIBILITY
MOLECULAR FOOD DIETARY
STRUCTURE MATRIX COMPONENTS
GLYCOSYLATESV ) EXTRACTABILITY LIPIDS
= TTTC0O) - e EXTRACTABLES ,
|

l _ .

METABOLITES STRUCTURE FIBER

ACETYLATION METHYLATION CELL WALL = POROSITY

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°6,

1) 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
compounds®®8. 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)®8. 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 8°°. 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
compounds'@107 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 polyphenols'®2. 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 uptake®.

In relation to fat consumption, some studies were carried out in relation to aglycones and
more apolar polyphenols®. 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 polyphenols®. 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 body93-105,

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 hypothesis®8°,

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 process''4'5, 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 oxygen'2. 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 matrix'2'42'. 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 compounds’?'4. 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 digestion®8.

1) Effect of cooking techniques on polyphenols

Another meta-analysis published by Murador and co-workers'? 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 cooking?'. This modification on the tissue helps to increase the
bioaccessibility of polyphenols'?'*. Moreover, this process maintains the temperature at
approximately 100 °C, which is less drastic compared to other techniques and does not favor
oxidation?'. This process, different from boiling and blanching, the food does not come into
contact of water, therefore it avoids the leaching process’®. As describe by Murador and co-
workers'?, 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 leaching?'. 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
process?'. 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 polyphenols™?.

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

in the literature. Sahlin and co-workers”® 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-workers™® 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-workers'’ 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 collaborators®? 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-workers®? 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-workers®* 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,
Martinez-Huélamo and co-workers'® 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, elSBN: 9780841232952, DOI: 10.1021/bk-2018-1286.ch016).
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Chapter 16
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Culinary practices influence the content of bioactive compounds
in food. Mediterranean diet and its key components have been
inversely associated with cancer and cardiovascular diseases.
However, cooking techniques and ingredients may modify the
bioavailability of carotenoids and polyphenols, thus improving
their absorption by the presence of an oil matrix with an
optimum cooking process. The intake of cooked tomato-based
products reduces the risk of chronic diseases compared to raw
tomato. However, the bioavailability of each of these products
should be taken into account to better understand the correlation
between tomatoes and health.
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Introduction

The Mediterranean diet (MD) is strongly recommended around the world as
it has been associated with health benefits in several degenerative diseases such
as cancer, neurodegenerative and cardiovascular diseases (/). This dietary pattern
is characterized by a high consumption of fruits, vegetables, nuts, legumes, and
non-refined cereals, moderate intake of fish, poultry and dairy products, and low
consumption of sugar and red meat (2). This dietary pattern specifically involves
the use of olive oil as the main source of fat and moderate alcohol intake (mainly in
the form of red wine). Since the MD is mostly plant-based, its health claims have
been associated with a high intake of phytochemicals. This correlation has been
strengthened by the observational cohort PREDIMED (PREvencioén con Dleta
MEDiterranea) study (3) which included 7447 individuals and was aimed at the
primary prevention of cardiovascular diseases with the MD. The study concluded
that an energy-unrestricted MD supplemented with extra-virgin olive oil or nuts
can reduce the risk of cardiovascular events compared to a low fat diet in a high
risk population (3).

Tomatoes and derivatives are one of the products most consumed in the
MD, being rich in bioactive compounds such as ascorbic acid, polyphenols
and carotenoids (4). Home cooked preparation of tomatoes is very prevalent
in Mediterranean countries presenting a higher average daily consumption
compared to other fruits and vegetables because of their accessible price and
availability year round (4, 5). Epidemiological studies have shown that the
consumption of raw tomato and tomato products is associated with a low
incidence of chronic-degenerative diseases, this correlation being greater for
processed tomato-based products (6). In the MD vegetables and legumes are
typically consumed after cooking which influences the intake of phytochemicals
in the diet. Food preparation and cooking can positively influence the content of
phytochemicals by improving bioavailability or may have negative effect due to
thermal degradation, oxidation, nutrient loss or the formation of toxic products
(7). Adherence to the MD has become popular in non-Mediterranean countries,
but the cooking practices and products of Mediterranean countries may differ
greatly from one region to another, and can have an important impact on the
beneficial effects of this dietary pattern (2). This chapter aims to show how
cooking and food preparation influence phytochemicals, and consequently, the
effects on health benefits of the MD using the tomato sauce, sofrifo and other
tomato-based products as a basis for discussion.

Home Cooking and Phytochemicals

Phytochemicals are secondary plant metabolites with positive health effects.
Among these compounds, carotenoids and polyphenols are of note. In the last
years, polyphenols have received great attention by the health claims associated
with their consumption. Since these compounds are susceptible to degradation and
oxidation by heat, there is still debate as to whether or not the consumption of raw
or processed fruits and vegetables is beneficial (7). Therefore, increased consumer
information is needed on the health-related value of raw and processed foods as
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well as research into the best methods for preserving the nutritional value under
home cooking conditions (7, §).

The cooking process is essentially based on thermal processes that can induce
the loss of bioactive compounds by oxidation, degradation or the formation
of pro-oxidant compounds at high temperatures. However, there may also be
beneficial aspects such as improving the bioavailability of several compounds
by chemical structural changes and/or the release of phytochemicals from the
food matrix. Carotenoids are sensitive to thermal processes, oxidation being the
major cause of carotenoid loss, influenced by the presence of oxygen, heat and
light. However, the cooking process can disrupt the carotenoid-protein complex
and modify cellular matrix integrity, soften vegetable tissue, increase carotenoid
extraction from food and improve bioaccessibility. Moreover, heating can
promote carotenoid isomerization from the E-form to Z-form, which are known
to be more bioavailable (9, /0). Similar to carotenoids, polyphenols are also
susceptible to lose by oxidation and leaching by water in cooking processes, but
the application of high temperatures may lead to an inactivation of pro-antioxidant
enzymes that are responsible for degrading phenolic compounds and reducing
antioxidant activity (/7).

The thermal cooking process presents different factors that can influence
bioactive compound content such as the cooking technique, temperature, food
matrix, leaching by the cooking medium (oil or water), pH and surface exposure
to oxygen (/7). The application of heat in the home cooking of food-stuffs
includes different types of techniques, such as boiling, frying, steaming, baking,
stewing and roasting, as well as the current new technologies such as microwave
and steam ovens (7). These cooking techniques present different mechanisms of
action, each of which has unique characteristics that can increase, decrease or
change the bioactive compounds of food, completely transforming their potential
benefits. Using a meta-analytical approach, Murador and co-workers (/7) studied
how cooking techniques influence the phenolic compound content and their
antioxidant activity and found that the food matrix and leaching are the main
factors that decrease the phenolic content in food. Polyphenols are water soluble
compounds, and therefore cooking techniques such as boiling, in which food is
in contact with water, drastically decrease their content. Frying and steaming
have shown to be the best techniques for preserving phenolic compounds in food
(11). In addition, the formation of Maillard reaction products with antioxidant
activity and the synergism between other compounds present in the food matrix
influence antioxidant activity after cooking. In another study on the effect of
cooking techniques on carotenoids, Murador and co-workers (9) showed that
frying decreases the content of carotenoids, while stewing most increased the
carotenoid content. Frying decrease the carotenoid content by leaching because
of their lipophilicity and stewing can concentrated carotenoid content by a loss of
water. Here it is important to note that some studies are difficult to compare due
to discrepancies in the cooking time, temperature and pH conditions employed
and in the way of the study results are expressed (dry matter vs. raw vegetables).

There is a lack in the literature regarding the effect of different culinary
techniques on the content of bioactive compounds in tomato, especially on the
the content of individual polyphenols and carotenoids. Ramirez-Anaya and
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co-wokers (/2) studied polyphenols and antioxidant capacity in Mediterranean
vegetables prepared with different domestic cooking techniques and reported that
deep fried and sautéed techniques concentrated the total and individual polyphenol
content in tomato by loss of water , while boiling decreased their content,
compared to the raw vegetable. Indeed, the highest increase in polyphenol
content was observed in deep fried compared to sautéed foods, probably because
of the oxidation of phenolic compounds with the sautéed technique due to a
higher exposure to air than when the food is totally submerged in oil. Gahler and
co-workers (4) studied the effect of tomato products during cooking processing
and reported that total phenolic compounds do not significantly change during
processing except in baking which has been reported to increase the total phenolic
compounds content of tomatoes. However, this value is highly dependent on
the time and temperature used. On the other hand, Sahlin and co-workers (/3)
described a decrease in the total phenolic compounds, total lycopene and ascorbic
acid in tomatoes after boiling, baking and frying processes.

Bioavailability of Bioactive Compounds of Tomato by
Cooking and the Matrix Effect

In the last several years, epidemiological correlations between tomato
consumption and the prevention of certain diseases have been demonstrated,
especially in prostate cancer (/4). However, assessment of tomato consumption in
epidemiological studies is difficult due to a lack of nutritional information about
the bioavailability of each type of tomato-based food which is affected by food
processing and the matrix effect (6). Carotenoids are the main class of compounds
related to the beneficial effect of tomato consumption, and their bioavailability
is affected by different factors such as the food matrix, processing and cooking
techniques as well as interaction with other dietary components such as fiber,
lipids and other compounds (10, 15, 16). The structure of carotenoids plays an
important role in their bioavailability, with 50% of plasma carotenoids being
in the Z-form, whereas in nature they are predominantly found in the E-form.
The major sources of carotenoids in the Z-form are from processed foods (/7).
Polyphenols are directly linked to health claims, but there is scarce information
in the literature about the impact of the cooking process and the matrix effect on
polyphenols content and their bioavailability in tomatoes and tomato products
(16, 18).

The effect of thermal treatments on the phenolic compounds and carotenoids
of tomato sauce have been well studied in industrial processes, however,
the preparation of tomato sauce and other homemade products has not been
investigated. Indeed, the homemade process is characterized by the addition
of ingredients that can influence the content of bioactive compounds and their
bioavailability by a synergic effect. Searching for a combined effect of home
cooking and ingredient addition, Vallverdu-Queralt and co-workers (/9, 20)
studied tomato sauce processing with different cooking times of between 15
to 60 minutes and analyzed the influence of the addition of 5% and 10% of
the extra virgin olive oil. They observed a decrease in phenolic content with
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an increase in cooking time. However, in the first 30 minutes, there was an
increase in polyphenol content which was attributed to the hydrolysis of flavonoid
glycosides and a better extraction of polyphenols from the cell wall. On the
other hand, carotenoid content increased with longer cooking time, especially the
lycopene-Z-isomers, which are more bioavailable and possess more antioxidant
activity compared to the E-form. The presence of an oil matrix such as olive
oil improved the bioaccessibility of both carotenoids and polyphenols in tomato
sauce. The addition of olive oil is of interest for improving the absorption of
carotenoids and polyphenols, and consequently, enhancing their beneficial effects.

Sofrito, a typical tomato-based Mediterranean sauce, is characterized
by containing olive oil, onion and garlic, and homemade sofrito is usually
prepared by a stewing process (27). Vallverdu-Queralt and co-workers (22)
characterized commercial Mediterranean sofritos and described that the presence
and quality of the ingredients used to make the sauce influence the phenolic
and carotenoid profile, with the presence of onion and extra virgin olive oil
being of particular interest. In the search for a synergism effect between these
ingredients in homemade sofrito, Alvarenga and co-workers (27) described that a
long cooking time of extra virgin olive oil and onion is important for improving
the isomerization of the Z-forms of lycopene from tomato, with onion indirectly
improving the bioavailability of lycopene.

The increase in the bioavailability of tomato carotenoids after thermal
treatment was determined by Unlu and co-wokers (/7) who reported that
heat-induced lycopene Z-isomer-rich tomato sauces are more easily absorbed by
humans compared to E-form-rich tomato sauces. The presence of a lipid matrix
enhances the content of lycopene in plasma (23) and also increases the maximum
concentration (Cmax) and area under the curve (AUCq.24n) of all-E-lycopene and
its isomers compared to samples without an oil matrix (24). Arranz and co-wokers
(24) described that the bioavailability of carotenoids from tomato juice depends
not only on the presence of an oil matrix but also on the geometrical isomerization
and chemical structure, since the absorption of B-carotene was not influenced by
the presence of olive oil in tomato juice but had a remarkable effect on lycopene.

A few studies have evaluated the bioavailability of phenolic compounds in
tomato (16, 25), their products and the effect of the addition of oil (/8, 26, 27).
Tulipani and co-workers (26) evaluated the effect of processing and the addition
of oil on tomato sauce polyphenol bioavailability and found that thermal and
mechanical processes increase the content of phenolic compounds, especially
caffeoylquinic acid, rutin and naringenin, compared to raw tomato. After a single
dose of tomato sauce, the phenolic compounds reached the maximum rate of
excretion within 4 h after the intervention. However, the presence of an oil matrix
in the sauce may stimulate re-absorption by enterohepatic circulation, increasing
the plasma half-time of polyphenols, which is of particular interest for achieving
better bioactivity. In a large number of volunteers, Martinez-Huélamo and
co-workers (27) corroborated the results obtained by Tulipani and co-workers,
demonstrating that the mechanical and thermal treatments carried out during
tomato processing help to liberate phenolic compounds from the food matrix
making them more bioavailable. In addition, they described that a presence of
an oil matrix does not significantly change the absorption of polyphenols, with
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the exception of naringenin and caffeoylquinic acid. Naringenin, caffeic acid,
ferulic acid and chlorogenic acid are absorbed intact and undergo extensive
biotransformation of phase II metabolism. Naringenin glucuronide metabolites
demonstrate that the bioavailability of processed tomatoes is higher than in raw
tomatoes. In a randomized feeding trial including 40 volunteers eating tomato,
tomato sauce and tomato sauce with refined olive oil, Martinez-Huélamo and
co-workers (/8) identified 10 phenolic compounds in plasma and 93 in urine. The
presence of the oil matrix improved the absorption of naringenin and quercetin.
Moreover, a double peak in the plasma pharmacokinetics showed that naringenin
glucuronide, quercetin and ferulic acid glucuronide underwent re-absorption by
the enterohepatic circulation due to the addition of a fatty matrix. The cooking
process and ingredients that influence the food matrix have a direct impact on
the bioavailability of bioactive compounds, carotenoids and polyphenols, and
consequently, favor their bioactivity of cells and tissues.

Cooking, Ingredients, and Health Effects

The intake of tomato and tomato-based products has been correlated with
a low incidence of cancer (/4, 28—30), inflammation (3/) and cardiovascular
diseases (30, 32, 33). A large number of epidemiological studies have established
the relationship between tomato products and the risk of cancer, especially
prostate cancer (7). A Greek case-control study in 320 cases of prostate cancer
and 246 controls reported that the intake of raw and cooked tomato reduced the
risk of prostate cancer. The greatest reduction in risk was observed with cooked
compared to raw tomatoes [odds ratio (OR) for lowest versus highest tertile
intake 1.91, 95% confidence interval (CI): 1.20-3.04 for cooked tomatoes and
1.55, 95% CI: 1.00-2.52 for raw tomato], with cooked tomatoes being associated
with a higher consumption of olive oil, the latter being the main source of
lipids in this population (28). Giovannuci and co-wokers (/4, 29) performed a
prospective cohort study of subjects followed for 12 years and concluded that the
consumption of one or more portions of tomato sauce per week was associated
with a statistically significant reduction in the incidence of prostate cancer
(relative risk ratio: 0.80, 95% CI; 0.70-0.91). Higher correlations were observed
with tomato products than with raw tomatoes, especially tomato sauce, suggesting
that heat processes and the presence of an oil matrix improve the bioavailability
of lycopene from tomatoes, being decisive for bioactivity in prostate cancer.

Recent clinical trials have studied the capacity of tomato products to
reduce the risk of cardiovascular diseases and inflammation and have focused
on the consumption of lycopene as a bioactive compound. Burton-Freeman
and co-workers (32) compared the ingestion of high-fat meals with or without
tomato products, and observed that the presence of tomato attenuates low
density lipoprotein-oxidation (LDL-o0x) and increases serum concentrations
of interleukin-6, suggesting a protective effect against cardiovascular risk.
Colman-Martinez and co-wokers (37) evaluated the effect of tomato juice
on inflammatory biomarkers in a 4-week dose-response clinical trial with a
high cardiovascular risk population. A positive dose-response correlation with
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E-lycopene plasma concentrations and the expression of ICAM-1 and VCAM-1
adhesion molecules was found, suggesting that tomato consumption may reduce
the atherosclerotic plaque process. Valderas-Martinez and co-workers (33)
carried out an acute clinical trial comparing the effect of the consumption of raw
tomato, tomato sauce and tomato sauce with refined olive oil on inflammatory
and atherosclerosis biomarkers and concluded that any tomato form was able
to decrease total cholesterol, triglycerides and inflammatory biomarkers and
increase high density lipoproteins (HDL) and antiinflammatory interleukin-10.
The inflammatory response is modulated by bioactive compunds, such as
carotenoids and polifenols, by gene regulation of NF-«kB pathway (33, 34).
Moreover, biomarker modulation in the presence of an oil matrix was greater
than after raw tomato and tomato sauce interventions, recommending cooked
tomato intake enriched with oil. In a study on the possible correlation of lycopene
intake, tomato products and the incidence of cardiovascular diseases, Jacques and
co-workers (35) reported an inverse association between lycopene and the risk of
cardiovascular diseases. However, almost all observational and human trials are
performed with tomato-based products making it difficult to separate the potential
contribution of lycopene or a synergism effect with other bioactive compounds
on cardiovascular health.

Concluding Remarks

The culinary processes and cultural practices of the MD influence the content
of bioactive compounds in tomato and tomato-based products. Studies on the
different cooking techniques and the best way to use them should be carried out
in order to encourage consumers to improve the nutritional value of homemade
food. Exploring ingredients and the possible synergism between other bioactive
compounds is necessary for understanding how to improve health with changing
cooking techniques.

The matrix effect is a key factor that influences the bioavailability of bioactive
tomato compounds. The presence of an oil matrix improves not only the absorption
of lipophilic compounds but also some polar compounds such as polyphenols.
More studies are necessary to determine how the cooking process and the addition
of ingredients influence absorption, and consequently, their health effects.

Tomato and tomato-based products play an important role in reducing the risk
of cancer and cardiovascular diseases. However, there is a great deal of work yet to
be done. The presence of lipids in foods can be a confounding factor that influences
the absorption of bioactive compounds from tomato and should be taken into
account in relation to possible associations. Epidemiological studies have shown
lycopene intake to be the principal factor of health claims, but other compounds
such as polyphenols need further study, focusing on a possible synergism effect
among them.
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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)

I) Sofrito cooking process and the ingredients impact bioactive compounds (publication
3,4,5,6and?7).

1) 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 Vallverdd-Queralt, Jorge Regueiro, José Fernando Rinaldi de Alvarenga, Xavier Torrado,

Rosa Maria Lamuela-Raventds. 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-a-carotene and all-E-B-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.

57






PUBLICATION 1

Int. J. Mol. Sci. 2015, 16, 9588-9599; doi:10.3390/ijms16059588

International Journal of
Molecular Sciences

ISSN 1422-0067
www.mdpi.com/journal/ijms

Article

Carotenoid Profile of Tomato Sauces: Effect of Cooking Time
and Content of Extra Virgin Olive Oil

Anna Vallverdia-Queralt %, Jorge Regueiro 3, José Fernando Rinaldi de Alvarenga 4,

Xavier Torrado ° and Rosa M. Lamuela-Raventos 2%

INRA, UMR1083 Sciences pour I’cenologie, 2 Place Pierre Viala, Montpellier Cedex 34060,
France; E-Mail: avallverdu@ub.edu

CIBER Fisiopatologia de la Obesidad y la Nutricion (CIBEROBN), Instituto de Salud Carlos III,
28029 Madrid, Spain

Nutrition and Bromatology Group, Analytical and Food Chemistry Department,

Faculty of Food Science and Technology, Ourense Campus, University of Vigo, E-32004 Ourense,
Spain; E-Mail: jorge.regueiro@uvigo.es

Department of Food Science and Nutrition, School of Pharmaceutical Science,

Sdo Paulo State University—UNESP, Rod. Araraquara-Jaia Km 1, 14801-902 Araraquara,
SP—CEP 14801-902 Sao Paulo, Brazil; E-Mail: zehfernando@gmail.com

Nutrition and Food Science Department, XaRTA, INSA. Pharmacy School,

University of Barcelona, Av. Joan XXIII s/n, 08028 Barcelona, Spain; E-Mail: torrado@ub.edu

Author to whom correspondence should be addressed; E-Mail: lamuela@ub.edu;
Tel.: +34-93-403-4843; Fax: +34-93-403-5931.

Academic Editor: Guido Haenen

Received: 19 February 2015 / Accepted: 23 April 2015 / Published: 28 April 2015

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,
a-carotene and B-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, f-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; B-carotene; a-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 f3-carotene
and (all-E)-a-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]. Gértner 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.
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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].
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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)-a-carotene and (all-E)-B-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)-a-carotene and (all-E)-f-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. Girtner 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)-B-carotene [19]. In contrast, tomato processing may activate
enzymes involved in the synthesis of B- and o-carotene. The carotenoid biosynthetic pathway in
plants has two main branches after lycopene, distinguished by different cyclic end-groups. Two [ rings
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lead to the B,B branch (B-carotene and its derivatives) through B-carotene cyclase, while one beta and
one epsilon ring define the B,e branch (a-carotene and its derivatives) through &- and B-carotene
cyclase. Thermal processing may activate &- and [B-carotene cyclase and, thus stimulate o- and
B-carotene production.
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Figure 2. Changes in total carotenoids, a-carotene and -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-(2), 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-(2)-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
{-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, Garcia 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)-a-carotene and (all-E)-B-carotene increased over the cooking period by 25% and
40%, respectively. Dietary B-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. B-carotene, a-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
Extrasynthése (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 Halcon
(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 x 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)
a-carotene 43+03
p-carotene 3266.9+53.1
(all-E)-Lycopene 178.9+£10.1
5-(Z)-Lycopene 203+ 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 (2)-(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 um 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 x 4.6 mm, 5 um) from YMC (Dinslaken, Germany) and kept at 20 °C. The injection volume was
20 pL and flow rate 1 mL-min"!. 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. |dentification and Quantification of Carotenoids
3.4.1. Diode Array Detector

Commercially available carotenoid standards ((all-E)-a-carotene, (all-E)-B-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].

65



PUBLICATION 1

Int. J. Mol. ci. 2015, 16 9595

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™")
was performed using an isocratic pump Agilent 1100 Series (Agilent Technologies, Palo Alto, CA,
USA) at a flow rate of 100 uL-min™! via a zero-volume mixing T-piece.

Carotenoids were quantified with respect to their corresponding standard according to the internal
standard method using trans-p-apo-8'-carotenal. When standards were not available, as in the case of
(2) 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 I 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 pm
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 puL of ABTS" solution was added to 5 uL 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 pumol/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 pL of tomato
extracts or Trolox were mixed with 250 pL 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. Satistical 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, a-carotene,
B-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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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.
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ABSTRACT: Tomato products are a key component of the Mediterranean diet, which is strongly related to a reduced risk of
cardiovascular events. The effect of cooking time (1S, 30, 45, and 60 min) and the addition of extra virgin olive oil (S and 10%)
on the phenolic content of tomato sauces was monitored using liquid chromatography coupled to tandem mass spectrometry.
Concentration of phenolics in the tomato sauces decreased during the cooking process, with the exception of caffeic acid and
tyrosol. The main degradation observed was the oxidation of quercetin, since the hydroxy-function at the C-ring of this flavonoid
is not blocked by a sugar moiety, unlike rutin. Higher levels of virgin olive oil in tomato sauce seemed to enhance the extraction
of phenolic compounds from the tomato, leading to higher phenolic contents in the sauces. Thus, the food matrix containing the
phenolic compounds plays a crucial role in determining their accessibility.

KEYWORDS: thermal treatments, cooking effects, polyphenols, food matrix, tomato sauces, extra virgin olive oil, HPLC—MS/MS

Bl INTRODUCTION Although the effects of thermal treatments on the phenolic
content of tomato sauces has been well studied in industrial
manufacturing processes,' ' little is known about the influence
of home cooking time and the addition of extra virgin olive in
the preparation of this kind of product at home. Thus, the aim

of this study was to examine the effect of the length of thermal

o N 34
reported to 'exhlblt' num'erm;s blologlcal health beneﬁts: treatment (15, 30, 4S, and 60 min) and the addition of VOO (S
Thus, the typlca‘l dall-y hablt. of consuming meals that combine and 10%) on the phenolic content of homemade tomato
tomatoes and olive oil may improve several health outcomes. It sauces.

has also been suggested that VOO added to tomato sauce plays
a crucial role in the accessibility and bioavailability of phenolic B MATERIALS AND METHODS
compounds from food.®> Moreover, the addition of VOO to
tomato sauces enriches meals with other polyphenols not

Tomatoes have been attracting renewed interest due to their
high content of phenolic compounds with multiple biological
effects.”> A high consumption of virgin olive oil (VOO),
another main feature of the Mediterranean diet, has long been

Standards. All samples and standards were handled without
exposure to light. Caffeic, ferulic, p-coumaric, protocatechuic, and

present in tomatoes such as tyrosol and hydroxytyrosol.3‘6'7 chlorogenic acids, rutin, quercetin, ABTS (2,2'azino-bis(3-ethyl-

The effects of technological processing on the lycopene benzothiazoline-6-sulfonic acid)), Trolox ((z)-6-hydroxy-2,5,7,8-
content of tomatoes have been exhaustively examined.®’ tetramethylchromane-2-carboxylic acid 97%), manganese dioxide,
However, the impact of these treatments on phenolic and glacial acetic acid (100%) were purchased from Sigma (Madrid,

Spain). Tyrosol, hydroxytyrosol, naringenin, and DPPH (2,2-diphenyl-
1-picrylhydrazyl) were purchased from Extrasynthése (Genay, France).
Acetonitrile, ethanol, n-hexane, and methanol, all of HPLC grade, and
formic acid (>98%) were acquired from Scharlau (Barcelona, Spain).

compounds is still not fully understood. Thus, some studies
indicate that industrial processing results in a considerable loss
of hydrophilic antioxidants. Vallverdu-Queralt et al.'® reported

that heat treatment of tomatoes and, to a lesser extent, the Ultrapure water was obtained from a Milli-Q Gradient water
sterilization stage during the paste-making process negatively purification system (Millipore, Bedford, MA, USA).

affect the phenolic content. In contrast, other studies have Tomato Sauce Material. A commercial tomato (L. esculentum L.)
reported that processing enhances the total phenolic content. variety (cv Pera), suitable for tomato sauce preparation, was used for
In experiments carried out by Chang et al,'' six tomato

varieties (Japan-Golden, Chin-Yan, Holland-Golden, Holland- Received: October 22, 2013

Red, Sheng-Neu, and Taur-Tay-Lang) air-dried at 80 °C for 2 h Revised:  March 14, 2014

and then at 60 °C for 6 h had higher total flavonoid and total Accepted: March 20, 2014

phenolic contents than fresh tomatoes. Published: March 20, 2014

7 ACS Publications  © 2014 American Chemical Society 3314 dx.doi.org/10.1021/jf500416n | J. Agric. Food Chem. 2014, 62, 33143320
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Figure 1. Diagram flowchart of the processes.

Table 1. Levels of Polyphenols in Tomato Sauce Control

chlorogenic p-coumaric tyrosol

acid (ug/g caffeic acid ferulic acid acid (ug/g protocatechuic quercetin rutin (ug/g naringenin (ug/g hydroxytyrosol
FW) (ug/g FW)  (ug/g FW) EW) acid (ug/g FW)  (ug/g FW) EW) (ug/g W) FW) (ug/g FW)

261 £003  255+006 7.05+043 015+003  119+008  302+0I12 2830+ 041 497 +039  BDL® BDL

“BDL: below detection limit.

