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Resumen

La microbiota intestinal humana se compone de billones de células
microbianas y miles de especies bacterianas. Las caracteristicas compositivas
especificas difieren entre los individuos, y aunque la microbiota madura es
bastante resiliente, puede ser alterada por distintos factores. La dieta es uno
de los més importantes. Ademas, en los tltimos afos, se ha demostrado que
la microbiota intestinal juega un papel principal en el desarrollo, evolucion o
aparicion de ciertas enfermedades cronicas y relacionadas con el sistema
inmune como obesidad, celiaquia, o alergias alimentarias. Una de las
principales funciones de la microbiota intestinal en el organismo es la de
metabolizar aquellos nutrientes que no se han digerido en el tracto
gastrointestinal, liberando una serie de compuestos a nivel colonico. Muchos
de estos compuestos son altamente antioxidantes, lo cual es beneficioso para
el organismo, ya que los estos se relacionan de forma estrecha y negativa, con
enfermedades no transmisibles. En la presente tesis doctoral se lleva a cabo
el estudio de la capacidad antioxidante de diferentes alimentos tras su
cocinado, digestion y fermentacion in vitro. La fermentacion se lleva a cabo
con diferentes tipos de microbiota intestinal (adultos sanos, nifios sanos, nifios
obesos, nifos celiacos y nifios con alergia a las proteinas de la leche de vaca),
lo que permite ver la diferencia en la funcionalidad entre ellas. Ademas, se
tiene en cuenta el tipo de coccion aplicada al alimento, ya que también este

factor influye en la capacidad antioxidante total liberada.
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Abstract

The human gut microbiota is composed of trillions of microbial cells
and thousands of bacterial species. The specific compositional characteristics
differ between individuals, and although the mature microbiota is quite
resilient, it can be altered by a number of factors. Diet is one of the most
important. Moreover, in recent years, the gut microbiota has been shown to
play a major role in the development, progression or onset of certain chronic
and immune-related diseases such as obesity, celiac disease, or food allergies.
One of the main functions of the intestinal microbiota in the body is to
metabolize nutrients that have not been digested in the gastrointestinal tract,
releasing a series of compounds at the colonic level. Many of these
compounds are highly antioxidant, which is beneficial for the body, as they
are closely and negatively related to non-communicable diseases. This
doctoral thesis studies the antioxidant capacity of different foods after
cooking, in vitro digestion and in vitro fermentation. Fermentation is carried
out with different types of intestinal microbiota (healthy adults, healthy
children, obese children, celiac children, and children with cow's milk protein
allergy), which allows us to see the difference in functionality between them.
In addition, the type, of cooking applied to the food is taken into account, as

this also influences the total antioxidant capacity released.
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Introduccion

1. Alimentacion en el ser humano

La evolucion humana estd conectada a continuos cambios en la dieta
(Figura 1). A lo largo de la historia se ha producido un cambio de forma
gradual hacia el consumo de alimentos con alta densidad energética, mayor
calidad nutricional y més ficilmente digeribles. Este cambio esta
directamente relacionado con el desarrollo de nuevas tecnologias [1]. La
primera transicion nutricional ocurridé con la llegada del fuego como
instrumento culinario, hace unos 2.5 millones de afios. El ser humano pasé de
seguir una dieta vegetariana a una dieta omnivora. La segunda transicién
nutricional llegd con la aparicion de la agricultura, hace 10000 afios. Esto
permitié una mayor disponibilidad de alimentos a lo largo del afio, asi como
la produccién de alimentos ricos en carbohidratos. En el siglo XIX se dio la
tercera transicion nutricional, gracias al desarrollo industrial con la aparicion
de la electricidad y el vapor. En este momento se increment6 el consumo de
azucares refinados y grasas, disminuyendo el consumo de alimentos frescos
y fibra alimentaria. Este cambio se produjo muy rdpido, evolutivamente
hablando. El genoma humano no tuvo tiempo de adaptarse [2] provocando
esto una pérdida en la diversidad en la microbiota intestinal heredada durante
generaciones [3]. Esta “mala adaptacion” a la dieta moderna ha sido propuesta
como una de las posibles causas de la aparicion de enfermedades modernas

como cancer, obesidad, enfermedades cardiovasculares, diabetes, entra otras

[4].



1. Alimentacion en el ser humano

[

Revolucion industrial NUTRICION
R . 3* Transicion nutricional PERSONALIZADA
Agricultura-Ganaderia 1850 d.C. Actualidad
2* Transicion nutricional .
Fuego-Carne 10.000 a.C. Alimentos procesados
1* Transicion nutricional Entorno alimentario urbano
2.500.000 a.C.

Evolucion humana a través de la dieta

Figura 1. Cambios en la dieta a lo largo de la historia.

Espana es el segundo pais de Europa con madés prevalencia de
sobrepeso y obesidad [5]. En las tltimas décadas, el sobrepeso y la obesidad
han crecido considerablemente [6] afectando a la poblacion adulta, pero
también a poblacion infantil. Esto es especialmente preocupante en aquel
grupo de poblacion que no tiene adherencia a la dieta mediterrdnea, como son
los adultos jovenes, adolescentes y nifios [7]. El nimero de lactantes y nifios
de entre 0 y 5 aflos con sobrepeso u obesidad aument6 de 32 millones en 1990
a 41 millones en 2016 segin la Organizacion Mundial de la Salud (OMS).
Por su parte, en el estudio ALADINO [8] se vio que mas del 20% de los nifios
entre 6 y 9 afios tenian sobrepeso, y mas de un 18%, obesidad. Esto es motivo
de preocupacion debido a las consecuencias que tiene la obesidad sobre la
salud, mental y fisica. Algunas de estas pueden ser baja calidad de vida [9],
problemas de tipo psicosocial (discriminacion social y burlas), problemas
emocionales (ansiedad, depresion o baja autoestima), restricciones (tanto
escolares como funcionales debido a problemas con articulaciones, dificultad
respiratoria, entre otras), y otros problemas fisiologicos (como
hiperandrogenismo, problemas ortopédicos, desordenes del suefio, etc.).
Entre los posibles factores que influyen en el desarrollo de la obesidad, se

pueden encontrar el bajo estatus socioecondémico, nivel de educacion,
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predisposicion genética, peso elevado en el nacimiento, bajos niveles de
actividad fisica y conductas sedentarias, restricciéon y control alimentario,

pero el mas importante siempre sera la dieta [10].

Progresivamente se ha ido adoptando en Espafia un tipo de dieta
occidental, en la que predomina la ingesta de alimentos ultraprocesados,
bebidas azucaradas y un consumo de energia excesivo. Ademas, esto va
acompanado de una alimentacion escasa de alimentos ricos en fibra, como
son los cereales integrales, frutas u hortalizas [11]. Entre los factores que
condicionan a la alimentacion, se encuentran las preferencias alimentarias.
Estas se ven influidas por la disponibilidad de alimentos que normalmente
hay en casa, publicidad, cultura y otras normas sociales en torno a los
alimentos en general. Algunas son innatas pero otras preferencias se
adquieren con el tiempo y comienzan en las primeras etapas de la vida,
normalmente perdurando en el tiempo. También estdn muy relacionadas con
las preferencias del entorno, como es el ejemplo de padres o cuidadores y
nifios. La exposicion repetida a las condiciones en las que se consume un
cierto alimento hace también que algo se convierta en preferencia por defecto

[12].

La capacidad de llevar a cabo una alimentacion saludable se ve
comprometida en ocasiones. Uno de los obstaculos es pertenecer a un grupo
socioeconoémico bajo, ya que los alimentos saludables por lo general son mas
costosos que aquellas alternativas no tan saludables [13], asi como aquellas
dietas saludables y aceptables culturalmente a menudo no estan al alcance de
familias con ingresos bajos [14]. Los alimentos que tienen mayor densidad
de nutrientes (como son frutas, hortalizas y alimentos de origen animal)
suelen tener un precio mas elevado que aquellos con una densidad caldrica

elevada. Esto supone un problema para aquellas personas con bajos ingresos,
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ya que tienden a consumir aquellos con menor coste [ 15]. Otra de las posibles
barreras para llevar una alimentacion saludable es el lugar en el que se vive.
Los paises en desarrollo experimentan una rapida urbanizacion en la que se
lleva a cabo una transicion nutricional hacia el consumo de alimentos
procesados, azucares simples, grasas animales, y en general un consumo de
energia excesivo [16]. Las personas que habitan en zonas urbanas tienen una
alimentacion diferente a la de aquellas personas que viven en zonas rurales.
La dieta de las personas que viven en zonas urbanas se caracteriza por un
aumento de la densidad energética, mayor consumo de azlicar y grasa, asi
como de alimentos de origen animal, alimentos preparados fuera del hogar y
procesados [17]. El contraste entre los patrones alimentarios urbanos y rurales
estdn mas acentuados en los paises de ingresos mas bajos. En aquellos paises
con ingresos mas altos es comin que el mercado entre en las zonas rurales,
ya que existen sistemas nacionales integrados de distribucion de alimentos
[18]. También influye el acceso a los distintos alimentos, es decir, en las zonas
urbanas tienen mas facil acceso a distintos tipos de comercios como
supermercados e hipermercados o pequefios comercios. Estos tipos de
comercios se trasladan a las zonas rurales, pero a menor nivel [19]. El
marketing es otro factor que influye en el deseo de consumir ciertos
alimentos. Aquellas empresas de snacks, bebidas azucaradas, y este tipo de
productos, hacen una fuerte inversion para que sus productos se encuentren
en aquellos lugares donde la gente se reine como pueden ser colegios,

universidades, bibliotecas, etc.

Los cambios hacia una dieta occidental son el principal factor causante
de esta epidemia de obesidad y otras enfermedades no transmisibles que
también van ligadas a la alimentacion [20]. Las mas comunes son cancer,
enfermedades  respiratorias  cronicas, diabetes 'y enfermedades

cardiovasculares, y causan en torno a 38 millones de muertes anuales segun



Introduccion

la. OMS. Adicionalmente hay otras patologias relacionadas con la
alimentacion que en los Gltimos afios han sido muy destacadas. Una de ellas
es la alergia alimentaria, o alergias alimentarias, las cuales influyen
negativamente sobre el bienestar y la calidad de vida de nifios y sus familias
[21]. Son definidas como un efecto adverso para el organismo debido a una
respuesta inmunitaria especifica que se da tras la exposicion a algun alimento,
y abarca sintomas inmediatos que afectan a la piel y a los sistemas
respiratorio, cardiovascular y gastrointestinal [22]. Otra patologia que se
encuentra en auge hoy en dia es la enfermedad celiaca o celiaquia. Se trata de
una enfermedad autoinmune crénica que provoca dafios en el epitelio
intestinal, provocando sintomatologia en el tracto gastrointestinal [23]. Los
sintomas se hacen notables con el consumo de gluten, formado por proteinas
(prolaminas y glutelinas) y se puede encontrar en trigo, centeno o cebada [23].
Actualmente, el tinico tratamiento eficaz es la eliminacion total del gluten de
la dieta. Como consecuencia, se dejan de consumir otros nutrientes como la
fibra, lo que provoca efectos negativos en el organismo [23-25]. Tanto en las
alergias alimentarias como en la enfermedad celiaca se ha visto un
desequilibrio en la composicion de la microbiota intestinal, lo cual tiene un
efecto negativo sobre la salud. A este desequilibrio se le llama disbiosis

[26,27] y sera descrito con mayor detalle en el punto 6.2.

1.1 Nutricidén personalizada

A raiz del masivo incremento en la incidencia de obesidad y sobrepeso
surge la nutricion personalizada. Aunque no existe una definicion
consensuada de nutricién personalizada, se puede describir como un enfoque
que utiliza informacioén individual para desarrollar pautas, consejos, servicios

o productos nutricionales especificos para una persona [28].
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Con la creciente complejidad del sistema alimentario actual, no solo
los consumidores, sino también la industria alimentaria, experimentan cada
vez mas problemas a la hora de tomar decisiones relacionadas con los
alimentos. Ademads, las disparidades sociales en términos econdmicos y
culturales son cada vez mas pronunciadas. De esta forma, el conocimiento
social debe integrarse en todo su ambito, incluyendo el bioldgico, conductual
y ambiental [29]. Todos estos factores jugaran un papel importante en una
poblacion a la hora de tomar decisiones de salud. Por lo tanto, es fundamental
permitir o facilitar que los consumidores puedan tomar estas decisiones. Sin
embargo, estas decisiones no solo deben centrarse en la propia salud o la
alimentacion saludable, sino que también deben permitir el uso de los

aspectos sociales y ambientales de los alimentos de manera sostenible.

La nutricién personalizada aprovecha las tecnologias disponibles
actualmente, como "Internet de las cosas", tecnologias emergentes, etc. La
idea es crear un nuevo mundo de posibilidades innovadoras para mejorar la
dieta y la salud de las personas al mismo tiempo que aumenta la sostenibilidad
de los sistemas de produccion de alimentos [30]. Hasta la fecha, muchos
modelos industriales han desarrollado cierto grado de personalizacion en
funcion de las preferencias alimentarias, médicas o éticas de los
consumidores. Sin embargo, todos estos modelos se enfocan en un segmento
de mercado mas o menos grande, no individualmente. El objetivo de la
nutricion personalizada es poder ofrecer una dieta especifica para cada
consumidor, adecuando la ingesta de nutrientes a cada persona. Para poder
satisfacer las necesidades del individuo, tendria que tener en cuenta no sélo
las preferencias alimentarias, sino que también tiene que considerar alergias
alimentarias, intolerancias, aspectos culturales, religiosos, sociales, etc.
Adicionalmente, tiene que estar basada en datos bioldgicos de la persona

como género, peso, edad, nivel de actividad fisica, posibles deficiencias o
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desordenes nutricionales, etc. Asi, la nutricion personalizada tendria el
potencial de prevenir deficiencias nutricionales, pero también, de servir como
medida terapéutica frente a enfermedades no transmisibles, alergias
alimentarias, etc. [28]. Para ello, tendria que hacer uso de la informacion
genética (aunque no es imprescindible) y de la microbiota intestinal del
consumidor, ya que juega un importante papel en el desarrollo de
enfermedades cronicas o en el estado de salud de las personas [29]. La
fisiologia humana depende no solo de los genes humanos, sino también de los
genes de los microorganismos que conforman la microbiota. Hay una
comunidad microbiana en el intestino con muchas mas células que las células
eucariotas que componen nuestro cuerpo. El colon es el sitio principal para
que la flora intestinal ejerza sus actividades metabdlicas, lo que puede mejorar
la extraccion de energia de los nutrientes y afectar la sintesis,
biodisponibilidad y funciéon de los nutrientes [31]. La capacidad de
adaptacion del ser humano a cambios dietéticos estara determinada por la
actividad metabolica de su microbiota intestinal y la del individuo propia,
siendo la microbiota intestinal aquella parte del cuerpo humano maés dictil y
adaptable. Por lo tanto, los cambios hacia una microbiota intestinal més sana

son un elemento clave en la nutricion personalizada.
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2. Tratamientos culinarios

La coccion de los alimentos se lleva a cabo exponiendo el alimento a
una fuente de calor o radiacion que altera fisica y/o quimicamente la
apariencia, textura, composicion y valor nutritivo del alimento mediante la
accion del calor para satisfacer demandas sensoriales como vista, gusto y
olfato. Dicho de otra forma, la coccion es la aplicacion de calor para hacer a
un alimento mas apetecible, digerible y mas seguro sanitariamente. La
tecnologia culinaria es la parte de la tecnologia de los alimentos que se centra
en el conocimiento cientifico de todo aquello que pueda ocurrir durante un
tratamiento culinario [32]. Tiene como objetivos el estudio cientifico de los
cambios fisicos y quimicos producidos en el alimento, como establecer unas
condiciones, tanto de manipulacion de alimentos, como de trabajo,

garantizando asi una correcta calidad nutritiva, sanitaria y sensorial.

Los tipos de cocciones se dividen en tres grupos diferentes
dependiendo del medio de transferencia de calor: cocciones en medio humedo

0 acuoso, en medio no acuoso y cocciones mixtas [32,33].

2.1 Cocciones en medio acuoso

En estas cocciones se emplea un fluido acuoso como medio de
transferencia de calor. El alimento entra en contacto con el agua, caldo corto,
jarabe o vapor de agua [32]. Los diferentes tipos de cocciones en medio

acuoso se describen a continuacion [32,33]:
a) Escaldado

Se puede considerar una operacion previa en la que se inactivan

enzimas, se quitan pieles o se atenua el sabor. Se trata de una coccion
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incompleta llevada a cabo durante un corto periodo de tiempo (de 10 a 30

segundos). Si la esta se alarga en el tiempo, recibe el nombre de sancochado.

b) Hervido

Es la coccion de un alimento por inmersion en agua o caldo, que puede

estar a diferentes grados de temperatura al inicio: fria, caliente o en ebullicion.

¢) Fuego lento

La principal diferencia con el hervido es que en este método no hay

ebullicion, encontrandose la temperatura entre los 90 °C y los 98 °C.

d) Vapor a presion normal

El calentamiento del alimento se realiza a unos 760 mm de Hg de
presion y la temperatura es de 100 °C. La cantidad de agua que se pone en

contacto con el alimento es minima, por lo que la disolucidn es baja.

e) Vapor a presion elevada

La diferencia con la anterior es que el punto de ebullicion del agua se
puede elevar por encima de los 100 °C. Se lleva a cabo en una olla a presion
o en un autoclave, ocupando asi el vapor que antes ocupaba el aire, elevandose
la presion rapidamente. Es necesario el aumento de temperatura al aumentar

la presion para que asi se pueda producir el vapor de agua.

11
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2.2 Cocciones en medio no acuoso

a) Cocciones en medio no liquido

Son aquellas en las que el alimento se calienta a través de su superficie
gracias al contacto con aire caliente. A su vez se pueden clasificar
dependiendo de como el calor llega al alimento, pudiendo ser de forma directa
como en el caso de la plancha o parrilla, o de forma indirecta como en el caso

del horneado.

i Plancha

Se lleva a cabo a una temperatura elevada mientras que el alimento
estd en contacto con una placa caliente de fundicion. El calor se transfiere por

conduccion y la fuente calorifica es de gas o electricidad por lo general.
ii.  Parrilla

La fuente caldrica, que normalmente son ascuas, se encuentra a unos
30 cm del alimento, y todas las partes del mismo se encuentran a la misma
distancia de la parrilla. La coccidon es realizada mediante calentamiento

continuo.
iii. Horneado

La forma de energia calorica producida en un horno se debe mas a la
conveccion que a la radiacion y conduccidn, es por esto que se considera
transferencia de calor de forma indirecta. El calor del horno produce la
evaporacion del agua del alimento, este vapor queda en el recinto y hace al

aire caliento mas himedo.

12
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b) Cocciones en medio lipidico

Son aquellas que usan un medio graso para la transferencia de calor.
La temperatura usada siempre es muy elevada, dando un sabor y textura muy
caracteristicos a los alimentos, aportandoles ademés una importante

palatabilidad.

i Salteado

Es un método de coccion rapida, y puede ser total o parcial en el
alimento. Normalmente se usa para alimentos crudos como un paso previo a
otro método de coccidn, o a alimentos que ya han sufrido una coccién previa
para darles un sabor mas agradable. La cantidad de aceite usada en este

método culinario es pequefia.

il. Fritura

M¢étodo de coccion total del alimento. Este se sumerge en un lipido
que ha sido calentado previamente a temperaturas elevadas, entorno a los
180 °C, provocando asi en el alimento un calentamiento rapido y uniforme.
Como resultado se obtienen preparaciones doradas y crujientes. Si la fritura
se lleva a cabo sumergiendo solo una parte del alimento en el medio graso se
le llama fritura superficial, ya que el resto del alimento se cuece por el vapor
de agua que se genera en su interior. A veces se llevan a cabo una serie de
preparaciones previas a la fritura para proteger al alimento de una
deshidratacion y de una penetracion excesiva de calor. Entre estas

preparaciones se pueden distinguir:

- Rebozado. El alimento se cubre con una capa de algunos
ingredientes como la harina de trigo, gluten de trigo, proteina de

soja, albumina de huevo, leche, sal, etc.

13



2. Tratamientos culinarios

- Empanado. El alimento se cubre con pan rallado.
- Enharinado. Se usa mas en pescados. El alimento se cubre de

harina.

2.3 Cocciones mixtas

Resultan de la combinacion de una coccidon en medio no acuoso y otra
en medio himedo y es muy utilizada en carnes y hortalizas. EI medio no
acuoso da lugar a modificaciones como la desecacion de la superficie y la
formacion de productos del tostado que posteriormente dan palatabilidad,
sabor y color de la preparacion. A continuacion, se agrega el medio acuoso y
se completa la coccion a fuego lento. Este método es muy empleado en

estofados y guisos [32,33].
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3. Influencia del cocinado en alimentos

Los procesos de coccion llevan consigo otros procesos de
transferencia de energia y masas, los cuales estan muy influenciados por dos
factores: naturaleza, forma y tamafio del alimento que se somete al cocinado,
asi como la intensidad del calor aplicado [33]. Es muy importante controlar
tanto la temperatura como el tiempo de exposicion a la misma del alimento
para poder llegar al resultado deseado. Este aspecto sera diferente en cada

alimento.