Table 2. Levels of Polyphenols in VOO

rutin
chlorogenic caffeic acid ferulic acid  p-coumaric acid  protocatechuic quercetin (ng/g naringenin  tyrosol (ug/g  hydroxytyrosol
acid (ug/g FW)  (ug/g FW)  (ug/g FW)  (ug/g FW)  acid (ug/g FW) (ug/gEW)  FW)  (ug/g FW) EW) (ug/g FW)

BDL” BDL 0.41 + 0.03 BDL BDL BDL BDL BDL 12.13 + 0.67 8.15 + 0.44
“BDL: below detection limit.

the study. VOO was kindly furnished by Manuel Heredia Halcon polytetrafluoroethylene (PTFE) filter from Waters (Milford, USA)
(Cortijo de la Suerte Alta, Albendin-Baena-Cordoba). The tomato into an insert-amber vial.
sauces were prepared following a regular home cooking process at the Solid phase extraction (SPE) was carried out to eliminate
Torribera Campus, University of Barcelona (Barcelona, Spain). interferences such as ascorbic acid, amino acids, and reducing sugars.
Tomatoes were washed, chopped in a breaker unit, weighed, and For this purpose, Oasis MAX cartridges with 30 mg of mixed-mode
crushed with a Thermomix. Two variables were evaluated: VOO anion-exchange and reversed-phase sorbent from Waters (Milford,
: 14
addition at two different concentrations and thermal treatment time. USA) were used following the procedure of Vallverdu-Queralt et al.
The VOO (5 and 10% of oil, w/w) was added to the chopped The eluted fractions were evaporated under nitrogen flow and the
tomatoes, and the mixture was cooked at 95—96 °C for 15, 30, 45, or residue was reconstituted up to 500 uL with Milli-Q water containing

0.1% formic acid and filtered through a 0.45-um PTEE filter into an
insert-amber vial for HPLC analysis.

Extraction of Polyphenols from VOO. The extraction of phenolic
compounds from VOO was performed following the procedure
previously described by Garcia-Villalba et al.'® Briefly, diol cartridges
Supelclean LC-Diol (500 mg, 3 mL) from Sigma (Madrid, Spain) were
placed in a SPE vacuum manifold and conditioned passing 5 mL of
methanol and subsequently 5 mL of n-hexane without vacuum. About
3 g of VOO was accurately weighted and then thoroughly mixed with
3 mL of n-hexane and loaded onto the SPE cartridge under vacuum.
The cartridge was then washed with 5 mL of n-hexane to remove the
nonpolar fraction of the oil and then dried with nitrogen to remove the
n-hexane. Finally, the phenolic compounds were eluted with 10 mL

60 min. The tomato sauces were aliquoted and stored in vacuum bags
at —20 °C until the day of the analysis. A 4 X 2 mixed-level factorial
design was performed, involving a total of 8 randomized runs. For the
reproducibility, each process was evaluated three times (Figure 1). The
phenolic profile of tomato sauce control without addition of VOO and
the content of polyphenols in VOO are reported in Tables 1 and 2.
Extraction and Analysis of Polyphenols. Extraction of
Polyphenols from Tomato Sauces. Extraction and analysis of each
replicate of the treatment was carried out in triplicate in a darkened
room with a red safety light to prevent analyte oxidation, following the
procedure of Vallverdu-Queralt et al.'* with some modifications.
Tomato sauces (0.5 g) were weighed and homogenized with 80%

ethanol in Milli-Q water (4 mL); the homogenate was sonicated for $ methanol under vacuum and the eluate was evaporated to dryness.

min and centrifuged (4000 rpm at 4 °C) for 15 min. The supernatant The dried residue was then reconstituted in 1 mL of methanol/water

was transferred into a flask and extraction was repeated. Both (7:3, v/v) and filtered through a 0.4S-um PTFE filter for HPLC

supernatants were combined and evaporated under nitrogen flow; analysis.

finally, the residue was reconstituted up to 2 mL with Milli-Q water Analysis of Polyphenols. Liquid chromatography coupled to

containing 0.1% of formic acid and filtered through a 0.45-um electrospray ionization tandem mass spectrometry (HPLC—ESI-MS/
3315 dx.doi.org/10.1021/jf500416n | J. Agric. Food Chem. 2014, 62, 33143320
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Figure 2. HPLC Chromatogram of tomato sauce treated during 15 min at 5% of VOO. 1. Hydroxytyrosol; 2. tyrosol; 3. protocatechuic acid; 4.
chlorogenic acid; 5. caffeic acid; 6. p-coumaric acid; 7. rutin; 8. ferulic acid; 9. quercetin; 10. naringenin.

MS) was used to evaluate the content of flavonols, flavanones, and
hydroxycinnamic acids in VOO and tomato sauces following the
procedure of Vallverdu-Queralt et al’?

Liquid chromatography was performed with an Agilent series 1100
HPLC instrument (Agilent, Waldbronn, Germany) equipped with a
quaternary pump, an autosampler, and a column oven set to 30 °C. A
Luna C;g column 50 X 2.0 mm id.,, 5 yum (Phenomenex, Torrance,
CA, USA) was used. The injection volume was 20 L and the flow rate
was 0.4 mL/min. Mobile phase consisted of Milli-Q water containing
0.5% acetic acid (A) and acetonitrile (B). Separation was carried out in
15 min under the following conditions: 0 min, 5% B; 10 min, 18% B;
13 min, 100% B; 14 min, 100% B; 15 min, 5% B. The column was
equilibrated for S min prior to each analysis.

An API 3000 (PE Sciex, Concord, ON, Canada) triple quadrupole
mass spectrometer equipped with a Turbo Ionspray source in
negative-ion mode was used to obtain MS/MS data. Turbo Ionspray
source settings were as follows: capillary voltage, —3500 V; nebulizer
gas (N,), 10 au (arbitrary units); curtain gas (N,), 12 au; collision gas
(N,), 4 au; focusing potential, —200 V; entrance potential, —10 V;
drying gas (N,), heated to 400 °C and introduced to a flow rate of
6000 cm®/min. The declustering potential and collision energy were
optimized for each compound by infusion experiments: individual
standard solutions (10 pg/mL) dissolved in 50:50 (v/v) mobile phase
were infused at a constant flow rate of 5 #L/min using a model syringe
pump (Harvard Apparatus, Holliston, MA, USA). Full-scan data
acquisition was performed scanning from m/z 100 to 800 in profile
mode and using a cycle time of 2 s with a step size of 0.1 u and a pause
between each scan of 2 ms. For quantification purposes, data were
collected in the multiple reaction monitoring (MRM) mode, tracking
the transition of parent and product ions specific for each compound.

Quantification of polyphenols was performed by the internal
standard method. Polyphenols were quantified related to their
corresponding standard and results were expressed as ug/g fresh
weight (FW).

Antioxidant Capacity. The antioxidant capacity of tomato sauces
was measured using ABTS" and DPPH assays.">
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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 S mM aqueous
stock solution of ABTS (in methanol) through manganese dioxide
powder. Excess manganese dioxide was filtered through a 0.45-um
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
preincubated in ice. Then, 245 uL of ABTS" solution was added to S
ML 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 Multiskan Spectrum spectrophotometer from Thermo Fisher
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 uM) 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 within the range of the dose—
response curve. Bach sample was analyzed in triplicate at each
concentration. Results were expressed as mmol Trolox equivalent
(TE)/100 g FW.

DPPH Assay. Antioxidant capacity was also studied by evaluating
the free radical-scavenging effect on the DPPH radical. Solutions of
known Trolox concentrations were used for calibration. Five yL of
tomato extracts or Trolox was mixed with 250 pL 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 was calculated and plotted
as a function of the concentration of Trolox 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 FW.

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
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Figure 4. Changes in hydroxycinnamic and phenolic acids during processing time.

using Statgraphics plus v. S.1 software (Manugistics, Inc., 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 = 0.0S.

B RESULTS AND DISCUSSION

Changes in Antioxidant Capacity during Processing
Time. It has been reported that some labile antioxidants are
degraded during food processing, but other studies have shown

that industrial-scale processing of tomatoes involving heat
treatments may increase the levels of some bound antiox-
idants."®"” Figure 2 shows a chromatogram of tomato sauce
treated during 15 min at 5% of VOO. Our analysis of
antioxidant capacity showed that from 15 to 60 min of cooking,
the level of antioxidants measured by the DPPH assay
decreased from 4.3 to 3.5 ;tg/g FW in sauces containing 5%
VOO and from 4.4 to 3.6 ug/g FW in sauces containing 10%
extra VOO (Figure 3). The same pattern was observed in the
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ABTS" assay. Thermal processing of sauces might be expected
to have an effect on heat-labile and oxidizable compounds.
However, Dewanto et al."® reported that total polyphenols did
not change during tomato processing.

The phenolic profile of tomato sauce control without
addition of VOO and the content of polyphenols in VOO
are reported in Tables 1 and 2. For all polyphenols, levels in
tomato sauce control are lower than in samples containing 5%
or 10% VOO (Figures 4 and S). Probably, VOO enhances the
extractability of phenolic compounds.” Moreover, tomato
sauces with 5 and 10% VOO contain tyrosol and hydroxytyr-
osol due to the addition of VOO. It has previously been
reported that the addition of olive oil to tomato sauces enriches
meals with other polyphenols not present in tomatoes such as
tyrosol and hydroxytyrosol.>*”

Changes in Hydroxycinnamic and Phenolic Acids
during Processing Time. In our study, hydroxycinnamic and
phenolic acids were also analyzed (Figure 4). p-Coumaric,
protocatechuic, and chlorogenic acids achieved their maximum
levels (0.3—4 pug/g FW) at 30 min of cooking, regardless of the
amount of VOO added (S or 10%) and then decreased slightly
(at 45 and 60 min) (Figure 4). Higher levels of these
compounds were found when sauces were supplemented with
10% rather than 5% of VOO. For example, at 30 min of
cooking, sauces with 10% of VOO contained 4 pug/g FW of
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chlorogenic acid, whereas in those containing 5% of VOO,
levels of chlorogenic acid were 3 ug/g FW (Figure 4). The
same behavior was exhibited by protocatechuic and p-coumaric
acids. The food matrix containing phenolic compounds plays a
crucial role in determining their accessibility and bioavailability
from food.” Thus, higher amounts of VOO could promote the
extraction of phenolic compounds from tomato, leading to a
higher phenolic content in the sauce.

Through the catalytic oxidation process, hydroxycinnamic
acids can undergo oxidation to reactive O-quinones, which can
interact with NH, and SH groups of amino acids."” However,
in this work caffeic acid increased from 3 to 6 pg/g FW at 15—
60 min of thermal treatment, irrespective of the amount of
VOO added (S or 10%) (Figure 4). It has been reported that
air-drying tomatoes at 80 °C increases the number of free
hydroxyl phenol groups owing to the hydrolysis of flavonoid
glycosides and/or the release of cell wall polyphenols.>® The 2-
fold increase in caffeic acid we observed is in accordance with
the results of Re et al,** who reported a similar effect of heat
treatment. In contrast, it should be noted that we observed the
maximum concentration of ferulic acid at 15 min, after which it
decreased slightly (at 30, 4S, and 60 min). Values for ferulic
acid at 15 min were 7.8 ug/g FW and 84 ug/g FW in sauces
containing 5% and 10% of VOO, respectively (Figure 4). The
addition of 10% of VOO slightly increased the amount of all
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studied polyphenols, supporting the likelihood that olive oil
added in the culinary process is an important factor increasing
phenolic extractability.®

Changes in Flavonols, Flavanones, and Other
Phenols. On the basis of average yearly consumption, red
tomatoes contain 15 ug/g FW of flavonoids, determined as
aglycones, according to the USDA flavonoid database.
Naringenin (45%) is reported to be the main flavonoid in
tomatoes, followed by quercetin (39%), myricetin (10%), and
kaempferol (5%).2* Other studies report rutin as the main
flavonoid in several tomato cultivars.'**? In our work, rutin was
the dominant flavonol in all the treatments, followed by
naringenin. Naringenin contents increased slightly from 5.4 ug/
g FW at 15 min of cooking to 6 ug/g FW at 45 min when
sauces contained 5% of VOO. The same pattern was observed
in sauces containing 10% olive oil. Longer cooking periods of
up to 60 min resulted in a decrease in naringenin, irrespective
of the content of added VOO (S or 10%) (Figure S). Our
results are in accordance with Re et al,”’ who analyzed the
effects of three different methods for processing tomato sauces.
The effect of processing on naringenin could be attributed to
the formation of reactive quinones and the extensive oxidation
process created during thermal processing.>®

Similarly, rutin decreased from 35 pg/g FW in sauces cooked
for 15 min with 5% of VOO to 28.5 ug/g FW after 60 min of
cooking. The same pattern was observed in sauces containing
10% of VOO, with rutin decreasing from 30 to 27 ug/g FW
during the thermal treatment (Figure 5). Capanoglu et al.**
found that rutin decreased after heat treatments of up to 80 °C.
These results are in agreement with those described
previously.>®

Quercetin decreased more abruptly during the cooking
process than rutin, being reduced from 5 to 3 ug/g FW in
sauces containing 5% VOO and from 4.7 to 2.30 ug/g FW in
sauces containing 10% VOO (Figure S). The acceleration of
quercetin and rutin degradation may be caused by reactive
oxygen species that are captured by flavonols. During thermal
processing the flavonols are able to transfer one or two
hydrogen atoms, forming quinonoid structures, which leads to
the formation of quinones.*® In the case of rutin, the 3-hydroxy-
function at the C-ring is blocked by a sugar moiety, whereas in
quercetin it remains unoccupied, thus explaining the higher
stability of rutin toward oxidation.” Naringenin and rutin levels
were slightly increased by the addition of 10% of VOO, once
again suggesting that oil added in the culinary process may
enhance the extractability of phenolic compounds from food.”

Finally, tyrosol and hydroxytyrosol from tomato sauces were
also evaluated. Hydroxytyrosol increased during the cooking
process from 15 to 30 min, decreasing thereafter (at 45 and 60
min), whereas tyrosol continued to increase slightly throughout
(at 15, 30, 45, and 60 min) (Figure S). These results are in line
with those of Cheikhousman et al.,*® who reported that during
thermal oxidation hydroxytyrosol derivatives are the first
antioxidants to be lost, which means they are the first
compounds to be oxidized, while tyrosol derivatives seem to
be the most stable compounds. This observed pattern is also in
agreement with the high antioxidant activity of hydroxytyrosol
and its secoiridoid derivatives in VOO compared with tyrosol
derivatives.”® Polyphenols from VOO are effective stabilizers of
alpha-tocopherol during heating, thus contributing to the
nutritional value of cooked foods.*® The addition of VOO (5 or
10%) clearly enhanced the levels of both tyrosol and
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hydroxytyrosol, since both compounds are the main phenolic
acids in VOO.*!

In summary, in this work the effects of cooking time (15, 30,
45, and 60 min) and the amount of added VOO (5 and 10%)
on the phenolic profile of tomato sauces were evaluated using
HPLC—MS/MS. As a general pattern, the longer the cooking
process, the greater the decrease in levels of polyphenols and
antioxidants, with the exception of caffeic acid and tyrosol.
However, during thermal treatments, free hydroxyl phenol
groups may increase due to the hydrolysis of flavonoid
glycosides and/or the release of cell wall polyphenols. Tomato
sauces prepared with a higher percentage of VOO contained
higher levels of polyphenols. Thus, the use of VOO in the
culinary process may increase the range of phenolic compounds
in the meal, and can also enhance phenolic bioavailability.
There is not an increase in the antioxidant capacity with the oil
addition, however, this does not mean that the functional
capacity or the nutritional properties of these sauces with virgin
olive oil have not increased; since a previous human
intervention study from our group (data not yet published)
demonstrated that the addition of refined oil in tomato sauce
increased the antinflammatory properties of the sauce.
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4.2 Section llI: Sofrito cooking process and the ingredients impact

bioactive compounds

4.2.1 Publication 3. Bioactive compounds present in the Mediterranean sofrito

Anna Vallverdi-Queralt, José Fernando Rinaldi de Alvarenga, Ramon Estruch, Rosa Maria
Lamuela-Raventds. 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 pug/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 pg/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-3-0-glucoside and quercetin were found in sofritos
and correlated with the presence of onion and garlic. Naringenin, the main flavonone in tomato,
and naringenin-7-0-glucoside were detected at levels of 10.20-13.05 pg/g FW and 3.78-4.23 ug/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 ug/g FW. The major carotenoid found in
sofrito was lycopene, especially the isomer trans, at levels of 29.32 to 40.50 ug/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,
B-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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ABSTRACT

Sofrito is a key component of the Mediterranean diet, a diet that is strongly associated with a reduced risk
of cardiovascular events. In this study, different Mediterranean sofritos were analysed for their content of
polyphenols and carotenoids after a suitable work-up extraction procedure using liquid chromatography/
electrospray ionisation-linear ion trap quadrupole-Orbitrap-mass spectrometry (LC/ESI-LTQ-Orbitrap-
MS) and liquid chromatography/electrospray ionisation tandem triple quadrupole mass spectrometry
(LC/ESI-MS-MS). In this way, 40 polyphenols (simple phenolic and hydroxycinnamoylquinic acids, and
flavone, flavonol and dihydrochalcone derivatives) were identified with very good mass accuracy
(<2 mDa), and confirmed by accurate mass measurements in MS and MS? modes. The high-resolution
MS analyses revealed the presence of polyphenols never previously reported in Mediterranean sofrito.
The quantification levels of phenolic and carotenoid compounds led to the distinction of features among
different Mediterranean sofritos according to the type of vegetables (garlic and onions) or olive oil added

for their production.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Recent evidence from the PREDIMED (PREvenciéon con Dleta
MEDiterranea) study confirms the association of Mediterranean
diet and low incidence of cardiovascular events (Estruch et al.,
2006; Estruch et al., 2013). The health-promoting effects of this
diet have been mainly attributed to a high intake of fruit, vegeta-
bles, olive oil, nuts, and cereals; a moderate intake of fish, poultry
and wine; and a low intake of dairy products, meat and sweets. In
the PREDIMED study, a validated 14-item questionnaire was used
to evaluate the adherence of traditional Mediterranean diet
(Martinez-Gonzalez et al., 2012; Schroder et al., 2011). One of these
14 items was “how many times per week do you consume vegeta-
bles, pasta, rice, or other dishes seasoned with tomato-based sofri-
to?” (Estruch et al., 2006, appendix). An increase of two or more
points in this score has been related to a lower risk of cardiovascu-
lar events (Estruch et al., 2013). Nevertheless, the bioactive com-
pounds present in commercial sofrito have not been previously
defined. Tomato consumption has greatly increased worldwide
over the past 2 decades, mostly due to a growing demand for prod-
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ucts like sofritos, which also contain onions and garlic. Regular con-
sumption of tomato-based products has been consistently
associated with a reduction in the incidence of chronic degenera-
tive diseases (Grieb et al., 2009; Silaste, Alfthan, Aro, Kesaniemi,
& Horkko, 2007). This protective effect has long been attributed
to the predominant bioactive compounds in tomato, such as lyco-
pene and other carotenoids (Agarwal & Rao, 2000). Recently, the
high content of phenolic compounds in tomato, such as flavonoids
and hydroxycinnamic acids, has been attracting interest because of
the multiple biological effects that it possesses (Cassidy et al.,
2013; Kay, Hooper, Kroon, Rimm, & Cassidy, 2012; Medina-Remon,
Estruch Ramon, & Vallverdi-Queralt Anna, 2012). Moreover,
onions, the second most important component of sofritos, are
known to be a very rich source of flavonol compounds that exhibit
relatively high scavenging properties compared to those of other
vegetables (Griffiths, Trueman, Crowther, Thomas, & Smith,
2002), and are linked to a lower incidence of the development of
cancer (Grieb et al., 2009). Another ingredient of some sofritos is
garlic, which contains phytochemicals that act against the forma-
tion of lipid peroxides and scavenging superoxide radicals (Dillon,
Burmi, Lowe, Billington, & Rahman, 2003). Protocatechuic,
p-hydroxybenzoic, vanillic, caffeic, p-coumaric and ferulic acids,
quercetin and kaempferol have been identified in onion and garlic
species (Gorinstein et al., 2008). Moreover, oil added to sofritos
may be an important factor governing the in vivo bioavailability
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of phenolic compounds, playing a crucial role in their accessibility
and extractability from food (Tulipani et al., 2011).

The objective of this study was to extensively examine the
polyphenol profile of different Mediterranean sofritos through a
combination of mass spectrometry (MS) techniques: liquid
chromatography/electrospray ionisation-linear ion trap quadru-
pole-Orbitrap-MS (LC/ESI-LTQ-Orbitrap-MS) and liquid chroma-
tography/electrospray ionisation tandem triple quadrupole MS
(LC/ESI-MS-MS). The high-resolution MS analyses allowed the
identification of sofritos for the first time, as well as the quantifica-
tion of seven carotenoids: lutein, o-carotene, p-carotene,
trans-lycopene, 5-, 9- and 13-cis-lycopene.

2. Materials and methods
2.1. Standards and samples

All samples and standards were handled without exposure to
light. Caffeic, ferulic, p-coumaric, protocatechuic, sinapic,
p-hydroxybenzoic and chlorogenic acids, rutin, quercetin, $-caro-
tene, o-carotene, trans-lycopene and lutein, and methyl tert-butyl
ether (MTBE) were purchased from Sigma® (Madrid, Spain);
naringenin, naringenin-7-0-glucoside, quercetin-3-O-glucoside
and hexane from Extrasynthése (Genay, France). Ethanol, methanol
and HPLC grade formic acid were obtained from Scharlau (Barce-
lona, Spain) and ultrapure water (Milli-Q) from Millipore (Bedford,
USA). Samples were stored at 15 °C and protected from light before
analysis. The expiry dates of all samples were at least three months
after the analysis. The information contained in the labels is sum-
marised in Table 1.

2.2. Extraction and analysis of polyphenols

2.2.1. Extraction of polyphenols

Each sample was extracted and analysed four times in a dark-
ened room with a red safety light to avoid oxidation of the ana-
lytes, following a previously reported procedure (Vallverdd-
Queralt, Jauregui, Medina-Remén, Andrés-Lacueva, & Lamuela-
Raventds, 2010) with some modifications.

Sofritos (0.5 g) were weighed and homogenised with 80% etha-
nol in Milli-Q water (4 mL). The homogenate was sonicated for
5 min and centrifuged (4000 rpm at 4 °C) for 15 min. The superna-
tant was transferred into a flask and extraction was repeated. Both
supernatants were combined and evaporated under nitrogen flow.
Finally, the residue was reconstituted with up to 2 mL Milli-Q
water containing 0.1% of formic acid and filtered through a
13 mm, 0.45 pm Polytetrafluoroethylene (PTFE) filter from Waters
(Milford, USA) into an insert-amber vial.

Solid phase extraction (SPE) was carried out to eliminate inter-
ferences such as ascorbic acid, amino acids and reducing sugars.
For this procedure, Oasis® MAX cartridges with 30 mg of mixed-
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mode anion-exchange and reversed-phase sorbent from Waters
(Milford, USA) were used following a previously reported proce-
dure (Vallverdd-Queralt et al., 2010). The eluted fractions were
evaporated under nitrogen flow and the residue was reconstituted
with up to 500 pL Milli-Q water containing 0.1% formic acid and fil-
tered through a 13 mm, 0.45 pm PTFE filter into an insert-amber
vial for HPLC analysis.

2.2.2. HPLC-LTQ-Orbitrap-MS and HPLC-MS/MS analysis

For accurate mass measurements, an LTQ Orbitrap Velos mass
spectrometer (Thermo Scientific, Hemel Hempstead, UK) equipped
with an ESI source in negative mode was used to acquire mass
spectra in profile mode with a setting of 30,000 resolution at m/z
400. Operation parameters were as follows: source voltage, 4 kV;
sheath gas, 20 (arbitrary units); auxiliary gas, 10 (arbitrary units);
sweep gas, 2 (arbitrary units); and capillary temperature, 275 °C.
Default values were used for most other acquisition parameters
(FT Automatic gain control (AGC) target 5-10° for MS mode and
5.10* for MS™ mode). Sofritos were first analysed in full MS mode
with the Orbitrap resolution set at 30,000 at m/z 400. The succes-
sive analyses were done in MS™ mode with the Orbitrap resolution
set at 15,000 at m/z 400. An isolation width of 100 amu was used
and precursors were fragmented by high-energy C-trap dissocia-
tion (HCD) with normalised collision energy of 2% and an activa-
tion time of 10 ms. The maximum injection time was set to
100 ms with two micro scans for MS mode and to 1000 ms with
one micro scan for MS" mode. The mass range was from m/z 100
to 1000. The data analyses were performed using XCalibur soft-
ware. The liquid chromatograph was an Accela (Thermo Scientific,
Hemel Hempstead, UK) equipped with a quaternary pump, a pho-
todiode array detector (PDA) and a thermostated autosampler.
A Luna Cyg column 50 x 2.0 mm i.d, 5 um (Phenomenex, Torrance,
CA, USA) was used. Gradient elution was performed with water/
0.1% formic acid (solvent A) and acetonitrile/0.1% formic acid (sol-
vent B) at a constant flow rate of 0.4 mL/min, and injection volume
was 5 pL. An increasing linear gradient of solvent B was used.
Separation was carried out in 15 min under the following condi-
tions: 0 min, 5% B; 10 min, 18% B; 12 min, 100% B; 13 min, 100%
B; 15 min, 5% B. The column was equilibrated for 5 min prior to
each analysis. These conditions were adapted from a previous
study with some modifications (Vallverdd-Queralt et al., 2010).

The elemental composition of each polyphenol was selected
according to the accurate masses and isotopic pattern (through
the Formula Finder feature in Analyst QS 2.0) and searched for in
the Dictionary of Natural Products (Chapman & Hall/CRC), the
MOTO database (http://appliedbioinformatics.wur.nl/moto) and
the Plant Metabolic Network. The interpretation of the observed
MS/MS spectra in comparison with those found in the literature
was the main tool for putative identification of polyphenols.

HPLC-ESI-MS/MS was used to evaluate the content of flavonols,
flavanones and hydroxycinnamic acids following the procedure of

Table 1

Sample information reported on the labels.
Sample code Ingredients Packaging
Sofrito A Tomato, sunflower oil, fresh onion, fresh garlic, corn flour, natural flavours Tetra pak
Sofrito B Tomato and tomato concentrate, sunflower oil, sugar, corn flour, salt, onion, garlic, white pepper, natural flavours Clear glass bottle
Sofrito C Tomato, water, onion, oil, sugar, garlic, salt, almond Clear glass bottle
Sofrito D Tomato, onion, sunflower oil, corn flour, sugar, garlic, salt Tetra pak
Sofrito E Tomato concentrate, extra-virgin olive oil, sugar, corn flour, onion, garlic, salt Clear glass bottle
Sofrito F Tomato concentrate, sunflower oil, corn flour modify, onion, garlic, sugar, salt, citric acid Tetra pak
Sofrito G Tomato, onion, sugar, sunflower oil, salt, corn flour, citric acid, spice Clear glass bottle
Sofrito H Tomato concentrate, sugar, sunflower oil, salt, corn flour, onion Clear glass bottle
Sofrito 1 Tomato, onion, sunflower oil, salt, corn flour, salt Clear glass bottle
Sofrito ] Tomato, onion, olive oil, sugar, salt, corn flour Clear glass bottle
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other studies (Vallverdd-Queralt, Jauregui, Medina-Remon, &
Lamuela-Raventos, 2012; Vallverdd-Queralt et al., 2011).

Liquid chromatography was performed with an Agilent series
1100 HPLC instrument (Agilent, Waldbronn, Germany) equipped
with a quaternary pump, an autosampler and a column oven set
to 30 °C. Mobile phase consisted of Milli-Q water containing 0.1%
formic acid (A) and acetonitrile containing 0.1% formic acid (B).
The injection volume was 20 pL and the flow rate was 0.4 mL/
min. Separation was carried out in 15 min under the conditions de-
scribed above.

An API 3000 (PE Sciex, Concord, Ontario, Canada) triple quadru-
pole mass spectrometer equipped with a Turbo lonspray source in
negative-ion mode was used to obtain MS/MS data. Turbo lonspray
source settings were as follows: capillary voltage, —3500 V; nebu-
lizer gas (N), 10 a.u. (arbitrary units); curtain gas (N>), 12 a.u.; col-
lision gas (N), 4 a.u.; focusing potential, —200V; entrance
potential, —10 V; drying gas (N>), heated to 400 °C and introduced
to a flow rate of 6000 cm?/min. The declustering potential and col-
lision energy were optimised for each compound in infusion exper-
iments: individual standard solutions (10 pg/mL) dissolved in 1:1
(v/v) mobile phase were infused at a constant flow rate of 5 pL/
min using a model syringe pump (Harvard Apparatus, Holliston,
MA, USA). For quantification purposes, data were collected in the
multiple reaction monitoring (MRM) mode, tracking the transition
of parent and product ions specific for each compound.

Quantification of polyphenols was performed by the internal
standard method and results were expressed as pug/g fresh weight
(FW). The internal standard used was ethyl gallate.

2.2.3. Analysis of total polyphenols (TP)

For the TP assay, each sample was analysed four times; 20 pL of
the eluted fractions was mixed with 188 pL of Milli-Q water in a
thermo microtiter 96-well plate (nunc™, Roskilde, Denmark),
and 12 pL of F-C reagent and 30 pL of sodium carbonate
(200 g/L) was added following the procedure described by Val-
Iverdd-Queralt, Medina-Remon, et al. (2011). The mixtures were
incubated for 1 h at room temperature in the dark. After the reac-
tion period, 50 pL of Milli-Q water was added and the absorbance
was measured at 765 nm in a UV/Vis Thermo Multiskan Spectrum
spectrophotometer (Vantaa, Finland). This spectrophotometer al-
lowed the absorbance of a 96-well plate to be read in 10 s. Results
were expressed as mg of gallic acid equivalents (GAE)/100 g FW.

2.3. Extraction and analysis of carotenoid compounds

2.3.1. Extraction of carotenoids

Each sample was extracted and analysed four times in a dark-
ened room with a red safety light to avoid oxidation of the ana-
lytes, according to a previously reported method with minor
modifications (Vallverdi-Queralt, Martinez-Huelamo, Arranz-Mar-
tinez, Miralles, & Lamuela-Raventos, 2012).

Sofritos (0.5 g) were weighed and homogenised with 5 mL
EtOH: Hexane (4:3 v/v); the homogenate was 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. Both
supernatants were combined and evaporated under nitrogen flow.
Finally, the residue was reconstituted with up to 1 mL of MTBE and
filtered through a 25 mm, 0.45 um PTEE filter into an insert-amber
vial for HPLC analysis.

2.3.2. Analysis of carotenoids

Chromatographic analysis was performed using the HPLC sys-
tem described above for polyphenol analysis. The analytes were
separated on a Cso column 250x4.6 mm i.d, 5 pm (YMC™, Waters
Co., Milford, MA, USA) and kept at 20 °C. The injection volume was
20 pL and flow rate 1 mL/min. Mobile phases consisted of water

(A), methanol (B) and MTBE (C). Separation was carried out in
23 min under the following conditions: 0 min, 70% B; 10 min,
20% B; 20 min, 6% B; 21 min, 6% B; 23 min, 70% B. Water was kept
constant at 4% throughout the analysis. The column was equili-
brated for 10 min prior to each analysis. The analysis was carried
out following the procedure of other authors (Matea, Soran, Pintea,
& Bele, 2010). MTBE was used as a modifier to facilitate elution of
lycopene, which is strongly retained in a methanol environment.

Commercially available carotenoid standards (lutein, o-caro-
tene, p-carotene and trans-lycopene) were used to identify analytes
by retention times and ultraviolet-visible (UV-VIS) spectra. The
HPLC-UV chromatograms were acquired selecting the 450 nm
wavelength. Afterwards, the UV-VIS spectra were recorded in the
range of 350-550 nm for the tentative identification of carotenoids
and their geometrical isomers on the basis of the retention times
and absorption spectrum characteristics described in the literature
(Frohlich, Conrad, Schmid, Breithaupt, & Bohm, 2007; Matea et al.,
2010).

The API 3000 (PE Sciex, Concord, Ontario, Canada) triple quad-
rupole mass spectrometer in positive-ion mode was used to obtain
MS/MS data for carotenoid analysis. Turbo lonspray source settings
were as follows: capillary voltage, 4500 V; nebulizer gas (N;), 10
a.u. (arbitrary units); curtain gas (N;), 12 a.u.; collision gas (N5),
4 a.u.; focusing potential, 200 V; entrance potential, 10 V; drying
gas (N,), heated to 400 °C and introduced to a flow rate of 6000
cm®/min. The declustering potential and collision energy were
optimised for each compound in infusion experiments. A solvent
delivery system connected post-column was used for the delivery
of 100 pL/min of a LiCl solution at a concentration of 500 ppm.

Carotenoids were quantified related to their corresponding
standards and results were expressed as pg/g FW. When standards
were not available, as in the case of 5-, 9-13-cis-lycopene, the
carotenoids were quantified related to trans-lycopene. The total
carotenoid content was obtained by the sum of each individual
carotenoid.

3. Results and discussion
3.1. Phenolic profile of Mediterranean sofritos

From a technological point of view, the main difficulty in the
production of these Mediterranean sofritos is choosing the right
variety of tomatoes with suitable characteristics. Good commercial
practices can maintain the physicochemical parameters of toma-
toes, onions, garlic and other ingredients and provide optimum
products. Tomato varieties and agricultural conditions, such as cul-
tivar selection, temperature, light exposure, fertilisation and sea-
son, may have an influence on phenolic accumulation (Slimestad
& Verheul, 2009).

Table 2 shows the list of 40 compounds identified in Mediterra-
nean sofritos by HPLC-ESI-LTQ-Orbitrap-MS along with their reten-
tion times (rt), accurate mass (acc. mass), molecular formula (MF),
mbDa of error between the mass found and the accurate mass of
each polyphenol and the MS-MS ions used for identification. To
our knowledge, this research constitutes the first comprehensive
identification of phenolic compounds in Mediterranean sofritos
by HPLC coupled to high-resolution mass spectrometry. Some
compounds have been previously identified in raw tomatoes (Val-
Iverda-Queralt et al., 2010), but luteolin-O-hexoside, sinapic acid-
0-hexoside, sinapic acid, quercetin O-dihexoside and isoharmne-
tin-O-hexoside are reported for the first time in Mediterranean sof-
ritos, their presence probably due to the use of additional
ingredients like garlic or onions for the production of these toma-
to-based products. Onions are rich in bioactive compounds such as
the flavonol quercetin (Rohn, Buchner, Driemel, Rauser, & Kroh,
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Table 2

List of polyphenols tentatively identified in Mediterranean sofritos.
Compound It [M—H] MS/MS ions Acc Mass Mda MF
Protocatechuic acid” 2,08 153 153 (40), 109 (90) 153,0193 0,18 C7H604
Caffeic acid-O-hexoside 1 2,98 341 179 (100), 135 (10) 341,0877 0,52 C15H1809
p-hydroxibenzoic acid” 3,29 137 137 (20), 93 (100) 137,0244 1,08 C7H603
Neochlorogenic acid 3,36 353 191 (100), 179 (70), 135 (20) 353,0877 0,32 C16H1809
Luteolin-O-hexoside 343 447 447 (30), 285 (100) 447,0933 0,63 C21H20011
Caffeic acid-O-hexoside 2 3,81 341 179 (100), 135 (10) 341,0877 0,62 C15H1809
Vanillic acid-O-hexoside 4,05 329 329 (10), 167 (100) 329,0877 0,13 C14H1809
Homovanillic acid-O-hexoside 1 4,25 343 181 (100), 137 (10) 343,1034 1,13 C15H2009
Homovanillic acid-O-hexoside 2 4,56 343 181 (100), 137 (10) 343,1034 0,92 C15H2009
Chlorogenic acid” 4,69 353 191 (100) 353,0877 0,24 C16H1809
Caffeic acid-O-hexoside 3 4,95 341 179 (100) 341,0877 1,44 C15H1809
Cryptochlorogenic acid 515 353 191(50), 173 (100), 135 (20) 353,0877 0,19 C16H1809
Sinapic acid-O-hexoside 5,19 385 385 (20), 223 (100) 385,1139 0,22 C17H22010
Ferulic acid-O-hexoside 5,22 355 355 (20), 193 (100), 178 (30) 355,1034 0,08 C16H2009
Chlorogenic acid isomer 5,96 353 191 (100) 353,0877 0,29 C16H1809
Coumaroylquinic acid 6,21 337 191 (100), 163 (30) 337,0930 0,28 C16H1808
Caffeic acid” 6,85 179 179 (10), 135 (100) 179,0349 1,36 C9H804
p-Coumaric acid” 712 163 163 (20), 119 (100) 163,0400 0,43 C9H803
Quercetin-O-dihexoside 7,69 625 463 (100), 301 (20) 625,1410 1,16 C27H30017
Naringenin-C-hexoside 835 433 433 (20), 343(50), 313 (100) 433,1140 0,15 C21H22010
Sinapic acid* 8,40 223 223 (10), 208 (10), 179 (100) 223,0611 0,08 C11H1205
Rutin-0-hexoside 897 771 609 (100), 301 (20) 771,1989 1,23 C33H40021
Eriodictyol-O-hexoside 1 9,02 449 449 (10), 287 (100) 449,1089 0,18 C21H22011
Ferulic acid” 9,56 193 193 (10), 178 (70), 149 (30), 134 (100) 193,0506 0,25 C10H1004
Quercetin-3-0-glucoside” 10,02 463 463 (30), 301 (100) 463,0881 0,15 C21H20012
Eriodictyol-O-hexoside 2 10,25 449 449 (10), 287 (100) 449,1089 0,14 C21H22011
Rutin-O-pentoside 10,93 741 609 (100), 301 (30) 741,1883 0,46 C32H38020
Naringenin-O-hexoside 11,01 433 433 (10), 271 (100) 433,1140 0,28 C21H22010
Rutin* 11,16 609 609 (15), 301 (100) 609,1460 1,15 C27H30016
Dicaffeoylquinic acid 1 11,20 515 515 (70), 353 (50), 191 (100) 515,1194 0,09 C25H24012
Phloretin-C-diglycoside 11,25 597 597 (20), 477 (40), 417 (60), 387 (90), 357 (100) 597,1819 021 C27H34015
Kaempferol-3-O-rutinoside 11,35 593 593 (10), 285 (100) 593,1511 0,16 C27H30015
Naringenin-7-0-glucoside (prunin)” 11,45 433 433 (20), 271 (100) 433,1140 0,33 C21H22010
Quercetin-O-hexoside 11,52 463 463 (20), 301 (100) 463,0881 0,19 C21H20012
Eriodictyol-O-hexoside 3 11,59 449 449 (10), 287 (100) 449,1089 0,23 C21H22011
Dicaffeoylquinic acid 2 11,73 515 515 (70), 353 (50), 191 (100) 515,1194 0,12 C25H24012
Isoharmnetin-O-hexoside 11,80 477 477 (10), 315 (100) 477,1038 0,67 C22H22012
Eriodictyol 11,89 287 287(15), 151 (100) 287,0560 1,08 C15H1206
Naringenin” 12,07 271 271 (15), 151 (100) 271,0611 0,29 C15H1205
Quercetin” 13,63 301 301 (10), 151 (100) 301,0353 0,49 C15H1007

N Comparison with standard. rt, retention time; Acc. mass, accurate mass; MF, molecular formula; mDa, millidaltons of error between the mass found and the accurate mass

of each polyphenol.

2007; Santas, Carbo, Gordon, & Almajano, 2008), while garlic spe-
cies have been reported to contain p-coumaric, ferulic and sinapic
acids, isoquercitrin, rutin, quercitrin, quercitin, luteolin, kaempfer-
ol and apigenin (Parvu, Toiu, Vlase, & Alina Parvu, 2010). Addition-
ally, Gorinstein et al. detected protocatechuic, p-hydroxybenzoic,
vanillic, caffeic, p-coumaric and ferulic acids, quercetin and
kaempferol in onion and garlic species (Gorinstein et al., 2008). It

Table 3

Total Polyphenols of Mediterranean sofritos (mg GAE/100 g FW)
expressed as mean + SD (n = 4). Different Letters in the Columns
Represent Statistically Significant Differences (P < 0.05).

Total polyphenols(mg GAE/100 g FW)

Sofrito A 17.43 £0.43°
Sofrito B 17.02£0.31%
Sofrito C 18.30£0.30°
Sofrito D 17.72 £0.34°
Sofrito E 20.23£0.21¢
Sofrito F 17.99 +0.123°
Sofrito G 14.80 £ 0.08¢
Sofrito H 14.55 +0.15¢
Sofrito 1 13.20 +0.29°
Sofrito ] 16.65 £ 0.16

SD: standard deviation; GAE: gallic acid equivalent; FW: fresh
weight.

is known that the processing of garlic and onions may influence
their content of bioactive compounds (Gorinstein et al., 2005;
Gorinstein et al., 2007). Olive oil added to sofritos could be an
important factor governing the in vivo bioavailability of phenolic
compounds, playing a crucial role in their accessibility and extract-
ability from food (Tulipani et al., 2011). Luteolin, apigenin, ferulic,
caffeic, vanillic, gallic, p-hydroxybenzoic and p-coumaric acids
have been previously identified in extra-virgin olive oils (Bakhou-
che et al., 2013; Ballus, Meinhart, Bruns, & Godoy, 2011).

Consistent differences (P <0.05) in TP content were observed
among the different Mediterranean sofritos (Table 3), ranging from
13.20 to 20.23 mg GAE/100 g FW. These values are higher than the
TP content in raw tomatoes reported by Vallverdi-Queralt et al.,
which ranged from 8.60 to 13.32mg of GAE/100g FW
(Vallverdd-Queralt, Medina-Remon, et al., 2011). This difference
in TP levels could be partially explained by the lower water content
of sofritos in comparison with raw tomatoes, but our results also
suggest that the addition of ingredients such as garlic, onion or ol-
ive oil could increase TP content.

3.2. Quantification of individual polyphenols in Mediterranean sofritos
The results of the quantitative determination of the target poly-

phenols are summarised in Table 4. The statistically significant dif-
ferences (P <0.05) found between the Mediterranean sofritos for
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each polyphenol analysed are highlighted with different
superindices.

Chlorogenic acid was found to be the main phenolic acid in sof-
ritos, varying from 4.43 to 5.50 ug/g FW, compared with 0.36 to
0.46 pg/g FW in raw tomatoes (Vallverdi-Queralt, Medina-Remon,
et al., 2011). The higher chlorogenic acid levels found in this work
are probably due to the onion and garlic ingredients typical of
Mediterranean sofritos. Sinapic and caffeic acid levels were
2.01-3.54 pg/g FW and 3.11-4.72 pg/g FW, respectively. Caffeic
acid is found in very low concentrations in free forms only, and sin-
apic acid is predominantly found in ester-bound forms (Gorinstein
et al., 2004). It should be noted that sinapic and caffeic acid con-
centrations were significantly (P<0.05) higher in sofritos A-F,
which contained garlic as a main ingredient, suggesting that these
differences could be attributed to the polyphenols found in garlic.
Gorinstein et al. reported that the major phenolic compound in
garlic was caffeic acid (Gorinstein et al., 2008), and that the sum
of hydroxycinnamic acids (caffeic, p-coumaric, ferulic, and sinapic
acids) was two times higher in garlic than in onions (Gorinstein
et al., 2005).

Higher levels of ferulic and protocatechuic acids were also
found in garlic-containing sofritos A-F. Ferulic acid ranged from
2.40 to 3.89 pg/g FW in sofritos A-F, and 1.99 to 2.33 ng/g FW in
sofritos G-J. The same pattern was followed by protocatechuic acid,
which is a major component in red onions and has also been de-
tected in garlic (Gorinstein et al., 2008), while ferulic acid has been
detected in garlic species (Beato, Orgaz, Mansilla, & Montao, 2011).
The enhanced ferulic and protocatechuic acid concentration was
highly reproducible in garlic-containing sofritos A-F, which also
showed higher values of p-coumaric acid, previously detected in
both garlic and virgin olive oil (El Riachy, Priego-Capote, Leon, Lu-
que de Castro, & Rallo, 2012; Gorinstein et al., 2008).

Another phenolic acid, p-hydroxybenzoic acid, was detected at
relatively high levels in sofritos A-F, ranging from 2.98 to
3.33 pg/g FW, whereas in garlic-free sofritos G-], values were be-
tween 2.33 and 2.69 ng/g FW. p-Hydroxybenzoic acid has been
previously detected in garlic species (Beato et al., 2011; Gorinstein
et al., 2008).

Among the flavonols present in Mediterranean sofritos, rutin
was predominant, ranging from 12.60 to 21.30 pg/g FW. Rutin
has been previously detected as the main polyphenol in tomatoes,
tomato sauces and diced tomatoes (Vallverdi-Queralt, Medina-
Remoén, Andres-Lacueva, & Lamuela-Raventos, 2011; Vallverda-
Queralt et al., 2012; Vallverda-Queralt, Medina-Remon, et al.,
2011). There was no marked tendency for rutin content to be high-
er in sofritos containing garlic (A-F). Quercetin and quercetin-3-0O-
glucoside were also detected, ranging from 8.05 to 14.50 pg/g FW,
and from 3.49 to 4.20 pg/g FW, respectively, which are higher
values than those reported in raw tomatoes (Vallverdd-Queralt,
Medina-Remon, et al., 2011). The main polyphenols in onions are
flavonoids such as quercetin (Rohn et al., 2007; Santas et al.,
2008), but the higher concentration of quercetin and its glucoside
form in sofritos A-F might also have been due to the additional
ingredient of garlic. This would be in agreement with Miean and
Mohamed (2001), who reported relatively high amounts of querce-
tin in garlic (Miean & Mohamed, 2001).

Lastly, naringenin, which is the main flavanone in tomato and
tomato sauces (Tulipani et al., 2011; Vallverdd-Queralt, Medina-
Remon, et al, 2012) and naringenin-7-0-glucoside were also
detected in the sofritos, at levels of 10.20-13.05 pg/g FW and
3.78-4.23 ng/g FW, respectively, without differences related to
the presence of garlic or other ingredients. Naringenin (45%) is re-
ported to be the main flavonoid in tomatoes, followed by quercetin
(39%), myricetin (10%) and kaempferol (5%) (Slimestad, Fossen, &
Verheul, 2008).

Table 4

4). Different letters in the columns represent statistically significant differences (P < 0.05).

Quantification of individual polyphenols of Mediterranean sofritos (pg/g FW) expressed as mean + SD (n

Naringenin-7-0-
glucoside

Naringenin

Quercetin-3-0-
glucoside

Quercetin

Rutin

p-Hydroxybenzoic

p-Coumaric
acid

Protocatechuic

Caffeic acid  Sinapic acid
acid

Chlorogenic

acid

Ferulic acid

acid

4.10+0.12*

10.20 +0.40°
1130 £0.35°
10.30 £ 0.25°
12.60 £ 0.41¢

4.07 £0.12*

12.55 +0.21%
10.10£0.33°
14.50 + 0.42¢
12.90 +0.38?
13.77 +0.25¢
13.01 £0.31%

15.40 + 0.65%
12.60 + 0.60°
2130+ 0.53°
17.50 +0.43¢
16.66 + 0.67°
18.40 +0.55
15.61+0.61°
20.50 + 0.438

5.16 £0.15% 3.88+0.18" 2.91+0.09* 1.84 +0.05% 3.40 £0.06* 3.15+£0.14*

3.02£0.12%

Sofrito A

423 +0.08°

4.10+0.10*

324+021°

3.30£0.09°
3.35+0.05*°
3.28 +0.09°
4.01+0.07¢

480+0.16°  3.98+021° 294+0.07*® 1.90+0.08"

2.40 £ 0.08"°

Sofrito B

3.87 +0.05¢

378 £0.13°

3.33+0.13¢

5.11+0.21°* 3.90+0.23*  2.99+0.05° 1.83 £0.06*

443 +£0.19°

3.10+£0.11%¢

Sofrito C

4,05+ 0,094
4.21+005°

3.69£0.12°

3.10£0.10¢
3.01+0.08°

1.73 £ 0.04°
226 +0.07¢

3.12+0.04¢

3.54+0.10¢

4.10 +0.14¢

2.55+0.14¢
3.89+0.16°

Sofrito D

10.33 £ 0.44°
11.99 +0.32¢
11.71£0.36¢

10.24 £0.21*

4.20 +0.09°

472+0.12¢

5.50+0.21¢

Sofrito E

3.97 +0.06¢
3.78 £0.03¢

3.79 £ 0.07°

2.15 £0.09° 343+0.10°  2.98+0.13¢
1.150.04"
1.00 £ 0.06%

1.01+£0.078
1.09 £ 0.05"

5.01+0.13¢ 3.87+0.15* 2.88+0.08°

3.16+0.13¢

Sofrito F

3.50+0.15¢

9.33+0.26°

2.51+0.22"
2.33+0.33¢

2.67 £0.05¢

490+0.12°¢ 311013 219%0.15°
3.20+0.22°

230+0.18"

Sofrito G

3.86 +0.04°

3.45+0.17¢

8.90+0.21°
8.21+027¢

2.89+0.07°

2.14+0.09°

5.06 +0.10*¢

2.08 +0.08%

Sofrito H

3.94 £ 0.06¢

12.94 +0.29¢
13.05 + 0.44°

3.49 +0.08¢

15.70 + 0.29°
18.20+0.37"

244+031"

291+0.11°¢

1.99 + 0.058 4.80+0.19° 3.40+0.17¢  2.01£0.12f

2.33+0.09"

Sofrito |

4,01 +0.08%4

3.47 £0.10¢

8.05+£0.25%

2.69+0.14'

2.95+0.04"

3.48+0.14%5  2.08+0.168

520+0.18%

Sofrito ]
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Table 5

Quantification of individual polyphenols of Mediterranean sofritos (ug/g FW) expressed as mean +SD (n =4). The superscript letters in the columns represent statistically

significant differences (P < 0.05).
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trans-o-Carotene

trans-p-Carotene

trans-Lutein

trans-Lycopene

5-cis-Lycopene

9-cis-Lycopene

13-cis-Lycopene

Total carotenoid content

2.05+0.04 1.44 £0.03* 1.99 £0.10* 60.79°
2.20 +0.05" 1.22£0.02° 1.76 £0.11° 70.04°
2.44+0.08° 1.39 £ 0.05¢ 1.83 +0.09° 62.46°
3.01+0.09¢ 0.99 £0.01¢ 2.01+0.08° 59.76*
2.81+0.07° 1.88+0.10° 2.09 +0.07% 81.49°
3.08 +0.08¢ 1.81+0.08° 1.72 +0.04° 61.73°
2.50 +0.04° 1.21+0.02° 1.76 £ 0.04° 53.67¢
2.20+0.03° 1.33 £0.04° 1.82 £ 0.05¢ 53.10¢
2.99+0.01¢ 1.41 £0.09* 1.83 £ 0.06° 57.42¢
3.01 +0.09¢ 1.39 +0.05° 1.93 £ 0.05° 55.914¢

Sofrito A 0.83 £0.02° 18.12£0.13° 2.96+0.02* 33.40%0.12°
Sofrito B 1.01 +0.01° 25.40 £0.15" 2.85+0.03° 35.60+0.16"
Sofrito C  0.79 £ 0.02? 21.20+0.11° 3.01£0.02¢ 31.80%0.11°
Sofrito D 0.85%0.01° 19.40 £0.12¢ 3.10£0.05° 30.40%0.18¢
Sofrito E 1.10 £ 0.03¢ 29.69£0.11¢ 3.42+004%  40.50+033°
Sofrito F 0.81+0.02° 21.20+0.13 291+0.04° 3020+0.16¢
Sofrito G 0.73 £0.01¢ 15.60+0.11% 2.55+0.03"  29.3210.13¢
Sofrito H  0.69 £ 0.02¢ 13.30£0.12" 2.41+0.05¢ 31.35%0.18°
Sofrito 1 0.68 +0.02¢ 17.80 £ 0.19' 2.58+0.03"  30.13+0.28¢
Sofrito ] 0.71+0.01¢ 16.50 +0.219 25140020 29.86+0.14¢

3.3. Quantification of individual carotenoids in Mediterranean sofritos

The results of the quantitative determination of the target
carotenoids are summarised in Table 5. The statistically significant
differences (P < 0.05) found among the Mediterranean sofritos for
each carotenoid analysed are highlighted with different
superindices.

B-carotene levels in Mediterranean sofritos ranged from
13.30-17.80 ug/g FW in sofritos G-J to 18.12-29.69 pg/g FW in
sofritos A-F, with «-carotene following the same pattern. -caro-
tene has been detected in onions at levels of around 112 ug/
100 g DW (Hart & Scott, 1995). Lutein was also detected at signif-
icantly (P <0.05) higher levels (2.85-3.42 pg/g FW) in garlic-con-
taining sofritos A-F than in sofritos G-] (2.41-2.58 pug/g FW).
Lutein has previously been detected in garlic (Aruna & Baskaran,
2010), although otherwise there is little information available in
the literature on lutein and a-carotene in onion and garlic species.

trans-Lycopene was detected in Mediterranean sofritos at levels
of 29.32-40.50 pg/g FW (Table 5), which is in line with results re-
ported by other studies (Lenucci et al., 2009; Lenucci, Cadinu,
Taurino, Piro, & Dalessandro, 2006), who found that tomatoes are
characterised by a high lycopene content (>200 mgkg~' fresh
weight). The differences in the lycopene content among the Medi-

terranean sofritos could be mainly due to genotypic factors and to
an enhanced enzymatic activity of phytoene synthase I, which
causes a high production of lycopene precursors in ripening grade
tomatoes (Fraser, Enfissi, & Bramley, 2009). It should be noted that
sofrito E contained higher levels of lycopene than the other sofritos,
possibly due to its virgin olive oil content. The combination of
tomatoes and tomato-based products with a lipid matrix has been
reported to favour the extractability and bioaccessibility of tomato
carotenoids (Fielding, Rowley, Cooper, & O’Dea, 2005; Graziani
et al.,, 2003).

The Mediterranean sofritos were also analysed for their content
of cis-lycopene isomers (Table 5), which are believed to be more
bioavailable (Boileau, Boileau, & Erdman, 2002) than trans-isomers,
at least partially because of increased micellarization and uptake
by the enterocyte (Failla, Chitchumroonchokchai, & Ishida, 2008).
Therefore, human studies have been focused on the nutritional
benefits of consuming tomato products with a high percentage of
cis-isomers, 5-, 9-, 13-, and 15-cis-lycopene being predominant
(Frohlich et al., 2007). It has been shown that in the cooking pro-
cess, lycopene undergoes trans/cis-isomerization, increasing the
proportion of cis-isomers (Lin & Chen, 2005). In this work, there
were no marked differences among the cis-lycopene isomers found
in the sofritos: 5-cis-lycopene levels ranged from 2.05 to 3.08 ng/g
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Fig. 1. Biplot of samples representing the polyphenol and carotenoid profile of Mediterranean soffitos.
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FW, whereas levels of 9- and 13-cis-lycopene were lower, ranging
from 0.99 to 1.88 pg/g FW and 1.72 to 2.09 pg/g FW, respectively.
15-cis-lycopene was not detected. Levels of cis-lycopene isomers
were similar to those reported by Vallverdi-Queralt et al. in gazpa-
chos (Vallverdd-Queralt, Arranz, Casals-Ribes, & Lamuela-Raven-
tos, 2012).