El cocinado puede tener efectos tanto positivos como negativos, de
ahi la importancia de que se lleve a cabo de una forma adecuada. Los aspectos

beneficiosos del cocinado se pueden resumir de la siguiente manera:

i. Inocuidad de los alimentos: la inactivacion de los patogenos,
compuestos y microorganismos no deseados presentes en los alimentos es el

principal efecto beneficioso del cocinado.

il Higiene alimentaria: prolongacion de la vida util del

alimento, inactivacion de toxinas y de enzimas naturales.

ii. Valor nutricional: alimentos més facilmente digeribles y con
mayor biodisponibilidad de nutrientes. Un buen ejemplo son las proteinas,
que al desnaturalizarse por el calor son mucho mas digeribles haciendo
mucho mas fécil la digestion por parte de enzimas digestivas. También ocurre
con la gelatinizacion del almidon, que hace posible su hidrdlisis por enzimas
amilasa. Ademas, la destruccién de las pareces celulares en alimentos
vegetales aumentard la disponibilidad de compuestos beneficiosos como son
los carotenoides o los polifenoles. En cocciones grasas, si se emplea aceite de
oliva virgen extra, el alimento se puede ver enriquecido en compuestos

fendlicos por la penetracion de aceite en el mismo, mejorando asi su perfil
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fenolico [34]. Asi mismo, durante el calentamiento de los alimentos se da la
reaccion de Maillard, de la que se hablard con més profundidad en el punto
4. Es una reaccion quimica entre los aztcares reductores y los grupos amino
y que tiene como resultado la formacion de compuestos con capacidad

antioxidante [34].

iv. Calidad sensorial: aqui también intervine la reaccion de
Maillard, en la que se forman compuestos que aportan sabor, textura y olor y

agentes colorantes [32,33].

El procesamiento de los alimentos también puede dafar la calidad de
los mismos, llegando a tener consecuencias no deseadas como son las

enumeradas a continuacion (aspectos perjudiciales):

i Pérdidas de nutrientes debido a reacciones quimicas:
cuando se utiliza un medio acuoso de coccion se dard una transfusion de
nutrientes al mismo, viéndose el valor nutricional del alimento disminuido si
el caldo de coccion no se consume [32]. De esta manera, se puede producir
una pérdida de compuestos hidrosolubles como algunas vitaminas o
compuestos fenolicos, provocando una disminucion de la capacidad
antioxidante del alimento [32,34]. Las cocciones en medio graso, al llegar a
temperaturas muy elevadas, también pueden provocar una pérdida de
compuestos termolabiles [34]. En la reaccion de Maillard, no s6lo se generan
compuestos beneficiosos, sino que también se pueden provocar pérdidas en

aminodacidos esenciales.

ii. Formacion de compuestos no deseados: acrilamida,
cloropropanodioles, aminas heterociclicas, etc., muchos de ellos resultado del

desarrollo de la reaccidon de Maillard.
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iii. Formacion de compuestos con efecto negativo en la
percepcion del sabor, pérdida de textura, decoloracion: si el cocinado no

se lleva a cabo de una forma adecuada.

Por estas razones se hace necesario que los procesos culinarios se
optimicen de forma que los efectos positivos sean mayores que los negativos
en la medida de lo posible. En la coccion de los sistemas alimentarios los
procesos que se aplican son determinantes del producto cocido y se puede

considerar dos procesos diferentes [32,33]:

El proceso primario es de naturaleza fisica fundamentalmente y
afecta a dos mecanismos de transporte. El primero es la transferencia de
energia que se produce al llegar el calor a la superficie del alimento yendo
hacia el interior del mismo. En segundo lugar, la transferencia de masas que
se da como consecuencia del movimiento de las moléculas en el interior del
alimento. El proceso secundario tiene naturaleza fisica y quimica, ya que la
cantidad de calor que recibe el alimento durante su coccion puede llevar
cambios tanto fisicos como quimicos y van a afectar a la calidad del alimento.

Las modificaciones que se producen se clasifican en:

a) Modificaciones de naturaleza fisica: son aquellas
modificaciones visibles que afectan al aspecto externo del alimento,
influyendo en la textura, apariencia y flavor del mismo. Se pueden dar
pérdidas en el volumen por la pérdida de agua de constitucion, asi como
ganancias por hidratacion o la expansion de gases. A su vez, también se puede
dar una pérdida de grasa por fusion. Ademas, se producen cambios en la
coloracion, dependiendo esto mucho de la composicion y naturaleza del
alimento y del método de coccion empleado. En este punto destacan cambios
en el pH, pardeamiento de estructuras proteicas o caramelizacion de aztcares.

También hay cambios en la consistencia por la coagulacion vy
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desnaturalizacion de proteinas, dextrinizacién y coagulacion del almidon y
reblandecimiento de la celulosa. Otra modificacion es la del sabor, ya que tras
la coccion se dan transformaciones quimicas que influyen en el aroma y sabor
del alimento, aqui es muy importante hacer una buena eleccion del método

culinario.

b) Modificaciones de las estructuras quimicas: no tiene
modificaciones externas, pero si se dan modificaciones que afectan a la

composicion molecular del alimento.

1. Carbohidratos. Los azacares solidos, como la sacarosa, se
funden con el calor, transformandose en caramelo a 170 °C y cambiando su
color. Por su parte, los polisacaridos como el almidon, tiene un
comportamiento propio cuando se le aplica calor en medio acuoso. Una vez
alcanzados los 50 °C comienza a espesarse, provocando la gelatinizacion, la
cual depende de otros factores como son agregado de otras sustancias, tipo de
agua, reposo o agitacion de las moléculas, o la propia combinacion con otros
alimentos en el mismo recipiente. Por su parte, si el medio de coccidn es seco,

se produce la dextrinizacion, provocando cambios en el color y el sabor.

2. Proteinas. Se produce desnaturalizaciébn proteica con
coagulacion y con pérdida de solubilidad hasta los 100 °C. Ademaés de
reduccién de téxicos, mejora de la digestibilidad e inactivacion enzimatica.
Entre los 100 y los 140 °C se da la reaccion de Maillard y reduccion de
digestibilidad ya que se forman compuestos covalentes, inter e
intramoleculares. A una temperatura mayor de 140 °C, se agrega la pérdida

de valor nutritivo ya que los aminoéacidos comienzan a destruirse.

3. Lipidos. Pasan de un estado solido o semisolido a fundirse,

cuando alcanzan su punto de fusion, el cual no es facil de establecer ya que
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su composicion en diferentes acidos grasos lo hace complicado. Por encima
del punto de fusion se puede deshidratar el glicerol, llegar al punto de humo

y descomponerse.

A modo de resumen, el medio de coccidn, el tiempo y la temperatura
seran factores que influyan en la calidad nutricional del alimento. Cada uno
de ellos puede provocar efectos positivos o negativos. Del medio de coccion
dependerd la pérdida de nutrientes, como ocurre cuando se utiliza un medio
acuoso, o la ganancia, ya que cuando se utiliza aceite de oliva virgen extra en
la fritura, los alimentos se ven enriquecidos en compuestos fenolicos y
antioxidantes. Por su parte, el tiempo y la temperatura son determinantes para
que se produzca la reaccion de Maillard, en la que se pueden degradar
compuestos, pero a la vez se generan otros que contribuyen capacidad

antioxidante del alimento.
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4. Reaccion de Maillard

La reaccién de Maillard es una reaccion no enzimatica que se da al
formarse un enlace covalente entre el grupo carbonilo y grupos amino libres
en un alimento, por lo tanto, ocurre generalmente en aquellos alimentos que
contienen carbohidratos y proteinas o péptidos [35]. El grupo carbonilo
procede principalmente de cetonas o aldehidos de azucares reductores como
son la fructosa o la glucosa, aunque también son generados tras la
degradacion por oxidacion lipidica. En cuanto al grupo amino procede de
proteinas o acidos nucleicos [36]. Lareaccion de Maillard es considerada una
de las reacciones secundarias que ocurren con mads frecuencia por el
calentamiento de productos alimentarios, sin necesidad de agregar
compuestos quimicos. Ocurre cuando los alimentos son procesados a
elevadas temperaturas o son almacenados durante largos periodos de tiempo
en condiciones inadecuadas. Su efecto en los alimentos se basa en cambios

en el color, sabor, olor y estabilidad [35,37,38].

4.1 Etapas de la reaccién de Maillard

La reaccion de Maillard engloba una serie de reacciones complejas
que se relacionan entre si, y se dividen en tres etapas: etapa inicial, avanzada

y final.

1. Etapa inicial: glicosilacion no enzimdtica. Durante esta etapa
las proteinas no sufren alteraciones importantes y tampoco hay produccion de
color. Se produce tras la union de tipo covalente entre un grupo carbonilo y
un grupo amino libre. El grupo carbonilo procede habitualmente de un aziicar
reductor, aunque también puede proceder de productos generados durante la
oxidacion lipidica o de la degradacion del acido ascorbico. Por su parte, el

grupo amino libre, no protonado, viene de un aminodcido, péptido o proteina.
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El producto formado a partir de este enlace, pierde una molécula de agua y da
lugar a una base de Schiff, la cual se transforma, por ciclacion, en una
glicosamina N-sustituida. Esta es muy inestable y sufre un reordenamiento
irreversible llamado reordenamiento de Amadori o de Heyns. Si el azucar de
partida es una aldosa (D-galactosa) se forma el compuesto de Amadori (1-
amino-1-desoxi-2-cetosa). Por el contrario, si se trata de una cetosa, da lugar
al compuesto de Heyns (2-amino-2-desoxi-aldosa). Estos son los primeros

productos estables de la reaccion de Maillard [39-41].

2. Etapa avanzada: formacion de compuestos dicarbonilos y
productos finales de la glicacion. En este punto se produce la degradacion
de azlcares y aminoacidos (degradacion de Strecker). El compuesto de
Amadori o Heyns puede sufrir varias reacciones irreversibles de degradacion,
a pesar de su estabilidad. Esto da lugar a la formaciéon de compuestos
intermedios de reaccion, muchos de ellos con sabor y aroma caracteristicos
[42,43]. En esta etapa los azicares se deshidratan por isomerizacion endlica
produciendo furfural y derivados, responsables del aroma. También se
produce la fragmentacion de los azicares endlicos, dando lugar a compuestos
de bajo peso molecular como aldheidos, cetonas, aldoles, etc. muchos de ellos

responsables del flavor [44].

3. Etapa final: formacion de melanoidinas. En esta etapa se
generan oligdmeros y polimeros nitrogenados de alto peso molecular gracias
a reacciones de deshidratacion, ciclacion, retroaldolizacion, isomerizacion,
reordenamiento y condensacion de los productos iniciales. Estos compuestos
se denominan melanoidinas y son altamente coloreados e insolubles en agua
[43]. Varian en peso molecular y tienen rasgos distintivos en la region visible
del espectro [45]. Las melanoidinas poseen capacidad antioxidante de radical
hidroxilo, superdxido y peroxido de hidrogeno, ademas de actividad quelante

de metales [46,47].
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En la Figura 2 se puede ver de forma esquematica la reaccion de

Maillard a lo largo de las tres fases.

4.2

-H,0 Glicosamina N-sustituida

Azucar reductor Base de Schiff

+RNH,

Reordenamiento de Amadori

1-amino-1desoxi-2-cetosa
Compuesto de Amadori

-2H,0 _
-2H,0
~ v .
HMF/Furfural Reductonas Productos de fision
5 S Degradacion de Strecker
" / + NH,
L : -CO,
X
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< 4 g

MELANOIDINAS

Figura 2. Reaccion de Maillard.

Factores que afectan al progreso de la reaccion de
Maillard

El desarrollo de la reaccion de Maillard se ve influenciado por una

serie de factores que han de tenerse en cuenta tanto a la hora de almacenar el

alimento, como cuando se llevan a cabo los cocinados. Estos factores se

describen a continuacion:

1. Actividad del agua

Es uno de los factores con mas influencia sobre el desarrollo de la

reaccion de Maillard. Es expresado como actividad de agua (aw) y la

velocidad a la que ocurre la reaccion aumenta exponencialmente cuando
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también lo hace el contenido de agua del sistema [48,49]. Las actividades de
agua comprendidas entre 0.2 y 0.3 son las idoneas para el almacenamiento de
alimentos desecados. Esto se debe a que en estos casos el agua se encuentra
fuertemente unida al alimento y por lo tanto no esta disponible, haciendo la
reaccion de Maillard minima [50,51]. Por el contrario, cuando la actividad de
agua se encuentra comprendida entre 0.3 y 0.7 la reaccion se ve favorecida, y
cuando llega a 0.8 la reaccion cesa debido a que los solutos se encuentran mas

diluidos en la fase acuosa [50,51].

Esta cinética tiene su explicacion. Cuando la actividad del agua es
muy baja, la difusion entre los reactantes se ve frenada. Al aumentar el agua
presente se facilita la difusion de los mismos. Sin embargo, con cantidades
mayores de agua la concentracion de las sustancias reactivas disminuye,

haciéndolo también la velocidad de reaccion [52-55].

El estado fisicoquimico de los alimentos es también un factor
influyente en la reaccion de Maillard. Influird el contenido en grasa del
sistema, asi como si es amorfo o cristalino. Un sistema de alimentos amorfo
es capaz de interaccionar mas con el agua que queda en el espacio entre
moléculas, mientras que en un sistema cristalino esto s6lo puede ocurrir de
manera superficial [56]. La fase amorfa absorbe agua hasta que las moléculas
consiguen el suficiente espacio y movilidad para formar la fase cristalina. Al
iniciar la cristalizacion, el agua se expulsa y puede quedar atrapada en areas
localizadas del alimento, quedando por lo tanto disponible para interaccionar
con otros componentes. De esta manera afecta a la reaccion de Maillard, a no

ser que se produzca su evaporacion [57].

Los riesgos del pardeamiento en la reaccion de Maillard aumentan
generalmente con la deshidratacion, en especial cuando el contenido de agua

es inferior al 20% y la temperatura es alta [58].
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2. Temperatura y tiempo de calentamiento

La temperatura es considerada como el factor mas influyente en la
reaccion de Maillard [59]. El aumento de temperatura (como en la
esterilizacion) y tiempo empleado favorecen de forma exponencial el
pardeamiento [60]. A pesar de esto, es importante destacar que la reaccion de
Maillard también se puede llevar a cabo a temperatura ambiente durante el
almacenamiento. Por lo tanto, se puede conseguir el mismo grado de
pardeamiento si el alimento se calienta a una temperatura elevada y el tiempo
de exposicion es corto, como si la temperatura sobre el producto es mas baja
y el tiempo de exposicion es mas largo. En este punto, es importante destacar
que, la carga de calor (cantidad de calorias aplicadas) es la mejor variable con

la que se puede predecir el pardeamiento [59,60].
3. pH del medio

Tanto el pH de los reactantes como la capacidad tamponadora del
sistema son condicionadores importantes del desarrollo de la reaccion de
Maillard. La velocidad de la reaccion se ve aumentada cuando las condiciones
son ligeramente basicas. La region entre pH 6 y 8 es la més favorable para el
desarrollo de la reaccion. Este rango se puede ampliar hasta pH 10, pero, a
pH mayor de 10, la reaccion se vuelve mas lenta debido a una deficiencia de
protones que son necesarios para catalizar los reordenamientos de Amadori y
Heyns [61,62]. Por su parte, un pH &cido, cercano a 3, no influye
positivamente en la velocidad de reaccion, esta es minima con estos valores
de pH. A medida que la reaccion avanza se produce una disminucion del pH
por la formacion de acidos grasos de cadena corta y la desaparicion de

aminodacidos alcalinos [63].
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La reactividad del grupo amino se incrementa cuando el aminoéacido
se encuentra en forma anionica y el valor depende del caracter dcido-base del
aminoacido. Cuando los aminoacidos son acidos, como es el caso del acido
glutdmico y aspartico, la forma amoénica se produce a pH 3, pero cuando los
aminoacidos son basicos como la lisina o la arginina, es necesario un pH de

10 [64,65].
4. Naturaleza y concentracion de los sustratos

Los sustratos principales de la reaccion de Maillard son los grupos
amino de proteinas, péptidos o aminoacidos libres y los grupos carbonilo de
azucares reductores o lipidos oxidados. Se trata de una reaccion isomolecular
en la que se produce una pérdida de azlcares al ocurrir simultdneamente la

caramelizacion.

En cuanto a la reactividad del grupo amino es importante destacar que
todas las proteinas tienen la capacidad de reaccionar con los azlicares, excepto
aquellas insolubles. Ademas, algunos de ellos se encuentran ocultos en la
cadena proteica, por lo que tampoco serian susceptibles a reaccionar. Los
aminoacidos mas reactivos son los del grupo amino situados en el extremo

terminal, seguidos de los aminoacidos basicos [66].

Por su parte, la reaccion sera mas o menos intensa en funcion del
azucar implicado. Los carbohidratos de bajo peso molecular son mas
reactivos que los de alto peso molecular, por su menor impedimento estérico
[67-69]. La reactividad de los monosacaridos depende a su vez de otros
factores como proporcion de azucar presente en disolucion acuosa de forma
aciclica o abierta (forma reactiva), electrofilicidad del grupo carbonilo y
presencia de grupos cargados en la molécula de aziicar como, por ejemplo,

grupos fosfato [70]. La capacidad de los azicares para reaccionar disminuye
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en el siguiente orden: aldopentosas, aldohexosas, cetohexosas, disacarisos y

polisacaridos [71].

También es importante resaltar que, aquellos compuestos que poseen
grupo carbonilo, como son los formados durante la degradaciéon de los
compuestos de Amadori (5-hidroximetilfurfural y furfural), y aquellos
formados por la degradacion de Strecker (aldehidos), tienen la capacidad de
reaccionar con los grupos amino y asi iniciar de nuevo la reaccion sin

necesidad de la presencia de aztcares [72].

Por ultimo, en cuanto a la concentracion de los sustratos, se ha visto
que la reaccion se ve favorecida cuando hay un exceso de azlcares en el
medio, asi como con el aumento de la reaccion molar azucar

reductor/aminoacido [73].

5. Metales

La reaccion de Maillard se ve afectada en presencia de cationes
metalicos. Estos, a través de reacciones de oxidacion hacen posible la
formacioén de compuestos dicarbonilicos que participan en la reaccion, asi
como otros complejos que pueden catalizarla [41,56]. Gracias a estos el
proceso de pardeamiento se ve aumentado. Los primeros estudios hacen
responsables a la disminucion de pH producida en presencia de cationes

metalicos [65].

4.3 Indicadores de la reaccion de Maillard

Los indicadores de la reaccion de Maillard son utiles para definir la
calidad nutricional de un alimento, posible toxicidad y caracteristicas
organolépticas tras un procesado térmico o un almacenamiento prolongado.

De esta forma se pueden optimizar estos procesos de cocinado y
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almacenamiento y obtener productos con buen valor nutritivo y de calidad.
En la Figura 3 se puede ver de forma esquematica la formacion de los

indicadores de la reaccion de Maillard.
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Figura 3. Indicadores de la reaccion de Maillard.

Durante las etapas iniciales e intermedias de la reaccion de Maillard
se generan compuestos como la furosina, el 5-Hidroximetilfurfural (HMF) y
el furfural. Estos se consideran marcadores de dafio térmico en alimentos, por

lo que son buenos indicadores de calidad del mismo.

o Furosina

Es uno de los indicadores de las primeras etapas de la reaccion de
Maillard [74]. También es utilizada para medir el dafio en proteinas tras un
procesamiento excesivo [75]. trata de un aminoacido que se obtiene por
hidrolisis 4cida del compuesto de Amadori, por lo tanto, su concentraciéon
dependera de las condiciones de hidrélisis [74]. En realidad, la furosina se
usa para cuantificar la c-N-deoxi-lactulosil-lisina (lactulosil-lisina), siendo
esta el primer intermediario de la reaccion de Maillard en la leche, y que se
forma por el reordenamiento de Amadori de la lactulosil-amina. El problema
para medir este compuesto es que la metodologia es larga y tediosa, por lo

que no es util como método de control [76]. Tras la hidrolisis acida de la
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lactulosil-lisina se generan tres aminoécidos furosina, piridosina y lisina. Por
lo tanto, si se considera que la formacion de furosina es constante, su
contenido en el alimento podria ser indicador de cémo ha transcurrido la
reaccion de Maillard, en cuanto a la intensidad de tratamiento térmico

aplicado [74].