3.4. Correlation between polyphenols, carotenoids and Mediterranean
sofritos

A PCA was carried out to discriminate among sofritos (Fig. 1)
according to their phenolic and carotenoid profiles. The two prin-
cipal components (PC1 and PC2) obtained for each sofrito ac-
counted for 65.99% of the variability of the original data. The
nearer variable Y (=loading) is located to the axis origin, the lower
the contribution to the class distinction among treatments. Thus,
plant metabolites such as 5- and 13-cis-lycopene and p-hydroxy-
benzoic acid may not contribute to the discrimination between
Mediterranean sofritos (Fig. 1). On the other hand, large loadings
for variables such as chlorogenic, ferulic and p-coumaric acids
and rutin, and also trans-lycopene, B-carotene and lutein had a
high discriminating power. It can be clearly observed that certain
polyphenols and carotenoids are highly correlated with a specific
group of sofritos. Sofrito E, which contained tomatoes, garlic, onions
and olive oil as the main ingredients, is situated on the right hand
side of the plot and is highly correlated with ferulic, coumaric
and protocatechuic acids, quercetin, quercetin-3-O-glucoside,
trans-lycopene and -carotene. In contrast, sofritos G-H, which in-
clude tomatoes and onions in their composition, are situated on
the left hand side of the plot and are related to low levels of these
metabolites. Lastly, sofritos A, B, C, D and F, whose main ingredients
are tomatoes, onions and garlic, are situated in the middle of the
plot. Sofritos A, B and F are highly correlated with chlorogenic, feru-
lic and p-coumaric acids, 9-cis-lycopene and quercetin. In contrast,
sofritos B and D present lower levels of these metabolites and are
better correlated with 13-cis-lycopene, p-hydroxybenzoic acid,
naringenin and naringenin-7-0O-glucoside. Thus, the presence of
olive oil, onion and garlic influences the phenolic and carotenoid
profile of Mediterranean softritos.

Sofritos are interesting for their content of bioactive compounds
that have beneficial effects on human health. To our knowledge,
this is the first time a study has been carried out in Mediterranean
sofritos, in which 40 phenolic compounds, including simple pheno-
lic and hydroxycinnamoylquinic acids, and flavone, flavonol and
dihydrochalcone derivatives were identified using high-resolution
HPLC-ESI-LTQ-orbitrap-MS. The quantification levels of phenolic
and carotenoid compounds led to the distinction of features among
Mediterranean sofritos. Statistical analysis was performed to iden-
tify metabolites that may serve as markers for sofritos containing
tomatoes, onions, garlic and olive oil. Due to their additional ingre-
dients of garlic, onion and olive oil, sofritos presented higher levels
of bioactive compounds than tomatoes. With a daily consumption
of 120 g of sofrito added to pasta, the intake of TP would be
16-24 mg per portion and 6-10 mg of carotenoids per portion.
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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) 2* 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-r?. 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-a-carotene content decreased during sofrito cooking
technique compared to raw tomato. In contrast, all-E-B-carotene and 13-Z-B-carotene increased
in all formulations compared to raw tomato. The models for all-E-a-carotene, all-E-B-carotene and
13-Z-B-carotene were not constructed because the values of r? and adj-r> 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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ABSTRACT

There has been increasing interest in tomato products rich in lycopene Z-isomers since these carotenoids present
greater bioavailability and antioxidant capacity than the all-E lycopene form. Intrinsic food properties as well as
processing and the interaction between dietary components can all influence the content, type and bioavailabil-
ity of carotenoids. The aim of this study was to evaluate whether carotenoid content and isomerization in tomato-
based Mediterranean soffito is affected by the process of home cooking and the presence of other ingredients
such as extra virgin olive oil, onion and garlic. We used a full factorial design to clarify the contribution of each

f;gg:: ingredient to the carotenoid composition of sofrito and to determine whether this can be improved by the
Isomerization cooking time and ingredient synergism. Cooking time and onion content were associated with a higher produc-
Home cooking tion of 5-Z-lycopene, 9-Z-lycopene and 13-Z-lycopene in sofrito. Onion proved to be the most interesting ingre-
Tomato dient in the sofrito formulation due to their enhancing effect on lycopene isomerization. The use of onion
Onions combined with an adequate processing time may improve the bioavailability of lycopene in tomato products.
© 2017 Elsevier Ltd. All rights reserved.
1. Introduction present beneficial effects against cardiovascular diseases, hypertension,

The PREDIMED (PREvencién con Dieta MEDiterranea) study con-
firmed the health benefits of the vegetable-based Mediterranean diet,
which are attributed to a high ingestion of phytochemicals (Estruch et
al,, 2013). Adherence to this diet has become popular in non-Mediterra-
nean countries and assessment of its effects must take into account dif-
ferent ways of food preparation. Home cooking of typical
Mediterranean dishes is interesting from the nutritional point of view,
since this process can increase, decrease or change phytochemical con-
tent and bioavailability in food, thereby determining the intake and
beneficial effects of bioactive compounds (Hoffman & Gerber, 2015).
Sofrito is a typical home-made tomato-based Mediterranean sauce
which also contains onion, garlic and olive oil (Vallverdi-Queralt, de
Alvarenga, Estruch, & Lamuela-Raventos, 2013). Tomato is a principal
dietary source of carotenoids and is associated with a regulation of the
lipid profile and inflammatory biomarkers (Burton-Freeman, Talbot,
Park, Krishnankutty, & Edirisinghe, 2012; Cuevas-Ramos et al., 2013;
Sesso, Wang, Ridker, & Buring, 2012; Valderas-Martinez et al., 2016).
Onion and garlic are widely used as gastronomic ingredients and

* Corresponding author at: Nutrition, Food Science and Gastronomy Department, INSA-
UB, Pharmacy and Food Science School, University of Barcelona, Spain.
E-mail address: lamuela@ub.edu (R.M. Lamuela-Raventos).

http://dx.doi.org/10.1016/j.foodres.2017.01.009
0963-9969/© 2017 Elsevier Ltd. All rights reserved.

diabetes and cancer attributed to their content of organosulfur com-
pounds and polyphenols (Corzo-Martinez, Corzo, & Villamiel, 2007).
Lycopene is the major carotenoid found in tomato and tomato prod-
ucts and has antioxidant capacity, affects the expression of genes and
regulatory proteins, and has shown beneficial effects against cancer,
cardiovascular diseases and type II diabetes (Burton-Freeman et al.,
2012; Cervantes-paz, Victoria-campos, & Ornelas-paz, 2016;
Cuevas-Ramos et al, 2013; Jacques, Lyass, Massaro, Vasan, &
D'Agostino, 2013; Sesso et al., 2012). Z-lycopene isomers are currently
gaining interest due to their higher bioavailability and antioxidant ca-
pacity compared to other carotenoids (Arranz et al., 2015; Bohm,
Puspitasari-Nienaber, Ferruzzi, & Schwartz, 2002). Recent studies have
focused on producing ingredients and products with a high content of
Z-lycopene isomers, using organic solvents and vegetable oils as media-
tors (Honda et al., 2016; Lambelet, Richelle, Bortlik, Franceschi, & Giori,
2009). The presence of lipids during food preparation increases the sol-
ubility of carotenoids by favoring their incorporation in small micelles,
which do not readily occur in the gastrointestinal tract (Palmero,
Panozzo, Simatupang, Hendrickx, & Van Loey, 2014). Processing tomato
sauce with oil increases the extractability of carotenoids from the food
matrix (Colle et al., 2010a; Colle, Lemmens, Van Buggenhout, Van
Loey, & Hendrickx, 2013; Vallverdd-Queralt, Regueiro, de Alvarenga,
Torrado, & Lamuela-Raventos, 2015) and improves their bioavailability
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in humans (Arranz et al, 2015; Valderas-Martinez et al., 2016). The bio-
availability of carotenoids is affected by intrinsic food properties, pro-
cessing and the presence of other dietary components, and the
complexity of these interacting factors is a challenging subject for re-
search (Cervantes-Paz et al., 2016). The individual ingredients of sofrito,
tomato sauce, and tomato sauce emulsified with oil have been exten-
sively studied, but to our knowledge, a possible synergistic effect of
the ingredients of home-made sofrito has not been studied.

The aim of this study was to evaluate how the home cooking process
and the additional ingredients such as extra virgin olive oil, onion and
garlic used to prepare tomato-based Mediterranean sofrito may interact
and improve carotenoid content and isomerization.

2. Material and methods
2.1. Chemicals and standards

The standards of carotenoids all-E-o-carotene, all-E-B-carotene and
all-E-lycopene were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Ethanol and methanol were purchased from AppliChem, Panreac
Quimica SA (Barcelona, Spain). Methyl tert-butyl ether (MTBE) and
hexane were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultra-
pure water (Milli-Q) was produced by a Millipore system (Millipore,
Bedford, MA, USA).

2.2. Material

The tomatoes used (Lycopersicon esculentum Mill, c. v. Pera) were
bought from Grupo Almeria (La Cafiada, Almeria, Spain) and were all
from the same batch and had a diameter of 57-67 mm. Extra virgin
olive oil (EVOO) was provided by Manuel Heredia Halcon (Cortijo De
Suerte Alta, Albedin-Baena-Cérdoba). Onions and garlic were bought
from Casa Ametller (Barcelona, Spain).

2.3. Factorial design

We used a full factorial design (FFD) in the present study in order to
clarify the effect of individual ingredients, different cooking times and
possible ingredient synergism on the carotenoid composition of sofrito.
The factors EVOO, onion, garlic and cooking time were analyzed in a
two-level FFD. Each factor had a high (4 1) and low (— 1) level, produc-
ing a 2* FFD, with 16 different experiments. The levels for each factor
were: 5% (—1) and 10% (+1) for oil; 20% (—1) and 40% (+1) for
onion; 2% (— 1) and 4% (4 1) for garlic, and 30 min (— 1) and 60 min
(+1) for time. The FFD experiments were performed independently
in triplicate and randomized for better reproducibility, and the pure
error and lack of fit were estimated in a total of 48 experiments. The
level of each ingredient and cooking time were defined by consulting
the literature (Colle et al., 2010a; Vallverda-Queralt et al., 2015).
Table 1 shows the variables and levels of ingredients and cooking time
for each experiment. Data obtained in the FFD experiments were ana-
lyzed by analysis of variance (ANOVA) using STATISTICA 10 software
(StatSoft, USA) and a regression equation of a first order model with
four parameters and their interaction terms was applied for modeling
(Eq. 1):

Y = by + b1E + b0 + b3G + byt + by2EO + by3EG + by4Et + by30G
+bo40t + b34Gt + b123EOG + by4EOt + by34EGt
+b3340Gt + by234EOGt

where Y is the predicted response variable, by the average value, b; b,,
bs and by the linear coefficients and by, bys, b1y, 23, byg, bas, by2s,
bi24, bi3z4 and bys, the interaction coefficients. The independent
variables are E (EVOO), O (onion), G (garlic) and t (time).

2.4. Sofrito preparation

The sofiito was prepared at Torribera Campus, University of Barcelo-
na (Santa Coloma de Gramenet, Spain), following a home cooking
method. The tomatoes, garlic and onions were washed, cut into small
pieces, mixed with a blender (model R5 Plus, Robot Coupe®) and
weighed according to the FFD. The cooking process was based on the
traditional Mediterranean diet: in an uncovered pan (24 cm diameter,
15 cm height, 6.3 L volume, thickness 1.59 mm, made of inox 18/10).
The EVOO was heated on an electrical cooking plate (180 mm diameter,
1500 W, model Encimera EM/30 2P, Teka®) at potency 4 (ranging from
1 to 6) for 1 min. The onion and garlic were then added and fried for
1 min, before adding the tomato, at which point the cooking process
was timed, and the temperature was reduced to potency 2 to provide
constant heat throughout the process (100 + 1 °C). After preparation,
the 16 sofritos were weighed to quantify weight loss, frozen in plastic
vacuum bags, and stored at — 25 °C (Table 1).

2.5. Extraction and analysis of carotenoids

The carotenoid extraction was performed under light with UV filters
and ice to minimize the oxidation and isomerization of the compounds.
All the samples were extracted in triplicate.

2.5.1. Extraction of carotenoids from tomato, onion, garlic and sofrito

The sofrito (0.5 g) was weighed and homogenized with ethanol:
n-hexane (4:3, v/v), after which it was sonicated for 10 min and
then centrifuged at 2486g, for 20 min at 4 °C. The apolar phase was
separated into a flask and the extraction was repeated until colorless.
The supernatants were combined and evaporated until dry using a
vacuum concentrator (miVac DNA concentrator, Genevac LTD, En-
gland). The residue was reconstituted with 1 mL of MTBE, filtered
using a 25 mm, 0.22 pm PTEFE filter (Teknokroma, Spain) into an
amber vial for HPLC analysis, and stored at — 80 °C until analysis
(Vallverda-Queralt et al., 2013).

2.5.2. Extraction of carotenoids from EVOO

EVOO (1 g) was weighed and diluted with 1 mL of n-hexane. There-
after, 2 mL of methanol was added, homogenized and centrifuged at
1399¢g for 3 min at 4 °C. The apolar phase and polar phase were separat-
ed and again extracted with 1 mL of n-hexane and 2 mL of methanol,
respectively. The apolar phases were combined and evaporated until

Table 1
Experimental level of the factors used in the full factorial design (FDD).
EVOO Onion Garlic Time Tomato Initial Final weight
(%) (%) (%) (min) (%) weight (g)  (g)
a b [
1 20 2 30 73 1000 497 492 515
2 10 20 2 30 68 1000 523 485 500
3 40 2 30 53 1000 347 390 401
4 10 40 2 30 48 1000 465 436 430
5 20 4 30 71 1000 486 545 491
6 10 20 4 30 66 1000 535 628 621
7 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
1 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 Virgin Olive Oil. Initial weight (before
cooking) and Final weight (after cooking process).
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dry using a vacuum evaporator (miVac DNA concentrator, Genevac LTD,
England). The residue was reconstituted up to 1 mL with MTBE and fil-
tered using a 0.22 um PTFE filter into a 2 mL amber vial for HPLC analysis
and stored at — 80 °C (Capriotti et al., 2014).

2.5.3. Analysis of carotenoids

The analysis was based on the procedure of Vallverdi-Queralt et al.
(2013) with modifications and was performed using an HPLC system
(HP1100 HPLC system, Hewlett-Packard, Waldbronn, Germany)
equipped with a quaternary pump and autosampler and coupled with
a diode array detector DAD G1315B. Separation was carried out on a
C30 250 x 4.6 mm, 5 pm column (YMC™, Water Co., Milford, MA,
USA), with a flow rate of 0.6 mL/min at 25 °C. The mobile phase
consisted of methanol (A), MTBE (B) and water (C). A gradient was
used to separate the analytes under the following conditions: 0 min,
70% A; 10 min, 20% A; 20 min, 6% A; 21 min, 6% A, 23 min, 70% A,
33 min, 70% A. Water was kept constant at 4% throughout the analysis.
The injection volume was 20 pL. The DAD detector was used in the
range of 350 to 600 nm and the chromatograms were acquired at a
wavelength of 450 nm.

To confirm the identification, a QTRAP4000 triple quadrupole
mass spectrometer (Sciex, Foster City, CA, USA) equipped with an
APCI ionization source in positive-ion mode was used operating in
multiple reaction monitoring mode. The mass spectrometer condi-
tions were: entrance potential (EP), 10 V; collision cell exit potential
(CXP), 15 V; source temperature, 400 °C; curtain gas, 20 psi; ion
source gas 1 (GS1), 45 psi; ion source gas 2 (GS2), 0 psi. The
declustering potential (DP) was selected for each individual com-
pound according to the conditions established by (Hrvolova et al.,
2016).

The identification of the carotenoids was based on retention time,
chromatography with standards, UV/VIS absorption spectrum: \max,
spectral fine structure (%III/I) and peak cis intensity (%Au/Ay), and
mass spectrum (Rodriguez, 2001). Quantification was performed by
HPLC-DAD, using external calibration curves for a-carotene, 3-carotene
and lycopene with six concentration levels. The Z-isomers were quanti-
fied using the same calibration curve corresponding to the all-E-form.
The results were expressed as pg/g of tomato. The total carotenoid,
total lycopene and total Z-lycopene content were calculated by the
sum of each individual carotenoid.

3. Results and discussion

The analysis of the sofritos revealed the presence of 9 different ca-
rotenoids, consisting of lycopene, a-carotene, 3-carotene and their
isomers (Table 2) (Fig. 1). Among the sofrito ingredients, tomato
was the principal source of carotenoids, with a high content of all-
E-lycopene (126.31 + 8.37 pg/g of tomato), and a low content of iso-
mers such as 13-Z-lycopene (15.90 + 1.27 pg/g of tomato) and 5-Z-
lycopene (3.86 + 0.60 pg/g of tomato), while 9-Z-lycopene was not
detected, and 15-Z-lycopene was below the quantification limit of
the calibration curve. Regarding the carotenes in tomato, the content

Table 2
Identification of carotenoid compounds present in Mediterranean sofrito.

of all-E-a-carotene (5.45 + 0.25 pg/g of tomato) and all-E-B-caro-
tene (2.64 4 0.09 pg/g of tomato) was high, while the only isomer
detected was 9-Z-p-carotene (1.94 + 0.09 pg/g of tomato). The
EVOO showed traces of all-E-pB-carotene and all-E-lutein, although
the latter was not found in the sofritos, and was therefore not consid-
ered in this study. In order to assess the influence of the ingredients
and cooking time on carotenoid content and isomerization, the re-
sults are expressed in pg/g of tomato, with tomato being a constant
in all samples of the FFD.

Atotal of 48 experiments were performed according to a four-fac-
tor two-level FFD, with 16 experiments in triplicate. Table 3 shows
the different carotenoids found in the sofrito (response variables).
The total carotenoids varied from 50.60 to 143.9 pg/g of tomato, the
lowest content being in formulation 1, which had a low level of all
the independent variables, while the highest was in formulation
11, which had a high onion content, a long cooking time and a low
level of oil and garlic (Table 3). Vallverdi-Queralt et al. (2013) stud-
ied carotenoids in commercial Spanish sofritos and described be-
tween 53.10 and 81.49 pg/g of total carotenoids, similar to the
results of the current study.

The highest total carotenoid content was found in the formulations
cooked for 60 min, showing that cooking time was an important factor.
Vallverdi-Queralt et al. (2015) also investigated the elaboration of to-
mato sauces with different cooking times and EVOO content, and
found that total carotenoids increased with 60 min of cooking, com-
pared with 15, 30 and 45 min, and with 10% of EVOO compared to 5%.
Colle et al. (2010a) observed no significant reduction in total lycopene
when the cooking temperature remained below 130 °C, and the cooking
time did not influence the total lycopene content when tomato pulp
was processed at different temperatures. The addition of olive oil to to-
mato products serves to partly dissolve the lycopene which is otherwise
in an insoluble crystalline form that is unstable with heating. Thus, the
presence of oil may protect lycopene from thermal oxidative degrada-
tion during cooking and enhance its susceptibility to isomerization
(Colle, Lemmens, Van Buggenhout, Van Loey, & Hendrickx, 2010b;
Lambelet et al., 2009).

3.1. Effect of sofrito ingredients and cooking time on lycopene and its
isomers

The content of all-E-lycopene in the 16 different sofritos varied from
16.71 to 56.12 pg/g of tomato (Table 3), showing a decrease compared
to raw tomato (126.31 4 8.37). The all-E-lycopene content in commer-
cial sofritos has been reported to range between 29.86 and 40.50 ng/g of
fresh weight (FW) of sofrito (Vallverdd-Queralt et al., 2013), which is
similar to that of the home-cooked samples. The decrease in all-E-lyco-
pene during thermal processing, with or without the presence of lipids,
by degradation and isomerization has been previously reported (Colle
et al.,, 2010a, 2010b, 2013; Colle, Van Buggenhout, Lemmens, Van
Loey, & Hendrickx, 2012; Honda et al., 2016; Vallverdi-Queralt et al.,
2015).

Compound rt Amax (M) S/ %Ab/An [M + H]" (m/z) MS? product ions (m/z)

1 13-Z-p-carotene 15.80 340,425,445,475 28 40 537 413
2 all-E-a-carotene 16.24 425,445,475 68 536 444
3 all-E-p-carotene 16.65 450,480 28 537 413
4 15-Z-lycopene 17.67 348,363,440,460,490 55 68 nd nd
5 not identified 18.28 nd.

6 13-Z-lycopene 18.72 348,363,440,468,500 50 49 537 413
7 9-Z-lycopene 20.30 365,445,470,500 65 14 537 413
8 all-E-lycopene 22.94 445,473,505 73 537 413
9 5-Z-lycopene 22.98 365,445,473,505 71 10 537 413

rt (retention time); Nmax (wavelength); (%I1I/11) spectral fine structure; (%Aby/1I) peak cis intensity. n.d.(not detected).
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Fig. 1. Carotenoid HPLC-DAD chromatogram of a sofrito sample. Peak identification according to Table 2.

ANOVA analysis was used to determine the factors that significantly
affect all-E-lycopene content in soffito, using a p-value to determine the
statistical significance of the factor in the model and F-value to deter-
mine the importance of the factor for the model compared with Fisher's
F-value in the confidence level (o« = 0.05) (Seyed Shahabadi & Reyhani,
2014). Factors E, O and t and the interaction factors EG, Ot, Gt and EGt
presented a significant F-value and a statistically significant p-value
(p £0.001). The interaction factors EO, Et, OG EOt presented a p-value
of p <0.01 and factor G had a p-value of p < 0.05 (Table 4). In order to
determine the suitability of the model, the coefficient of determination
(r?) and the adjusted coefficient of determination (adj-r?) were evaluat-
ed. According to Seyed Shahabadi and Reyhani (2014), the model must
have an r? close to 1 and should be at least 0.80 for a good fit. It is also
preferable to analyze the adj-r?, because it adjusts for the number of
terms in the model, and a value higher than 0.90 indicates that the pro-
cess is well explained by the regression model. The all-E-lycopene

presented an r? value of 0.86031, adj-r? of 0.80105 and a significant
lack of fit (p > 0.05), indicating that the model did not satisfactorily de-
scribe how the ingredients and cooking time affected the all-E-lycopene
content; therefore a regression equation was not designed.

Since the degradation and isomerization of carotenoids involve mul-
tiple mechanisms of action, it is difficult to find a model for the influence
of ingredients and cooking time (Boon, McClements, Weiss, & Decker,
2010). The decrease in all-E-lycopene content could be related to
many factors: its degradation can be accelerated with increased oxygen,
temperature and processing time. It is also influenced by the ingredients
in the formulation, such as oils sensitive to oxidation, which form radi-
cals that can isomerize or degrade carotenoids (Colle, Lemmens,
Knockaert, Van Loey, & Hendrickx, 2015; Colle et al., 2013; Murador,
da Cunha, & de Rosso, 2014). Furthermore, the structure of all-E-lyco-
pene is able to isomerize in 72 different structurally favorable Z-isomers,
predominantly the 5-Z-, 9-Z- and 13-Z-lycopene forms, thereby making

Table 3
Experimental response values of the carotenoid content on different formulations of sofrito according to the full factorial design, expressed as ug/g of tomato.
13-Z-pB-carotene  all-E--carotene  all-E-B-carotene  13-Z-lycopene  9-Z-lycopene  all-E-lycopene  5-Z-lycopene  Total Total Total
Z-lycopene® lycopene  carotenoid

1 2.15 + 0.02 26 +0.1 33+02 77 £ 03 5.97 + 0.02 17 +£2 12.1 £ 04 25.79 (60.68) 42.49 50.60
2 24+ 0.1 3.14 + 0.01 53+03 125 £ 04 13+1 28 +2 155 +£ 0.5 41.08 (59.48)  69.07 79.96
3 242 + 006 29 +02 39+03 12+1 10.0 + 09 26 +£0.7 150 + 04 3743 (59.24) 63.19 72.41
4 31+£02 32+03 56 + 0.6 179 £ 0.1 17 £ 1 15+2 200 £ 05 54.62 (78.52) 69.56 81.41
5 26 +02 2.60 + 0.09 36 +£02 75+ 03 57 + 0.1 23+ 2 13.6 £ 09 26.70 (53.27) 50.12 58.93
6 31+02 38 £ 0.1 47 £ 03 128 £ 03 13+1 40.8 + 0.9 17.0 £ 0.7 42.75 (51.16)  83.55 95.11
7 26+01 31+02 4.53 £+ 0.08 7.9 + 0.2 869 £ 005 17 +2 153 +£ 0.2 31.96 (65.89) 48.50 59.02
8 29 +02 3102 6.2 +£ 06 121 £ 05 21+2 389 + 0.7 350 £ 0.7 68.50 (63.76)  107.4 1196
9 229 + 0.08 28 +02 36 +03 207 £ 09 179 + 0.6 55+ 4 2941 67.33(54.93) 1226 1313
10 229 +0.08 3.07 + 0.06 52+ 0.2 1m+1 119 +£ 0.1 504 + 0.3 2444+ 09 47.77 (48.66) 98.16 108.7
1 31+02 32+02 41+ 02 25+ 2 287 +3 33+3 48 +1 100.8 (75.53) 1334 143.9
12 30+02 31 +£01 44 £+ 03 135 £ 0.8 16 £ 1 53 +2 302 59.17 (52.73) 1122 122.6
13 2418 + 0.003 28 +02 37 +£03 146 +£ 0.8 18+1 43 + 2 2234+ 05 54.47 (55.92) 97.40 106.3
14 263 £ 0.07 3.20 + 0.05 49 + 06 10.7 £ 0.7 95+ 05 56 + 4 189 + 04 39.09 (41.06) 95.21 106.0
15 32+03 3.45 + 0.02 46 + 04 20 £ 1 22.7 + 06 40 + 3 30.31 £ 0.09 7272 (6444) 1129 124.1
16 2.6 £ 0.2 28 +£0.1 4.7 + 0.1 127 £ 07 143 + 04 291 24 £ 2 50.86 (63.52)  80.07 90.16

Mean + SD (n = 3).
2 (%) values of isomers of lycopene related of total lycopene.
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Table 4
ANOVA (F-value of regression coefficients), lack of fit, coefficient of variation of the first order model for the carotenoid content of processed sofrito according to the full factorial design.
13-Z-3-carotene all-E-a-carotene all-E-f3-carotene 13-Z-lycopene 9-Z-lycopene all-E-lycopene 5-Z-lycopene

E 5.08" 25047 141.82°"" 2670 0.39™ 127.94" 0.02™
[¢) 74.64"" 6.13 18.93"" 108.34""" 311.04™" 147.93"" 796.11°""
G 17.26™" 6.32" 2.89" 10444 9.10™ 419" 54.03"""
t 0.00"* 0.00™ 642" 277.23"" 317.52"" 908.12""" 1303.217""
EO 8.69" 61.04"" 691" 6.25" 0.62™ 9.65™" 0.36™
EG 2.95™ 0.16™ 2.70™ 15.23"" 1147 2573 140.53"""
Et 30.07"" 3237 1457 522.73""" 77415 19.11™ 783.01"""
0G 1744 425" 10.85™ 17.05""" 0.19" 8.02"" 031"
ot 10.75" 2.51™ 13.04" 2.10™ 5.05" 51.73"" 18.82"""
Gt 10.38"" 2.74™ 0.18" 1.03™ 28.50""" 124.63"™" 550.617""
EOG 1735 17.53"" 1.93" 1.90" 24.89"" 18.81°"" 119.53"""
EOt 6.73" 0.00™ 10.56" 439" 22.84"" 12.59™ 228.62"""
EGt 0.01™ 3.40™ 035" 2072 2.46™ 105.12"" 110"
0Gt 0.00™ 0.39™ 0.29" 27.74™ 1245 0.95™ 107.81""
Lack of Fit 0.05" 2.00" 0.80" 0.06" 0.08" 222.11"" 3.53™
V% 4.94 4.28 637 5.75 6.02 5.14 3.49
r? 0.8627 0.8265 0.8759 09726 0.9793 0.8603 0.9914
r2-Adj 0.8044 0.7528 0.8232 0.9609 0.9706 0.8011 0.9878

E (Extra Virgin Olive Oil); O (Onion); G (Garlic); t (time).
* p<005.

“* p<001.
* p<0.001.

" = not significative.

it difficult to predict how it will isomerize or degrade (Lambelet et al.,
2009).

In contrast with all-E-lycopene, the content of 5-Z-lycopene and 9-Z-
lycopene isomers increased in the sofrito compared to raw tomato, as
did the 13-Z-lycopene isomer in certain formulations. The content of
5-Z-lycopene ranged from 12.10 to 47.52 ng/g of tomato, being higher
than in raw tomato (3.86 4 0.60 pg/g of tomato) and highest in formu-
lation 11 (5% E, 40% O, 2% G and 60 t) and lowest in formulation 1 (5% E,
20% 0, 2% G and 30 t) (Table 3). The linear model significantly fit the
experimental data, indicated by an r? of 0.9142 and adj-r? of 0.98778.
The model presented a statistically insignificant lack of fit (p > 0.05)
and a low coefficient of variation (3.49%). The linear factor E and the in-
teraction factors EO, OG and EGt presented a statistically insignificant F-
value compared to Fisher's F-value (p < 0.05) and a p-value of up to
p <0.05, and were therefore not included in the model (Table 4). The
graphs of predicted and observed values (Fig. 2) showed good agree-
ment with the experimental data. These statistical parameters confirm
the consistency of the model, indicating its suitability to predict 5-Z-ly-
copene content and analyze the role of each factor in isomerization. Ex-
cluding the insignificant terms and performing a new ANOVA, the
regression coefficient was used to develop the following equation for
the model:

5—Z—lycopene(ug/g of tomato) = +21.24393—1.348940—0.60043t
—0.97890EG + 0.06312Et + 0.072990t + 0.11531Gt + 0.06956EOG
—0.00468E0t—0.011260Gt

Fig. 3 depicts the main effects of the different factors and their inter-
actions on the content of 5-Z-lycopene in a three-dimensional surface
plot. It can be seen that cooking time was the main factor affecting the
isomerization of 5-Z-lycopene (Fig. 2d, e and f). Lambelet et al. (2009)
studied the isomerization of lycopene in an enriched tomato extract
and found that unlike other isomers, 5-Z-lycopene was originally pres-
ent in a small amount and increased over time. Vallverdi-Queralt et
al. (2015) described the same pattern: unlike 9-Z and 13-Z, the content
of 5-Z increased over time. Moreover, 5-Z-lycopene required significant-
ly less activation energy, indicating that its isomerization from the all-E-
lycopene occurred more readily. However, a different behavior has also
been observed with the 5-Z isomer presenting a considerably larger ro-
tational barrier for this conversion and a slower isomerization (Colle et
al., 2010b).

In addition to time, another relevant factor in the isomerization of 5-
Z-lycopene was the use of onion (Fig. 3b, ¢ and f). The influence of onion
in the isomerization of lycopene could be related to electron transfer
due to the presence of sulfur compounds. Arita et al. (2005) found
that sulfides, which are major compounds in onion and garlic, accelerat-
ed the photodegradation of carotenoids: that is, the more sulfur atoms,
the greater the degradation. Unfortunately, in that study the effect of the
sulfur compounds on isolation or a possible isomerization of the carot-
enoids was not evaluated.

The oil factor caused a small increase in the content of 5-Z-lycopene
in formulations with greater EVOO content, but the combination of a
long cooking time and high oil content had a negative effect on5-Z-lyco-
pene levels (Fig. 3e).

9-Z-lycopene was only found in the processed samples, ranging from
5.97 to 28.67 pg/g of tomato. Formulation 1 (5%E, 20% O, 2% G and
30 min t) had the lowest content and formulation 11 (5% E, 40% O, 2%
G and 60 min t) the highest (Table 3). All the linear and interaction fac-
tors presented an F-value and p-value < 0.05, except for factor E and in-
teraction factors EO, OG and EGt. Model adequacy was good (Fig. 1);
high r? and adj-r?values were calculated (0.97934 and 0.97057, respec-
tively), and the lack of fit was insignificant (Table 4). The regression co-
efficient of the statistically significant factors was used to design the
following equation for the model:

9—Z—lycopene(ug/g of tomato) = 13.23581—0.433560—4.89285G
+0.030130t + 0.08034Gt + 0.02677EOG—0.00190EOt—0.004520Gt

The analysis of the surface plots showed a behavior similar to 5-Z-ly-
copene (Fig. 4). The isomerization of 9-Z-lycopene was particularly in-
teresting, since it only appeared in the processed samples. The factors
of time (Fig. 4d, e and f) and onion (Fig. 4b, c and f) had a greater influ-
ence on its isomerization, than on 5-Z-lycopene. The content of 9-Z-ly-
copene was increased by EVOO in correlation with onion and time,
although 9-Z-lycopene showed a greater reduction with the combina-
tion of olive oil and a long cooking time than the 5-Z isomer. Colle et
al. (2010b) found that in comparison with 5-Z-lycopene, 9-Z-lycopene
isomerization needed more activation energy and presented a lower ro-
tational barrier. In addition, it showed a constant reaction rate similar to
5-Z-lycopene in tomato/oil emulsions, which would explain the same
behavior related to the time factor found in the current study.
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Fig. 3. Response surface plot of the combined effects of: garlic and olive oil at time/onion on level 0 (a); garlic and onion at olive oil/time on 0 level (b); onion and olive oil at garlic/time on
level O (c); time and garlic at onion/olive oil on level O (d); time and olive oil at onion/garlic on level 0 (e); time and onion at garlic/olive oil on level O (f) on the content of 5-Z-lycopene of
home cooked Mediterranean sofrito. (level 0: garlic = 3%; olive oil = 7.5%; onion = 30% and time = 45 min).
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Fig. 4. Response surface plot of the combined effects of: garlic and olive oil at time/olive onion on level O (a); garlic and onion at olive oil/time on 0 level (b); onion and olive oil at garlic/
time on level 0 (c); time and garlic at onion/olive oil on level 0 (d); time and olive oil at onion/garlic on level 0 (e); time and onion at garlic/olive oil on level 0 (f) on the content of 9-Z-
lycopene of home cooked Mediterranean soffito. (level 0: garlic = 3%; olive oil = 7.5%; onion = 30% and time = 45 min).
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Fig. 5. Response surface plot of the combined effects of: garlic and oil at time/onion on level 0 (a); garlic and onion at olive oil/time on 0 level (b); onion and olive oil at garlic/time on level 0
(c); time and garlic at onion/olive oil on level 0 (d); time and olive oil at onion/garlic on level 0 (e); time and onion at garlic/olive oil on level O (f) on the content of 13-Z-lycopene of home
cooked Mediterranean softito. (level 0: garlic = 3%; olive oil = 7.5%; onion = 30% and time = 45 min).
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The content of 13-Z-lycopene was highest in formulation 11 (5% E,
40% 0, 2% G and 60 min t) at 24.59 4 2.07 pg/g of tomato, and lowest
in formulation 5 (5%E, 20% O, 4% G and 30 min t) at 7.49 4 0.31 pg/g
of tomato (Table 3). The statistical parameters confirmed the model ad-
equacy with high r? (0.97255) and adj-r? values (0.9609), a low coeffi-
cient of variation (5.75%), insignificant lack of fit and the graph of
predicted versus observed values (Table 4 and Fig. 2). The linear factors
presented a statistically significant F-value and p-value of <0.001. The
significant interaction factors were EG, Et, OG, EGt and OGt with a signif-
icant p-value of p <0.001 and EO and EOt with a significance of p < 0.05.
The statistically significant regression coefficients were used to design
the following equation for the model:

13—Z—lycopene(ug/g of tomato) = —18.9291 + 2.4553E + 0.42110
—1.3256G + 0.6949t + 0.3626EG—0.0661Et—0.10490G

The surface plots of 13-Z-lycopene content showed cooking time to
be the main factor for its isomerization (Fig. 5), since it was the source
of energy for the system. Onion was another enhancing factor, albeit
to a lesser extent than in the case of 5-Z and 9-Z, which could be attrib-
uted to a process of retro-isomerization to the all-E-lycopene, due to the
lower stability of 13-Z-lycopene (Lambelet et al., 2009). A high garlic
content had a slightly negative effect on the isomerization of 13-Z-lyco-
pene (Fig. 53, b and d). The content of EVOO had no effect when com-
bined with garlic or onion. The effect of EVOO in combination with
time showed the same pattern as in 5-Z, and 9-Z:13-Z formation was
strongly reduced with high levels of oil and a long cooking time, al-
though separately these two factors increased the isomer content.
Lambelet et al. (2009) described the isomerization of 13-Z-lycopene as
unstable, decreasing over time due to a retro-isomerization to all-E-ly-
copene. Vallverda-Queralt et al. (2015) found an increase in the isomer-
ization of 13-Z-lycopene during the first 45 min of cooking, with the
content remaining the same thereafter until 60 min, suggesting that
its content increases with the length of cooking.

Overall, the main factor for the formation of Z-lycopene isomers in
sofrito was cooking time, probably because this variable is correlated
with the quantity of energy required for the isomerization reaction
(Colle et al., 2010a, 2010b, 2013; Honda et al., 2016; Lambelet et al.,
2009; Vallverda-Queralt et al., 2015). Time is essential in the thermal
process because it helps to release the carotenoids by softening cell
walls and denaturing the protein-carotenoid complex, which deter-
mines possible isomer formation and the carotenoid content of the
final product (Murador et al., 2014).

Carotenoids are of value as functional ingredients in foods due to
their health benefits. However, the instability, degradation and
isomerization of carotenoids in foods require extensive knowledge
of their behavior and careful selection of each ingredient in the
formulation to obtain the greatest possible nutritional value (Boon
et al., 2010). The bioavailability of carotenoids in tomato products,
especially lycopene, can be improved by the addition of EVOO
(Arranz et al., 2015), since it enhances carotenoid solubility and
provides the necessary environment for isomerization (Colle et al.,
2013; Honda et al.,, 2016). Nevertheless, a longer cooking time
combined with a high level of EVOO was found to decrease the con-
tent of Z-isomers, possibly due to exposure to oxygen in the home
cooking process, among other factors (Colle et al., 2010a, 2010b,
2015, 2013; Honda et al., 2016). Garlic had no noticeable effect on
lycopene isomerization, probably due to its low content in the
formulations. Onions proved to be the most interesting ingredient
in the sofritos in that, combined with a long cooking time, they pro-
moted the formation of lycopene isomers, and are therefore a
potential ingredient to improve the bioavailability of lycopene in
food. Further research is required to explore the influence of sulfur
compounds in the production of lycopene isomers, and clarify a
possible catalytic function.

3.2. Effect of ingredients and cooking time on a-carotene, [3-carotene and
their isomers

Table 3 shows the content of all-E-o-carotene, all-E-B-carotene and
13-Z-p-carotene in the different formulations. All-E-o-carotene content
decreased during the cooking of sofiito; while its content in raw tomato
was 5.45 + 0.25 pg/g of tomato, in the formulations it ranged from 2.604
to 3.783 pg/g of tomato. In contrast, all-E-3-carotene and 13-Z-B-caro-
tene increased in all the formulations compared to raw tomato, ranging
from 3.33 to 6.19 pig/g of tomato and 2.15 to 3.22 pg/g of tomato, respec-
tively. The models describing the effect of cooking time and sofrito in-
gredients on the content of all-E-a-carotene, all-E-3-carotene and 13-
Z-B-carotene presented an insignificant lack of fit and a good coefficient
of variation, but the r? and adj-r>were beyond the criteria established in
this study, and the models were not constructed.

4. Conclusions

In the present study, we analyzed the effect of the ingredients and
cooking time on the content and isomerization of carotenoids in sofrito.
We found that longer cooking times and the addition of onion in the
preparation of sofrito increased lycopene isomerization, which is of in-
terest because the Z-forms are more bioavailable and active compared
to all-E-lycopene. Thus, the use of onion in tomato sauce recipes should
be promoted to improve lycopene Z-isomer formation.
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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 | and Il 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 | and Il 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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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 "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 . The impact of cooking on
bioactive compounds has been analyzed %3 but only a few studies have focused on the effect of
Mediterranean culinary techniques on polyphenol intake in the Mediterranean population 4>

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 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 °.
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 '°. Moreover, tomato sofrito consumption is associated with improved cardiovascular risk
parameters and insulin sensitivity, and activates thermogenesis by browning fat tissue ""'2. This
key component of the Mediterranean diet has also recently been correlated with the
manifestation of less aggressive prostate cancer '3.

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 Cafada, Almeria, Spain). Onions and garlic were
bought from Casa Ametller (Barcelona, Spain). Manuel Heredia Halcén (Cortijo De Suerte Alta,

Albedin-Baena-Cordoba) supplied the extra virgin olive oil (EV0O).

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 °C). Once prepared, all the sofritos were weighed to

evaluate water loss (Table 1), and frozen in plastic vacuum bags for storage at -25° 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 (0) and garlic (G) content, and cooking time (t). The four factors had a
high (+1) and low (-1) level, providing a 2* 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 Tomato ‘:,r:it;ﬂt Final weight (g)
(%) (%) (min) (%) () 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 308 472 513
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+b20+b3G+b4t +b12EO0+b13EG+b14Et+b230G+b240t+b34Gt+b123EOG+
b124E0t+b134EGt+b2340Gt+b1234E0Gt

In order to construct an adequate model, the following criteria were established: a
coefficient of regression (r?) and adjusted coefficient of regression (r>-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 4° 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 ym
PTFE filter into a 2 mL amber vial and stored at -80 °C °.

2.4.2 Extraction of polyphenols from EVOO

EVOO (1g) was weighed and diluted with T mL of n-hexane. After the addition of 2 mL of
methanol, it was homogenized and centrifuged at 3000 rpm for 3 min at 4°C. 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 °C 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 ym
PTFE filter into a 2 mL amber vial and stored at -80 °C *

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 APl 3000 triple quadrupole mass spectrometer (ABSciex,
Framingham, MA, USA) equipped with a Turbo lon 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 pm from Waters. Chromatography conditions and mass spectrometer settings were
according to a method previously validated by our group 5.

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 tomatoes™®. 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 | and II, ferulic acid (FA), and quercetin. Garlic
contained FA and CfA and its hexoside forms | and Il, and EVOO only presented FA.

The polyphenols found in ingredients other than tomato (FA, CfA, CfA hexoside I and 1)

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
ug/g, 7.2 ug/g and 3.5 pg/g, respectively, compared to the respective values of 4.4 ug/g, 4.5 ug/g
and 1.9 pg/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 |
and Il 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 |, FAH, naringenin and
naringenin-7-0-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 pg/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 (a = 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 r?2 of 0.9510 and an adj-r? 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(pg/g of tomato)=5.722652 + 0.1174810 — 0.384765G

—0.048519t — 0.005029E0 + 0.115502EG — 0.0359700G + 0.0012590t

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 (0) 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, Vallverdu-Queralt et al (2013) reported a CA
content between 4.43 and 5.50 pg/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 acid®. 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 system’. In a study
of polyphenols in tomato sauces, Vallverdu-Queralt et al. (2014) found that EVOO improved CA
levels, which also increased after 15 to 30 min of cooking, decreasing thereafter. Ramirez-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 °C) 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 pg/g of tomato,
being lowest in formulation 16 at 1.3 £ 0.1 pg/g of tomato (Table 2). Statistical analysis confirmed
the suitability of the model, with an r? of 0.9180 and adj-r> 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(pg/g of tomato) = 5.884412 — 0.057117E

—0.0167130 — 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 °.
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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. Vallverdid-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. Martinez-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 pg/g of tomato) followed by formulation 13 (3.2 + 0.1 pg/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 r? value
of 0.8917 and adj-r? 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(ug/g of tomato)=8.367237 — 0.105396t
—0.0377460G + 0.0020390¢t

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). Martinez-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 O (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 scavenging’®.

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 #6161%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. Vallverdi-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 differently?®.
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 lllan, Xavier Torrado-Prat, Rosa Maria Lamuela-Raventés.
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 pg/g of sofrito) compared to oil fraction (23.83 pg/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-p-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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Abstract: 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 attracting attention because
it can act as a food excipient, thereby increasing the bioaccessibility and bioavailability of ingested
bioactive compounds. The aim of this study was to understand the effect of cooking with olive
oil on the bioactive components in other ingredients (tomato, onion, and garlic) of sofrito sauce, a
representative model of Mediterranean cuisine. After the cooking process, polyphenols from tomato,
onion, and garlic were detected in the olive oil, especially naringenin, ferulic acid, and quercetin,
as well as a high content of carotenoid Z-isomers, which are more bioavailable than the E-isomers.
Therefore, traditional Mediterranean cuisine could play an important role in the health-improving
effects of the Mediterranean diet.

Keywords: phenolic compounds; matrix effect; carotenoid isomerization; tomato; onion; garlic;
naringenin; lycopene

1. Introduction

The Mediterranean diet, characterized by a high intake of phytochemicals from vegetables
and legumes, has been correlated with improvements in cardiovascular and metabolic health [1,2].
This association is supported by evidence from the intervention trial PREDIMED, a Mediterranean diet
reference study with more than 7000 participants, in which a Mediterranean diet supplemented with
extra virgin olive oil (EVOO) reduce the risk of cardiovascular events among high-risk population [2].
Similar results have been observed in other Mediterranean diet clinical trials [3]. However, the
health outcomes of a Mediterranean diet are reportedly difficult to reproduce in non-Mediterranean
populations, possibly because of different cooking practices [1]. Cooking can negatively affect the

Molecules 2019, 24, 1555; doi:10.3390/molecules24081555 www.mdpi.com/journal/molecules
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phytochemical content of food through oxidation, degradation, or the formation of pro-oxidant
compounds. In contrast, it may improve the bioavailability of phytochemicals by altering chemical
structures and releasing bioactive compounds from the food matrix [1,4,5].

Traditional Mediterranean cuisine has unique characteristics that could affect the content of
bioactive compounds in cooked food [6]. The sofrito is a typical technique of lightly frying onion
and garlic in EVOO. This sauce is an ingredient used to prepare many Mediterranean dishes and
recipes [6,7]. The tomato sofrito sauce has been reported to contain 40 different phenolic compounds and
a high content of carotenoids [7] and its consumption is associated with improved cardiovascular risk
parameters and insulin sensitivity, and activates thermogenesis by browning fat tissue [8,9]. Moreover,
tomato sofrito consumption is one of a 14-item validated questionnaire used to evaluate the adherence
of traditional Mediterranean diet, in which was correlated with low incidence of abdominal fat and
obesity and manifestation of less aggressive prostate cancer [10-12]. For this reason, we consider
sofrito a key component of the Mediterranean diet. Olive oil, the predominant source of fat in the
Mediterranean diet, displays a singular fatty acid composition, with a higher content of phenolic
compounds than other edible oils [13,14]. One of the beneficial effects of olive oil is that it improves
the bioavailability of lipophilic compounds such as carotenoids by acting as a food excipient, and
enhances nutrient extraction and bioaccessibility [15-18]. Moreover, cooking with olive oil increases
levels of carotenoid Z-isomers, which are currently gaining interest due to their higher bioavailability
and antioxidant capacity by their geometrical structure compared to carotenoid E-isomer form [19].
The polar phenolic compounds, on the other hand, are less soluble in olive oil than carotenoids.
Polyphenol bioavailability is low in comparison with other macro- and micronutrients. Only a small
percentage of dietary polyphenols (5-10% of total intake) can be directly absorbed in the small intestine,
after deconjugation reactions during digestion. The rest (90-95%) may be metabolized by enzymes in
the gut microbiome, producing metabolites more easily absorbed in the large intestine, or eliminated
through the feces [20]. The absorption of polyphenols could be improved if they are incorporated
into olive oil, which would facilitate their entry into epithelial cells by passive diffusion [21]. Recent
reports indicate that cooking with olive oil can improve the bioaccessibility and bioavailability of
polyphenols [22-24], although the underlying mechanisms remain unclear.

The aim of this study is to understand the enhancing effect of olive oil on the extraction of bioactive
compounds from other ingredients (tomato, onion, and garlic) in the cooking process, using sofrito as a
representative model of the Mediterranean diet.

2. Results

2.1. Identification and Quantification of Phenolic Compounds in the Ingredients

The quantification of phenolic compounds in each ingredient used to prepare the sofrito is
shown in Table 1. The content of each polyphenol typically found in tomato was quantified by the
validated Tomato method, which was also used to quantify polyphenols in onion and garlic. The major
polyphenol found in onion was quercetin (34 + 1 pg/g) [25] followed by p-coumaric (5.9 + 0.1 ug/g)
and ferulic acid (0.62 + 0.08 png/g) (Table 1). Polyphenol levels in garlic were much lower, with only
two compounds detected, caffeic acid (0.8 + 0.1 ug/g) and caffeic acid-O-hexoside I (0.36 + 0.02 ug/g)
(Table 1).

128



PUBLICATION 6

7000°0 F 8S€0°0 €0FTL 800 F 29°0 800 FS8'T 0¢— 01- 01— 07— PEL—E61 ar's « PR MR
pu pu 2000 F T10°0 10761 St- 01- 0S1- ov— 611€91 LY + PI® DIPWN03-0
- - - - e 01— 00C— 09- 691L61 97 (SD) « overres Ao
pu pu 1000 F #10°0 2007140 e 01~ 0S1— 07— 611€91 97e « PID@ OLTRWNO-1it
pu ‘pu pu pu 0¢- 01— 00¢— 0g- €T1—/91 9T » PR IR
pu pu U pu 0g- 01— 0v1- 0g- GST—661 91 :_Mw%%mw%m%xwmmmm
900070020  8000FZS00  TOF6S £00°0 F 8010 e 01— 0ST— 07— 6TT€9T 5T + PR dLrewmod-d
gOFEHI pu pu pu 0z- 01~ 057~ 07— €T1€ST er'L « 1050183 £x01pAY
$00°0 ¥ 8€0°0 ‘pu pu pu 0¢— 01— 05¢— 0 €51GI¢ 107 aprsoon(3--josorfyAxorpAy
pu pu U pu 0c— 01— 06— e 90T LET - 105014}
pu pu pu pu 0g— 01— 0%1— oga LThSES - apIs03[0-9-[Aorewnod-d
pu pu pu pu 0¢- 01~ 0v1— 0g- €5TG61 - .MMMWM_MMN%O%;
pu pu pu pu 01— 01— 01— 07— €T1/91 - proe opeoelLuaydAxorpAyrp
pu pu Pu pu 0c— 01- 0v1— 0g- 081607 - suosk[3e :%wmwu_w xorphuip
pu pu pu pu i 8- 081— 09— GTE TSP - [oursazourdAxoja0e-T
a POYIRIAL 10 2ATIO
pu pu pu T0F6T 0g- 01— 061- 05— 161142 9T + UruaBurreu
pu pu TF ¥ 2000 F 9€T0 0¢— 01— 0T¢— 09— 1ST10€ 80'C » UdIdNY)
pu pu pu 200F190 0c— 01- 081— 05— £56GIG 1 proe dsrumbyoagyedrp
pu pu pu 600°0 F 9£0°0 0¢- 01— 08¢— 05— LLT—€eh 66T + 9pIS0dN[3-0-/-urusSuLreu
- - - - - 01— 00¢— 09- 691L61 10T (SD) « overres Ao
pu pu pu S00FH6C 05— 01- 05— 09— 00£609 L0 « U
pu 10780 pu €00 F9€T 0¢— 01— 01— 07— GET6/1 69°0 « P d1aFed
pu pu pu YOFST st- 01- 0L 07— €61SSE 650 3PISOXAY-O-PIoe NI}
pu pu Pu 600 F 85T st 01— 0ST— 07— €9T52¢ g0 3PISOXAY-Q-O1k JLIEWNOD
pu pu pu 10000 F #1000  0Z- 01- 0S1— 07— 601¢€ST 750 « omyajedojord
pu pu pu YOFTY 0¢— 01— 081— 05— T61€5¢ €50 + Pe dWR30I0[Yd
U pu U pu 0c— 01— 01— 07— 6LTTFE 160 I 9PISOX3Y-O-PToe dIaFed
pu W0F9E0 €00 F 00 TOFLY 0c— 01- 01— 07— 6L1T¥E €60 1 9p1SOXaY-O-p1oe dlajed
v POUIdN 0jewo],
1 9 o) L WID Wdd Wdad Wda EwWNIN th] punoduo)

LLjo¢

“juarpardur jo 3/3ri ur passardxs aones 051.40s paseq-oyewio} ayj Jo spusTpaIdur Ay ur paynuenb pue parojruow sjoudaydAjo ‘T 3[qer,

GEST ‘7T "610T Sa[n22[0N

129



PUBLICATION 6

00 F 9F' pu pu pu 0g- 01—~  opl-  0g- TbTeLLE 16 [ 2aneALp WadoInajo

€0°0 ¥ 9¢°0 pu pu pu 0s- 0l-  00C- 0L~ LI1<69T Ir'6 « uruedide
1F6¢ pu pu U 0e- 01— 0p1- 0e- 162 19¢ 10'6 [ uod48e apisonsSy
‘pu pu pu ‘pu q1- L= 06— G- G9T€0€ 06 (VAF-VAIH-) [eypued0d[o
pu pu pu U 0e- 01— 0p1— 0€- L0E—LLE w68 111 2AHEALP uRdoma[o
pu pu pu pu 0€- 01— 0v1— 0e- L§T—€6€ 88 | suonki3e mvmwﬂwo fxorpky
T0F 8L pu U pu 0g- 01~ 0p1— 0e- L0E—LLE 798 11 2aneALdp wadomsajo
100°0 ¥ 680°0 pu pu pu Se- 8- 081- 09— 16T 4GE 858 « Toursarourd

(VAd-vadHA-'¢) auooh[3e

G000 FFLT'0 pu pu pu 0g- 01~ 0F1— 0¢- 181<61¢ ¥'8 urodomapo [AyewAxoqressp
90°0 F 68°0 pu pu pu 05— 01~ ove— 00T— €€168T GI'8 » utjoam|
. . - . _ _ _ . . 11 (VI-VHdHA-F€)
pu pu pu pu 0¢ 0T 1j28 0¢ L0€1LE 162 suoak[ge urpdomao
80°0 F 9%'S pu pu pu 0g- 01~ 0p1— 0¢- GLT—6ES 89°Z » uredomaro
e . . . . (1 voH)
$00 F 15'€ pu pu pu 0¢- 01~ 0p1— 0¢- LSTE6€ 97 [ 3u024[8e wadomao AxoIpAy
pu pu pu pu SI- i 001~ 0%~ 67E65E S¥'/ + [OUISAIIOLIE]
(VO-WDAH)
90F99 pu pu pu 0g- 01~ 0F1- 0¢- 6615EE WL suod4[3e uredomaro
[A1euwAxoqreddpAxorpAy
. - - . . (I1 VA-INDH) II proe dijous[d
pu pu pu pu 0g— 01~ 0F1— 0¢- GGT661 L IpewiAxoqrenkxoIpAy
pu pu pu Ge— 9- 05— 09— G9T19¢ YL [OUTSAIDLIL[0SI0aS
90°0 ¥ 89°0 pu pu pu 0z 01~ 052~ 0%~ G8I1T¢ IV auojpe|
pu pu pu pu 0g- cl- 001~ 09— FHE—63E 759 + [OUISIIDLIRTOST
pu pu pu pu 05— 01~ 01z— 06— 191€29 79 » OPISOISEqIAA
SOFTIL pu pu pu 0g- 01— 0F1- 0¢— VrdRe 74 €9 + PIoE dI[0Ud[d
TOFLLT pu pu pu 0g- 01— 0F1— 0¢- LE1/SC 209 proe drjouaAxorpAy
- . . . . B B _ . (OV-vadHA-#¢)
pu pu pu pu 0 01 1j28 0¢ 08TG61 69'S yetaoe [0SIKAX0IPAY
v POYIR| 0jeuio],
q ) o L AWId Add AWdd AWda G/w NIN n punoduwo)
‘Ju0) “L d[qeL
JARCSS 4 GGST “+T ‘6L0T SajnoajoN

130



PUBLICATION 6

*(pa1da3ap jJou) Pprur ({10 dAT[0 UISIA ex)xd) { /(d111e8)D) {(U0TU0) () {(03RW0}) I {(A810UD UOTSITI00) FD) ‘(Jeruajod dduer) J4 ‘(renusjod Sursnooy) g4 ‘(renusjod
Bunaysnpap) J( ‘(Surrojruowr uonoear adnmur) YA (W) UonUA)I) 31 °¢ = U ‘(]S F ueawr Aq juatpaidur jo 8/3n ur passardxe azom symsay ‘sprepueys £q paunryuod spunoduio)) ,
10 aa1jo woxy Areard4y spunodwod orjousyd Ajnuenb 03 pasn sem poyaw [10 AT ¢ 21188 pue uoruo ‘ojewo; woy A[esd4) spunoduwod srjousyd Aymuenb o3 pasn sem poyyewr oyewoy y,

(VI-VIdHA-¥'¢ 1Ayow)

100°0 ¥ SH0°0 pu pu pu 0g- o 0Fl-  0g- GGz T6€ A8 suooAiBe wadomaro [hupw
90FEL pu pu pu g~ 0-  0FI-  0g- 167 19¢ 411 11 u0d4[3e opisons3y
pu pu pu pu 0¢- 0-  0Fl-  0g- L08LL8 €01 Al @AneALRp udomajo
. . . o . (VE-VAJHAFE)
pu pu pu pu 0e- 0r-  0Fl-  0¢- L08LLE 001 au0o£13e uadomajo
90 F 60¢ pu pu pu 0¢- 0r-  0Fl-  0g- 16¢¢19€ 001 11 uod£[3e aprsons3if
y POUIAIN 0jeuof,
| 9 o] L W1 Wad Wad (AWda () NIN t punodwo)

Ju0D "L 21qeL

e GSST ‘T ‘610 Sa1Maj0]N

131



PUBLICATION 6

Molecules 2019, 24, 1555 60f17

The content of polyphenols typical from olive oil was quantified in the EVOO as well as in the
other ingredients of the tomato-based sofrito sauce by Olive oil method. All ingredients were found
to contain p-coumaric acid and ferulic acid. Additionally, m-coumaric and o-coumaric acid were
detected in tomato and onion, but not in garlic and EVOO. The major polyphenols in EVOO were
hydroxytyrosol (14.3 + 0.8 ug/g), hydroxytyrosol derivatives (oleuropein (5.46 + 0.08 ug/g), oleuropein
derivateI(7.8 + 0.2 pg/g), hydroxy oleuropein aglycone (3.41 + 0.04 ug/g) and hydroxydecarboxymethyl
oleuropein aglycone (6.6 + 0.6 ug/g), ligstroside aglycone I (39 + 1 ug/g), and elenolic acid (7.1 + 0.5 pg/g)
(Table 1). The two methods were used to ensure a suitable selection of candidates for investigating
polyphenol migration to the oil fraction in the sofrito preparation. To evaluate the migration process,
the candidate polyphenols should not be part of the original composition of the EVOO.