La técnica mas usada para la determinacion de furosina es la
cromatografia liquida de alta resolucion (HPLC). Para ello se propuso la
separacion de furosina en fase reversa con par i6nico (columna C8) y
posterior elucion con gradiente [77]. Mas adelante, Delgado et al., [78]
pusieron a punto un método para separar furosina usando fase reversa con par
i6nico (columna C18) y posterior elucidn isocratica. Los dos métodos son

rapidos, sensibles y reproducibles.

o 5-Hidroximetilfurfural (HMF)

El HMF se puede generar por la fragmentacion de azucares
(caramelizacion) y por la degradacion de los productos de Amadori (reaccion
de Maillard) [75]. Sus reactivos precursores son hexosas reductoras en
presencia de aminoacidos o proteinas [79]. Es un intermediario de la
formacion de pigmentos en las etapas avanzadas de la reaccion de Maillard
[74] y se genera también en la caramelizacion por deshidratacion térmica
catalizada por 4cido a partir de fructosa, sacarosa y, en menor grado, de
glucosa [79]. En ocasiones se utiliza como sustancia aromatizante en los
alimentos. Desde 1950 se conoce la presencia de este compuesto en alimentos
y se ha identificado en una gran variedad de alimentos modificados
térmicamente. En algunos alimentos se usa como indicador de una buena
conservacion durante su almacenamiento [79], pero también es utilizado

como indicador de dafio térmico [74].
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Para la determinacion de HMF el método mas utilizado es HPLC
puesto que lo separa de diferentes interferencias y permite su medicion de
forma mas exacta. Esto es porque las muestras liquidas son sometidas a una
clarificacion previamente [80]. Sin embargo, para alimentos con proteinas
lacteas se ha visto que hay ciertos compuestos que coeluyen al HMF [81], por
lo que se hace necesario controlar los componentes de las fases moviles o

purificar la muestra con solventes organicos [82].

o Furfural

El furfural es un compuesto furdnico producido en los alimentos
procesados térmicamente, deshidratados o almacenados a temperaturas
inapropiadas. Se relaciona con la aparicion de aromas no deseables en
alimentos, por lo tanto, también es un buen indicador para evaluar el alcance
de la reaccion de Maillard y de calidad [83]. Se produce en las etapas
intermedias de la reaccion de Maillard, en reacciones de degradacion del
acido ascorbico y en la caramelizacion. Su determinacion se lleva a cabo por
cromatografia de gases, aunque es especialmente util su determinacion por
HPLC, ya que es la Unica técnica que permite su cuantificacion exacta de

forma individual [84].
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5. Actividad antioxidante

5.1 Radicales libres

Los radicales libres son especies quimicas que tienen un electrén libre
desapareado muy reactivo y situado en el orbital mas extremo de su estructura
atomica. Tienden a captar otro electron a partir de otras moléculas cercanas,
para asi llegar a alcanzar su estabilidad electroquimica [85]. El electron
captado por el radical libre proviene de otra molécula, pasando ésta a ser un
radical libre al quedarse con un electrén libre, iniciando asi una reaccion en
cadena que va destruyendo nuestras células. La vida media de estas especies
quimicas es muy corta, pero tienen una gran capacidad de reaccion con todas

las moléculas que los rodean [86].

A los radicales libres derivados del oxigeno y a las moléculas no
radicales que se forman como consecuencia de la reduccion molecular del
oxigeno se les llama especies reactivas del oxigeno (ROS) [87]. También
existen especies oxidantes derivadas del nitrogeno. Algunas de las ROS con
mayor significado biologico son: radical hidroxilo (¢ OH), anion superdxido
(*O2), peroxinitrito (ONOQ"), 6xido nitrico (NOv), radicales peroxilo (ROO¢)
y oxigeno singlete (!02). Cada una de ellas tienen caracter endégeno,
(mitocondria, peroxisomas, lipooxigenasas, NADPH oxidasa y citocromo
P450). Dentro de las de origen exogeno se pueden encontrar radiaciones

ionizantes y ultravioletas, medicamentos, tabaco, toxinas, etc. [88].

Las ROS a bajas concentraciones se relacionan con efectos
beneficiosos para la salud ya que intervienen en la defensa ante agentes
infecciosos, en la induccion de la respuesta mitogénica e intervienen en
diferentes rutas de sefalizacion celular [89]. Por el contrario, a altas

concentraciones pueden provocar efectos perjudiciales derivados del estrés
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oxidativo, provocando dafios celulares en biomoléculas como lipidos,

proteinas y ADN [90].

5.2 Estrés oxidativo

Durante el metabolismo celular aerdbico se van generando ROS. Este
proceso, por lo general, estd controlado por sistemas de defensa antioxidante
endogenos, encargados de mantener el equilibrio redox [91]. Esto se puede
ver influenciado por varias razones, como son estilo de vida, factores
ambientales o incluso patologias, dando lugar a un desequilibrio llamado

estrés oxidativo.

El estrés oxidativo se produce, o bien por un aumento de ROS, o por
un déficit en los mecanismos antioxidantes. Se asocia a numerosas
enfermedades (cancer, enfermedad cardiovascular, diabetes, hipertension,
enfermedades neurodegenerativas, etc.) y con el proceso normal de
envejecimiento [91]. En este punto, la dieta juega un importante papel, ya que
gracias a ella hay un aporte al organismo de compuestos bioactivos que tienen
efectos sinérgicos o aditivos [92] que mejoran la defensa antioxidante de
forma directa o indirecta, debido a que potencian los sistemas antioxidantes

y de detoxificacion endogenos [93].

Un estado de estrés oxidativo puede provocar alteraciones en lipidos,
carbohidratos, proteinas y acidos nucleicos, dando lugar a alteraciones en el
metabolismo y regulacion celular. Esto a su vez puede producir disfuncién
mitocondrial, citotoxicidad, acumulaciéon de agregados intracelulares y
apoptosis [94]. La oxidacién también afecta a los alimentos originando
enranciamientos, deteriorandolos quimicamente y reduciendo la calidad

nutricional, color, textura, sabor e inocuidad [95].
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5.3 Sistemas de defensa antioxidantes

Un compuesto antioxidante es aquel que neutraliza la accion oxidante
de las ROS mediante la liberacion de electrones en la sangre para ser
catalizados posteriormente por dichos radicales. La continua exposicion a
ROS de diferentes fuentes ha hecho que los organismos desarrollen los

siguientes mecanismos de defensa [96]:
1. Eliminacion catalitica de radicales libres por enzimas.
2. Union de proteinas a metales prooxidantes.
3. Proteccion contra dafio (proteinas de choque térmico).

4. Estabilizacidon de radicales libres con donadores de electrones o

protones (glutation, vitamina C o vitamina E).

Los sistemas de defensa antioxidante se pueden clasificar en sistemas
antioxidantes enddgenos y sistemas antioxidantes exdgenos dependiendo de
su origen. Estos ultimos se adquieren a través de la dieta [97]. Los compuestos
antioxidantes deben ser sustituidos a medida que se agotan. Cuando son de
origen endogeno se iran reemplazando mediante su sintesis, pero si son de

origen exdgeno esto se tendra que hacer a través de la alimentacion [95].

Los sistemas de defensa antioxidante endégenos [97] se clasifican
en sistemas enzimdticos y no enzimaticos. Los sistemas enziméticos son la
primera linea de defensa antioxidante, interaccionan directamente con las
ROS para prevenir el dafio oxidativo. Las enzimas que mas destacan son la
superoxido dismutasa, catalasa, y glutation peroxidasa. Los sistemas no
enzimaticos son la segunda linea de defensa antioxidante y son antioxidantes
de bajo peso molecular. Estos forman un numeroso grupo de compuestos que

previenen el dafio oxidativo, ya que interactian de directa o indirectamente
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con las ROS. Aqui destacan la bilirrubina, el acido trico, el tripéptido

glutation y la histidina.

Los sistemas de defensa antioxidante exogenos son los
antioxidantes procedentes de la dieta [97]. Los sistemas de defensa
antioxidante endogenos son insuficientes, por lo que nuestro organismo
necesita una ayuda externa. Aquellos nutrientes que consumimos a diario son
una ayuda primordial para los sistemas enddgenos para que no se den
oxidaciones no deseadas. Pueden actuar como antioxidantes por si solos o

como cofactores de sistemas antioxidantes endogenos.

Hay varias estrategias de defensa celular frente a los procesos
mediados por las ROS (Figura 4). Los primeros antioxidantes que actiian son
los llamados preventivos o primarios y se encargan de evitar la formacion de
radicales libres. Tienen la habilidad de metabolizar las especies reactivas a
estructuras mas estables (mecanismo enzimatico) y de secuestrar metales que
participan en la formacion de radicales libres (reaccion no enzimatica). A
continuacion, actuan los eliminadores de los radicales libres o secundarios,
que se encargan de estabilizar dichos radicales y actuan cuando hay una
superproduccion de radicales libres y los sistemas primarios estan
desbordados. Dentro de este grupo hay tanto antioxidantes enddégenos como
exogenos procedentes de la dieta. Por ultimo, actian los enzimas sintetitazos
de novo o reparadores, su funcion es reparar el dafio en biomoléculas,

reconstruyendo la membrana y subsanando el dafio producido [98,99].
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Indicador
Antioxidantes
preventivos
Radical libre
Antioxidantes )F
eliminadores de Radical lipidico

radicales libres

Reaccion en cadena oxidativa

‘o

Antioxidantes Daiio

reparadores ){
Enfermedad

Figura 4. Clasificacion de antioxidantes y su mecanismo de accion.

5.4 Antioxidantes de la dieta

En los alimentos que consumimos se encuentran nutrientes y
compuestos no nutrientes con capacidad antioxidante, como por ejemplo
polifenoles, terpenoides, compuestos de Maillard, minerales traza y vitaminas
C, E o B-carotenos [100]. Estos antioxidantes se encuentran en el alimento de

diversas formas y han sido clasificados de la siguiente manera [101]:
o Compuestos de bajo peso molecular.
o Compuestos fisicamente en diferentes estructuras celulares.

o Compuestos de bajo peso molecular quimica o fisicamente unidos a

otras macromoléculas.

o Material antioxidante insoluble.
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Es por esto que los alimentos de origen vegetal, como son frutas y
hortalizas, se consideran promotores de la salud, no sélo por su valor
nutricional general (bajo contenido en grasa y sal, alto contenido en fibra
vitaminas y minerales y baja densidad energética) sino también por su
contenido en fitoquimicos y componentes antioxidantes [102]. Ademas, la
adicion de algunas plantas a los productos alimentarios previene su estrés
oxidativo, por inhibicion del proceso de peroxidacion lipidica y mejora de la

calidad y valor nutricional de estos alimentos [103].

En los ultimos afios se ha despertado un interés por los compuestos

antioxidantes procedentes de la dieta que se debe a tres razones principales:
1. El poder antioxidante de una amplia gama de fitoquimicos.

2. Los beneficios del consumo de antioxidantes naturales frente a
enfermedades cronicas y degenerativas y el proceso de

envejecimiento.

3. Inseguridad producida en las personas por el consumo de

antioxidantes sintéticos.

En la poblacion mundial hay una preferencia generalizada sobre
consumir antioxidantes naturales frente a los sintéticos, siendo asi, los
naturales mucho mas demandados comercialmente y aceptados [104]. El
consumo de antioxidantes naturales de la dieta es un refuerzo considerable a

las defensas antioxidantes endogenas.
o Carotenoides

Los carotenoides son los pigmentos que dan lugar a la coloracion de
aquellos alimentos amarillos, rojos, anaranjados de aquellos alimentos de

origen vegetal. Quimicamente se consideran terpenoides, los cuales estan
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formados por ocho unidades de isopreno, asi la union de cada unidad se
convierte en el centro de cada molécula. En los carotenoides de origen natural
solo se encuentran tres elementos: carbono, hidrégeno y oxigeno. Este ultimo
puede estar presente como grupo hidroxilo carboxilo, hidroxilo, etc. El grupo
de los carotenoides se divide en dos grupos: los carotenos (hidrocarburos), y
las xantofilas (poseen oxigeno en su molécula). Algunos de los carotenoides
son precursores de la vitamina A, como el B-caroteno, siendo el terpenoide

con potentes propiedades antioxidantes [105].

La estructura de los carotenoides es la principal responsable se sus
propiedades antioxidantes (Figura 5). Se forman por largas cadenas de dobles
enlaces conjugados [106]. Esto le permite actuar como captadores de
radicales libres. La inestabilidad de los carotenoides en los procesos de
oxidacion, se corresponde como una alta proteccion para otros compuestos
frente a agentes oxidantes. El B-caroteno destaca en este punto ya que tiene
la capacidad, que lo diferencia del resto de antioxidantes solubles en grasa,

de ser mas efectivo a presiones bajas de oxigeno [105].

NIRRT NN N RE Ry R

Figura S. Estructura quimica del -caroteno.

o Vitamina C

Se conoce como acido L-ascorbico, compuesto de seis carbonos con
caracter hidrofilico y que contiene un grupo enediol imprescindible para su
actividad antioxidante. Gracias a ¢l, el acido ascorbico es un potente agente
reductor que reacciona con radicales, neutralizandolos y transformandose de

forma reversible en el radical dehidroascorbico.
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La vitamina C, como &cido dehidroascérbico (Figura 6), su forma
oxidada, es transportada al interior de la mitocondria y alli es reducida. La
cadena respiratoria dona electrones para la reduccién de la vitamina C, dando
lugar a su estado reducido (acido ascérbico) gracias a la dihidroascorbato
reductasa y glutation reducido. El glutation oxidado es regenerado por la
glutation reductasa a expensas de NADPH. El acido ascorbico puede
abandonar las mitocondrias por transporte activo; de esta manera, la molécula
de acido ascorbico actia como un secuestrador de especies reactivas de
oxigeno, protegiendo el genoma mitocondrial y evitando la despolarizacion
de la membrana mitocondrial [107]. También, tiene la capacidad de prevenir
o reducir la peroxidacion lipidica inducida por el perdxido de hidrogeno y la
formacion de OH-deoxiguanosina, que se genera como consecuencia de la

oxidacion del ADN [108].

(0} G (e o) C —
HO —C o =C
(0] (0]
HO —C — 0 =6 +2H" +2¢
HC — HC —
HOCH HOCH
CH,OH CH,OH
Acido Acido
ascorbico dehidroascorbico

Figura 6. Estructura quimica de la vitamina C.
o Vitamina E (tocoferol)

La vitamina E actiia coordinandose con otras moléculas y enzimas
para la defensa de las células de los efectos nocivos producidos por los

radicales libres. Posee una gran capacidad de proteccion de las membranas
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celulares, impidiendo su oxidacion. Esta oxidacion llevaria a una degradacion
del organismo. Su mecanismo de accion consiste en interrumpir las etapas de
propagacion y descomposicion del proceso de autooxidacion y en la reaccion

con el oxigeno singulete en el proceso de fotooxidacion [109].

Esta vitamina ejerce una gran cantidad de efectos beneficiosos para la
salud, como antioxidante, estimulante del sistema inmunitario, frena el
desarrollo de la enfermedad de Alzheimer, ademds de ayudar a reducir los
niveles de colesterol. La vitamina E como a-tocoferol (Figura 7), forma mas
activa de la vitamina E, puede llegar a inducir apoptosis en las células
tumorales. Este compuesto actia como antioxidante al transformarse en

radical tocoferilo, que es mas estable.

La vitamina E actua de forma sinérgica con otros antioxidantes, como
el 4cido ascorbico, entre otros. Regeneran a la vitamina E y reducen el

caracter prooxidante del tocoferilo [110].

El nivel de vitamina E en un alimento depende de sus condiciones de
elaboracion y almacenamiento. Durante este ultimo se reduce el contenido de
tocoferoles en los alimentos por la oxidacion, humedad, presencia de luz, altas

temperaturas, y accion de microorganismos [111].

HO

Figura 7. Estructura quimica del a-tocoferol.

o Productos de la reaccion de Maillard

La capacidad antioxidante que se les atribuye a los productos de la

reaccion de Maillard fue observada por primera vez en 1954. Se descubrié un
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aumento de la capacidad antioxidante de forma paralela al aumento del
tiempo de calentamiento. La capacidad antioxidante aumenta con la aparicion
de productos derivados de las etapas intermedias y tardias de la reaccion, asi
como con el tipo de azicar involucrado [112]. Se ha propuesto que algunos
de estos compuestos podrian ser utilizados como aditivos alimentarios para
contribuir a la estabilidad oxidativa de los mismos y mejorando sus

propiedades [113].

Sus mecanismos de accion como antioxidantes se basan en la
inactivacion de radicales libres lipidicos, inhibicion de la formacion de
perdxidos, la accion como trampas de oxigeno y habilidad de captar iones
metalicos y catalizadores de las reacciones de primer orden [114]. En cuanto
a su propiedad quelante de metales, los productos de la reaccion de Maillard

retardan reacciones de oxidacion que son catalizadas por los minerales [115].
o Minerales

Algunos minerales pueden tener propiedades antioxidantes, entre
ellos se encuentran el hierro, cobre, zinc, selenio y manganeso. Estos actian
como cofactores de enzimas endogenas antioxidantes que estan implicadas en
reacciones que atrapan radicales superéxido, impiden la formacion de

radicales hidroxilo y favorecen la eliminacion de H2O2[116].

El hierro y el cobre poseen propiedades antioxidantes importantes y
ademas pueden actuar como fuentes pro-oxidantes de radicales libres [117].
El manganeso protege de la peroxidacion lipidica, promueve la sintesis de
metalotioneinas y atrapa radicales hidroxilo y superoxido. Es importante
destacar que tiene estas habilidades por formar parte de la superdxido
dismutasa mitocondrial [118]. Por su parte, el zinc forma parte del centro

activo de la superoxido dismutasa citosolica, junto con el cobre [119]. El
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selenio ayuda a la absorcion de vitamina E, aumenta la actividad de algunas
enzimas, como la glutatién peroxidasa, y protege a las células frente al radical

superoxido [120].
o Polifenoles

Se encuentran distribuidos en todas las plantas, pero sobre todo en
frutas, hortalizas y sus alimentos derivados como cerveza, vino, aceite de
oliva o zumos vegetales. El efecto beneficioso asociado al consumo de
hortalizas y otros alimentos de origen vegetal se relacionan en su mayoria con
estos compuestos y su capacidad antioxidante [102]. También se encuentran
en cereales y legumbres. Actian como antioxidantes mediante dos

mecanismos:

- Debido a su facilidad para ceder a un radical libre un radical

hidrégeno de un grupo hidroxilo aromatico [121].

- Debido a la facilidad que poseen de quelar iones metélicos, como

cobre o hierro, y asi evitar la formacion de radicales libres [122].

Los polifenoles influyen en gran medida en las caracteristicas
sensoriales de los alimentos. Ademas, tienen la capacidad de destruir o inhibir
el crecimiento de bacterias, hongos y protozoos [123]. Estructuralmente
poseen anillos aromaticos con dobles enlaces conjugados y sustituyentes
hidroxilo, que normalmente aparecen en su forma glicosilada al combinarse
con azucares (Figura 8) [124]. En estado puro son dificiles de disolver en
agua, pero las interacciones en las que participan en estado natural hacen
posible cierta solubilidad en medio acuoso. Los polifenoles pueden ser
clasificados en funcioén de su nimero de anillos y a los elementos estructurales
que se unen. Principalmente se clasifican en flavonoides (lo mas abundantes),

acidos fenolicos, alcoholes fendlicos, estilbenos y lignanos [125] (Tabla 1).
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Figura 8. Estructura de los compuestos flavonoideos.

Tabla 1. Clasificacion de los compuestos fenolicos.

GRUPO ESTRUCTURAL COMPUESTO FENOLICO

Flavonoles

Flavonas

Flavanonas
FLAVONOIDES

Flavanoles

Isoflavonas

Antocianidinas

Acidos fenolicos
Acoholes fendlicos

NO FLAVONOIDES
Estilbenos

Lignanos

Algunos polifenoles, ademés de su propia actividad antioxidante,
también pueden actuar potenciando la actividad de enzimas antioxidantes,

tales como catalasa, glutation peroxidasa, glutation reductasa y superoxido
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dismutasa [126]. A su vez, también inhiben la actividad de enzimas
involucradas en procesos oxidativos como son la lipooxigenasa,

ciclooxigenasa, xantina oxidasa y fosfolipasa A2. De esta forma evitan la
generacion de ROS [127].
5.5 Determinacion de la capacidad antioxidante

Debido al aumento del interés por los efectos beneficiosos de los
polifenoles en salud humana y en calidad alimentaria, se han desarrollado
muchos métodos para determinar la capacidad antioxidante en los alimentos.
Esta depende de las propiedades redox del propio alimento, de la capacidad
del mismo como quelante de metales prooxidantes, asi como de su capacidad
de donar hidrogeno y de captar radicales libres. Seria ideal que cada una de
estas propiedades se pudiera medir en cada componente para asi evaluar la

capacidad antioxidante total, pero en la préctica, resulta muy dificil.

Un buen método de determinacion de capacidad antioxidante debe

tener las siguientes caracteristicas [128].
- Ser un método sencillo.
- Tener un mecanismo quimico y un punto final fijo.
- Con un alto rendimiento de andlisis.
- Tener buena reproducibilidad intra- e interlaboratorio.

- Ser adaptable a ensayos con antioxidantes hidrofilicos y

lipofilicos.

- Poseer diferentes fuentes generadoras de radicales libres.
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Se han desarrollado diferentes ensayos que conjugan estas
propiedades en un método para determinar la capacidad antioxidante [129].
Asi, existen dos tipos de métodos para la determinacion de capacidad

antioxidante:
o Métodos directos

Son aquellos que se llevan a cabo con un sustrato capaz de oxidarse
[95,128]. Evaluan el efecto inhibitorio de una sustancia que es potencialmente
antioxidante sobre la degradacion oxidativa del sustrato usado. Esta
aproximacion se conjuga con un tipo de estrategia de medicion basada en la

deteccion de los productos de oxidacion.
o Meétodos indirectos

Son los mas usados para determinar la capacidad antioxidante en
alimentos de origen vegetal [128]. Se basan en la estabilizacion de un radical
libre artificial, ya sea por transferencia de electrones o hidrogeno, o por la
reduccion de un metal de transicion de carécter prooxidante, por transferencia
de electrones. Para evaluar la capacidad antioxidante te una muestra de forma
adecuada, deben combinarse al menos dos métodos, basados en distintos
fundamentos. Algunos ejemplos de métodos indirectos son el ABTS, DPPH
y ensayos de poder antioxidante por reduccion del hierro férrico como es el
FRAP. Se recomienda la combinacion de ensayos basados en la capacidad de
reducir el hierro, como el FRAP, junto con algiin otro método que determine
la capacidad de reduccion de radicales libres [100]. Por su parte, algunos
investigadores argumentan que existen métodos, como es el ensayo de fenoles
totales por el método Folin-Ciocalteu, que, a pesar de no estar destinado
directamente a medir capacidad antioxidante, podria ser util para estos

estudios, especialmente si se combinan con otros métodos [128]. Algunos
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autores incluso lo han propuesto como un método de evaluacion de capacidad

antioxidante mas, y estaria basado en la transferencia de electrones [131].

e Método del ABTS (acido 2,2’azinobis (3-etilbenzotiazolin)-6-

sulfonico)

La oxidacion del ABTS da lugar al radical ABTS-" (Figura 9). Esta se
puede generar de forma enzimatica, quimica (persulfato potasico, dioxido de
manganeso, radicales perdxido), o electroquimica [132]. El radical catidnico
que se obtiene tiene una coloracion verde-azulada estable con una
absorbancia maxima a 734 nm. El método consiste en monitorizar la
reduccion del ABTS" por la adicion de una muestra con antioxidantes. Esto
se lleva a cabo midiendo la absorbancia del ABTS a 734 nm. Esta se compara
con la del Trolox, que es un anédlogo sintético y soluble de la vitamina E. Es

expresado como TEAC (capacidad antioxidante equivalente de Trolox) [132].

La principal ventaja de este método es que puede ser utilizado para
muestras liposolubles e hidrosolubles, eligiendo el disolvente que
corresponda en cada caso y que aporta rapidamente los resultados mas
reproducibles empleando un espectrofotdémetro. Un aspecto a destacares que
la longitud de onda a la que se realizan las medidas de absorbancia no es nada
comun en alimentos, haciendo de este método, un ensayo interesante para el
estudio de extractos vegetales, eliminando la posibilidad de interferencias de

color.
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Figura 9. Formacion del radical ABTS" desde ABTS y persulfato potasico.

1. No es representativo de la capacidad antioxidante, al igual que todos
los métodos indirectos.

2. La reaccion de algunos fenoles y productos naturales con el ABTS"”
es lenta. El resultado de la determinacion del TEAC se espera que sea
dependiente del tiempo de incubacion, asi como de la relacion entre
la cantidad de muestra y la concentracién de ABTS"".

3. Hay poca selectividad del ABTS™" en la reaccion con donadores de
atomos de hidrogeno. Esto es debido a que se produce una reaccion
con el grupo hidroxilo de un compuesto aromatico de forma

independiente a su potencial antioxidante real.
e Método del DPPH (2,2-difenil-1-picrilhidracil)

Por la simplicidad y alta sensibilidad de este ensayo, se ha hecho muy
popular para el estudio de antioxidantes naturales [133]. Esta basado en la
teoria de que cualquier donador de hidrégeno es antioxidante. El DPPH - capta
un hidrogeno del antioxidante para formar DPPH (figura 10), por lo tanto, el

poder antioxidante sera proporcional a la pérdida o desaparicion de DPPH-.
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Hay varios métodos que permiten su monitorizacion. El méas comun
es el que se lleva a cabo con espectrofotometria ultravioleta, por su precision
y facilidad. El radical tiene un maximo de absorcion a 517 nm, y torna a color
amarillo cuando se forma DPPH, por lo que sus efectos antioxidantes se
pueden ver facilmente por la pérdida de absorciéon de la molécula. Sin
embargo, algunos antioxidantes pueden causar interferencias al presentar un
espectro de absorcion similar al del DPPH:, como por ejemplo los
carotenoides. Los resultados, al igual que en ABTS, se pueden expresar como
TEAC, aunque también se pueden interpretar como % de desaparicion de

DPPH.

RH
ANTIOXIDANTE
. K - H _ N
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o O L T O
DPPH- DPPH

Figura 10. Captacion del radical libre del DPPH- y formacion del
DPPH.

e Método FRAP (Reduccion del hierro férrico a ferroso)

Este método estd basado en la reduccion del hierro férrico (Fe”,
prooxidante) a hierro ferroso (Fe?") por un antioxidante y en condiciones de
acidez (Figura 11). La reduccion puede ser cuantificada por la accion del
cloruro de 2,3,5-trifeniltetrazolio (TPTZ), que es un compuesto quimico
capaz de quelar al hierro. El complejo Fe**-TPTZ posee una coloracion azul
intensa con un maximo de absorcioén a 595 nm. Por su parte, el complejo Fe?*-

TPTZ posee una coloracion amarilla [134]. Por lo tanto, la evaluacion de la
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capacidad antioxidante se llevard a cabo monitorizando esto con un

espectrofotometro.

Con este ensayo se obtienen resultados reproducibles y de forma répida. La
unica desventaja que tiene es que se debe realizar en matriz acuosa, por lo que
se debe usar un antioxidante de referencia hidrosoluble, como el Trolox o el
acido ascorbico. En cuanto a la expresion de los resultados, se pueden
expresar por lo tanto como TEAC (si se usa Trolox) o CEAC (si se usa acido
ascorbico). También pueden ser interpretados como cantidad de hierro ferroso

producido.
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Figura 11. Captacion del complejo (Fe**-TPTZ) desde el complejo (Fe**-
TPTZ).

e Métodos de determinacion de polifenoles
- Meétodo de Folin-Ciocalteu. Polifenoles totales.

Se usa para determinar el contenido de fenoles y polifenoles totales
que estan presentes en un alimento. Como estandar se emplea el 4cido gélico.
Est4 basado en la reduccion de los fenoles totales por una mezcla de acido
fosfomolibdico y fosfotingstico, generando una mezcla de oOxidos de
molibdeno y tungsteno de color azul, con un maximo de absorciéon a 765 nm,
proporcional al contenido en compuestos fendlicos [135]. El mecanismo se

basa en una transferencia de electrones del medio alcalino, por parte de los
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polifenoles (y otras especies reductoras presentes en la muestra) al reactivo
Folin-Ciocalteu [136]. Se trata de un método simple y reproducible, pero tiene
el inconveniente de que puede sufrir interferencias con sustancias no fendlicas
como fructosa, sacarosa, proteinas, algunos acidos orgénicos, algunos
aminoacidos y algunas sales organicas [137]. Los resultados son expresados

en mg/L de acido gélico.
-  UHPLC/TOF-MS. Especies fenolicas.

Ademas del contenido fenolico total, también es importante medir su
composicion en compuestos fendlicos de forma individual [138]. Para ello se
usa la cromatografia liquida de ultra alta resolucion (UHPLC). La
cromatografia UHPLC es una técnica fisica de separacion en la cual, los
componentes de una muestra se dividen en dos fases: una fase movil y una
fase estacionaria. Deben ser de polaridad opuesta, y todos los solutos seran
de igual polaridad que la fase movil. Todo soluto que entra en la columna, ha
de salir de ella (propagacion) y, como objetivo, los solutos se separan entre

si, a lo que se le llama migracién diferencial [139].

La espectrometria de masas se basa en extraer iones de moléculas
organicas en fase gaseosa, y una vez extraidos los iones, se separan segun su
masa y carga y finalmente se detectan. El espectro de masas sera informacion
bidimensional que representa los parametros asociados con la abundancia de
diferentes tipos de iones en funcion de la relacion masa-carga de cada ion.
Los procesos que tienen lugar en un espectrometro de masas son de naturaleza
quimica, por lo que la presencia y aparicion de iones en el espectro dependera

de la estructura quimica de cada compuesto [140].
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6. Microbiota intestinal

La microbiota es definida como una comunidad de microorganismos
vivos que viven en una relacion de simbiosis tanto de tipo comensal como de
mutualismo, y que residen en un nicho ecologico determinado. Por lo tanto,
la microbiota intestinal, es el conjunto de microorganismos vivos que habitan
y conviven en el intestino [141-143]. En el caso de los humanos, esta formada
por trillones de células microbianas y cientos de especies diferentes, siendo
una de las comunidades mas densamente pobladas. Debido a esto, el ser
humano puede ser considerado un “super organismo”. En ella se pueden
encontrar microorganismos que pertenecen principalmente a cuatro phyla:
Firmicutes (Gram-positivos), Bacteroides (Gram-negativos), Actinobacteria
(Gram-positivos) y Proteobacteria (Gram-negativos). A parte de estos
cuatro, se presentan grupos minoritarios constituidos por otros phyla como

Verrucomicrobia, y otros reinos como Fungi y Archaea [144,145].

6.1 Microbiota intestinal y metabolismo

La microbiota intestinal se puede considerar un “6rgano metabolico”
que lleva a cabo funciones bioquimicas y fisioldgicas muy variadas con
influencia sobre el metabolismo del huésped. Los microorganismos que la
conforman poseen diversas enzimas que permiten transformar hidratos de
carbono (polisacaridos, oligosacaridos y almidon resistente) y otros nutrientes
y componentes alimentarios que no pueden ser digeridos ni absorbidos en el
intestino. Estos, en su mayoria hidratos de carbono, llegan al colon donde son
fermentados, con lo que se permite que estos nutrientes y componentes
alimentarios se vuelvan disponibles para el organismo, y no se pierdan con

las deposiciones [144,145].
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Como resultado de dicha fermentacion, aparecen los productos finales
de la misma, como son monosacaridos, acidos grasos de cadena corta,
compuestos fenolicos, asi como ciertos gases, entre los que podemos
encontrar CO2, hidrogeno y metano [146]. Los acidos grasos de cadena corta,
son cadenas lineales o ramificadas de uno a seis atomos de carbono. La
produccién de metabolitos por parte de la microbiota intestinal depende por

tanto de los sustratos disponibles [147,148].

Los principales metabolitos derivados de hidratos de carbono son los
acidos acético, propidnico y butirico. Otros acidos orgénicos, principalmente
lactico y succinico, participan el proceso conocido como “cross-feeding”
[149]. Este proceso consiste, de manera sencilla, en que los metabolitos
producidos por unas bacterias pueden ser usados como sustrato por otras. Asi,
los 4cidos lactico y succinico pueden ser producidos por algunos géneros y
usados por otros para la produccion de acético, propidnico o butirico. Por su
parte, como consecuencia del metabolismo de proteinas, destaca la
produccion de amoniaco, aminas, fenoles (acidos hidroxifenilacéticos,
hidroxifenilpropidnicos), tioles e indoles. Ademas, destaca la produccion de
acidos grasos de cadena ramificada como los acidos isobutirico o isovalérico.
Estos compuestos derivados del metabolismo de proteinas son

potencialmente perjudiciales [150].

Los acidos acético, propionico y butirico (Figura 12) juegan un
papel positivo para la salud humana [145,151,152], entre sus efectos se puede

destacar:

- Refuerzan la barrera intestinal y nutren la mucosa protectora del
intestino.
- Mejoran el transito en el intestino grueso.

- Contribuyen a equilibrar el nivel de glucemia.
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- Previenen enfermedades no transmisibles como la obesidad y el
cancer de colon, reducen el colesterol y ayudan al sistema inmune.

- Sirven como sustrato energético a los colonocitos.

- Cerca del 10% de los requerimientos energéticos de la dieta son

cubiertos por ellos.

O O O
OH OH OH
Acido acético Acido propi6nico Acido butirico
(CH,COOH) (C5Hq0,) (C,H50,)

Figura 12. Acidos acético, propidnico y butirico.

Concretamente, el acido butirico ha captado la mayor atencion. Es el
principal sustrato y fuente energética para los colonocitos, proporcionandoles
entre el 60 y el 70% de la energia que necesitan para su proliferacion y
diferenciacion. Este acido graso es importante también para mantener la
formacion de epitelio coloénico a través de su funcion como agente
antiinflamatorio para prevenir la produccion de especies reactivas de oxigeno
y especies reactivas de nitrogeno generadas en caso de estrés oxidativo.
Ademés, puede desempefiar un papel en el metabolismo lipidico, asi como
ejercer efectos antitumorigenos en algunas lineas celulares de céancer
[150,152]. Las principales bacterias productoras de butirato en el intestino
humano pertenecen a la fila Firmicutes (géneros Faecalibacterium y
Eubacterium, entro otros), los cuales son anaerobios, por lo que las bajas
concentraciones de oxigeno en el colon hacen que sea un nicho favorable para

ellos [149].
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A suvez, el propionato se absorbe y llega al higado siendo usado para
la gluconeogénesis [149]. El acetato, por su parte, entra en la circulacion
periférica para llegar a los tejidos periféricos, donde se utiliza como sustrato
principal para la sintesis de colesterol y puede interferir directamente en el
metabolismo de los lipidos. Ademds, puede cruzar la barrera
hematoencefalica para activar la acetil-CoA carboxilasa y la expresion de
neuropéptidos, lo que induce la activacién neuronal hipotalamica y suprime
el apetito [150,152]. Es importante destacar que el uso de propionato como
precursor gluconeogénico, inhibe el uso de acetato para la posterior
formacion de lipidos y sintesis de colesterol, reduciendo la lipogénesis
hepatica y las concentraciones de triglicéridos y colesterol en suero tras el

consumo de hidratos de carbono fermentables [150].

En el tracto gastrointestinal humano la concentracion mas alta de
acidos grasos de cadena corta se encuentra en el colon, en una relaciéon molar
de aproximadamente 60:25:15 para acetato:propionato:butirato. Sin embargo,
la cuantificacion de los acidos grasos de cadena corta intestinales humanos
solo proporciona niveles constantes y puede no reflejar con precision el nivel
de produccidon bacteriana. Esto es porque la mayoria de los ellos son
producidos en la luz del colon (90-95%) y se absorben por la mucosa
intestinal [152,153]. Aun asi, el analisis de 4cidos grasos de cadena corta en

muestras fecales se utiliza como una aproximacion de los niveles intestinales.

La microbiota intestinal también es capaz de metabolizar
compuestos fenolicos. El metabolismo de los compuestos fendlicos por parte
de los microbios intestinales se ha estudiado ampliamente, ya que muchos de
sus beneficios para la salud se atribuyen, de hecho, a los metabolitos
microbianos [154]. Actualmente se estima que solo entre el 10 y el 20% de

los polifenoles de la dieta se absorben en el intestino delgado [155]. Por lo
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tanto, la mayoria de ellos llegan al colon y son metabolizados por las bacterias

intestinales en compuestos mas pequefios [149].

Sin embargo, se ha demostrado que el tratamiento con antibidticos
puede alterar la metabolizacion de las catequinas por parte de los microbios
intestinales [156]. Segun estos autores, los ratones tratados con antibioticos
mostraron mayores niveles de epigalocatequina en sangre, higado y orina,
probablemente debido a la eliminacion de los microbios encargados de la
metabolizacion de las catequinas. Por lo tanto, la biodisponibilidad de las

catequinas estard determinada, al menos en parte, por la microbiota intestinal.

6.2 Disbiosis

La disbiosis disbiosis es un desequilibrio en la abundancia de distintos
géneros bacterianos intestinales llevando a un desequilibrio en la comunidad
microbiana. Esto podria provocar una respuesta adversa en el hospedador.
Actualmente, se reconoce que la disbiosis es un importante mecanismo de
etiopatogenia, por lo que es necesario encontrar herramientas terapéuticas que
restauren la composicion microbiana intestinal y su actividad metabdlica,

como pueden ser intervenciones dietéticas [145,150].

Entre las posibles causas de cambios en la microbiota intestinal o
disbiosis, se encuentran los antibioticos, cominmente usados como remedio
para infecciones. Es comun que, cuando se toman para tratar una infeccién
extraintestinal puedan provocar cambios a lo largo del tracto gastrointestinal,
incluyendo modificaciones en la microbiota intestinal por la reduccion
drastica de Lactobacillus, asi como por una promocion de Proteobacteria spp
[157]. Ademas, la dieta también puede ser una importante causa de disbiosis,
ya que los microorganismos que residen en el intestino humano se alimentan

de aquellos nutrientes que les llegan a través de la alimentacion del individuo.
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Esto hace que, haya mas predominio de unas especies u otras dependiendo de

la alimentacion [158].

La variabilidad interindividual y la plasticidad de la microbiota
intestinal ha dificultado los esfuerzos para identificar una microbiota “sana”,
aunque los marcadores de la estabilidad de la microbiota, como la riqueza y
diversidad, son a menudo usados como indicadores de la salud intestinal
debido a su inversa asociacion con ciertas patologias [144]. De esta manera,
se hace interesante su estudio en aquellas personas que padezcan alguna
enfermedad, como, por ejemplo, celiaquia, alergias alimentarias, asi como
obesidad. En la actualidad, cada vez hay mas literatura cientifica que defiende
que, en estas personas, se produce disbiosis, lo que puede estar relacionado

en gran medida con la patologia que padezcan.

Recientemente, se han descrito alteraciones en la composicion de la
microbiota de pacientes celiacos [159]. La enfermedad celiaca es un trastorno
inflamatorio del intestino delgado caracterizado por una intolerancia
permanente al gluten que se ingiere con la alimentacion y que tiene manifiesto
en individuos con predisposicion genética. Se han encontrado diferencias
entre la composicion y la diversidad de la microbiota intestinal de adultos con
sintomas intestinales clasicos de enfermedad celiaca y las de adultos con
sintomas extraintestinales, indicando que la composicion de la microbiota
residente en la mucosa duodenal de los pacientes diferia basandose en las
manifestaciones de la enfermedad celiaca [160]. Es posible que ciertos
cambios en la composicion de la microbiota a nivel duodenal se deban a las
consecuencias del patrén inflamatorio destructivo, lo que se hace mas

evidente en la atrofia vellositaria duodenal mas avanzada [161].

La obesidad, por su parte, no solo se relaciona actualmente con el

factor genético como determinante de la obesidad, sino que la investigacion
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esta senalando a la microbiota intestinal como uno de los factores que afectan
al desarrollo de esta enfermedad [150]. Apoyando estas investigaciones,
existen estudios en roedores y en humanos donde la obesidad se relaciona con
alteraciones en la composicion de la microbiota: una disminucion de 50% de
la poblacion de Bacteroides y un aumento proporcional en los Firmicutes,
comparada con la microbiota de personas sanas no obesas [162]. Es
considerado que, aquellas dietas que se caracterizan por un consumo elevado
de grasa y bajo en fibra, pueden ser causantes de disbiosis en la microbiota
intestinal, lo que lleva a la reduccion de la integridad de la barrera intestinal;

alteracion que a su vez puede predisponer a la obesidad [158].

En estudios realizados como intervenciones con personas voluntarias
obesas sometidas a una dieta baja en calorias durante un afio, se observaron
cambios de composicion en su microbiota con una menor proporcion de
microorganismos Gram positivos y mayor proporcion de Gram negativos.
Esto tiene como resultado un cambio en la relacion de microorganismos
Firmicutes/Bacteroides, provocando asi una disbiosis intestinal, que consiste
en la alteracion de los distintos grupos de microorganismos que conforman la
microbiota intestina [163,164]. Esto a su vez esta relacionado directamente
con los cambios de peso corporal del individuo. Este cambio de composicion
de la microbiota genera un aumento plasmatico de lipopolisacaridos que
favorecen los procesos inflamatorios y como consecuencia una mayor
resistencia a la insulina que promueve el desarrollo de diabetes, ademas de
favorecer el aumento de adipocitos, dislipidemia y un desequilibrio en el peso
corporal en comparacion con individuos de una mayor diversidad

microbiologica [165].

También se ha observado que la microbiota del individuo obeso

presenta una menor biodiversidad microbiana en comparacion con individuos
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sin patologias (no obesos). En este sentido, se ha visto que la influencia que
tiene la microbiota intestinal en el hospedero estd relacionada con las
funciones de tipo metabdlico, troficas, secrecion de hormonas intestinales y
reguladoras del sistema inmunitario, ademas de tener implicacion en la
regulacion de los depositos de grasa corporal en tejido adiposo [163,164]. Los
mecanismos exactos por lo cual la microbiota contribuye a la obesidad, no

son del todo esclarecidos [166].