2.2. Identification and Quantification of Carotenoids in the Ingredients

The analysis of carotenoids in the different sofrito fractions revealed the presence of 27 different
compounds, only 21 of which were identified, namely lutein, x-carotene, (3-carotene, (-carotene,
lycopene, phytofluene, and apo-f3-carotenoids and their isomers (Table 2). The oil fraction had the most
diverse carotenoid profile, and all-E-lutein, apo-8--carotenal, 9,5-Z-lycopene, and 9,13-Z-lycopene
were only quantified in this sofrifo fraction (Table 3). Tomato was the only ingredient with carotenoids
in its composition, showing a high content of all-E-lycopene (126 + 8 ug/g) and some lycopene isomers
such as 5-Z-lycopene (3.9 + 0.6 ug/g) and 13-Z-lycopene (16 + 1 pg/g). Also, 3-carotene (3 + 1 ug/g)
and x-carotene (1.94 + 0.09 ug/g) were found.

Table 2. Carotenoid identification in the sofrito oil fraction.

MS? jon products

Peak Compound rt (min) Amax (nm) BII/IT  %AL/Il M+ HI* (m/z2) (m)2)
1 all-E-lutein * 10.51 (420), 445, 476 40 14 551 [M + H-18] 429 [M - 122]
2 n.i. 11.12 445,472 - -
. (330), (347), R _
3 ni. 11.93 (416), 440, 470 41 21
. (330), (345), ) B
4 ni. 12.69 (422), 440, 468 30 15
5 ni. 14.31 434, 456 - -
6 ni. 15.20 430, 452, 485 38 4 - -
7 Apo-10-B-carotenal 15.58 448 - n.d.
8 Apo-8-B-carotenal * 15.99 460 417 325 [M —92]
9 all-E-«-carotene * 16.39 425, 445,475 537 444 M - 92]
10 Z-phytofluene 16.43 332,349, 368 72 543 406 [M + H - 137]
11 phytofluene 16.79 332, 349, 368 90 543 406 [M + H - 137]
12 all-E-(-carotene 17.31 385, 401, 420 104 541 472 [M + H - 69]
444 [M - 92]; 413
13 Z-[3-carotene 17.05 418, 437, 461 13 [M-123]
o (335), (347), 444 M - 92];413
14 13-Z-f-carotene 17.91 448, 470 28 32 537 [M-123]
. 444 [M - 92]; 413
15 all-E-p-carotene 18.95 (425), 453, 478 28 537 [M-123]
. (350), 426, 453, 444 [M - 92]; 413
16 9-Z-B-carotene 19.71 480 28 28 537 [M-123]
. (350), 426, 453, 444 [M - 92]; 413
17 n.i. 20.37 480 20 537 [M-123]
18 ni. 21.34 (350), 455, 485 n.d.
e (348), (362), 444 [M - 92]; 413
19 9,13-Z-lycopene 22.17 437, 460, 488 47 28 537 [M—123]
. (348), (362), 444 M - 92]; 413
20 15-Z-lycopene 23.11 438, 461, 490 48 69 537 [M - 123]
21 all-E-y-carotene 23.41 (364), 4;4931& 461, 58 537 444 [M - 92]
- (348), (362), 444 [M - 92]; 413
22 13-Z-lycopene 23.89 440, 466, 495 49 40 537 [M-123]
L, (348), (362), 444 [M - 92];413
23 9,5-di-Z-lycopene 2457 438, 460, 489 54 22 537 [M-123]
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Table 2. Cont.

MS? ion products

Peak Compound rt (min) Amax (nm) %I/IT  %Ap/Il  [M + HI* (in/z) (m/2)

- (348), (362), 444 [M - 92]; 413

24 9-Z-lycopene 26.88 441, 467, 497 70 17 537 [M —123]
(348), (363), 444 M - 92]; 413

25 7-Z-lycopene 27.23 441, 467, 497 70 17 537 [M —123]
444 [M —92]; 413

_E- *

26 all-E-lycopene 31.29 447, 472, 503 74 0 537 (M 123]
T (365), 446,472, 444 M —92]; 413

27 5-Z-lycopene 31.89 503 74 5 537 [M —123]

Amax (UV/VIS absorption spectra); %III/II (spectral fine structure); %Ay,/All (peak cis intensity); n.i. (not identified);
n.d. (not detected); * Compounds confirmed by standards.

2.3. Identification and Quantification of Phenolic Compounds in the Sofrito Water, Oil and Insoluble Fractions

Using a targeted approach, among all phenolic compounds analyzed only 21 were possible to
quantify in the different sofrito fractions (Table 3). With the exception of pinoresinol, which remained
stable, the level of EVOO polyphenols was considerably reduced in the oil-fraction, possibly because
of migration to the food matrix [26] or degradation [27] (Table 3). Carrasco-Pancorbo and co-workers
reported an oxidation of phenolic compounds during thermal treatment of EVOO, however pinoresinol
was stable during the first hour of processing [27]. In contrast, the oil fraction was enriched with
polyphenols from other ingredients, namely caffeic acid, caffeic acid hexoside, chlorogenic acid,
naringenin, protocatechuic acid, and quercetin, which were not detected in the EVOO before the
cooking process (Table 1). The phenolic compound with the highest transfer efficiency was naringenin
(1.7 £ 0.03 pg/g), found at levels close to those in raw tomato (1.9 + 0.2 pg/g) (Tables 1 and 3). Ferulic
acid was also efficiently transferred to the oil fraction (0.55 + 0.06 ug/g), where its content was higher
than in the initial composition of EVOO (0.0358 ug/g), and its major source were the ingredients garlic
(7.2 ng/g) and tomato (1.85 pg/g). Quercetin was not initially detected in EVOO but after cooking
showed a concentration of 0.04 + 0.02 ug/g, onion being the major source of this compound (Table 3).

Analysis of the phenolic content in each fraction expressed in sofrito equivalents revealed that the
insoluble fraction was the major source of phenolic compounds, with levels very close to the phenolic
content of the entire sofrito. The second richest fraction in polyphenols was oil, followed by water.
The highest content of EVOO phenolics was found in the insoluble fraction, probably the result of
frying onions to prepare the sofrito. Expressing the results in sofrito equivalents, the predominant
polyphenols in the oil fraction were naringenin and ferulic acid (0.29 + 0.06 and 0.10 + 0.02 pg/g of
sofrito, respectively). These results would explain the biphasic kinetic curve in plasma described by
Martinez-Huélamo and co-workers [24], who reported that the presence of a lipid matrix increased the
absorption of ferulic acid and naringenin in volunteers who consumed tomato sauce with olive oil
versus tomato sauce without olive oil.
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Table 3. Quantification of polyphenols in water, oil and insoluble fractions of sofrito expressed in ug/g
of sofrito or ingredients.

ug/g of Ingredient or Fraction A ug/g of sofrito B
Compound EVOO Oil Fraction Sofrito Water 0il Insoluble
Polyphenols
apigenin 036 +0.03 0.16 = 0.02 *+* 1.64 2 £0.007 0.008€+0.002  0.028" +0.006 152+0.1
elenolic acid 22 0.083£0.06™* 0110 +0.004  0.010€+0.002  0.014° = 0.002 1492 +0.08
ferulicacid ~ 0.0358 + 0.00004 0.5 + 0.06 *** 0.64° +0.6 0.007 € + 0.002 0.10°€ = 0.02 0.752  0.09
ligstroside T 391 1.8 0.3 % 0.109€+0.004  0.007 € +0.001 031" +0.07 06201
luteolin 0.89 = 0.06 0.13 + 0.01 ** 0.169° +0.007  0.013°+0.004  0.022°=0.002 292+04
m-coumaric nd. <LoQ <LoQ 0.018 *** + 0.004 <LoQ 0.40 *** + 0.02
o-coumaric nd. 0.08 + 0.01 <LoQ 0.020°+£0.004 0015 +0.003 0542 +0.06
p-coumaric 0.200 = 0.006 0.08 = 0.01 ** 0122002 0001900004 0.015 +0.003 0.16 *  0.02
oleuropein 5.46 = 0.08 114008 0111°+0.004  0.026" +0.008 020" +0.03 252+02
pinoresinol 0.089 = 0.001 0.09 = 0.01 0.35 *** + 0.20 <LoQ 0.016 *** + 0.003 <LoQ
caffeic acid nd. 0.032 + 0.001 1.82+02 0.006€£0.002  0.0055€+0.0003  0.21°+0.01
 caffeic nd. 0.0183 = 0.0007 262 +03 0.0023° +0.0005 0.0032°£0.0002  0.16° +0.02
acid-O-hexoside
chlorogenic nd. 0001200003  54°+06 00025 +0.0009 <LoQ 0.064" +0.008
dlcalfsz’iy;qulnlc nd. nd. 0352+001  0.0018€ +0.0004 nd. 0077 +0.002
ferulic a ¢ b
acid-0-hexoside nd. nd. 62+2 0.05¢ +0.02 nd. 12%+02
naringenin n.d. 1.7 +£0.03 280 +0.1 0.021 € + 0.006 0.29 € £ 0.06 34%+0.6
naringenin-7-0- nd. nd. 00250003  0.010" +0.003 nd. 0.602 £ 0.06
glucoside
pmm;z‘it;d‘“lc nd. 0.009 + 0.001 nd. 0.003°+0.001  0.0016°+£0.0002  0.06° +0.02
quercetin nd. 0.04 +0.02 5b41 0.03 € +0.01 0.007 € + 0.003 102 +3
rutin nd. nd. 262+0.1 0.023 € + 0.006 nd. 0.62° +0.08
Carotenoids
all-E-lutein <LoQ 42+02 n.d. n.d. 0.71 +£0.2 n.d.
Apo-8-3-carotenal n.d. 2.34 +0.01 n.d. nd. 0.40 + 0.03 nd.
all-E-a-carotene nd. 2.14 = 0.03 3.62£0.1 0.020 4 + 0.005 0.37 = 0.03 1.61° +0.06
13-Z-B-carotene nd. 31+02 <LoQ 0.022 € + 0.005 053 +0.08 1.982 +0.08
all-E-B-carotene <LoQ 8.0+0.8 732+05 0.029 € + 0.007 14°+02 62%+06
9-Z-p-carotene nd. 6.5+ 0.4 34402 0.0234 +0.06 1.1¢+02 642 +0.6
9,13-Z-lycopene n.d. 2.15 £ 0.06 n.d. n.d. 0.37 £ 0.04 nd.
15-Z-lycopene nd. 26+03 <LoQ n.d. 0.45 *** + 0.08 2.9** +0.2
13-Z-lycopene nd. 8+1 1462 +0.7 0.035 9 + 0.008 14°+04 71°+0.6
9,5-Z-lycopene nd. 41+05 n.d. n.d. 07+02 nd.
9-Z-lycopene nd. 40+4 252 +2 0.040 € + 0.009 7b+1 9.1b+07
all-E-lycopene n.d. 20+2 4682 +0.7 0.038 9 + 0.009 34°+07 9.6°+06
5-Z-lycopene nd. 36+3 42242 0.004 9 £ 0.01 6°+1 9b+1
Total - 139.13 1427 0221 2383 53.89
carotenoids

EVOO (extra virgin olive oil); <LoQ (below the limit of quantification); n.d. (not detected). Results were expressed
in mean + SD; n = 3. A Statistical analysis between EVOO and the oil fraction (expressed in g of oil) applying
t-test. Values in a row with symbols show significant differences from * p < 0.05, ** p < 0.01 and *** p < 0.001,
B Statistical analysis between Sofrito and fractions (expressed in g of sofrito) applying Dunn’s Kruskal-Wallis
multiple comparison. Values in a row with different letter show significant differences (p < 0.05).

2.4. Identification and Quantification of Carotenoids in the Sofrito Water, Oil and Insoluble Fractions

The insoluble fraction had the highest total carotenoid content (53.89 ug/g of sofrito) (Table 3),
with the all-E-lycopene form (9.6 + 0.6 ug/g) and the isomers 9-Z-lycopene and 5-Z-lycopene (9.1 + 0.7
and 9 + 1 ug/g, respectively) being predominant. The total carotenoid content in the oil (23.83 ug/g
of sofrito) (Table 3) was much lower than in the insoluble fraction, but before the cooking process no
quantifiable carotenoids were detected in the EVOO. Moreover, oil was the only fraction containing
the carotenoids all-E-lutein (0.71 + 0.2 pug/g of sofrito), apo-8-3-carotenal (0.40 = 0.03 ug/g of sofrito),
9,13-Z-lycopene (0.37 +£0.04 pg/g of sofrito), and 9,5-Z-lycopene (0.7 + 02 ug/g of sofrito) in quantifiable
amounts, which indicates that olive oil can incorporate and solubilize these bioactive compounds.

The oil fraction showed almost the same amount of total carotenoids as raw tomato (139.13 versus

150.48 ug/g, respectively), which indicates an efficient migration of carotenoids from the ingredients,
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given that they were not found in the EVOO before cooking. Another notable result was the presence
of carotenoid isomers in the oil fraction that were absent in raw tomato, indicating that they underwent
isomerization and incorporation in the oil fraction during the sofrito process.

3. Discussion

3.1. Incorporation of Phenolic Compounds in Extra Virgin Olive Oil (EVOO) during the sofrito Process

The health benefits of dietary phenolic compounds depend on their absorption and bioavailability,
which can be affected by differences in cell wall structure, glycoside location in cells, and especially by
binding with the food matrix [21]. The cooking process helps to improve bioavailability by promoting
chemical structural changes and the release of phytochemicals attached to the food matrix [4]. However,
the results of this study show that the major source of polyphenols in the sofrito was the insoluble
fraction, where they are still bound to the food matrix. Thus, their absorption requires release by
the digestion process or the intestinal microbiota. The composition of the microbiota and human
intervariabilities can influence this absorption [20]. The enrichment of the insoluble fraction with
polyphenols from EVOO could be due to the frying of onions, part of the sofrito preparation [26].
Ramirez-Anaya and co-workers [26] studied polyphenols in Mediterranean vegetables prepared
with different domestic cooking techniques and identified EVOO polyphenols in sautéed vegetables,
indicating a migration from the oil fraction.

In a reverse migration, the sofrito oil fraction was found to contain phenolic compounds not
present in the EVOO before cooking. Vallverdi-Queralt and co-workers [18], in a study of the effect
of oil addition and processing time (15 to 60 min) on the phenolic profile of tomato sauce, found an
increase in naringenin when 10% of EVOO was used compared to 5%, with the highest content found
at 45 min. Naringenin is trapped in the cuticle of ripe tomato fruit, where it interacts with the insoluble
polyesters that constitute tomato peel fiber [28,29]. Thus, mechanical and thermal processing plus the
addition of oil could release this compound from the food matrix [23,24,29]. Among the different sofrito
fractions, approximately 8% of naringenin was found in the oil. The affinity of naringenin for the
lipophilic constituents of olive oil may improve its extraction and could contribute to absorption. Once
incorporated in the oil fraction, it can enter the epithelial cells by passive diffusion [21,24]. Ban and
colleagues [30], in an attempt to improve the bioaccessibility of phenolic compounds, incorporated
naringenin in edible oil-producing nanoparticles. Thus protected, the polyphenol showed a good
stability and resistance in the harsh conditions of gastrointestinal digestion, demonstrating its affinity
for lipophilic environments. Martinez-Huélamo and co-workers [24], comparing the bioavailability of
phenolic compounds in raw tomato, tomato sauce, and tomato sauce supplemented with refined olive
oil, reported that naringenin content and bioaccessibility were higher after processing than in raw
tomato. Additionally, the addition of oil to the tomato sauce enhanced the absorption of naringenin,
which supports the possibility that the migration of tomato polyphenols to the EVOO in the sofrito
preparation may improve their bioavailability [23].

During the cooking process, the hydrolysis of flavonoid glycosides produces free hydroxyl phenol
groups, which enhances the lipophilicity of the molecule [13,14]. The molecular structure and the

presence of a sugar are important factors for the incorporation of phenolic compounds in the oil matrix.

Naringenin, ferulic acid, and quercetin showed good solubility in oil, reflected in the increase in their
content in the oil fraction after the sofrito preparation.

3.2. Incorporation of Carotenoids in Extra Virgin Olive Oil (EVOO) during the sofrito Process

The insoluble fraction of the sofrito sauce had the highest carotenoid content, probably due to
the presence of chromoplasts in tomato fruit, which remain intact after the cooking process [17] and
maintain the chemically stable all-E-isoform that predominates in nature [31]. The presence of lycopene
and P-carotene isomers in the insoluble fraction confirm that the isomerization reaction starts in the

chromoplast cells during the cooking process, which supplies the thermal energy required [32-36].
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Carotenoid degradation is avoided if temperatures are maintained between 105 °C and 120 °C [17],
which are usual conditions in traditional Mediterranean cuisine. Moreover, thermal treatment helps to
release carotenoids by softening cell walls and denaturing the protein-carotenoid complex, allowing
the formation of carotenoid isomers and improving their bioaccessibility in the final product [5].

The addition of oil to tomato products helps to partly dissolve lycopene, which is otherwise in
an insoluble crystalline form, and may protect lycopene from thermal oxidation during the cooking
process and improve its isomerization susceptibility [18,32,35,37]. Moreover, the presence of fat increase
the absorption of carotenoids [38,39]. Mutsokoti and co-workers [17] reported that several factors
influence the efficiency of carotenoid transfer to the oil phase, including the natural barriers of the food
matrix and carotenoid hydrophobicity and structure, the latter being the most important. In the current
study, all-E-lycopene showed a low solubility in oil, representing 18% of the total lycopene in the oil
fraction, whereas Z-lycopene forms constituted 82%. Mutsokoti and co-workers [17] reported a less
efficient transfer to the oil fraction for lycopene compared to 3-carotene. Palmero and colleagues [40]
described the same pattern, suggesting that lycopene was entrapped by the matrix, with low transfer
to the oil phase and consequently poor micellarization after in vitro digestion. However, neither of
the authors discriminated between all-E-lycopene and its isomers. The properties and functions of
carotenoids are strongly related to the size and shape of the compounds, the flexibility of the Z-forms
favoring their absorption and transport in comparison with the E-form [31].

The presence of multi-Z-lycopene isomers in the oil fraction could indicate that this was a stable
environment for carotenoid isomers. Multi-Z-isomers have been synthesized using a Wittig reaction,
obtained by a catalytic reaction with iodine, and isolated from tomatoes, but there is only one report of
multi-Z-lycopene isomers being obtained by thermal isomerization [41]. In the sofrito oil fraction, two
di-Z-lycopene isomers were characterized, 9,5-Z-lycopene and 9,13-Z-lycopene. Li and co-workers [42]
found di-Z-isomers in different tomato cultivars, although the contents were not quantifiable. Lin and
Chen [43] found 9,13-Z-lycopene and 9,13’-Z-lycopene in tomato juice, but at much lower levels (0.17
to 1.03 pug/g) than in the sofrito oil fraction. Similarly, Kelebek and co-workers [44], studying the effect
of hot and cold breaks in tomato paste processing, reported di-Z-lycopene, also at lower levels (0.49
to 0.87 mg/100 g dry matter). The current study differs in that EVOO was employed and phenolic
compounds from other ingredients like tomato, onion, and garlic could migrate to the oil fraction. The
favorable environment for the production of multi-Z-lycopene isomers can be attributed to polyphenols
and other chain-braking antioxidants present in different lipid systems. These polyphenols can protect
against oxidation in multiphasic systems, like oil/water emulsions, acting together with lipophilic
antioxidants such as a-tocopherol [37,45]. Quercetin and naringenin, found in the tomato-based sofrito,
show good solubility in oil and water, and especially at the oil-water interface, where oxidation takes
place [45]. The action of these free radical scavengers could explain the enhanced content of carotenoid
Z-isomers and di-Z-isomers in the oil fraction of the sofrtio.

4. Materials and Methods

4.1. Chemicals and Standards

Acetonitrile, ethanol, methanol, formic acid, and acetic acid were purchased from AppliChem,
Panreac Quimica SA (Barcelona, Spain). Hexane, methyl tert-butyl ether (MTBE), all-E-x-carotene,
all-E-B-carotene, all-E-lutein, all-E-lycopene caffeic acid, p-coumaric acid, chlorogenic acid, ferulic
acid, isolariciresinol, larisiresinol, luteolin, naringenin, oleuropein, pinoresinol, protocatchuic acid,
quercetin, rutin, and secoisolariciresinol were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Narigenin-7-O-glucoside, hydroxytyrosol, and ethyl gallate were acquired from Extrasynthese (Genay,
France), vanillic acid and apigenin from Fluka (St. Louis, MO, USA), and verbascoside from HWI
Analytic. C18 ODS SPE bulk sorbent was purchased from Agilent Technologies (Santa Clara, CA, USA).
Ultrapure water was obtained using a Milli-Q purification system (Millipore, Bedford, MA, USA).
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4.2. Material

To prepare the sofrito sauce, we used the tomato variety “pera” (Lycopersicon esculentum Mill, c.
v. Pera) because it is the traditional variety for making tomato sauce and sofrito, and moreover it
has high content of polyphenols compared to other varieties [46]. They were bought from Grupo
Almeria (La Cafiada, Almeria, Spain) from the same batch and had similar diameter (57-67 mm) to
avoid composition and climate variability. Olive oil certificated as Extra Virgin category (EVOO)
was kindly provided by Manuel Heredia Halcén (Cortijo De Suerte Alta, Albendin-Baena-Cérdoba,
Coérdoba, Spain). Onions and garlic were bought from Ametller Origen to use the products from the
same producer to avoid variability, since they provide high quality local products (Barcelona, Spain).

4.3. Home-Cooking sofrito Process

In order to study the incorporation of bioactive compounds in EVOO during the cooking process,
sofrito tomato sauce was chosen as a representative model of traditional Mediterranean cuisine.
The sofrito recipe was based on previous results of a study applying a full factorial design to evaluate
the effect of EVOO, onion, and garlic contents on the carotenoids in a tomato-based sofrito sauce (18).
The tomato sofrito sauce that was cooked in triplicate using 100g of EVOO, 400g of onion, 40g of garlic,
and 460g of tomato is the formulation that showed higher content of carotenoids (18).

The tomato-based sofrito was prepared at the Food and Nutrition Torribera Campus, University of
Barcelona (Santa Coloma de Gramenet, Spain). Tomatoes, garlic, and onion were washed, tomato and
onions were cut into small pieces (approximately 5mm), garlic were mixed in a blender (R5 Plus, Robot
Coupe®, Montceau, Bourgogne, France) and weighed. The bioactive compounds of the ingredients
were analyzed after the cutting process to avoid the effect of the process. The sofrito cooking process
was according to traditional Mediterranean cuisine: in an uncovered pan (24 cm diameter, 15 cm
height, 6.3 L volume, 1.59 mm thicknesss, and made of inox 18/10, Paderno, Orfengo, Italy), the EVOO
was heated on an electrical cooking plate (180 mm diameter, 1500 W, model Encimera EM/30 2P, Teka®,
Madrid, Spain) using a potency of 4 (of a range from 1 to 6) for 1 min. After that, the onion and
garlic were added and fried for 1 min, and then the tomato was added. From this point the cooking
process was timed and the potency was reduced to 2 for low heat cooking following the traditional
Mediterranean cuisine and continued for 30 min. The cooking heat was monitored and kept constant
throughout the process (100 + 1 °C) for reproducibility of the samples. After the cooking process, the
sofrito samples were weighed to quantify the water loss, packaged in plastic vacuum bags, and stored
at —25 °C (18).

4.4. Isolation of Oil, Water and Insoluble Fractions

In order to isolate the oil, water, and insoluble fractions from the sofrito sauce, 20 g of sample was
weighed in 50 mL falcon tubes and centrifuged at 20,000 rpm for 30 min at 15 °C, according to the
protocol of Palmero et al. (2013) [47]. After the separation of the oil fraction, which consisted of the
EVOO added to the formulation, the water fraction, and the insoluble fraction, the different parts were
weighed to verify how much each one contributed to the sofrito composition.

4.5. Extraction and Analysis of Polyphenols

4.5.1. Polyphenol Extraction

The solid fraction and ingredients used before cooking (0.5 g) were extracted with 5 mL of
methanol:ultra-pure water (80:20, v/v) with 0.1% of formic acid for 1 min, sonicated for 10 min in an
ice bath, and centrifuged at 4000 rpm for 15 min at 4 °C (Sigma 1-16KL, Sigma, Osterode am Harz,
Germany). The supernatant was transferred into a tube and the extraction was repeated. After that, the
supernatants were combined and evaporated using a vacuum evaporator (miVac DNA concentrator,
Genevac LTD, Warminster, England). The residue was suspended in up to 2 mL of ultra-pure water
with 0.1% of formic acid [7].
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The oil fraction (1 g) was diluted with 1 mL of n-hexane and after the addition of 2 mL of methanol,
it was homogenized and centrifuged at 3000 rpm for 3 min at 4 °C. 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, cleaned up with 50 mg of C18 to remove the polar fatty acids, homogenized for
1 min and centrifuged. In order to check for the presence of residual lipids, the extract was placed in
an ultra-freezer for 15 min and a visual inspection was performed. The clean liquid was evaporated
until dryness using a vacuum evaporator and the residue was suspended in up to 2 mL of ultra-pure
water with 0.1% of formic acid [48].

The water fraction (1 g) was weighed and centrifuged at4000 rpm for 15 min at4 °C. The supernatant
was transferred to a 2 mL volumetric flask to which ultra-pure water with 0.1% of formic acid was
added. All the extracts were filtered thought a 0.22 um polytetrafluoroethylene (PTFE) filter into a
2 mL amber vial for HPLC and stored at —80 °C until analysis.

4.5.2. Polyphenol Analysis by UPLC-ESI-QqQ-MS/MS

The polyphenols typically found in tomato, onion and garlic were identified and quantified
by a UHPLC-MS/MS method validated for tomato polyphenols (Tomato method) [49] and EVOO
polyphenols were analyzed using a another method more approprieate for them (Olive oil method) [50].
A UPLC Acquity system equipped with a binary pump, autosampler, and oven from Waters (Milford,
MA, United States) with a BEH C18 column (50 mm X 2.1 mm) i.d., 1.7 um (Waters, Milford, MA,
United States) was used. The injection volume was 10 pL, the samples were maintained at 4 °C and
the column at 30 °C.

The separation of tomato polyphenols (Tomato method) was carried out with a phase A consisting
of acetonitrile (0.1% formic acid) and phase B of water (0.1% formic acid). A gradient elution was
applied as follows: 0 min, 10%A; 0.5 min, 10%A, 1.5 min, 15% A; 2.0 min, 20% A; 2.5 min, 50%A;
3.0 min, 100% A; 3.5 min 100% A, and 4.5 min, 10% A. For the EVOO polyphenols (Olive oil method),
the separation was performed with a phase A consisting of acetonitrile (0.2% acetic acid) and phase
B of water (0.2% acetic acid). The gradient elution was: 0 min, 5%A; 2.5 min, 5%A; 12.5 min, 40%A;
12.6 min, 100%A; 13.5 min, 100%A; 13.6 min, 5%A, and 15.0 min, 5%A. A flow rate of 400 uL/min was
applied for both methods.

An API 3000 triple quadrupole mass spectrometer (ABSciex, Framingham, MA, USA), coupled
with a Turbo Ionspray source in negative ion mode was used for the MS/MS analysis. The settings of
the Turbo Ionspray were: capillary voltage, -3500 V; nebulizer gas (N2), 10 (arbitrary units); curtain gas
(N2), 12 (arbitrary units); collision gas (N3), 4 (arbitrary units); and drying gas (N;) heated at 400 °C
introduced at a flow rate of 8000 cm3/min. To improve the detection, the declustering potential, focusing
potential, and collision energy were optimized for each compound by direct infusion experiments:
10 ppm individual standard solutions, dissolved in 1:1 (v/v) mobile phase, were infused at a flow rate
of 5 uL/min with a model syringe pump (Harvard Apparatus, Holliston, MA, USA). A full-scan data
acquisition in profile mode, scanning from 100 to 800 m/z, was used in cycles of 2 s with a step size of
0.1 u and a pause between each scan of 0.002 s (Table 1).

The polyphenols were quantified using multiple reaction monitoring mode (MRM)), tracking
the transition of parent ion and product ions specific for each compound. The quantification was
performed using the internal standard method, applying ethyl gallate as the internal standard, and
quantified with calibration curves related to the corresponding standard. The limit of quantification
(LoQ) was: 1.13 ng/mL for chlorogenic acid; 9.75 ng/mL for caffeic acid, protocatechuic acid, ferulic acid
and verbascoside; 27.0 ng/mL for naringenin-7-O-glucoside, p-coumaric, isolariciresinol, lariciresinol;
75.0 ng/mL naringenin, quercetin, rutin, apigenin, luteolin, hydroxytyrosol, and oleuropein. When
commercial standards were not available, the compound was quantified using a standard of the same
class of polyphenol. The results were expressed as pg/g of fraction.
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4.6. Extraction and Analysis of Carotenoids

4.6.1. Carotenoid Extraction

The solid fraction and ingredients (0.5 g) and water fractions (1 g) were weighed and homogenized
with 5 mL of ethanol n-hexane (4:3, v/v), and then sonicated for 10 min in an ice bath and centrifuged at
4000 rpm for 20 min at 4 °C. The apolar phase was separated in a different flask and the extraction was
repeated until it was colorless. All the supernatants were combined and evaporated to dryness using a
vacuum concentrator (miVac DNA concentrator, Genevac LTD, Warminster, England). The residue
was suspended in 1 mL of MTBE, filtered using a 0.22 um PTEFE filter, and stored in a 2 mL amber vial
at —80 °C [36].

The oil fraction (1 g) was extracted using 3 mL cold acetone (8 °C), then sonicated for 10 min
in an ice bath and centrifuged in the same conditions. The extract was kept at freezer temperature
(=25 °C) for 30 min and the separation of acetone from residual fat was visually checked. After that,
the extraction was repeated until it was colorless. The carotenoids were transferred to 2 mL of hexane
and washed 4 times with 5 mL of ultrapure water to remove the acetone. The hexane was evaporated
until dryness using a vacuum concentrator and the residue was suspended in 1 mL of MTBE, filtered
with a 0.22 um PTFE filter in a 2 mL amber vial, and stored at —80 °C.

4.6.2. Carotenoid Analysis by HPLC-DAD and HPLC-APCI-QqQ-MS/MS

The carotenoid analysis was based on the procedure of Vallverdu-Queralt et al. (2015) [36] with
modifications. An HPLC system (HP1100 HPLC system, Hewlett-Packard, Waldbronn, Germany)
equipped with a quaternary pump and autosampler and coupled with a diode array detector (DAD
G1315B) was used. Separation was carried out using a C30 250 X 4.6 mm, 5 um column (YMCTM,
Water Co., Milford, MA, USA), with a flow rate of 600 pL/min at 25 °C. The injection volume was 20 pL.
The mobile phase consisted of methanol (A), MTBE (B) and water (C). A gradient was used to separate
the carotenoid compounds under the following conditions: 0 min, 70% A; 15 min, 20% A; 30 min, 6%
A; 31 min, 6% A; 33 min, 70% A; and 43 min, 70% A. Water was kept constant at 4% throughout the
analysis. The DAD detector was applied in the range of 350 to 600 nm and the chromatograms were
acquired at a 450 nm wavelength.

A QTRAP4000 triple quadrupole mass spectrometer (Sciex, Foster City, CA, USA) equipped with
an APCI ionization source operating in positive-ion and multiple reaction monitoring mode was used
to confirm the identification. The carotenoids were separated using the same column and a different
mobile phase was applied: methanol (A) and MTBE:methanol (80:20, v/v) (B), both fortified with 0.7 g/L
of ammonium acetate and 0.1% acetic acid. The linear gradient of A was: 0 min, 90%; 10 min, 75%;
20 min, 50%; 25 min, 30%; 35 min, 10%; 37 min, 6%; 39 min, 90%; and 50 min, 90%, with a flow rate of
600 uL/min. The mass spectrometer conditions were: entrance potential (EP), 10 V; collision cell exit
potential (CXP), 15 V; temperature source, 400 °C, curtain gas, 20 psi, ion source gas 1 (GS1), 45 psi; ion
source gas 2 (GS2), 0 psi. Declustering potential (DP) was selected for the carotenoids according to
previously established conditions [51].

The identification was based on retention time, chromatography with standards, mass spectra,
and UV/VIS absorption spectra: Amax, spectral fine structure (%III/II) and peak cis intensity (%Ap/Ap).
The carotenoids were quantified by HPLC-DAD with external calibration curves of x-carotene,
f-carotene and lycopene with seven concentration levels. The limit of quantification (LoQ) was 0.2
for lycopene and 0.4 ppm for a-carotene and f-carotene. The Z-isomers were quantified with the
calibration curve of the corresponding E-form. The results were expressed as pg/g of fraction.

4.7. Statistical Analysis

The Shapiro-Wilk test was used to check data normality. The statistical differences between
EVOO before and after cooking were analyzed by R v 3.4.4 using the t-test, and the differences between
different fractions and tomato sofrito sauce by Dunn’s Kruskal-Wallis multiple comparisons.
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5. Conclusions

The use of olive oil in Mediterranean cuisine may improve the extractability of bioactive compounds
such as polyphenols and carotenoids from food matrix. The migration of polyphenols, such as
naringenin, ferulic acid, and quercetin, which are compounds not detected in olive oil, to the oil fraction
during the sofrito preparation may enhance their bioacessibility and bioavailability. Carotenoids from
tomato can also be transferred to the oil fraction, especially Z-isomers, due to their structure and
solubility, and this could improve their bioacessibility. The presence of these compounds in oil fraction
after the cooking process indicates their stability in oil matrix avoiding oxidation. The beneficial effects
of the Mediterranean diet may be due not only to the consumption of certain foods, but also cooking
techniques such as sofrito, which can help the extraction of carotenoids and phenolic compounds from
food matrix, and could contribute to its bioacessibility, 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 lllan,

Xavier Torrado-Prat, Rosa Maria Lamuela-Raventods.

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:
CUSINOMICS

Running title: Use of OMICS to discover formation of new compounds during home cooking:

cusinomics

José Fernando Rinaldi de Alvarenga’, Paola Quifer-Rada? Sara Hurtado-Barroso’3, Montserrat

Illan’, Xavier Torrado-Prat?, Rosa M. Lamuela-Raventds’-3*
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and Food Sciences. University of Barcelona. Carrer Prat de la Riba, 171, 08921, Santa Coloma de
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Nutrition Torribera Campus, 08921 Santa Coloma de Gramenet, Spain. Telephone +34-
934034843. Fax +34-934035931; e-mail lamuela@ub.edu

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 evolve'. 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 energy?. 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 cooked’.
Cooking makes nutrients and phytochemicals more easily absorbed®. Nowadays, efforts on
research about how culinary techniques affect and preserve health-promote phytochemicals has
been carried out*®, however they are focused on targeted compounds found in raw foods,
completely forgetting about other chemical classes or formation of new compounds®.

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
composition’. Recently, the term foodomics was incorporated by Cifuentes and co-workers® 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 “EV0OQ”, “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 isotope’. 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 healing®'°. In food the presence describing these compounds is
scarce, only in tomato, cherry tomato, pepper, paprika, onion, spinach® and in goji berry'. 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.

M Control
M Garlic
Hoil

Onion
[ 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

MS? fragments

Error
(ppm)

ID
Level

p-value
adjusted

Model

5-caffeoylquinic acid (chlorogenic
acid)*

4-caffeoylquinic acid
(cryptochlorogenic acid)*

Naringenin-O-hexoside

Hesperetin*

Oleuropein aglycone (3,4-DHPEA-
EA)

Ligstroside-aglycone

N-gamma-Glutamyl-S-allylcysteine

N-gamma-L-Glutamyl-L-isoleucine /
gamma-L-Glutamyl-L-leucine

3/4-Hydroxybenzoic acid

N-Caffeoyltyramine

Quercetin*

Luteolin*

9,12,13,TriHODE (Corchorifatty acid
F)

Isorhamnetin*

9,12,13-TriHOME (Pinellic acid)

C16H1809

C16H1809

C21H22010

C16H1406

C19H2208

C19H2207

C11H1805N2S

C11H20N205

C7H503

C17H17NO2

C15H1007

C15H1006

C18H3205

C16H1207

C18H3405

8.54

8.98

13.77

20.34

20.64

21.14

4.63

5.61

6.31

13.83

19.29

20.40

20.43

20.53

20.69

353.0857

353.0858

433.1116

301.0699

377.1221

361.1271

289.0845

259.1283

137.0235

298.1066

301.0335

285.0387

327.2158

315.0492

329.2315

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

(M-H]

[M-H]
[13C M-H]

[M-H]

329.0130 (5)
191.0551
(100)
179.0340 (10)
135.0444 (5)

173.0447
(100)
179.0341 (60)
191.0552 (25)
135.0445 (10)
111.0446 (5)

271.0604
(100)

151.0031(100)
177.0186(20)
221.1536(15)
283.1907(15)

345.0971(25)
333.1331(45)
307.0810(100)
275.0913(90)

329.1009(20)
291.0861(85)
259.0967(100)

271.0744(45)
249.1088(5)
215.0663(20)
171.0772(10)
128.0347(100)

241.1182(40)
223.1076(10)
128.0347(100)

93.0341(100)

280.0964(100)
253.9980(20)

301.0337(100)
273.0389(15)
257.0440(10)
178.9976(90)
151.0028(70)

241.0492(100)
175.03395(90)

327.2160(100)
309.2054(15)
191.1949(25)
199.1433(40)
171.1017(40)

315.0505(100)
300.0269(100)
151.0034(5)

329.2320(100)
311.2216(15)
293.2110(15)
229.1436(50)
211.1331(30)
171.1021(20)

2.516

2.516

5.103

5.618

5.279

-6.22

6.907

5.811

6.111

0.874

0.899

6.705

1.061

0.859

0.981

0.0272

0.0145

0.0491

0.0145

0.0498

0.0125

0.0001

0.0001

0.0182

0.0005

0.0378

0.0229

0.0000

0.0337

<0.0001
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16-A1-phytoprostane/
16-B1-phytoprostane/
16-J1-phytoprostane/
9-A1-phytoprostane/
9-B1-phytoprostane/
9-J1-phytoprostane

3-0x0-2-(2-
entenyl)cyclopentaneoctanoic acid

Unknown / lipid

S-Propyl thiosulfate

gamma-Glutamyl-leucine

Quercetin-dihexoside

Isorhamnetin-dihexoside

Kaempferol hexoside

Isorhamnetin-O-hexoside

Quercetin*

Apiin

Kaempferol*

16-F1-phytoprostane /
9-F1-phytoprostane /
9,12,13,TriHODE (Corchorifatty acid
F)

Isorhamnetin*

9,12,13-TriHOME (Pinellic acid)

16-A1-phytoprostane /
16-B1-phytoprostane /

C18H2804

C18H3003

C18H3204

C3H803S2

C11H20N205

C27H30017

C28H32017

C21H20011

C22H22012

C15H1006

C26H28014

C15H1006

C18H3205

C16H1207

C18H3405

C18H2804

21.22

21.71

22.01

478

5.61

11.73

13.03

16.76

17.30

19.29

19.52

20.40

20.43

20.53

20.69

21.22

307.1895

293.2103

311.2208

154.9832

259.1283

273.0863

639.1533

447.0909

477.1014

301.0335

563.1380

285.0387

327.2158

315.0492

329.2315

307.1895

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

315.1220(100)
163.0391(40)
145.0286 (20)
119.0496 (10)

293.2107(100),
275.2000(10),
249.2212(20)

311.2210(100)
293.2104(90)
275.1999(25)
211.1327(40)
197.1171(35)

171.1017(35)

)
)
)

154.9836(20
80.9648(100

241.1076(30
223.1076(10)
128.0346(100)

625.1392(10)
463.0863(100)
301.0339(35)

639.1541(100)
477.1018(35)
315.0495(40)

447.0912(35)
285.0390(100)

477.1021(80)
315.0496(100)

301.0344
(100)
178.9980 (75)
151.0032 (60)
273.0395 (15)
193.0135 (5)
107.0135 (5)

301.0870(100)
436.1738(20)
478.8416(20)

285.0389(100)
257.0442(10)
213.0548(10)
169.0653(10)
151.0027(10)

327.2164(100)
309.2058(10)
291.1952(20)
229.1435(30)
211.1330(20,
171.1019(25)

155.1071(5)

315.0497(100)
300.0262(90)
151.0033(10)

329.2318(100)
311.2214(20)
293.2108(15)
229.1435(40)
211.1330(25)
171.1019(25)

259.1666(100)
279.1928(85)

-6.91

0.941

0.666

0.118

4.811

4.771
-5.23
-5.11

4.484

5.733

4.401

0.534

0.921

0.549

0.591

6.031
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0.0009

0.0004

0.0001

<0.0001

<0.0001

<0.0001

0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001
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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

9,12,13,TriHODE (Corchorifatty acid

F C18H3205

LysoPE(0:0/18:3)/LysoPE(18:3/0:0)  C23H42NO7P

Lipid C18H3203
2/3/4-Methoxybenzoic acid C8HB803
(E)-S-1-Propenyl thiosulfate C3H603S2

3,4-Dihydroxyphenylglycol C8H1004

N-trans-p-Coumaroyltyramine C17H17NO3
Hesperetin* C16H1406
(R)—2—Ferul‘??lzl:;t—atrl]-leyéji:)(?xyphenyl)— C18H1806
Luteolin 7-O-hexoside C21H20011

21.40

21.89

22.61

5.48

10.59

2.26

17.96

20.34

19.535

16.11

327.2158

474.2601

295.2260

157.0496

152.9676

169.0495

2821118

301.0699

329.1010

447.0910

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

[M-H]

263.1638(40)
205.0866(20)

327.2163
(100)
291.1952 (20)
229.1435 (30)
171.1019 (30)

274.2604(50)
277.2157(100)
214.0475(10)
196.0371(10)

295.2265(100)
277.2160(35)
221.2373(5)
195.1382(20)
171.1019(15)

107.0496(100)

152.9678(10)
123.0446(100)
109.0289(25)
89.0062(35)
80.9647(40)
79.9570(55)

151.0394(100)
123.0447(45)

282.1121(100)
162.0552(10)
145.0287(20)
134.0604(10)
119.0496(15)

151.0031(100)
286.0472(20)

329.1017(15)
193.0498(100)
135.0445(60)

285.0391(80)
284.0313 (70)
327.0496 (20)
255.0287 (5)
151.0028 (5)

0.921

1.016

0.791

-6.67

6.529

6.874

-6.05

5.452

5.899

5915

<0.0001

0.0023

0.0031

0.0055

0.0043

0.0033

0.0006

0.0031

<0.0001

0.0118

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 compounds''2. Moreover, cooking process is responsible to

promote disruption of cell walls that could contribute to increase the extractability of these

compounds*. The association of a hydroxycinnamic acid with an amine has been related with an

increase in the molecule antioxidant activity’® and biological activities such as anti-inflammatory

and anti-cancer properties’®'214, N-caffeoyltyramine exhibit an inhibitory effect of NO production
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in inflammatory cell models™ and N-coumaroylserotonin and N-feuroylserotonin are able to
ameliorate atherosclerosis and aortic wall distensibility in hypercholesteremic rabbits'. 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 activities'.

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 a-linoleic acid, being
reported in several seed oils such as soybean, corn, canola and other products like olive oil and
tree nuts'®” and recently was described in processed onions and garlics’®. Gil-lzquierdo 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
functions'”. 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)'"%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
aglycones?'. 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 2223, 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 forms?6.

A higher content of onion and garlic revealed phenolic markers in which quercetin and
isorhamnetin, compounds already described in these two foods’®. 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 evidenced?. 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
aggregation?®?®, 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 hypercholesterolemia®2°,

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 lost®.
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 Cafiada, Almeria, Spain). Onions and garlic were
bought from Casa Ametller (Barcelona, Spain). Manuel Heredia Halcén (Cortijo De Suerte Alta,

Albedin-Baena-Cordoba) supplied the extra virgin olive oil (EVOO).

157



PUBLICATION 7

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)®. 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 (EVOOQ) (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

samples®'.

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
°C. 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 1T 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 pm into a 2 mL amber vial for HPLC analysis and stored at -
80 °C.

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, 3um (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 pL/min and the injection volume was 10 pL32.

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 °C. 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.

lons 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 Ill, 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 llI: 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-Altayo, Laia Alsina, Yara Onetti, José Fernando

Rinaldi de Alvarenga, Carmen Claro, Elena Ogalla, Nuria Casals, Rosa Maria Lamuela-Raventos.
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 O,- 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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Mol. Nutr. Food Res. 00, 0, 2017, 1601010 DOI 10.1002/mnfr.201601010 (10f 11) 1601010

RESEARCH ARTICLE

Mediterranean tomato-based sofrito protects against
vascular alterations in obese Zucker rats by preserving
NO bioavailability

Rosalia Rodriguez-Rodriguez’, Francesc Jiménez-Altayd?, Laia Alsina?, Yara Onetti?,
José Fernando Rinaldi de Alvarenga®, Carmen Claro®, Elena Ogalla®, Nuria Casals'®
and Rosa M. Lamuela-Raventos*®

1 Basic Sciences Department, Faculty of Medicine and Health Sciences, Universitat Internacional de Catalunya,
Sant Cugat del Valleés, Barcelona, Spain

2 Departament de Farmacologia, de Terapéutica i de Toxicologia, Institut de Neurociéncies, Facultat de Medicina,
Universitat Autonoma de Barcelona, Bellaterra, Spain

3 Departamento de Farmacologia, Facultad de Farmacia, Universidad de Sevilla, Sevilla, Spain

4 Nutrition, Food Science Department and Gastronomy, XaRTA, INSA-UB Pharmacy, University of Barcelona,
Barcelona, Spain

5 CIBER Fisiopatologia de la Obesidad y la Nutricion (CIBEROBN), Instituto de Salud Carlos Ill, Madrid, Spain

Received: November 18, 2016
Revised: February 17, 2017
Accepted: March 3, 2017

Scope: Sofrito, a key component of the Mediterranean diet, provides nutritional interest due to
its high content in bioactive compounds from tomato and olive oil, and especially to the lipid
matrix in which these compounds are found. In this study, the potential beneficial effects of
dietary intake of sofrito on obesity-related vascular alterations were explored in obese Zucker
rats.

Methods and results: Obese and lean rats were fed a control diet supplemented or not with
2% w/w sofrito for 8 weeks. Vascular function was evaluated in aorta in organ baths. Dihy-
droethidium staining and immunofluorescence was used to determine aortic superoxide and
peroxynitrite production, respectively. Despite food and caloric intake was higher in sofrito-fed
obese rats, no differences were appreciated on body weight compared to control rats. Sofrito
attenuated phenylephrine-induced vasoconstriction. This effect was associated with preserva-
tion of nitric oxide on vasoconstriction and normalization of serum nitric oxide metabolites,
vascular inducible nitric oxide synthase and vascular superoxide and peroxynitrite levels.
Conclusion: This is the first evidence of tomato-based sofrito protection against vascular al-
terations that could precede major cardiometabolic complications in obesity. These results
contribute to explain the therapeutic properties of the Mediterranean diet in obesity-related
disorders. Therefore, sofrito is an attractive dietary approach against vascular alterations in
obesity.
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Obesity is one of the leading public health problems in
developing countries. Besides its direct impact on life quality,
obesity is a major risk factor for highly lethal chronic compli-
cations such as insulin resistance and cardiovascular disease

Colour Online: See the article online to view Figs. 3 and 4 in colour.
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[1]. Particularly, the pathophysiology of obesity-related
vascular disorders is an important target for developing
new therapeutic strategies aimed to prevent or ameliorate
cardiovascular complications in obesity [2].

Although traditional dietary approaches have proven suc-
cessful as part of the treatment of obesity and cardiovascular
pathologies in clinical trials, the exact role and importance of
the individual components of the dietary pattern on specific
aspects of these diseases need further evaluation [3, 4]. Re-
search has therefore turned its attention to functional foods
and nutraceutics as main components of a healthy prototype
diet that could have the potential ability to modulate physio-
logical and pathophysiological molecular mechanisms, thus
resulting in favorable health outcomes [4]. In this sense, the
Mediterranean dietary pattern has been shown to reduce the
burden or even prevent the development of cardiovascular
disease, cancer and obesity, among other pathologies (3,5, 6].
Within the Mediterranean diet, tomato and tomato sauces
are typical. In fact, tomato sauce is the most commonly
consumed tomato product worldwide and particularly in
Spain, where it represents almost 40.8% of all sauce con-
sumption [7]. In addition, consumption of tomato products
has been consistently associated with a lower risk of several
types of cancer and coronary heart disease, an effect mainly
attributable to its high content in bioactive compounds such
as polyphenols, carotenoids, and vitamin C [8-11].

Tomato-based sofrito, a key component of the Mediter-
ranean diet, is particularly interesting for its high content in
bioactive compounds, not only from tomato but also from
onion and virgin olive oil, and especially for the lipid matrix
in which these compounds are found [12,13]. Regarding the
latter, recent investigations have demonstrated that mechan-
ical and thermal treatments, as well as oil matrix addition
during tomato and sofrito sauce processing, may increase the
bioaccessibility, extractability, and bioavailability of phenolic
compounds from tomato [14, 15]. Once they reach the ad-
equate bioavailability, predominant phytochemicals present
in sofrito, especially polyphenols and carotenoids, can exert
their health-promoting effects [16-18]. Epidemiological and
preclinical studies have demonstrated that fruits, vegetables,
and beverages rich in carotenoids (e.g., lycopene and beta-
carotene) and polyphenols (e.g., rutin and naringenin) de-
lay the onset of atherosclerosis and exhibit anti-inflammatory
and antiplatelet activities [19]. Additionally, these phytochem-
icals are able to reduce neointimal thickening by inhibiting
proliferation of vascular smooth muscle cells and can also
prevent vascular dysfunction by improving nitric oxide (NO)
availability [20]. In particular, recent evidence suggests that
carotenoids and polyphenols are key players not only in the
treatment of inflammation and vascular complications, but
also in restoring normal adipocyte function in obese subjects
[4,21,22). Interestingly, an inverse association has been estab-
lished between plasmatic levels of carotenoids and inflamma-
tory and oxidative stress markers in obese patients [23]. The
fact that obesity is an inflammatory state that contributes
to oxidative stress and vascular complications [2] indicates
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that a dietary source of carotenoids and polyphenols could
represent an attractive therapeutic strategy to prevent or ame-
liorate the obesity-related complications.

In the present study, the potential preventive effects of a
short- to middle-term dietary intake of Mediterranean sofrito
were explored for the first time in an animal model of obesity
during initial stages of the disease. Concretely, we used the
Zucker rat that is an obesity model extremely useful to explore
vascular and metabolic complications associated with obesity
[24]. Thus, this study is an attempt to evidence the potential
contribution of sofrito consumption in the healthy properties
of the Mediterranean diet.

2 Materials and methods
2.1 Standards and reagents

The standards of carotenoids and polyphenols were pur-
chased from Extrasynthese (Genay, France) (ethylgallate,
hydroxytyrosol, naringenin-7-o-glucoside), Sigma-Aldrich
(St. Louis, MO, USA) (all-E-a-carotene, all-E-B-carotene,
all-E-lycopene, apigenin, caffeic acid, chlorogenic acid,
o-coumaric acid, p-coumaric acid, ferulic acid, naringenin,
oleuropein, pinoresinol, protocatechic acid, quercetin, rutin,
vanillic acid), and HWI Analitik (Riilzheim, Germany)
(verbascoside).

2.2 Animals and diets

Six-week-old male obese Zucker rats and their lean littermate
controls were purchased from Charles River (Charles River
Laboratories, Barcelona, Spain). At 8 weeks of age, obese and
lean rats were randomly assigned to the following groups (n
= 8): lean rats fed control chow diet (LC), obese rats fed con-
trol chow diet (OC), lean rats fed chow diet supplemented in
2% (w/w) sofrito (LS), and obese rats fed chow diet supple-
mented in 2 % (w/w) sofrito (OS). Control (standard) chow
diet (Teklad Global 2018) was provided by Harlan Labora-
tories (Milan, Italy). Sofrito (Gallina Blanca-Star, Barcelona,
Spain) was characterized as described in the following sec-
tions and content of polyphenols and carotenoids is shown
in Table 1. Sofrito supplementation was calculated according
to previous unpublished studies in humans in which 2.25
g/kg sofrito peer week was administered. Lycopene content
was used as a biomarker, and 2% sofrito-supplemented diet
provides 3.61 & 0.23 pg/g lycopene.