Asimismo, los desordenes alérgicos también han sido asociados con
disbiosis. En las ultimas décadas incluso se ha estudiado el uso de probioticos
como una posible intervencion dietética para interrumpir la progresion de los

sintomas clasicos, como son eccema, rinitis y asma [162,167].

6.3 Metodologias de evaluacion de la microbiota
intestinal

Para el estudio de la microbiota intestinal humana se han utilizado
diferentes metodologias, desde técnicas in vitro [168] hasta intervenciones en
humanos. A continuacion, se van a explicar los experimentos mas comunes

para el estudio de la microbiota intestinal:

1. Estudio de la microbiota intestinal in vitro: los modelos in
vitro proporcionan informacién en diferentes etapas del proceso de
fermentacion al permitir un muestreo dindmico a lo largo del tiempo en
diferentes regiones consecutivas del colon humano. Ademas, como estan
estandarizados, proporcionan resultados con una alta reproducibilidad [169].
Es importante destacar que no hay restricciones éticas para su uso, de modo
que se puedan usar patdgenos, compuestos toxicos o radioactivos sin
aprobacion ética. Por lo tanto, los enfoques in vitro ofrecen la posibilidad de

estudios mecanicos y el desarrollo de hipdtesis que deben ser probadas (o
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refutadas) en ensayos clinicos en humanos. Sin embargo, es importante crear
condiciones que se parezcan mucho a la situacion in vivo [169]. Cuanto mejor
pueda simular un sistema la situacion real, mayor serd la importancia

fisioldgica de la informacion obtenida.

Los modelos in vitro mas simples y utilizados con mayor frecuencia
para estudiar el microbioma intestinal son las fermentaciones estaticas [168].
Por lo general, éstos se realizan en pequefios vasos o tubos de ensayo, en los
que se analiza una variedad de cultivos, como cepas especificas, comunidades
microbianas intestinales o fecales de origen animal o humano, para

determinar su capacidad para metabolizar diferentes sustratos.

- Ventajas: barato, facil de realizar, pocos problemas éticos, permite
evaluar muchas muestras diferentes.

- Inconvenientes: poca similitud con la realidad, acumulacion de
metabolitos microbianos que inhiben la actividad microbiana

adicional.

2. Estudio de la microbiota intestinal con sistemas continuos:
un ejemplo es aquél que se lleva a cabo mediante un simulador del ecosistema
microbiano intestinal (SHIME) [169,170]. Es un método que intenta simular
el tracto gastrointestinal humano y con ello se puede llevar a cabo la
estabilizacion de la microbiota humana. Con un donante de heces se hace
posible la extraccion de microbiota intestinal, la cual sera alimentada durante
un periodo de tiempo para permitir su supervivencia y reproduccion. Durante
esta estabilizacion y al final de la misma se puede llevar a cabo el estudio de
la microbiota y asi ver como va cambiando, e incluso, se puede cambiar la
alimentacion de la misma para ver las variaciones. Esto lo podemos ver, por

ejemplo, con los acidos grasos de cadena corta producidos.
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- Ventajas: se asemeja mas a la realidad.

- Inconvenientes: s6lo permite el estudio de una muestra a la vez.

3. Intervenciones en animales o personas: los ensayos in vivo
en animales o humanos estan limitados para detectar los efectos y el posible
mecanismo de accidon de ciertos ingredientes o medicamentos dietéticos, ya
que se enfrentan a la alta complejidad del entorno tracto gastrointestinal y al

dificil acceso al intestino [169].

- Ventajas: es ideal porque los resultados son reales.
- Inconvenientes: es un método muy caro, puede acarrear problemas

éticos y hace dificil el estudio de alimentos concretos.
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Objetivos

Objetivo general

El objetivo general de esta tesis doctoral consiste en evaluar la
capacidad antioxidante de diferentes alimentos de origen vegetal y animal tras
ser digeridos y fermentados in vitro, para asi ver los cambios que se producen
sobre la funcionalidad de la microbiota intestinal, y ademas, estudiar los
cambios producidos por el procesado térmico aplicado a dichos alimentos,
viendo como afectan, tanto a la capacidad antioxidante de los mismos como

a la funcionalidad de la microbiota intestinal.

Objetivos especificos

1. Estudiar la capacidad antioxidante de los diferentes alimentos
de origen vegetal y animal con diferentes procesados térmicos aplicados tras
la digestion y fermentacion in vitro con microbiota intestinal de adultos sin
patologias, nifios sin patologias, nifios obesos, nifios celiacos y nifios con

alergia a las proteinas de la leche de vaca.

2. Evaluar el consumo diario y por racion, a través del consumo
de alimentos, de compuestos con capacidad antioxidante, tanto para adultos

como para nifos.

3. Comparar la ingesta diaria y por racion de compuestos con

capacidad antioxidante entre los distintos grupos de nifios.

4. Evaluar el efecto del procesado térmico sobre los alimentos,

estudiando indicadores como furosina, HMF y furfural.
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Objetivos

5. Correlacionar la capacidad antioxidante de los alimentos tras
la digestién y fermentacion in vitro, con los indicadores de dafio térmico

anteriormente nombrados.
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Objetivos

General objective

The general objective of this doctoral thesis is to evaluate the
antioxidant capacity of different foods of plant and animal origin after being
digested and fermented in vitro in order to unravel the changes they produce
on the functionality of the gut microbiota. In addition, to study the changes
produced by thermal processing applied to these foods, to decipher how they
affect both their antioxidant capacity and the functionality of the gut

microbiota.

Specific objectives

1. To study the antioxidant capacity of different foods of plant
and animal origin with different thermal processes applied after digestion and
in vitro fermentation with the gut microbiota of healthy adults, healthy
children, obese children, celiac disease children and children with allergy to

cow's milk proteins.

2. To evaluate the daily and per serving consumption, through
food consumption, of compounds with antioxidant capacity, both for adults

and children.

3. To compare the daily and per serving intake of antioxidant

capacity among different groups of children.

4. To evaluate the effect of thermal processing on food, studying

chemical indicators such as furosine, HMF and furfural.

5. To correlate the antioxidant capacity of foods after digestion
and in vitro fermentation with the indicators of thermal damage mentioned

above.
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Relationship of quality parameters, antioxidant capacity and total

phenolic content of EVOO with ripening state and olive variety

En este trabajo se estudio la evolucion de los parametros de calidad,
la composicion de acidos grasos, la capacidad antioxidante y el contenido
fenolico total del aceite de oliva virgen extra obtenido a partir de dos
variedades de aceituna con diferente tiempo de maduracion. Tanto la
capacidad antioxidante como el contenido fenolico total se midieron tras
someter a las muestras de aceite a digestion y fermentacion in vitro con
microbiota de adulto sano, para acercarnos lo maximo posible a las
condiciones fisioldgicas. Este fue el primer trabajo de esta tesis que se llevo
a cabo con microbiota de adulto sano y en el que estudi6 la funcionalidad de

la misma con dos variedades de aceite diferentes.
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Capitulo 1

Abstract

The aim of this work was to study the evolution of quality parameters,
fatty acids composition, antioxidant capacity, and total phenolic content
during maturation of two different olive cultivars, Manzanilla and Picual. In
order to mimic physiological conditions, antioxidant capacity and total
phenolic content were measured after submitting olive oil to an in vitro
digestion followed by an in vitro gut microbial fermentation. Quality
parameters were always within the legal limits for olive oil to be called Extra
Virgin Olive Oil. Antioxidant capacity, total phenolic content, SFA and
MUFA decreased during maturation whereas PUFA increased in both
cultivars. Manzanilla showed higher PUFA content, whereas Picual had
higher MUFA concentration. Antioxidant capacity and total phenolic content
was higher in Picual cultivar. On the other hand, the statistical approach
demonstrated that, at least involving Manzanilla and Picual, the type of
cultivar is more important than collection date regarding fatty acids

composition and antioxidant capacity.

Keywords: olive oil, antioxidant capacity, polyphenols, harvest, in vitro

digestion, in vitro fermentation
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1. Introduction

Olive oil, especially extra virgin olive oil (EVOO), is the main fat
source of the Mediterranean diet with Europe still holding most of the
production and, more specifically, Spain [1]. The importance of olive oil
reflects on the fact that its nutritional, sensorial, and commercial aspects are
regulated by the International Olive Council (IOC), European legislation
(EC), and the Codex Alimentarius [1].

Nowadays EVOO consumption is not limited to Europe or the
Mediterranean countries but instead it is a highly demanded product around
the world [2]. This growing attention is mainly attributed to its health benefits
[3]. Those benefits were first linked to its high content in monounsaturated
fatty acids (MUFA) but more recently, the unsaponifiable fraction have
proven to play a major role in health [4]. This fraction, which accounts for
~1% of the oil, is composed of polyphenolic substances, tocopherols,
chlorophylls, alcohols, etc. On the other hand, the increasing demand of
EVOO cannot only be attributed to its healthy effects, but also to its
organoleptic attributes [2]. These make EVOO clearly distinguishable from
other vegetable oils due to its content in aromatic substances among other

compounds [5].

All these characteristics that makes EVOO unique are heavily
influenced by several agronomic factors, being key two of them: cultivar and,
degree of ripening [6]. During ripening, different metabolic pathways are in
motion prompting several changes in composition that affects fatty acids,
phenolic content, etc. [4]. These changes in composition could also affect
quality parameters used to classify olive oils: free acidity and those related to
oxidative stability (peroxide value, K232 and K270). There are several studies

that focused on the evolution of such parameters along ripening of olive
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drupes of certain varieties or cultivars. However, there are some contradictory
results. For instance, Nikolaos Gougoulias’ group studied the cultivar
Amfissis, and found that antioxidant capacity and phenolic content increase
during ripening until harvest [7]. On the other hand, Vincenzo Sicari found
that olives which are not completely ripe give oil with higher content in
phenolic compounds for cultivars Ottobratica, Sinopolese and Roggianella
[6]. Regarding quality parameters, there is also opposite results depending on
the cultivar. Whereas for Gemlik and Halhal1 cultivars peroxide values were
found to increase during ripening [5], for the Sayali cultivar, results were the
other way around [8]. Similar tendencies were found for K23, and K»7o. Fatty
acids composition during ripening have also showed to behave differently
depending on the cultivar. Sayali cultivar showed an increase on MUFA [8],
whereas Azeradj cultivar suffered a decrease in MUFA content during

ripening [4].

However, the olive variety could be just as important as the ripening
stage, since different varieties can evolve diversely during ripening; therefore
the results should not be extrapolated from one variety to another. In order to
shed some light on this matter, the aim of this paper was to follow the ripening
evolution of quality parameters such as fatty acid composition, antioxidant
capacity and total phenolic content of EVOO from two of the most used
varieties in Spain, Manzanilla and Picual. In order to get results closer to
physiological conditions, the antioxidant capacity and total phenolic content
was measured for the first time after submitting EVOO to an in vitro digestion
followed by in vitro colonic fermentation. Finally, calculations were
performed in order to check the contribution to daily antioxidant capacity and
total phenols provided by the consumption of EVOO in the Spanish

population.
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2. Materials and methods
2.1 Chemicals

Pancreatin from porcine pancreas was from Alpha Aesar (UK). The
rest of the reagents, including salts and enzymes for in vitro digestion-
fermentation as well as reagents and solvents for the analysis of anti- oxidant
capacity were of analytical grade and purchased from Sigma-Aldrich

(Darmstadt, Germany).
2.2. Samples

Olives were collected every 15 days for three months (from November
1, 2018 till February 2", 2019) in the region of Monteftrio (Granada, Spain),
from two different olive (Olea europaea L.) varieties, Manzanilla and Picual.
Olives were hand picked (from three olive trees of each variety) and oil
extraction was performed under similar industrial conditions using an
Abencor system, equipped with a hammer crusher, malaxer and a centrifuge.
Prior to oil extraction, olives were manually cleaned and sorted keeping only
the healthy ones. Right after, olives were crushed and mixed for 30 min at
25 °C. After that, the obtained paste was centrifuged at 3000 rpm for 10 min.
The liquid phase, composed of oil and waste, was allowed to naturally decant
to separate the oil. The oil was then stored in bottles and kept away from light

until analysis.

2.3. Fatty acids composition. Methylated fatty acids analysis by GC-
MS chromatography.

Fatty acids composition was determined according to the method
proposed by the International Olive oil Council (IOC) [9], based on

converting fatty acids into fatty acids methyl esters in order to make them
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more volatile and being able to analyzed them by GC-MS. Derivatization
process and GC-MS analysis was carried out as in a previous work [10]. The
analyses were realized by using a high-resolution gas chromatograph (model:
7890% of Agilent (USA)), coupled to a triple quadrupole mass spectrometer
(model: Quatto microGC of Waters (USA)).

The GC conditions were as follows: ZB-FAME capillary column (30
mx 0.25 mm ID x 0.25 um film), injector in Split mode (10:1), injector
temperature 250 °C, transfer line temperature 240 °C, helium carrier gas (1
mL / min), program temperature 100 °C (2 min) up to 210 °C (5 min) at 4 °/
minutes. The MSD conditions were as follows: source temperature 240 ° C;
Fullscan from 45 D to 450 Da; ionization by electronic impact (EI +) at 70
eV.

Fatty acids were identified by comparing the retention time with

reference compounds. Analyses was carried out in triplicate.

2.4. Quality parameters

Free acidity, peroxide index, and spectrometric UV at 232 and 270
(K232 and K270) were performed according to the methodology described in

EEC Regulations 2568/91 and the following amendments [11].

Free acidity was expressed as % of oleic acid, and peroxide index was
expressed as meq of active oxygen/ kg of oil. The UV measurements were
performed with a spectrophotometer (LS 55, Perkin-Elmer, Waltham, USA)
with one-centimeter quartz glass cuvettes (QS-1000 Suprasil, Hellma GmbH

& Co, Germany). Analyses were carried out in triplicate.
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2.5. In vitro gastrointestinal digestion

All samples used for the analysis of antioxidant capacity and total
phenolic content were submitted to an in vitro digestion-fermentation in order
to mimic physiological processes in the human gut according to the protocol
previously described [12]. For the experiment, 5 g of olive oil were submitted,
in triplicate, to in vitro gastrointestinal digestion followed by in vitro
fermentation. The in vitro fermentation was carried out using fecal samples
from five healthy donors (who had not taken antibiotics for three months prior
to the assay, with a mean Body Mass Index = 21.3); the fecal samples were
pooled together to reduced inter-individual variability. A separate
fermentation was performed using only the fecal fermentation solution
(composed of peptone, cysteine, and resazurin) as control. The fermentation
was carried out at 37 °C for 24 h. After the in vitro gastrointestinal digestion
and fermentation, two fractions were obtained: digestion supernatant (fraction
available for absorption at the small intestine), and fermentation supernatant

(fraction available for absorption at the large intestine).

2.6. Antioxidant assays

The antioxidant capacity was measured in the two fractions above
described for each oil sample: (i) supernatant obtained after in vitro
gastrointestinal digestion; (ii) soluble phase (supernatant) obtained after in
vitro microbial fermentation. The sum of the two fractions represents the total
antioxidant capacity of each sample that could exert its reducing-antiradical
activity within the human being [13]. The antioxidant capacity was

determined using three different methods [14]:

TEACasts assay (Trolox equivalent antioxidant capacity against

ABTS " radicals). It measures the scavenging capacity of samples against the
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artificial radical ABTS through the method described in a previous work [15]
and adapted to a microplate reader (FLUOStar Omega, BMG Labtech,
Germany). Briefly, 20 puL of either digestion or fermentation supernatant were
added, in triplicate, to a 96 well plate and mixed with 280 uLL ABTS reagent,
which was prepared the day before according to the followed protocol [15].
The antioxidant reaction was monitored for 30 min. Calibration curve was
prepared with Trolox at a concentration ranging from 0.01 to 0.4 mg/mL.

Results were expressed as mmol Trolox Equivalent/kg of oil.

TEACrrar assay (Trolox equivalent antioxidant capacity refered to
reducing capacity). It measures reduction capacity of samples. The ferric
reducing ability of each sample solution was estimated according to the
procedure described by Benzie & Strain [16] and adapted to a microplate
reader (FLUOStar Omega, BMG Labtech, Germany). Briefly, 20 pL of either
digestion or fermentation supernatant were added, in triplicate, to a 96 well
plate and mixed with 280 uL FRAP reagent, which was prepared the day of
the experiment according to Benzie and Strain [16]. The antioxidant reaction
was monitored for 30 min. Calibration curve was prepared with Trolox at a
concentration ranging from 0.01 to 0.4 mg/mL. Results were expressed as

mmol Trolox Equivalent/kg of oil.

TEACprpu assay (Trolox equivalent antioxidant capacity against
DPPH radicals). This method was conducted according to the procedure
described by Yen & Chen [17] and adapted to a microplate reader (FLUOStar
Omega, BMG Labtech, Germany). Briefly, 20 uL of either digestion or
fermentation supernatant were added, in triplicate, to a 96 well plate and
mixed with 280 pL DPPH reagent, which was prepared the day of the
experiment according to Yen and Chen [17]. The antioxidant reaction was

monitored for 60 min. Calibration curve was prepared with Trolox at a
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concentration ranging from 0.01 to 0.4 mg/mL. Results were expressed as

mmol Trolox Equivalent/kg of oil.

2.7. Determination of total phenolic content

Total phenolic content was also analyzed in the supernatant obtained
after in vitro gastrointestinal digestion and microbial fermentation. The sum
of both fractions would be the total amount of phenolic compounds released.
Total phenolic content was estimated following the procedure described by
Singleton & Rossi [18], adapted to a microplate reader (FLUOStar Omega,
BMG Labtech, Germany). Briefly, 30 uL of either digestion or fermentation
supernatant were added, in triplicate, to a 96 well plate and mixed with 15 pL
of Folin-Ciocalteu reagent, 60 pL of sodium carbonate 10% (w/v), and 195
puL of milli-Q water. The antioxidant reaction was monitored for 60 min.
Calibration curve was prepared with gallic acid at a concentration ranging
from 0.01 to 1.00 mg/mL. The results obtained are expressed as mg Gallic

acid equivalents (GAE) per kg of oil.

2.8. Calculations of daily antioxidant capacity and total phenol intake

per serving

Dietary antioxidant capacity and total phenol intake was calculated as
the individual contribution of each olive oil [19] taking into account the
amount of oil per serving and their daily consumption [20]. In this sense, the
antioxidant capacity and total phenols of each olive oil referred to the usual
serving size in Spain [21]. The contribution of each olive oil to the daily intake
of antioxidant activity and polyphenols was referred to the results previously

published by Saura-Calixto and Goiii [22].
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2.9. Statical analysis

Statistical significance of the data was tested by one-way analysis of
the variance (ANOVA), followed by the Duncan test to compare the means
that showed significant variation (p < 0.05). Multivariate analysis was
performed in three steps: an exploratory method (Principal Component
Analysis; PCA), an interpretive method (distance based redundancy analysis;
db-RDA) and a discriminatory method (orthogonal projections to latent
structures discriminant analysis; OPLS-DA). db-RDA is a type of constrained
ordination that assesses how much of the variation in one set of variables can
be explained by the variation in another set of variables. OPLS-DA is a
discriminatory multivariate analysis, with the aim to identify the variables (in
this case fatty acids or antioxidant capacity and total phenolic content) most
affected by either type of variety or collection date. Specifically, OPLS-DA
was performed to compare varieties (Manzanilla vs Picual) whereas OPLS
regression model was performed to identify the most affected variables by
collection date. Due to the different scales and units, a pareto scale was
performed. Model fitting was evaluated by the parameters R?Y and Q2. The
first one reflects the percentage of variation explained by the response
variables and the latter explains the proportion of variance in the data
predictable by the model [23]. One-way analysis of the variance was
performed using Statgraphics Plus software, version 5.1, 2001 whereas

multivariate analysis was performed by R, version 3.6.1.
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3. Results and discussion

3.1. Evolution of quality parameters during ripening

Free acidity, peroxide index and spectrophotometric UV absorption at
232 and 270 were measured throughout ripening for the Manzanilla and
Picual varieties. All time points tested for both varieties showed quality
values within the legal limits for olive oil to be branded as “Extra virgin olive
oil” (Figure 13A). Acidity level, which is related with the presence of free
fatty acids, increased with ripening for both the Manzanilla and Picual
varieties, being significantly higher at the latter collection date (» < 0.05) than
at the earlier one. These results are in line with those reported by other authors

[1,4,8].

On the other hand, the peroxide index, which measures the primary
products of autoxidation (hydroperoxides), showed different tendencies
depending on the varieties: whereas for the Picual variety peroxide value it
tended to increase significantly along ripening, for the Manzanilla variety
such an index did not change significantly (Figure 13A). Finally, the analysis
of absorbance in the UV region, K232 and K270, is related to the presence of
conjugated dienes and trienes as well as other oxidation products like
carbonyl compounds [1], though their presence needs to be assessed by FTIR
(Fourier-transform infrared spectroscopy) analysis. For the Manzanilla
variety K270 did not change significantly along ripening, while K232 showed a
significant decreasing tendency (p < 0.05). However, for Picual no clear

tendencies were found during ripening (Figure 13A).

Comparing both the Picual and Manzanilla varieties, acidity and
peroxide index were significantly higher in Picual olive oil (Figure 13B),

whereas K232 and K270 did not show significant differences between both

109



Capitulo [

varieties. In order to unravel if quality parameters are enough to differentiate
both varieties, a PCA multivariate analysis was carried out (Figure 13C). As
depicted in the figure, both varieties were fairly separated from one another,
underlying the importance of the variety in quality parameters. Since both
ripening and variety type have an influence on quality parameters, a
multivariate interpretative statistical analysis (distance based redundancy
analysis with Euclid distance, db-RDA) was carried out in order to unravel
which variable (ripening or variety) has a higher influence. Only the variety
variable was statistically significant (p < 0.05) whereas the ripening variable
was not (p = 0.297). After applying a variance partitioning analysis, the
variable variety explained a 40% of the variance whereas ripening only an

11% (Figure 13D).

110



Experimental

Manzanilla Manzanilla Manzanilla Manzanilla
Acidity Peroxyde Index K270 K232
6 _ NS. NS. i i
4
2 W \/\\—‘\
. ° \/ Collection Date
04 *—o—0—0—0—0—0 D7
Picual Picual Picual Picual D5
Acidity Peroxyde Index K270 K232
6 . . NS. NS b3
;/‘\/“'/. i D1
4
2
’/‘\./o/.\\o——'
o—o—o0 0 0 090
0 *—o—0—0 0 0—»
1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7
Acidity Pecoxyde lndex N °
°
1 :o ° LI '
X .
°
..
z °
—— £ o b |
& @ o © Manzanilla
K270 K232 § ° ‘ L4 © Picwl
'
ns ns .’
2 e . °
°
24
°
"e
fo= )
Maszanills Piceal Marzanilla Ficwal 3 0 1 2
PC1,51.6%

(Figure 13 continued)

111



Capitulo [

D

Collection
Variety

Residuals = 42%

Figure 13. 13A: Evolution of quality parameters during ripening.
Acidity results are expressed as % of Oleic acid, peroxyde index results are
expressed as meq active Oz/kg of oil. Statistical significance: *: p <0.05, **:
p < 0.01, ***: p <0.001, ****: p < 0.0001, ns: not significant. Statistical
analysis was performed comparing D1 (earliest collection date) with D7
(latest collection date). Analyses were carried out in triplicate. Abbreviations:
D1 to D7: collection date 1 (earliest) to collection date 7 (latest). 13B:
Average quality values for each cultivar. Acidity results are expressed as %
of Oleic acid, peroxyde index results are expressed as meq active Oz/kg of
oil. Statistical significance: *: p <0.05, **: p <0.01, ***: p <0.001, ****: p
< 0.0001, ns: not significant. Statistical significance is shown for tests that
used Manzanilla cultivar as the reference group. 13C: PCA of the quality
parameters. The numbers beneath the points indicate the collection date (1-
7). 13D: Analysis of the variance of the db-RDA. It depicts the relative
contribution of explanatory variables (quality parameters) to the overall

variability in the dataset.
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3.2. Evolution of fatty acids composition during ripening

Both varieties experienced a significant (p <0.05) decrease in palmitic
(main saturated fatty acid), stearic and oleic acids (main monounsaturated
fatty acid) along ripening, whereas linoleic acid increased (Table 2). Oleic
and linoleic acid behavior are related to the activity of the enzyme oleate
desaturase, which transforms oleic acid into linoleic acid during triglyceride
biosynthesis [4]. Regarding minor fatty acids, both varieties experienced a

significant increase in linolenic, palmitoleic and arachidic acids.

Fatty acid composition has a great influence on EVOO oxidative
stability [24], with the ratio of MUFA:PUFA as a key factor. For both
varieties, this ratio decreased significantly along ripening (Table 2). Such a
change in the MUFA:PUFA ratio is related to the above-mentioned decrease
in oleic acid and increase in linoleic acid, but also due to the increase in
linolenic acid. As a consequence, lower values could result in an increased

oxidative susceptibility, and therefore in an oil with a shorter shelf life.

Comparing both, the Manzanilla variety showed significantly higher
amounts of stearic, linoleic and arachidic acids (p < 0.05) whereas the Picual
variety showed higher amounts (p < 0.05) of palmitoleic, oleic and linolenic
acids (Table 2). These results are in accordance with those showed by
Gomez-Gonzalez et al., [10] who reported that saturated fatty acids were in
higher amounts in the Manzanilla than the Picual variety. The PCA analysis
(Figure 14A) showed a clear separation between varieties. In this case, the
type of variety as well as ripening stage had a significant (p < 0.05) influence
on the variance. However, the type of variety had a stronger influence (59%)
on fatty acid composition than ripening stage (36%) as demonstrated by

variance partitioning analysis (Figure 14B).
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Figure 14. 14A: PCA of fatty acids composition. The numbers
beneath the points indicate the collection date (17). 14B: Analysis of the
variance of the db-RDA. It depicts the relative contribution of explanatory

variables (fatty acid concentrations) to the overall variability in the dataset.
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3.3. Evolution of antioxidant capacity and phenolic content during

ripening

In order to simulate the physiological extraction of antioxidant
capacity and phenolic compounds, they were measured after submitting olive
oil to an in vitro gastrointestinal digestion followed by an in vitro
fermentation with human fecal samples. Antioxidant capacity was measured
through the ABTS, FRAP, and DPPH methods, whereas total phenolics were

measured through the Folin-Ciocalteu method.

Antioxidant capacity as well as total phenolics, either released after
gastrointestinal digestion or fermentation, decreased in a significant manner
(» <0.05) along ripening, showing the same behaviour with all the methods
tested (Figure 15A and 15B). These results are in accordance with those
reported by other authors [4-6,8]. However, Gougoulias et al., [7] reported
the opposite, stating that phenolic compounds increased along ripening.
These contradictions could be related, as previously stated, to the study of
different varieties. Moreover, as stated by other authors, the decrease of
antioxidant capacity along ripening could be due to a loss in phenolic
compounds, but could also be related to an increase in the MUFA:PUFA ratio
[24]. The increased MUFA:PUFA ratio would make oil more susceptible to
oxidation processes catalyzed by free-radicals and thus, requiring higher
antioxidant potential to keep their fatty acids from being oxidized. Yun and
Surh [24] also stated that oxidative stability of olive oil could be affected by
chlorophylls and carotenoids acting as prooxidants, releasing radicals due to
their conjugated double bond. However, these conditions were studied under
induced oxidative stress and, on the other, olive oil initial quality was not

specified which could make this study not comparable with ours.
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The antioxidant capacity released after in vitro gastrointestinal
digestion (Figure 15A) was lower than that released after in vitro
fermentation (Figure 15B). According to bibliography, the main compounds
responsible for olive oil antioxidant properties are polyphenols [4], including
phenolic acids, flavonols, flavones, lignans or secoiridoids such as oleuropein
[25]. However, a large amount of polyphenols usually escapes absorption in
the small intestine, reaching the large one. Most of these compounds can be
used by gut microbes as substrates and yield others, usually smaller, phenolic
compounds [26,27]. All these newly formed compounds could increase the
antioxidant capacity after gut microbes’ fermentation as it has been stated for

other foodstuffs [12].

On the other hand, antioxidant capacity released after in vitro
gastrointestinal digestion was very similar in both the Picual and Manzanilla
varieties, with no significant differences (Figure 16A). However, antioxidant
capacity released by Picual oil after in vitro fermentation was significantly
higher than that of Manzanilla. The same behavior was found for all three
antioxidant methods and Folin-Ciocalteu method. Therefore, no clear
separation was observed in PCA of the digestion antioxidant values, whereas
a clear separation was found for the fermentation antioxidant capacity
(Figure 16B). Accordingly, a possible explanation could be that those
compounds responsible for the main differences between varieties would not
be solubilized during digestion and therefore, not absorbed, reaching the large
intestine, where they could be metabolized by gut bacteria [28]. Further
studies would be needed to identify the specific com- pounds released after
gut microbial fermentation of different olive oil varieties to check whether
consuming one or another could actually have a different impact on human

health.
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As stated above (in the previous section) the Picual MUFA:PUFA
ratio was twice as high as that of the Manzanilla (Table 2). Thus, the Picual
variety could be associated with a higher oxidative stability whereas the
Manzanilla would be more susceptible to suffer fat oxidations. Therefore,
antioxidant capacity could be invested in protecting fatty acids from
oxidation. In this sense, variance quantity that could be explained by the type
of variety and collection date was also tested. Regarding gastrointestinal
digestion antioxidant values, collection date explained 87% of the variance
whereas the type of variety explained only 8%. However, regarding
antioxidant capacity released during fermentation, it was the variable type of
variety that explained most of the variance (48%) while collection date

explained a 39% (Figure 16C).

A

Manzanilla
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Picual Picual Picual Picual
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(Figure 15 continued)
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Figure 15. 15A: Evolution of antioxidant capacity and total phenolic
content obtained after in vitro digestion during ripening. Results are log
transformed to improve visualization. Statistical significance: *: p <0.05, **:
p < 0.01, ***: p <0.001, ****: p < 0.0001, ns: not significant. Statistical
analysis was performed comparing D1 (earliest collection date) with D7
(latest collection date). Analyses were carried out in triplicate. ABTS, FRAP
and DPPH mmol Trolox Equivalent’kg of oil. Folin-Ciocalteu values are
expressed as mg Gallic acid equivalent/kg of oil. Abbreviations: D1 to D7:
collection date 1 (earliest) to collection date 7 (latest). 15B: Evolution of
antioxidant capacity and total phenolic content obtained after in vitro gut
microbial fermentation during ripening. Results are log> transformed to
improve visualization. Statistical significance: *: p < 0.05, **: p <0.01, ***:
p < 0.001, ****: p < (0.0001, ns: not significant. Statistical analysis was
performed comparing D1 (earliest collection date) with D7 (latest collection
date). Analyses were carried out in triplicate. ABTS, FRAP and DPPH mmol
Trolox Equivalent/kg of oil. Folin-Ciocalteu values are expressed as mg
Gallic acid equivalent/kg of oil. Abbreviations: D1 to D7: collection date 1

(earliest) to collection date 7 (latest).
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Figure 16. 16A: Average antioxidant and total phenolic values for
each variety. Results are log: transformed to improve visualization.
Statistical significance: *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p <
0.0001, ns: not significant. Statistical significance is shown for tests that used
Manzanilla variety as the reference group. ABTS, FRAP and DPPH mmol
Trolox Equivalent’kg of oil. Folin-Ciocalteu values are expressed as mg
Gallic acid equivalent/kg of oil. 16B: PCA of the antioxidant capacity and
total phenolic values. Left panel shows PCA involving in vitro digestion
values. Right panel shows PCA involving in vitro fermentation values. The
numbers beneath the points indicate the collection date (1-7). 16C: Analysis
of the variance of the db-RDA. It depicts the relative contribution of
explanatory variables (antioxidant capacity and total phenolic content) to the
overall variability in the dataset. Left panel refers to in vitro gastrointestinal

values. Right panel refers to in vitro gut microbial fermentation values.
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3.4 Contribution of olive oil consumption to the daily antioxidant

capacity and total phenolic compound intake.

Extra virgin olive oil is the main fat addition in the Mediterranean diet,
which favors a lower incidence of different chronic non-communicable
diseases such as cardiovascular disease, diabetes, cancer, neurodegenerative
diseases, etc. [29]. Therefore, once the antioxidant capacity and total phenols
data were available, the contribution of olive oil consumption to the daily
intake of antioxidant capacity and polyphenols in Spain was calculated. To
do so, a mean olive oil intake in Spain of 2.5 L/inhabitant/year [20], olive oil
portion size of 10 mL [21] and a recommended daily intake of 4.5

portions/day of olive oil [29] were used.

The consumption of the analyzed olive oils could mean a daily
antioxidant capacity intake ranging from 306 to 758 umol Trolox equivalents
for Manzanilla olive oil and 236-794 pmol Trolox equivalents for Picual
variety (Table 3). Green varieties released a higher antioxidant capacity than
ripen ones. In Spain, the mean daily intake of antioxidant capacity ranges
from 6014 to 3549 umol Trolox equivalents for FRAP and ABTS methods,
respectively [22]. Therefore, the consumption of the studied oils means a
contribution of a 3.9-15.2% of the daily antioxidant activity intake for the
ABTS method and an 8.8-21.3% for the FRAP method (Table 3). These
calculations were carried out taking into account the mean olive oil
consumption in Spain, but if the calculations are performed per serving, then
the anti- oxidant capacity provided increases, reaching a daily contribution up
to 31.2%. Even more, when the recommended olive oil intake is used for
calculations, then the daily contribution to antioxidant capacity exceeds 100%
for Manzanilla olive oil and rises to 86.7% for Picual (Table 3). This

information stresses the relevance of olive oil consumption for human beings.
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In the case of polyphenols, the daily intake ranged from 7.1 to 16.8
mg polyphenols/day (Table 3). Since the daily polyphenols intake in Spain is
1171 mg gallic acid [22], olive oil consumption contributes just a 0.6-1.3%
of total daily polyphenols. However, the intake of polyphenols increased if a
serving is used for calculations (up to 24.5 mg; 2.1% contribution) or the

recommended olive oil intake (up to 110 mg polyphenols; 9.4% contribution).

Table 3. Contribution of olive oil consumption to the daily antioxidant
capacity (AOX) and polyphenols intake in the Spanish diet.

Mean contribution to Contribution to daily AOX/recommended Contribution to daily
daily antioxidant ~ AOX/serving intake? antioxidant capacity intake antioxidant capacity
Type of Analytical AOX/daily intake' capacity intake (pumol intake per serving (umol Trolox/4.5  intake recommended
olive oil assay (umol Trolox/day) (%) Trolox/serving) (%) servings) (%)
ABTS-Green 538.4 15.2 786 22.1 3537 99.7
Manzanilla ABTS-Ripen 305.5 8.6 446 12.6 2007 56.6
FRAP-Green 757.6 213 1106 312 4977 140.2
______ FRAP-Ripen _ _ _ 5569 _ _ _____ ST _________83________ 29 _______ 3659 _______131____.
ABTS-Green 517.2 8.6 755 12.6 3398 56.5
. ABTS-Ripen 235.6 39 344 57 1548 25.7
Picual  ERAP.Green 793.9 13.2 1159 193 5216 86.7
FRAP-Ripen 527.5 8.8 770 12.8 3465 57.6
Mean contribution to Contribution to daily Polyphenols/ Contribution to daily
Polyphenols/daily daily polyphenols Polyphenols/serving polyphenols intake recommended intake polyphenols intake
Type of Analytical intake' intake intake? per serving (umol Trolox/4.5 recommended
olive oil assay (mg/day) (%) (mg/serving) (%) servings) (%)
Manzanilla FOLIN-Green 15.1 1.3 22.1 1.9 99 8.5
______ FOLIN-Ripen_ _ __ _11_________06 ________104__ _______09 ________ 47 ________A0____.
FOLIN-Green 16.8 1.4 245 2.1 110 9.4
Picual FOLIN-Ripen 8.5 0.7 124 1.1 56 4.8

!Considering olive oil consumption for a whole year.
2Consideing the intake of 1 serving.
2Consideing the intake of 4.5 servings.

3.5 Selection of olive oil variety and collection date

Taking all the information provided in the previous section into
account, it is clear that it is important to select olive oil depending on the
variety type and collection date (green vs. ripen). In order to study the
importance of both variables, a distance-based redundancy analysis with
Euclid distance was carried out (Figure 17A). Even though there were some

changes depending on the variety and collection date, these variables do not
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play a relevant role in quality parameters, since all samples, from both
varieties, were within the legal limits for olive oil to be branded as Extra

Virgin Olive Oil.

The Manzanilla variety showed higher amounts of PUFA and SFA
(saturated fatty acids) than the Picual class; however, MUFA concentration
was higher in the Picual variety (Figure 17A). Moreover, whereas SFA and
MUFA were higher (in both varieties) in early collection dates, PUFA
concentration increased during maturation. Therefore, for higher PUFA
content, the best choice would be Manzanilla olives at the end of their
maturation (ripened), whereas for higher MUFA content the choice would be
Picual olive oils at early maturation stages (green). On the other hand, due to
the importance of the w3:w6 relation for human health, the choice of one oil
type over the other could be made based on that. The w3:w6 relation will
determine the formation of anti-inflammatory or pro-inflammatory

substances, or coagulation and gene expression related substances.

Regarding antioxidant capacity, the Picual variety showed higher
values than the Manzanilla one. In both varieties, the antioxidant capacity as
well as phenolic content was higher in early maturation stages. Therefore, for
higher antioxidant power, the best choice would be Picual olives from early
maturation stages. The phenolic content was similar in both varieties, though
it decreased during maturation. Thus, early harvested olives also provide

more phenolics (Figure 17A).

Both variables, olive variety and collection date, had an important
influence explaining variance. However, variety explained a 53% of variance
whereas collection dates just a 33% (Figure 17B). Therefore, regarding
antioxidant capacity and fatty acid composition, there was a larger difference

between varieties than between collection dates, at least for Manzanilla and
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Picual varieties, and thus, the first question when choosing an olive oil should

be “Which variety should we choose?”.

Finally, an OPLS-DA (a discriminatory multivariate analysis) was
performed with the aim to identify the variables (fatty acids, antioxidant
capacity and phenolic content) most affected by either variety type or
collection date. Model fitting was evaluated by the parameters R2Y and Q2.
The first parameter (R?Y) reflects the percentage of variation explained by
the response variables and the latter (Q?)) explains what variance portion in
the data is predictable by the model [23]. When the model was “Manzanilla
vs. Picual”, it showed an almost perfect reliability (R*Y = 0.998) and
predictive ability (Q? = 0.998). The most affected variables (top five) by the
type of variety were fatty acids, and more specifically (in the following
order): linoleic acid, total PUFA, relation MUFA/PUFA, total MUFA and
arachidic acid. On the other hand, the model to compare the different
collection dates also showed great fitting values (R*Y = 0.999 and Q? = 0.998
for Manzanilla; RZY = 0.991 and Q? = 0.989 for Picual). For both varieties,
the variable most affected by collection date was, by far, total phenol
concentration measured by Folin-Ciocalteu method, followed by antioxidant

capacity (total and individual values for each method tested).
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Figure 17. 17A: Distance-based Redundancy Analysis with Euclid
distance. The arrows point to where the variable is higher. Abbreviations: D1
to D7: collection date 1 (earliest) to collection date 7 (latest). 17B: Analysis
of the variance of the db-RDA. It depicts the relative contribution of
explanatory variables (fatty acids, antioxidant capacity and total phenolic

content) to the overall variability in the dataset.
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4. Conclusions

This paper describes the evolution of quality parameters, fatty acids
composition, antioxidant capacity and total phenolic content of olive oils
obtained from olives with different maturation times and two different
varieties Manzanilla and Picual. Quality parameters were al- ways within the
legal limits for olive oil to be called “Extra Virgin Olive Oil”. SFA and
MUFA decreased during maturation whereas PUFA increased in both
varieties. The Manzanilla variety showed higher PUFA content, while Picual
had higher MUFA concentration. On the other hand, antioxidant capacity
along with total phenolic content decreased during maturation. While
antioxidant capacity was higher in the Picual variety, total phenolic content
was very similar in both of them. Under the physiological point of view, the
antioxidant capacity of olive oil after gut microbiota fermentation was 3-4
times higher than that released after in vitro digestion. In this sense, it has
been shown that olive oil consumption could contribute a 26-140% of the
daily antioxidant capacity recommended for the Spanish population,
depending on the maturity stage of the olives used for oil extraction. Finally,
the statistical approach demonstrated that, at least involving Manzanilla and
Picual, the type of variety is more important than collection date regarding
fatty acid composition and antioxidant capacity. Thus, the type of variety as
well as collection date have a higher influence on fatty acid composition than

on antioxidant capacity or quality parameters.
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Effect of Cooking Methods on the Antioxidant Capacity of Plant Foods

Submitted to in Vitro Digestion-Fermentation

En este trabajo se estudio la capacidad antioxidante de alimentos de
origen vegetal con diferentes cocinados tras su digestion y fermentacion in
vitro. Esta ultima se llevd a cabo con microbiota intestinal procedente de
adultos sanos. Asi se pudo ver como afectaban tanto el tipo de alimento como
el cocinado aplicado a la funcionalidad de la microbiota intestinal, en
concreto a la capacidad de la misma para generar compuestos con actividad
antioxidante. Ademas, se estudié la contribuciéon del consumo de estos
alimentos de origen vegetal a la capacidad antioxidante diaria en la dieta

espafiola.

135






Experimental

Antioxidants, 2020, 9, 121312

https://doi.org/10.3390/antiox9121312

IF: 6.313 Q1 Food Science and Technology 11/143

Effect of Cooking Methods on the Antioxidant Capacity of Plant Foods

Submitted to in Vitro Digestion-Fermentation

Beatriz Navajas-Porras', Sergio Pérez-Burillo!, Alvaro Jesus Valverde-
Moya!, Daniel Hinojosa-Nogueira', Silvia Pastoriza'" and José Angel
Rufian-Henares!>"*

! Departamento de Nutricion y Bromatologia, Instituto de Nutricion y
Tecnologia de Alimentos, Centro de Investigacion Biomédica, Universidad
de Granada, Granada, Spain.