Body weight and food intake was weekly evaluated.
After 8 weeks of administration of the experimental diets,
animals were killed by decapitation. Blood samples were
immediately collected and thoracic aorta, liver, visceral
(perirenal + retroperitoneal), and epididymal adipose tissues
were dissected.

The protocol for animal handling and experimentation
agreed with the European Union guidelines for the ethical
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Table 1. Characterization of polyphenol and carotenoids content of the Mediterranean sofrito used in the study expressed in pg/g of fresh
weight. The sofrito is mainly composed by tomato (50%) (pulp and concentrated), onion (37%), extra virgin olive oil (12%), and

salt
Polyphenols Carotenoids
3,4-DHPEA-EDA 0.052 + 0.002 all-E-{-Carotene 3.6 + 0.3
Caffeic acid 0.74 + 0.02 all-E-a-Carotene 4.0 + 0.2
Caffeic hexoside | 1.77 £+ 0.04 all-E-B-Carotene 9.1 £ 0.2
Chlorogenic acid 3.6 + 0.3 13-Z-B-Carotene 3.31 £+ 0.05
Coumaric hexoside | 0.51 + 0.01 15-Z-Lycopene 7.3 £ 05
DHOA 0.046 + 0.001 13-Z-Lycopene 33 +3
Dicaffeoylquinic acid 0.20 + 0.00 9-Z-Lycopene 34 + 1
Dihydroxytyrosol 0.105 + 0.001 all-E-Lycopene 142 + 3
Eneloic acid 0.074 + 0.001 5-Z-Lycopene 28.6 + 0.2
Ferulic acid 0.51 + 0.04
Ferulic hexoside 2.16 + 0.04
HCM-EA 0.34 + 0.01
HDCM-OA 1.1 + 0.1
HOA 0.26 + 0.01
Hydroxyelenoic acid 0.26 + 0.03
Hydroxytyrosol 1.00 £ 0.06
Lariciresinol 0.32 + 0.03
Luteolin 1.5 + 0.2
Naringenin 9.6 £ 0.9
Naringenin-7-glucoside 0.87 + 0.01
Oleuropein | 0.063 + 0.002
p-Coumaric acid 0.27 + 0.02
Pinoresinol 1.1 £ 0.1
Protocatechic acid 0.28 + 0.02
Rutin 4.5 + 0.7
Vanillic acid 0.39 + 0.02

Data are mean =+ SD.

3,4-DHPEA-EDA, decarboxyl methyl oleuropein aglycone; DHOA, dihydroxyoleuropein aglycone; HCM-EA, hydroxycarboxymethyl elenoic
acid; HDCM-OA, hydroxydecarboxymethyl oleuropein aglycone; HOA, hydroxyoleuropein aglycone.

management of animals and was approved by the Committee
of Ethical Experimentation of the Universitat of Barcelona
(557/16).

2.3 Extraction of carotenoids and polyphenols

The bioactive compounds extractions were performed under
light with UV filters and ice to minimize the oxidation and
isomerization of the compounds. All the samples were ex-
tracted in triplicate.

2.3.1 Extraction of carotenoids and polyphenols
from sofrito

Sofrito (0.5 g) was homogenized with ethanol:n-hexane (4:3,
v/v) for the carotenoid extraction. The homogenate was son-
icated for 10 min on ice and then centrifuged (2486 x g, 20
min at 4°C). The apolar phase was separated and the extrac-
tion was repeated until colorless. The supernatants were com-
bined and evaporated under nitrogen flow and the residue was
reconstituted with MTBE and filtered using a 0.22 um PTFE
filter and stored at —80°C until analysis [12]. The same weight

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of sofrito was extracted with ethanol: water (80:20; v/v) for
polyphenols extraction. The homogenate was sonicated, cen-
trifuged, and extracted in the same conditions. The residue
was suspended up to 2 mL of ultrapure water with 0.1% of
formic acid and filtered through a 0.22 pum PTFE filter storage
at —80°C [12].

2.3.2 Extraction of carotenoids from rat liver tissues

Liver sections (50 mg) were weighed and homogenized with
ethanol:water (50:50, v/v) containing 100 mM PMSF and
1% BHT. Then, 600 pL of hexane was added, homogenized,
sonicated for 5 min, and centrifuged (6000 x g, 5 min at
4°C). The apolar phase was transferred into a flask and the
extraction was repeated. After evaporation, the extract was
reconstituted and transferred into an amber vial for HPLC
analysis [25].

2.4 Carotenoids analysis by HPLC-DAD

The carotenoid analysis was performed using an HPLC sys-
tem (HP1100 HPLC system; Hewlett-Packard, Waldbronn,
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Germany) equipped with a quaternary pump and autosam-
pler, coupled to a diode array detector DAD G1315B. Separa-
tion was carried out on a C30 250 x 4.6 mm, 5 wm column
(YMCTM; Water Co., Milford, MA, USA) and the conditions
were based on the procedure described by Vallverdu-Queralt
et al. [12]. Identification of the carotenoids was confirmed
by retention time, chromatography with standards, UV/VIS
absorption spectrum (Ayay, spectral fine structure (%II1/1I),
peak cis intensity (%Ab/AlIl)), characteristics compared to the
standards analyzed under the same conditions, and the liter-
ature [13, 26]. Quantification was performed using external
calibration curves for all-E-a-carotene, all-E-B-carotene, and
all-E-lycopene with seven concentration levels. The Z-isomers
were quantified using the same calibration curve correspond-
ing to the all-E-form and all-E-{-carotene using a B-carotene
curve. The results were expressed as ug/g of sofrito oryes
tissue.

2.5 Polyphenols analysis by HPLC-MS/MS

The identification and quantification of the phenolic com-
pounds typically presented in sofrito were carried out by
UHPLC-ESI-QqQ-MS/MS analysis using the conditions of
a validated method by Di Lecce et al. [27] for tomato and
a method described by Capriott et al. [28] for olive oil. LC
was performed with a UHPLC Acquity system equipped with
a binary pump and an autosampler from Waters (Milford,
MA, USA). A BEH C18 column (50 mm x 2.1 mm) i.d., 1.7
wm (Waters, Milford, MA, United States) was used. An API
3000 triple quadrupole mass spectrometer (ABSciex, Con-
cord, Ontario, Canada) equipped with Turbo Ionspray source
in negative-ion mode was used for the MS/MS data analysis.
Quantification of polyphenols was performed using multiple
reactions monitoring mode tracking the transition of parent
ion and product ions specific for each compound. The quan-
tification was carried out by the internal standard method
using ethyl gallate. The polyphenols were quantified related
to their corresponding standard or with a compound corre-
sponding at the same class. The results were expressed as

ng/g of sofrito.

2.6 Blood biochemical assays

Serum samples were obtained from blood by centrifugation
(2000 x g, 5 min). Glucose, total cholesterol, and triglyc-
erides levels were determined using enzymatic-based assays
following manufacturer’s instructions (CatBio Laboratories,
Barcelona, Spain). Serum levels of NO metabolites (NOy)
were determined based on the colorimetric Griess reaction
[29]. Absorbance was measured spectrophotometrically at
540 nm [30].
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2.7 Tissue preparation

Thoracic aorta was cleaned in Krebs-Henseleit solution (in
mmol/L: NaCl 112; KCl 4.7; NaHCOj; 25; MgSO4 1.2; CaCl,
2.5; KH,PO, 1.2; and glucose 11.1; pH 7.4). For detection of
superoxide anion (O, ), aortic rings were maintained in 30%
sucrose- Krebs-Henseleit solution overnight, placed into cry-
omolds with embedding medium, and immediately frozen
for storage at —80°C [31]. For immunofluorescence studies,
aortas were fixed in 4% phosphate-buffered paraformalde-
hyde for 1 h and then washed in PBS. Afterward, arte-
rial segments were placed in 30% sucrose PBS overnight,
transferred to cryomolds, and kept at —80°C until analysis
[31].

2.8 Vascular reactivity experiments

Aortic rings were disposed in organ baths, and vascular func-
tion was measured as previously described [31]. Contractile
capacity of the vessels was assessed with KCl 100 mmol/L. Af-
ter stabilization, endothelial-dependent vasodilatations were
studied by evaluating the relaxation induced by acetylcholine
(ACh; 0.001-10 pwmol/L) in vessels previously contracted with
phenylephrine (Phe). To investigate contractile responses,
concentration-response curves to Phe (0.001-100 wmol/L)
were performed in the absence or presence of the nonselective
NO synthase (NOS) inhibitor N-nitro-L-arginine-methyl-ester
(L-NAME, 300 pmol/L).

2.9 In situ detection of superoxide anion

The oxidative fluorescent dye dihydroethidium (DHE) was
used to evaluate production of arterial O,~, as described
[31]. Briefly, 14 wm thick aortic sections were incubated
with DHE (2 wmol/L) in Krebs-HEPES buffer. Preparations
were viewed by laser scanning confocal microscope (TCS
SP2; Leica, Heidelberg, Germany). DHE fluorescence
was abolished by the O, scavenger, Mn(III)tetrakis(1-
methyl-4-pyridyl)porphyrin, indicating the specificity of this
reaction. Integrated optical densities were quantified using
MetaMorph Image Analysis Software (Molecular Devices,
Sunnyvale, CA, USA). The fluorescence signal per area was
measured in at least two rings of each animal, and the results
were expressed as arbitrary units.

2.10 Immunofluorescence

The in situ production of peroxynitrite (ONOO™) was
measured indirectly by analyzing nitrotyrosine levels,
whereas inducible NOS (iNOS) expression was analyzed by
inmunofluorescence, as previously described [32]. Frozen
transverse sections (14 wm thick) were incubated with rabbit
polyclonal antibody against nitrotyrosine (1:100; Merck
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Millipore, Darmstadt, Germany) or iNOS (1:50; Thermo
Scientific, Rockford, IL, USA) [32]. Preparations were then
incubated with the secondary antibody IgG conjugated to
cyanine 3 (1:200; Jackson ImmunoResearch Laboratories
Inc, West Grove, PA, USA). Signals were viewed using
a laser scanning confocal microscope (TCS SP2; Leica).
Cyanine 3 labeled antibody was visualized by excitation
at 561 nm and detection at 600-700 nm. The specificity
of the immunostaining was evaluated by omission of the
primary antibody and processed as described above. Optical
density of immunofluorescence was assayed as described in
Section 2.9.

2.11 Data analysis and statistics

Results were shown as mean =+ SD. Vasoconstrictor re-
sponses were expressed as a percentage of tone generated
by KCI 100 mmol/L. Vasodilator responses were expressed
as a percentage of the previous tone generated by Phe.
Area under the curve was calculated from each individual
concentration-response curve and illustrated as arbitrary
units. Two-way ANOVA with repeated measurements on
the concentration factor followed by Bonferroni’s posttest
was used for comparisons. Data analysis was carried out
using GraphPad Prism Software 5.0 (San Diego, CA,
USA).

3 Results

3.1 Effect of sofrito-supplemented diet on body
weight gain, food intake, organ weights, and
serum biochemical determinations

Lycopene content in liver samples was used as a biomarker
of the intake of sofrito-supplemented diets, showing sig-
nificantly higher content in LS and OS groups compared
to control groups (Supporting Information Table 1). As
illustrated in Table 2, obese rats gained more body weight,
and liver and white adipose tissue weights were higher
compared to lean rats. Eight weeks administration of sofrito-
supplemented diet was not able to modify body weight gain
and organ weights in obese rats. Moreover, it is important
to mention that, despite food and caloric intake in OS group
was significantly higher than in OC rats, this hyperphagia did
not imply higher body weight gain or higher values of liver
and white adipose tissue weights in sofrito-fed rats (Table
2). According to the obese phenotype of Zucker rats, serum
analysis revealed higher levels of total cholesterol, triglyc-
erides, and glucose in obese compared with lean rats, and
sofrito-fed groups showed similar levels of these parameters
compared to their respective lean or obese control groups
(Table 2).
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3.2 Effect of sofrito-supplemented diet on vascular
reactivity

Evaluation of endothelium-dependent ACh-induced vasodi-
latation in isolated aorta did not show endothelial dysfunc-
tion to ACh in obese compared to lean rats (Fig. 1A and
B). Conversely, concentration-dependent contractions to Phe
were slightly increased in aortic rings from OC compared to
LC rats (Fig. 1C and D). Remarkably, in the present study,
administration of sofrito in the diet significantly attenuated
Phe contractions in aorta from either obese or lean rats, elim-
inating differences between groups (Fig. 1C and D).

It has been suggested that one of the mechanisms un-
derlying the enhanced vascular contraction in obesity could
be closely related to reductions in arterial NO bioavailability
[31, 33]. Therefore, we investigated whether the attenuation
of Phe-induced responses in aortas from sofrito-fed rats was
dependent on the increased NO from endothelial cells. In
the presence of L-NAME, vasoconstriction to Phe was in-
creased in aortic rings from lean rats, irrespective of the type
of diet (Fig. 2A and B). On the other hand, L-NAME did not
restored Phe-induced vasoconstriction in OC rats, demon-
strating that obesity is associated with a loss of NO influ-
ence on aortic contraction (Fig. 2C and D). Interestingly, the
sofrito-supplemented diet was able to restore NO influence on
contraction in obese rats, since the presence of L-NAME now
significantly increased Phe-induced contractions (Fig. 2C and
D). Altogether, these results suggest that aortas from obese
rats have lost the NO negative feedback on Phe contraction,
and that a sofrito-enriched diet can restore it.

3.3 Effect of sofrito-supplemented diet on serum
levels of NO metabolites and vascular iNOS
expression

In agreement with previous publications, nontreated obese
Zucker rats showed increased serum levels of NO metabolites
(NOy) compared to lean rats (Fig. 3A), which is associated with
the inflammatory state in early obesity. Obese animals fed a
sofrito-supplemented diet showed a significant attenuation in
serum NOy levels (Fig. 3A), suggesting that this dietary ap-
proach is capable of restoring physiological circulating levels
of NO metabolites in obesity.

Although endothelial NOS (eNOS) produces relatively low
quantities of NO, the iNOS isoform has the highest capacity
to generate NO, thus contributing to the NOy pool in car-
diometabolic diseases with an important inflammatory sta-
tus [34]. Particularly, iNOS expression is markedly induced
in obese rats, and iNOS-mediated NO production is a prelim-
inary cause of obesity-linked insulin resistance [34]. Accord-
ing with this and previous observations, iNOS expression was
slightly upregulated (p = 0.0559) in aortic sections from obese
rats, whereas this expression remained significantly lower in
arteries from sofrito-fed obese rats (Fig. 3B).
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Table 2. Body weight, food intake, organ weights, and serum biochemical determinations

LC ocC oS
Body weight (g) 383.6 + 28.7 378.4 + 20.7 518.3 + 49.6" 517.3 + 46.1"
Food intake (g/day/rat) 20.00 + 3.73 23.61 + 4.43 28.64 + 5.32" 34.44 + 3.39%
Caloric intake (kcal) 61.99 + 11.50 73.71 + 13.80 88.79 + 16.50" 107.55 + 10.57+#
Organ weight (g/100 g b.w.)
Liver 3.78 + 0.43 3.46 + 0.14 5.11 + 0.86" 5.44 + 0.92%
VAT 0.78 + 0.07 0.91 + 0.07 1.58 + 0.23" 1.35 £ 0.19*
EAT 0.75 + 0.14 0.77 £ 0.26 1.94 + 0.21" 1.89 + 0.24*
Serum parameters
Glucose (mmol/L) 7.1 £ 0.26 7.633 £+ 0.20 8.433 + 0.81" 9.4 + 2.26"
Triglycerides (mmol/L) 1.496 + 0.31 1.327 £+ 0.25 5.684 + 1.21" 4.76 + 0.62F
Cholesterol (mmol/L) 3.494 + 0.20 3.523 + 0.23 6.09 + 0.95" 7.07 + 0.78"

Data are mean + SD.
*p < 0.05 versus LC; *p < 0.05 versus LS; #p < 0.05 versus OC.

LC, lean rats fed a control diet; LS, lean rats fed a sofrito-supplemented diet; OC, obese rats fed a control diet; OS, obese rats fed a
sofrito-supplemented diet; VAT, visceral perirenal + retroperitoneal adipose tissue; EAT, epididymal adipose tissue.

3.4 Effect of sofrito-supplemented diet on vascular
levels of reactive oxygen and nitrogen species

In agreement with previous findings [31], aortas from obese
rats showed higher levels of vascular O,~ compared to those
from lean rats, whereas obese rats fed a sofrito-supplemented

diet did not evidence this increase (Fig. 4A). We also deter-
mined protein tyrosine nitration in the vascular wall by im-
munofluorescence, as an indirect measurement of ONOO~
production. The results indicated that nitrotyrosine staining
was lower in aortas from OC compared to LC rats (Fig. 4B).
As illustrated in Fig. 4B, nitrotyrosine levels in aorta from
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Figure 1. Concentration-response curves to acetyl-
choline (ACh) (A and B) and phenylephrine (Phe) (C
and D) in aortic rings from lean and obese Zucker
rats. LC: lean rats fed a control diet; LS: lean rats
fed a sofrito-supplemented diet; OC: obese rats

oc oS fed a control diet; OS: obese rats fed a sofrito-

supplemented diet. Data are mean + SD (n = 5-6).
*p < 0.05 versus LC; #p < 0.05 versus OC.
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Figure 2. Concentration-response curves to phenyle-
phrine (Phe) in the absence or presence of the NO
synthesis inhibitor L-NAME in aortic rings from lean
(A and B) and obese Zucker (C and D) rats. LC: lean
rats fed a control diet; LS: lean rats fed a sofrito-
supplemented diet; OC: obese rats fed a control diet;
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OS rats were similar to those observed in lean rats. These
results suggest that administration of sofrito could normalize
vascular levels of NO and O, ", contributing to the effects on
vascular function.

4 Discussion

The present study demonstrates for the first time that short-
to medium-term daily intake of sofrito, a key component of the
Mediterranean diet, prevents vascular alterations that could
precede major cardiometabolic complications associated with
obesity in rats. Particularly, the administration of a diet sup-
plemented in 2% (w/w) sofrito normalized the adrenergic
vasoconstriction response in aorta by a NO-dependent mech-
anism, and restored serum NO metabolites, vascular iNOS
expression, and superoxide and peroxynitrite levels in obese
Zucker rats.

Despite food and caloric intake was higher in sofrito-fed
obese rats, no differences were appreciated on body weight
gain and organ weights compared to obese control rats.
According to the obese phenotype of Zucker rats, serum
analysis revealed higher levels of total cholesterol, triglyc-
erides, and glucose in obese compared with lean rats, and
sofrito administration did not modify these parameters. It is
known that chronic administration of tomato-based diets and
polyphenols- or carotenoids-enriched products in the diet is
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os are mean £ SD (n = 5-6). *p < 0.05 versus LC; +p <
0.05 versus LS; #p < 0.05 versus OS.

able to improve lipid profile in animal models of obesity by re-
ducing lipid peroxidation and circulating levels of cholesterol
and triglycerides [35]. However, compared to our investiga-
tion, in these previous studies, the period of administration
of the bioactive compounds was longer and/or used higher
concentrations of polyphenols and carotenoids. Furthermore,
in some of these studies the polyphenols or extracts were
orally administered by gavage instead of in the diet. Accord-
ing to serum glucose levels, the effects of polyphenols or
carotenoids from tomato in glucose metabolism are variable
and strictly dependent on the type of bioactive compound
and experimental design of the study [36,37]. In addition, evi-
dence suggests that the obese Zucker rat is not an appropriate
model of diabetes or glucose metabolism alterations, espe-
cially at early stages of the disease [24, 30]. Therefore, the lack
of significant alterations in glucose or lipid profile in obese
rats treated with sofrito are intriguing data that would need
further evaluation and probably longer period of administra-
tion of the dietary approach would be needed to appreciate
significant modifications of these parameters, according to
the literature.

Despite sofrito-fed rats did not experience any detectable
change in body and organ weight and in serum metabolic
parameters compared to control diet-fed animals, adminis-
tration of a sofrito-supplemented diet was able to modify al-
terations in vascular reactivity and alterations linked to early
stages of obesity. A remarkable result from this study was
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Figure 3. Serum NO metabolites (nitrates and nitrites, NOx)
levels (A) and aortic iNOS protein expression (B) after sofrito-
supplemented diet administration in lean and obese Zucker rats.
LC: lean rats fed a control diet; LS: lean rats fed a sofrito-
supplemented diet; OC: obese rats fed a control diet; OS: obese
rats fed a sofrito-supplemented diet. Data are mean + SD (n =
4-6). *p < 0.05 versus LC; #p < 0.05 versus OC.

that sofrito attenuated the aortic vasoconstriction to adrenergic
stimulation, which is altered in obese animals. This increased
vascular contraction in obese rats had previously been related
to an elevated endothelin-dependent signaling [38] and an in-
creased sympathetic nervous system activity [31,39,40]. Thus,
in the development of obesity, an augmented adrenergic activ-
ity is frequently observed, which can have a long-term impact
on tissue perfusion and accelerate onset and progression of
cardiovascular disease. Evidence has revealed that NO exerts
an opposed modulatory effect on vasoconstriction induced by
endothelin [33] or Phe [41]. It has been suggested that one of
the mechanisms underlying the enhanced vascular contrac-
tion in obesity could be closely related to reductions in arterial
NO bioavailability [31, 33]. Data obtained in the presence of
L-NAME revealed a significant restoration of vasoconstriction
in aorta from lean (LC and LS) and remarkably in OS rats. On
the one hand, these results suggest that sofrito-supplemented
diet was able to restore endothelial NO influence on contrac-
tion in obese rats, since the presence of L-NAME significantly

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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increased Phe-induced contractions, in contrast to that ob-
served in OC rats. The arterial NO-restoring effects of sofrito
are particularly evident in a low endothelial NO situation—
associated with the hypercontractility in aorta from obese
rats [31, 39, 40]—needed to provide a normal vasonconstric-
tion. However, in a situation of appropriate arterial NO levels
(such as in lean rats), sofrito is still attenuating vasoconstric-
tion, but probably by additional mechanisms apart from NO
(e.g., cyclooxygenase-derived factors). Both experimental and
clinical studies indicate that polyphenol- and carotenoid-rich
foods and supplements provide vascular protection, not only
by their antioxidant effects but also by promoting NO release
thus protecting vascular function [42]. These activities are
suggested to be mediated by several molecular mechanisms
such eNOS phosphorylation, increased endothelial calcium
levels, activation of the PI3-kinase/Akt pathway, inhibition of
smooth muscle p38 MAPK pathway, and downregulation of
vascular NADPH oxidase isoforms expression, among oth-
ers [42—-45]. In the present study, the precise mechanisms by
which components from Mediterranean sofrito preserves NO
availability in aorta from obese rats would need additional
investigation.

Increases in NO bioavailability could be caused by aug-
mented NO production and/or by reduced NO breakdown
(i-e., throughout a decrease in ROS production). To evaluate
the mechanisms by which sofrito could impact obesity, we also
measured levels of NO metabolites in serum. NO, measure-
ment is a suitable method for assessment of NO synthesis in
vivo and a high correlation between endogenous NO produc-
tion and serum NOy levels has been reported [46]. Although
beneficial effects of NO concentrations covering the physi-
ological range have been documented [47], high NOy levels
are positively correlated with cardiovascular disease, hyper-
lipidemia, diabetes, and metabolic syndrome [48]. While still
under debate, increased serum NOy levels in obese subjects
is a potential biomarker for assessing cardiometabolic distur-
bances in obesity [49]. Although eNOS produces relatively low
quantities of NO, the inducible iNOS isoform has the highest
capacity to generate NO, thus contributing to the NOy pool
in cardiometabolic diseases [34]. In agreement with this and
previous observations, obese rats showed increased levels of
serum NOy and increased iNOS expression in aortic sections.
A likely explanation for increased circulating NOj levels is the
inflammatory state that accompanies obesity, which induces
the expression of iNOS by macrophages [34], thus contribut-
ing to the development of insulin resistance [34, 50]. Admin-
istration of sofrito significantly prevented these alterations,
suggesting that this dietary approach is capable of restoring
biomarkers of the initial inflammation that precedes major
cardiometabolic complications in obese rats.

In addition to the inflammatory state, an altered redox
status is also crucial in NO metabolism disturbances and
the subsequent development of complications in obesity [51].
Nitrooxidative stress in the vessel wall has been strongly
related to a proinflammatory-mediated increase in iNOS and
NO formation [52]. Our findings suggest that the intake of

www.mnf-journal.com

178



Mol. Nutr. Food Res. 00, 0, 2017, 1601010

>

Superoxide

200 pm

Nitrotyrosine

sofrito normalized vascular production of superoxide anion
and protein tyrosine nitration, which can be associated with
its capacity to improve vascular function in obesity. Despite
of these beneficial vascular changes, these effects are not
enough to, at this point of the dietary administration, restore
serum glucose and lipid profile. In this sense, longer period
of administration should be evaluated. However, the preven-
tion of vascular alterations in obesity has been associated with
an early prevention of major cardiometabolic complications
related to the disease [2,33,49,53].

Altogether, these effects of sofrito could be mainly at-
tributable to the high content on polyphenols and carotenoids
from tomato, onion, and olive oil, which have separately
demonstrated vasoprotection in animal models and humans
with obesity and metabolic syndrome [4, 20, 35]. Remarkably,
sofrito is particularly interesting due to the lipid matrix in
which these compounds are found [12]. Although the mech-
anisms underlying this vasoprotection are probably multiple,
in our study we demonstrate for the first time that sofrito is
able to restore and normalize vascular levels of reactive oxy-
gen and nitrogen species, vascular iNOS expression, and sys-
temic levels of NO metabolites. Obesity is associated with an
inflammatory state that likely contributes to oxidative stress
and vascular complications [2,34]. In addition, it is important
to mention that higher food and caloric intake in sofrito-fed
obese group did not imply higher body weight gain. The re-
sults of the present study could contribute to explain the ther-
apeutic beneficial effect against human obesity-related com-
plications attributable to the Mediterranean diet and suggest
that sofrito is one of the main active subcomponents of this
healthy dietary pattern. Therefore, Mediterranean sofrito is an
attractive dietary approach against obesity and its cardiovas-
cular health risks, at least particularly in the early stages of
obesity.
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Figure 4. Representative photomi-
crographs and quantification of

dihydroethidium-derived (an indi-
rect indicator of superoxide anion)
fluorescence (A) and nitrotyrosine
(an indirect indicator of peroxyni-

trite) immunofluorescence (B) lev-
T els in confocal microscopic aor-
= tic sections from lean and obese
Zucker rats. LC: lean rats fed a con-
trol diet; LS: lean rats fed a sofrito-
supplemented diet; OC: obese rats
fed a control diet; OS: obese rats
fed a sofrito-supplemented diet.
Data are mean + SD (n = 5-7). *p
< 0.05; **p < 0.01 versus LC.
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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 process*®. 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 optimization*346. 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 process*:. 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-determinate*®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 studies38103-105108 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 recommendation’?7'5, 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 health?6?7. 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 sucess?®. 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 a-carotene, B-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 reactions’®. 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 phenolics'®. 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 behavior’®”’. Other carotenoids such as B-carotene and a-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-form™0117 Among polyphenols, 16 different polyphenols typical from tomato were evaluated,
being ferulic acid, caffeic acid and caffeic acid hexoside | and Il 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-workers'®3
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-workers'? 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-workers'® 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 0il®" (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 phytochemicals™3110,
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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.
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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 absorption’® and regulate lipid
profile and improve cardiovascular health®8. 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 N, and O, 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. Arecipe, 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 soffrito.

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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