2 Instituto de Investigacion Biosanitaria ibs. GRANADA, Universidad de
Granada, Spain.

T These authors share the same authorship

* Corresponding author:

José A. Rufian-Henares, Dpto. Nutriciéon y Bromatologia,
Facultad de Farmacia, Universidad de Granada

Campus de Cartuja, 18012, Granada, Spain.

Telephone: +34 958 24 07 49

Fax: +34 958 24 95 77

E-mail: jarufian@ugr.es

137



Capitulo [

Abstract

The antioxidant capacity of foods is essential to complement the
body’s own endogenous antioxidant systems. The main antioxidant foods in
the regular diet are those of plant origin. Although every kind of food has a
different antioxidant capacity, thermal processing or cooking methods also
play a role. In this work, the antioxidant capacity of 42 foods of vegetable
origin was evaluated after in vitro digestion and fermentation. All foods were
studied both raw and after different thermal processing methods, such as
boiling, grilling roasting, frying, toasting and brewing. The cooking methods
had an impact on the antioxidant capacity of the digested and fermented
fractions, allowing the release and transformation of antioxidant compounds.
In general, the fermented fraction accounted for up to 80-98% of the total
antioxidant capacity. The most antioxidant foods were cocoa and legumes,
which contributed to 20% of the daily antioxidant capacity intake. Finally, it
was found that the antioxidant capacity of the studied foods was much higher
than those reported by other authors since digestion-fermentation
pretreatment allows for a higher extraction of antioxidant compounds and

their transformation by the gut microbiota.

Keywords: antioxidant capacity; in vitro digestion-fermentation;

thermal processing; cooking methods; plant foods.
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1. Introduction

According to nutritional epidemiological evidence, the consumption
of fruit and vegetables, as well as other plant-derived foods, is associated with
a protective effect against several noncommunicable diseases such as
cardiovascular disease, diabetes 2, metabolic syndrome, cancer or
inflammation, where oxidative stress plays an important role [1].
Phytochemicals, such as phenolic compounds, have been noted as partially
responsible for such protective effects against chronic diseases [2]. These
compounds are mainly responsible for the antioxidant capacity of plant-
derived foods [3], which is related to their culinary treatment. Some
vegetables, mostly fruits, are consumed in their raw form, whereas others are
cooked before being eaten. There are many different culinary treatments,
ranging from those that use water as a cooking medium to those that use oil
[4]. Whereas cooking in water may result in the loss of hydrosoluble
compounds (mainly vitamins and minerals), cooking in oil could result in an
enrichment of phytochemicals, though this will depend on the oil used [5].
Additionally, different cooking methods use different temperatures, ranging
from 60 to 70 °C in steaming to 200 to 220 °C in grilling. Higher temperatures
will have a deeper impact on thermolabile compounds and therefore reduce
their availability. However, it has been seen that higher temperatures or
intense cooking achieve a deeper breakdown of the plant cell wall, increasing
the availability of some compounds, and therefore making them easier to
absorb [6]. On the other hand, thermal processing can cause chemical changes
in plant foods’ composition due to the development of the Maillard reaction,
triggered by the interaction of carbonyl compounds with amino groups [7].
Therefore, a long thermal processing time in cooking could result in the
generation of potentially toxic chemical species [8] and loss of bioactive

compounds [9].
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On the other hand, once ingested, foods undergo gastrointestinal
digestion. However, due to the lack of enzymes to digest plant cell wall
polysaccharides, some structures remain relatively intact upon reaching the
large intestine. It is well known that fiber is the main energy source for gut
microbes [10] and phenolic compounds are mainly absorbed in the large
intestine after extensive metabolization by gut bacteria [11]. Therefore, most

antioxidants from vegetables are absorbed in the large intestine.

In order to shed some light on this matter, this paper evaluates the
antioxidant capacity of the most representative food items from the vegetable
kingdom submitted to different cooking methods (boiling, grilling, roasting,
frying and toasting). In addition, these foods were submitted to in vitro
digestion-fermentation to simulate the activity of the human gut microbiota
for a more realistic estimation of the antioxidant capacity of foods. Finally,
the contribution of the intake of plant foods to the daily antioxidant capacity

of the Spanish diet was determined.
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2. Materials and Methods

2.1. Chemicals

2.1.1. In Vitro Digestion and Fermentation

Salivary alpha-amylase, pepsin, porcine bile acids (porcine bile
extract), sodium dihydrogen phosphate, sodium sulfide, resazurin, tryptone
and cysteine were obtained from Sigma-Aldrich (Darmstadt, Germany).
Pancreatin (from porcine pancreas) was purchased from Alpha Aesar

(Kandel, Germany).

2.1.2. Antioxidant Capacity

2,2 Diphenyl-1-1-picrythydrazul hydrate 95% (DPPH), Trolox ((%)-
6-hydroxy-2,5,7,8- tetramethylchromane-2-carboxylic acid), 2.4,6-tri(2-
pyridyl)-s-triazine (TPTZ), sodium acetate, iron (III) chloride hexahydrate,
methanol, hydrochloric acid, sodium carbonate, gallic acid and the Folin-
Ciocalteu®reagent were purchased from Sigma-Aldrich (Darmstadt,

Germany).

2.2. Plant Foods and Cooking Conditions

A total of 42 plant foods (Table 5 in supplemental information) were
studied, belonging to the following groups: alcoholic drinks (beer, red wine),
cereals (regular biscuits, whole-grain biscuits, bread, whole-grain bread,
breakfast cereals, whole-grain breakfast cereals, penne, whole-grain penne,
rice, whole-grain rice), cocoa (dark chocolate, Nutella), coffee (regular
coffee, instant coffee), fruits (apple, banana, grape, olive, orange, peach,
plum), legumes (kidney beans, lentils), nuts (nuts mixture, peanuts), oils

(olive oil, sunflower oil), tubers (potato, sweet potato) and vegetables
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(cabbage, carrot, cauliflower, eggplant, lettuce, onion, pepper, spinach,
tomato, zucchini). Samples were obtained from three different retail stores
and stored under refrigeration (fresh vegetables) or at room temperature
(according to the manufacturer’s instructions) for a maximum of 3 days
before cooking. The regular coffee brew was prepared from commercially
roasted coffee (100% Arabica) supplied by a national producer. The coffee
brew was prepared with a mocha-type domestic coffee pot with 62.5 g of
coffee per 1000 mL of water. The soluble coffee brew (100% Arabica from a
national producer) was prepared following the manufacturer’s instructions

(2.0 g of soluble coffee per 100 mL of boiling water).

The samples were submitted to different culinary treatments: boiling,
grilling, roasting, frying, and toasting. Brewing was also included as a
culinary treatment (as stated above for coffees), although it involves a
technological process to obtain some of the liquid foods studied (beer and red
wine). In addition, for some samples, the raw food was also investigated as
this is the common way to eat those foods. A total of 107 samples were
obtained. Fruits, vegetables and tubers were cut in different sizes to achieve

the same final texture after the different thermal treatments were applied.

Extra virgin olive oil (EVOO) was used as a cooking medium for
grilling and frying. Boiling was performed at 100 °C for 20 min at a
water/food rate of 5:1. Grilling was performed at 220-250 °C for 3 min on
each side at an oil/food rate of 0.5:1. Roasting was performed at 180 °C for
10 min. Fried foods were obtained at 180 °C for 8 min at an oil/food rate of
5:1. Toasting was performed in a Grunkel TS140H toaster at the fourth level
for 3 min at 900 W following the manufacturer’s instructions. Cooking times

and food/medium rates were acquired from Ramirez-Anaya et al., [5] and

142



Experimental

adapted to our equipment and laboratory conditions. Samples and treatments

are listed in Table S (in supplemental information).

The utensils used for sample preparation were the following: stainless
steel spoons, forks, and knives; saucepan, frying pan, a portable oven (1500
W), fryer, and toaster. All these utensils were purchased from Centro Hogar
Sanchez (Granada, Spain). Samples were homogenized and stored under a
nitrogen atmosphere at -80 °C in order to avoid oxidation. All analyses were

performed in duplicate.

2.3. In Vitro Gastrointestinal Digestion and Fermentation

Plant foods, after proper cooking, were submitted to in vitro batch
digestion-fermentation in order to mimic physiological processes in the
human gut, according to a protocol previously described [12]. For each
sample, 5 g of food was submitted (in triplicate) to in vitro gastrointestinal
digestion followed by in vitro fermentation. The food was added to falcon
tubes along with three phases: oral, gastric and intestinal. The oral digestion
phase was performed with a-amylase for 2 min under agitation at 37 °C. The
gastric phase was performed with pepsin for 2 h with agitation at pH 2-3 ay
37 °C. The gastric phase was performed with bile salts and pancreatin for 2 h
under agitation at pH 7 at 37 °C. In vitro fermentation was performed at
37 °C for 24 h using fecal samples from five healthy donors (mean body mass
index = 21.3; no antibiotics taken for three months prior to the assay). The
fecal samples were pooled together to reduce interindividual variability. The
samples were then centrifuged, and the supernatants were taken for analysis.
A control fermentation was performed using only the fecal fermentation

solution (inoculum composed of peptone, cysteine, and resazurin).
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After in vitro gastrointestinal digestion and fermentation, two
fractions were obtained: a digested fraction (available for absorption at the
small intestine) and a fermented fraction (available for absorption at the large

intestine).

2.4. Antioxidant Assays

The antioxidant capacity was evaluated in the two fractions obtained
after in vitro digestion and fermentation: the supernatant obtained after
gastrointestinal digestion (potentially absorbable in the small intestine) and
the supernatant obtained after fermentation (potentially absorbable in the
large intestine). The sum of the two fractions accounts for the total antioxidant
activity that each food could exert within the human body [13]. Three
different methods were used to determine antioxidant capacity (DPPH, FRAP
and Folin-Ciocalteu). All the antioxidant capacity values of the three methods
were corrected for their respective blanks (enzymes, chemicals and

inoculum).

TEACprpu assay. This method was conducted according to the
procedure of Yen and Chen [14] on a microplate reader (FLUOStar Omega,
BMG Labtech, Ortenberg, Germany). Briefly, 20 pL of either digestion or
fermentation supernatants was added to a 96-well plate in duplicate and
mixed with 280 pL of DPPH reagent (74 mg DPPH/L methanol). The
antioxidant reaction was monitored at 37 °C for 60 min. The calibration curve
was prepared with Trolox in the range of 0.01-0.4 mg/mL. Results were

expressed as mmol Trolox equivalent/kg of food.

Folin-Ciocalteu assay. The method was conducted as described by
Moreno-Montoro and colleagues [15] on a microplate reader (FLUOStar

Omega, BMG Labtech, Ortenberg, Germany). Briefly, 30 uL of either
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digestion or fermentation supernatants was added in duplicate to a 96-well
plate and mixed with 15 pL of Folin-Ciocalteu reactive, 190 uL of distilled
water and 60 pL of 10% sodium carbonate solution. The antioxidant reaction
was monitored at 37 °C for 30 min. The calibration curve was prepared with
gallic acid in the range of 0.1-2.5 mg/mL. Results were expressed as mg gallic

acid equivalent/kg of food.

TEACrrapr assay. The ferric reduction capacity of samples was
assessed through the procedure described by Benzie and Strain [16] on a
microplate reader (FLUOStar Omega, BMG Labtech, Ortenberg, Germany).
Briefly, 20 pL of either digestion or fermentation supernatants was added to
a 96-well plate, in duplicate, and mixed with 280 uL of FRAP reagent (freshly
prepared each day). The antioxidant reaction was monitored at 37 °C for 30
min. The calibration curve was prepared with Trolox in the range of 0.01-0.4

mg/mL. Results were expressed as mmol Trolox equivalent/kg of food.

2.5. Calculations of Daily Antioxidant Intake

The individual contribution of each food group to the dietary
antioxidant capacity intake was calculated, taking into account their daily
consumption and the amount of food per serving [17] as well as the
antioxidant capacity previously measured for the samples. The antioxidant
capacity of each food referred to the usual serving size in Spain [18] and was
compared with the results previously published by Saura-Calixto and Goiii

[19].

2.6. Statistical Analysis

The statistical significance of the data was tested by one-way analysis

of variance (ANOVA), followed by the Duncan test to compare the means
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that showed a significant variation (p < 0.05). As a factor for ANOVA, we
used the type of cooking (boiled, brewed, fried, grilled, raw, roasted and
toasted), type of food (alcoholic drinks, cereals, cocoa, coffee, fruits,
legumes, nuts, oils, tubers and vegetables) and type of sample (cereals:
biscuits, bread, breakfast cereals, penne and rice; fruits: apple, banana, grapes,
olives, orange, peach and plum; vegetables: cabbage, carrot, cauliflower,
eggplant, lettuce, onion, pepper, spinach, tomato and zucchini). Statistical
analysis was performed using raw vegetables and the mean of all food groups
as the reference groups. Pearson’s correlation coefficient was calculated to
show the linear relation between antioxidant capacity at p < 0.05. To obtain
the significance between the different levels within the same group, Tukey’s
test was performed. All statistical analyses were performed using Statgraphics

Plus software, version 5.1.

146



Experimental

3. Results

We tested the potential physiological antioxidant capacity of plant
foods after invitro digestion-fermentation with three different methods
(DPPH, FRAP and Folin-Ciocalteu). In general, a linear correlation was
obtained by the Spearman method between the three methods (Figure 5 in
supplemental information). The significant correlations found (p < 0.05) were

positive, with values around Rs = 0.80.

In the following sections, a deeper description of the results obtained
by type of cooking, type of food and each group of plant foods will be

reported.

3.1. Samples by Type of Cooking

Cooking methods had an impact on the antioxidant capacity of the

digested fraction, as will be explained in the following sections.

3.1.1. Gastrointestinal Digested Fraction

Raw foods showed a significantly (p < 0.05) higher antioxidant
capacity than boiled and toasted foods for the TEACprpu assay (Table 6 in
supplemental information) but lower than fried foods (Figure 18A). In the
case of the Folin-Ciocalteu method, we observed a significantly higher
antioxidant capacity in toasted foods vs. raw foods (p < 0.05) as opposed to
the previous method; however, raw foods were still more antioxidant than
those cooked with the other methods (Figure 18B). For the TEACrrar
method, raw foods were more (p < 0.05) antioxidant than boiled, grilled and

toasted foodstuffs, as in the other methods (Figure 18C).
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Comparing the mean antioxidant capacity of digested samples after
different cooking treatments, the following significant differences were found
(ANOVA paired comparison; p < 0.05): for the TEACprpu method, fried
foods were more antioxidant than boiled; for the Folin-Ciocalteu method,
toasting resulted in higher antioxidant values than those of the other cooking
methods; for the TEACrrapr method, raw foods showed higher antioxidant

capacity than grilled foods.

3.1.2. Gastrointestinal Fermented Fraction

Microbial fermentation has a deep impact on food antioxidant capacity [12]
since the gut microbiota is able to metabolize those undigested nutrients
reaching the large intestine and release many metabolites with a potent
antioxidant capacity. With the TEACprpu method, the antioxidant capacity of
the fermented fraction was significantly (p < 0.05) lower in boiled and toasted
vegetables compared to raw foods (Figure 18A). On the other hand, the
Folin-Ciocalteu method showed a significantly (p < 0.05) lower antioxidant
capacity in brews and toasted foods compared to raw foods (Figure 18B).

The TEACrrar results were on the same line (Figure 18C).

3.1.3. Total Antioxidant Capacity

In general, the contribution of the digested fraction to the total
antioxidant capacity was much lower than that of the fermented fraction since
many different bioactive compounds could be released from the food matrix
by the microbial activity in addition to a potential generation of new

antioxidant metabolites.

Similarly to the fermented fraction, the total antioxidant capacity of

boiled and roasted foods was lower (p < 0.05) than that of raw foods (Figure
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18A). Overall, for most of the cooking techniques, the contribution of the
digested fraction to the total antioxidant capacity was around 10% (Figure
19) but for brewed foods (accounted for 23%) and toasted plant foods (just
1%).

The Folin-Ciocalteu method showed also a significantly (p < 0.05)
lower total antioxidant capacity for brewed and toasted foods (Figure 18B).
In this case, however, the digestion fraction had a lower contribution to the
total antioxidant capacity for most of the cooking techniques (around 4%),
compared to DPPH. The same results were obtained for the FRAP method
(Figure 18C and Figure 19). For this method, it is noteworthy to mention
that although the digested fraction contributed very little to the total reducing
capacity (around 3%), in the case of brews, 50% of the antioxidant capacity

was obtained for both fractions (Figure 19).
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Figure 18. Antioxidant capacity of plant foods (obtained after in vitro
digestion and fermentation) depending on the cooking technique (18A for
TEACpprH, 18B for Folin-Ciocalteu and 18C for TEACrrap). Statistical
analysis was performed via ANOVA using raw vegetables as the reference
group. Statistic labels: *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p <
0.0001, ns: not significant.
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Figure 19. Contribution to the total antioxidant capacity of each

fraction depending on the cooking technique.
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3.2. Samples by Type of Food

The type of plant had an important effect on the antioxidant capacity

since the food matrix and composition are different.

3.2.1. Gastrointestinal Digested Fraction

Compared with the mean antioxidant capacity of all plant foods,
coffee, fruits and legumes had a significantly higher antioxidant capacity (p
< 0.05) for the TEACpppu method (Table 7 in supplemental information);
however, lower values were obtained for cereals, nuts and tubers (Figure
20A). On the other hand, the Folin-Ciocalteu method showed a higher (p <
0.05) antioxidant capacity for nuts, tubers, alcoholic drinks, fruits and
vegetables (Figure 20B). Regarding reducing capacity (TEACrrar), it was
higher (p <0.05) for coffee but lower for tubers, fruits and vegetables (Figure
200).

When comparisons were made between different types of plant foods
(ANOVA paired comparison; p < 0.05), the following significant differences
were found: for the TEACpppn method, fruits had a higher antioxidant
capacity than cereals and vegetables, whereas legumes were more antioxidant
than cereals, nuts, tubers and vegetables. In the case of the Folin-Ciocalteu
method, cocoa and nuts had a higher mean than the rest of the foods (with no
significant differences between them), and fruits were more antioxidant than
cereals. Finally, for the TEACrrar method, cocoa and coffee were more

antioxidant than the other groups.

3.2.2. Gastrointestinal Fermented Fraction

Cocoa and legumes had a stronger antioxidant capacity against DPPH

radicals (p < 0.05) than the other food groups (Figure 20A). On the other
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hand, Folin-Ciocalteu showed a significantly (p < 0.05) higher antioxidant

capacity for cocoa, legumes and tubers (Figure 20B). The TEACrrapr results

followed the same tendency as the Folin-Ciocalteu method (Figure 20C).
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Figure 20. Antioxidant capacity of plant foods (obtained after in vitro
digestion and fermentation) depending on the food group (20A for
TEACbprprH, 20B for Folin-Ciocalteu and 20C for TEACrrar). Statistical
analysis was performed via ANOVA using the mean antioxidant capacity of
all food groups as the reference group. Statistic labels: *: p < 0.05, **: p <

0.01, ***: p <0.001, ****: p <0.0001, ns: not significant
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3.3. Detailed Analysis of Large Food Groups

Data on the digested and fermented fractions, as well as the total
antioxidant capacity of those samples from larger groups (cereals, fruits and

vegetables), were also analyzed separately.

3.3.1. Cereals

Regarding the effect of cooking methods on the antioxidant capacity
of cereals, the mean antioxidant capacity of raw cereals (ANOVA paired
comparisons, p < 0.05) measured with TEACpppr was higher than that of the
other cooking methods for both the digested and fermented fractions,
resulting in a higher total antioxidant capacity (Figure 21A). In the case of
the Folin-Ciocalteu method (Figure 21B), the antioxidant capacity of the
digested fraction decreased as follows: toasted > raw > boiled. However, for
the fermented fraction and total antioxidant capacity, raw cereals were the
most antioxidant foodstuffs (p < 0.05). Finally, the reducing capacity of
cooked cereals (TEACrrar) showed the same behavior as the DPPH method
(Figure 21C).

On the other hand, when samples were compared, depending on the
type of cereal-based food, they behaved similarly irrespective of the
antioxidant assay (Figure 22A-C). For the digested fraction, biscuits were
more antioxidant (p < 0.05) than the other foods. However, for the fermented
fraction and total antioxidant capacity, the following order was obtained:
biscuits = breakfast cereals > bread = rice = pasta. Comparisons were also
made between refined and whole-grain cereal products, but no significant

differences were observed.
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Figure 21. Antioxidant capacity of digested-fermented cereals
depending on the type of cooking technique (21A for TEACprph, 21B for
Folin-Ciocalteu and 21C for TEACrrar). Statistical analysis was performed
via ANOVA using raw cereals as the reference group. Statistic labels: *: p <

0.05, **: p <0.01, ***: p <0.001, ****: p <0.0001, ns: not significant.
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acid/Kg food

mmol Trolox equivalents/Kg food

Figure 22. Antioxidant capacity of digested-fermented cereals
depending on the sample type (22A for TEACprru, 22B for Folin-Ciocalteu
and 22C for TEACrrar). Statistical analysis was performed through ANOVA
using the mean of all food groups as the reference value. Statistic labels: *: p

<0.05, **: p <0.01, ***: p <0.001, ****: p <0.0001, ns: not significant.
3.3.2. Fruits

Although fruits are usually consumed in raw form, they were
submitted to different cooking techniques since some are heat-treated,
especially for some desserts. In the digested fractions, fried and roasted fruits
were more antioxidant (p < 0.05) than raw and grilled foods but only for the
Folin-Ciocalteu method (Figure 23B). No statistically significant differences
were observed for the TEACpppu (Figure 23A) and TEACrrar assays (Figure
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23C). No significant differences among the four cooking techniques were

observed for the fermented fraction or total antioxidant capacity.

Seven different fruits (apple, banana, grape, olive, orange, peach and
plum) were analyzed. The digested fraction of olives and plum were more
antioxidant (p < 0.05) than the other fruits but just for the TEACpppn method
(Figure 24A). For the fermented fraction and total antioxidant capacity, the
following order was obtained: olives > peach = plum > grape = orange =
banana = apple for the TEACprpu (Figure 24A), Folin-Ciocalteu (Figure
24B) and TEACrrar (Figure 24C) methods.

A B

Digestion

Figure 23. Antioxidant capacity of digested-fermented fruits
depending on the type of cooking technique (23A for TEACprpH, 23B for
Folin-Ciocalteu and 23C for TEACrrap). Statistical analysis was performed
via ANOVA using raw fruits as the reference group. Statistic labels: *: p <

0.05, **: p <0.01, ***: p <0.001, ****: p <0.0001, ns: not significant.

157



Capitulo [

mol Trolox equiva

Figure 24. Antioxidant capacity of digested-fermented fruits
depending on sample type (24A for TEACppph, 24B for Folin-Ciocalteu and
24C for TEACrrap). Statistical analysis was performed via ANOVA using
the mean of all food groups as the reference group. Statistic labels: *: p <

0.05, **: p <0.01, ***: p <0.001, ****: p <0.0001, ns: not significant.

3.3.3. Vegetables

The analysis of the effect of cooking techniques on vegetables was
interesting since these types of foods can be eaten both raw or heat-treated.
In the case of the digestion fraction, for the TEACpppru (Figure 25A), Folin-
Ciocalteu (Figure 25B) and TEACrrar (Figure 25C) methods, fried
vegetables were more antioxidant than raw vegetables (ANOVA paired
comparisons, p < 0.05). No statistically significant differences were observed
for either the fermented fraction or total antioxidant capacity, although after-
fermentation values were always much higher than those obtained for the

digested fraction.
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Ten different vegetables were individually studied (cabbage, carrot,
cauliflower, eggplant, lettuce, onion, pepper, spinach, tomato and zucchini).
Overall, the antioxidant capacity of the digested fractions across vegetables
was similar and not significant (p < 0.05) differences were found between
most, regardless of the antioxidant assay used (Figure 26A-C). Only
cabbage, carrot and zucchini were less antioxidant (p < 0.05) than the others.
For the fermented fraction and total antioxidant capacity vegetables behaved
differently depending on the antioxidant capacity method assessed, and no

clear tendency was observed.

Figure 25. Antioxidant capacity of digested-fermented vegetables
depending on the type of cooking technique type (25A for TEACprpH, 25B
for Folin-Ciocalteu and 25C for TEACrrar). Statistical analysis was
performed via ANOVA using the mean of all food groups as the reference
group. Statistic labels: *: p < 0.05, **: p < 0.01, ***: p <0.001, ****: p <
0.0001, ns: not significant.
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Figure 26. Antioxidant capacity of digested-fermented vegetables
depending on sample type (26A for TEACpppH, 26B for Folin-Ciocalteu and
26C for TEACrrapr). Statistical analysis was performed via ANOVA using
the mean of all food groups as the reference group. Statistic labels: *: p <

0.05, **: p <0.01, ***: p <0.001, ****: p <0.0001, ns: not significant.

160



Experimental

4. Discussion

It is known that heat treatment affects the antioxidant capacity of
foods [5,6,9]. In our study, we found that the effect of the cooking technique
strongly depends on the antioxidant capacity method used, which agrees with
previous results [20]. The different cooking techniques (boiling, grilling,
roasting frying and toasting) maintained or increased the total antioxidant
capacity of the raw plant foods, suggesting that different antioxidant
compounds are generated by thermal processing during the Maillard reaction
[21-26] or that more antioxidant compounds are released by cell breakage
[27-29]. On the other hand, the total antioxidant capacity of raw samples was
similar to some thermal processes, suggesting that it is not necessary to cook
certain foods to achieve the extraction of their antioxidant substances, as

suggested by other authors [21-24].

In general, the antioxidant capacity of the fermented fraction is much
higher (from 80 to 98% of the total antioxidant capacity), potentially due to
the essential role that the gut microbiota plays in the release of antioxidant
compounds from the undigested food matrix [12,29]. In fact, antioxidant
capacity values obtained for digested and fermented foods are higher than
those of foods not submitted to these processes [30]. This reinforces the
beneficial effect of digestion and fermentation in the release and

transformation of bioactive compounds.

The highest total antioxidant capacity was found in cocoa and the
lowest in alcoholic drinks. Cocoa is rich in phenolic compounds, substances
with a high antioxidant capacity [31], which explains the larger values
obtained regardless of the assay, corroborating previous studies [13,29]. The

antioxidant capacity of alcoholic drinks was very low, but other liquid foods
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(coffee and oils) were highly antioxidant, in line with other papers [31-33]

even as a source of lipophilic antioxidant compounds [34].

In cereals, biscuits and breakfast cereals were the most antioxidant
foods, potentially due to the generation of melanoidins during thermal
processing [22,32]. In the case of rice and pasta, they showed low antioxidant
capacity but with values similar to those described above [35]. Such a low
antioxidant capacity could be related to the loss of antioxidant compounds in
cooking water and also to a low-intensity thermal-treatment, which does not
favor the development of antioxidant compounds derived from the Maillard
reaction and caramelization [29,32]. Frying increased the antioxidant
capacity of bread, potentially due to the enrichment with olive oil. However,
in fruits and vegetables, the antioxidant capacity was quite homogeneous,

with no differences among cooking techniques.

The antioxidant capacity of a given food could be of interest in regard
to its shelf life; higher antioxidant capacity means lower oxidative
degradation. However, much attention is drawn to human health. Therefore,
it is interesting to calculate the contribution of each kind of food to the daily
antioxidant intake in a regular diet. Accordingly, Table 4 shows the
contribution of plant foods to the daily antioxidant and total phenolic intake
in the Spanish diet. Saura-Calixto and Goiii [19] calculated a total antioxidant
intake of 6014 pmol Trolox equivalents/d according to the FRAP method,
which was used as a reference (100% total antioxidant capacity) to compare
our results. Taking into account the daily intake of each food item/group in
Spain [17], the daily mean intake ranged from 296 to 22,423 mol Trolox
equivalents/d (coffee and cereals, respectively), which in turn is a
contribution 0f 4.92-373% of the total antioxidant capacity of the diet. A more

realistic approach can be obtained by using serving size [18] to calculate the
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intake of antioxidant capacity per serving (Table 4). With such an approach,
the daily intake of antioxidant capacity ranges from 348 to 31,253 pmol
Trolox equivalents/d for oils and tubers, respectively. In turn, this realistic
approach reaches up to 520% of the daily antioxidant capacity intake
calculated [19]. Such high daily intake of antioxidant capacity could be
explained taking into account that former calculations performed by Saura-
Calixto and Goiii were done with the antioxidant extraction method, which
does not take into account the effects of digestion and fermentation in the

release of antioxidant compounds.

Table 4. Contribution of plant foods consumption to the daily
antioxidant capacity (AOX) in the Spanish diet.

Mean
. . Mean contribution
. 4 .OX da;ly AO.X servzmg contribution to to daily
Analytical intake intake . .. ..
Food type assa (umol (umol daily antioxidant antioxidant
Y # # . capacity intake capacity
Trolox/day) Trolox/serving) (%) intake per
()
serving (%)?
Alcoholic
. FRAP 1228 3649 20.4 60.7
drinks
Cereals FRAP 22423 6343 373 106
Cocoa FRAP 909 6888 15.1 115
Coffee FRAP 296 1426 4.92 23.7
Fruits FRAP 19130 22230 318 370
Legumes FRAP 1250 16655 20.8 277
Nuts FRAP 1257 5808 20.9 96.6
Oils FRAP 1157 348 19.2 5.8
Tubers FRAP 14804 31253 246 520
Vegetables FRAP 15336 16001 255 266

!Considering consumption for a whole year.
2Considering the intake of 1 serving.

3Considering the data of Saura-Calixto and Gofii [19]
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5. Conclusions

In conclusion, this study reinforces the concept that plant foods are a
great source of antioxidant compounds for human beings. After in vitro
digestion and fermentation, cocoa and legumes stand out among all foods for
their antioxidant capacity. In the group of fruits, olives and bananas were the
most relevant, whereas lettuce and pepper were the most antioxidant foods in
the vegetables group. In addition, based on the results included in this paper,
the antioxidant capacity of plant foods has been underestimated in the last
decades since the key role of the gastrointestinal system on the release and
transformation of antioxidant molecules was not taken into consideration.
Therefore, future studies should be conducted including this new approach to
test the physiological transformation of foods to calculate their contribution

to the daily antioxidant capacity intake.
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Table 5. Plant foods and cooking conditions.

166

Group Sample name Cooking method
Alcoholic Beer Brewed
Alcoholic Red wine Brewed

Cereals Biscuits Raw

Cereals Whole grain biscuits Raw

Cereals Bread Fried

Cereals Bread Raw

Cereals Bread Toasted

Cereals Whole grain bread Fried

Cereals Whole grain bread Raw

Cereals Whole grain bread Toasted

Cereals Breakfast cereals Raw

Cereals Whole grgain breakfast cereals Raw

Cereals Penne (Pasta) Boiled

Cereals Whole grain penne Boiled

Cereals Rice (Longo) Boiled

Cereals Whole grain rice (Longo) Boiled

Cocoa Dark Chocolate Raw

Cocoa Nutella Raw

Coffee Coffee Brewed

Coffee Instant coffee Brewed

Fruits Apple Fried
Fruits Apple Grilled
Fruits Apple Raw
Fruits Banana Fried
Fruits Banana Grilled
Fruits Banana Raw
Fruits Banana Roasted
Fruits Grapes Fried
Fruits Grapes Grilled
Fruits Grapes Raw
Fruits Grapes Roasted
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Fruits Olives Raw
Fruits Orange Fried
Fruits Orange Grilled
Fruits Orange Raw
Fruits Orange Roasted
Fruits Peach Fried
Fruits Peach Raw
Fruits Peach Roasted
Fruits Plum Fried
Fruits Plum Grilled
Fruits Plum Raw
Fruits Plum Roasted
Legumes Beans (Kidney) Boiled
Legumes Beans (Kidney) Grilled
Legumes Kidney beans Roasted
Legumes Lentils Boiled
Legumes Lentils Grilled
Legumes Lentils Roasted
Nuts Nut mix Roasted
Nuts Nut mixture Fried
Nuts Nut mixture Raw
Nuts Peanuts Boiled
Nuts Peanuts Grilled
Nuts Peanuts Roasted
Oils Olive oil Fried
Oils Olive oil Raw
Oils Sunflower oil Fried
Oils Sunflower oil Raw
Tubers Potato Boiled
Tubers Potato Fried
Tubers Sweet potato Boiled
Tubers Sweet potato Fried
Vegetables Cabbage Boiled
Vegetables Cabbage Fried
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168

Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables

Cabbage
Cabbage
Carrot
Carrot
Carrot
Carrot
Cauliflower
Cauliflower
Cauliflower
Cauliflower
Cauliflower
Eggplant
Eggplant
Eggplant
Eggplant
Eggplant
Lettuce
Onion
Onion
Onion
Onion
Pepper
Pepper
Pepper
Pepper
Pepper
Spinach
Spinach
Spinach
Spinach
Spinach
Tomato
Tomato

Tomato

Grilled
Roasted
Boiled
Fried
Grilled
Raw
Boiled
Fried
Grilled
Raw
Roasted
Boiled
Fried
Grilled
Raw
Roasted
Raw
Boiled
Fried
Grilled
Raw
Boiled
Fried
Grilled
Raw
Roasted
Boiled
Fried
Grilled
Raw
Roasted
Boiled
Fried
Grilled



Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables

Tomato
Tomato
Zucchini
Zucchini
Zucchini

Zucchini

Experimental

Raw
Roasted
Boiled
Fried
Raw

Roasted

Table 6. Antioxidant capacity of in vitro digested-fermented plant

foods depending on the cooking method.

Cooking
technique TEACpppu (umol Trolox/g)
Digested fraction Fermented fraction Total antioxidant capacity
Boiled 126 £11.72 121 +38.4% 134 +£41.2°
Brewed 31.9 +15.20° 110 + 63.9 141 £ 56.0%°
Fried 293+17.1° 134 +49.0? 163 + 58.6%°
Grilled 17.3 £ 15280 155+ 57.4* 172 +59.8°
Raw 19.5+17.2%0 157+ 71.2° 176 + 78.4%°
Roasted 19.3 + 14.7%b 153 +£55.7¢ 173 £ 62.1%°
Toasted 1.09 +£0.832 109 +21.6° 110 £22.2%0
Folin-Ciocalteu (mg gallic acid/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Boiled 552 +432° 27343 +£ 12142 149 +29.0°
Brewed 691 £ 44230 2639 + 763* 11.6 £4.76*
Fried 916 + 753> 23154 = 12815° 24070 = 12762°
Grilled 520 +472° 29271 + 17069° 29791 + 17227°
Raw 840 + 960*° 25149 + 13037° 25988 + 13309°
Roasted 1447 + 1686° 28849 + 15322 30295 + 16180°
Toasted 3537 + 268° 16574 + 5626° 20110 + 5562°
TEACFrrar (nmol Trolox/g)
Digested fraction Fermented fraction Total antioxidant capacity
Boiled 2.05£2.05° 148 +59.3° 150 + 60.0°
Brewed 21.1+£16.5° 22.0 +4.49? 432+ 18.12
Fried 9.19 & 7.64° 130 + 65.3° 139 £ 67.3°
Grilled 3.35£2.85% 165 + 88.0 168 + 88.7°
Raw 9.19+13.1¢ 144 + 66.7° 153 £ 70.9°
Roasted 5.00 + 6.023%4 162 +83.3" 167 + 86.3°
Toasted 4.89 + 0.96%c¢ 104 +33.1° 109 + 33.5°
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Table 7. Antioxidant capacity of in vitro digested-fermented plant

foods depending on the group.

Food TEACpppu (umol Trolox/g)
Digested fraction Fermented fraction Total antioxidant capacity
Alcoholic
drinks 28.4 +21.8%b 75.7+77.8%¢ 104 £ 57.0*¢
Cereals 11.2+13.6* 140 + 67.3*¢ 151 £76.8*¢
Cocoa 40.2 +16.4%° 264 +£33.1° 305 +25.8°
Coffee 35.5+5.31%b 143 £ 20.1*¢ 179 £ 18.2%¢
Fruits 27.0+21.3% 156 + 44.32¢ 183 + 54.8*¢
Legumes 19.3 + 14.7° 187 + 58.4° 229 + 61.5°
Nuts 1.09 £0.832 143 £ 52.32¢ 157 £47.1*¢
Oils 41.9 +£8.01%b 84.1 +68.9° 105 +70.57
Tubers 14.2 + 8.53* 140 + 18.1*¢ 148 £ 17.3%¢
Vegetables 214 +15.1° 132 £ 51.8%¢ 148 +£ 51.7%¢
Mean 24.4+13.5 147 +49.2 171 £48.1
Folin-Ciocalteu (mg gallic acid/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Alcoholic
drinks 360 + 100*¢ 2313 + 358 2673 +4413¢
Cereals 1395 + 9552 23976 £ 10725¢ 25371 £ 10640°
Cocoa 3382 & 1475° 35753 £3428P 39125 £3752°
Coffee 1020 + 3932¢ 2964 + 974¢ 3985 £ 1189*¢
Fruits 466 £ 3512 26470 + 13442°¢ 26937 + 13453¢
Legumes 1655 £ 12222 42451 + 13380 44116 + 138372¢
Nuts 2686 + 167° 31817 + 174430 34504 + 18034°
Oils 766 + 498*¢ 2131 +£621*¢ 2898 £ 615%¢
Tubers 300 + 1012¢ 35755 +£ 5265%¢ 35954 + 51812¢
Vegetables 570 £ 679*¢ 24544 £+ 123332¢ 25115+ 12375%¢
Mean 1260 £ 745 22809 £ 7797 24069 + 7952
TEACkrrar (pmol Trolox/g)
Digested fraction Fermented fraction Total antioxidant capacity
Alcoholic
drinks 7.04 £5.952 20.1+2.112 27.1 £6.032
Cereals 6.27 £5.31* 147 £ 63.0° 154 + 65.2°
Cocoa 42.1£23.5° 217 £20.2° 259 £32.3°
Coffee 35.2 +£8.26° 23.9+5.72° 59.1 +£6.87°
Fruits 4.34 +3.832 151 £67.7° 155 +69.0°
Legumes 6.54 +£3.79* 231+ 70.1° 238 +70.8
Nuts 15.6 £16.4% 178 +85.8° 194 + 78.7°
Oils 6.54 £4.952 28.2+12.8% 34.8+8.81
Tubers 4.80 + 0.95* 179 £30.9° 184 +30.5°
Vegetables 431 +4.85* 133 £ 62.8° 137 £ 64.2°
Mean 13.3+7.78 131 +42.1 144 +43.3
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Table 8. Antioxidant capacity of in vitro digested-fermented cereals

depending on the cooking method.

Cereals
Cooking
technique DPPH (mmol Trolox equivalents/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Boiled 7.38+5.98% 94.0 £ 25.7 101 £27.52
Fried 527+ 1.772 112 +£27.7* 117 £26.3?
Raw 19.0 £ 17.4° 190 + 73.9° 209 + 84.8°
Toasted 1.09 +0.832 109 +21.6° 110 £22.2°
Folin-Ciocalteu (mg gallic acid/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Boiled 731 +£207° 18738 + 54532 19468 + 5338°
Fried 1137 £ 158»b¢ 17706 + 466° 18842 + 332
Raw 1210 =368 32026 + 11394° 33236 + 11529°
Toasted 3537 £268° 16574 + 5626° 20110 + 55622
FRAP (mmol Trolox equivalents/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Boiled 0.23+£0.16* 117 £32.1* 117 £32.07
Fried 10.2+4.122 111 +£2.742 121 +1.442
Raw 9.45+£4.51° 195+ 67.0° 204 + 67.7°
Toasted 4.89 + 0.96° 104 +33.1* 109 + 33.5°
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Table 9. Antioxidant capacity of in vitro digested-fermented cereals

depending on the cereal type.

Sample DPPH (mmol Trolox equivalents/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Biscuits 35.1+10.9° 221 +7.69° 256 + 6.09°
Bread 321+£2.23 108 +35.1° 111 +£35.1°
Breakfast
cereals 18.6 £17.7% 247 + 28.0° 266 + 38.5°
Penne (Pasta) 4.02 +2.05° 75.9+10.4* 79.0+11.4*
Rice (Longo) 10.7 +£7.042 113 £21.8° 124 +17.5°
Mean 14.3+7.98 153+20.6 167 +21.7
Folin-Ciocalteu (mg gallic acid/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Biscuits 1420 + 264° 34688 + 6731° 36108 + 6487°
Bread 1896 + 12242 19561 + 8665° 21457 + 83852
Breakfast
cereals 1193 + 5542 36987 = 10737° 38180 = 11221°
Penne (Pasta) 884 + 84.5% 17043 +£2294* 17927 £2311°
Rice (Longo) 578 +173* 20432 + 7514° 21010 + 7403°
Mean 1194 £ 460 25742 £ 7188 26936 £ 7161
FRAP (mmol Trolox equivalents/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Biscuits 14.6 +2.54° 210 +39.6° 225£37.5°
Bread 7.20+3.422 121 +51.0° 129 + 50.5°
Breakfast
cereals 7.26+£3.13¢ 224 £63.1° 231 +64.8°
Penne (Pasta) 0.31+0.14% 107 +£13.5° 107 + 14.5°
Rice (Longo) 0.16 £0.172 127 £44.2° 127 +£44.2°
Mean 590+ 1.88 158 +42.3 164 +42.1
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Table 10. Antioxidant capacity of in vitro digested-fermented fruits

depending on the cooking method.

Fruits
Cooking
technique DPPH (mmol Trolox equivalents/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Fried 40.8 +£27.3* 163 £ 40.6 204 + 54.3°
Grilled 17.8 £ 14.4% 152 +37.32 170 £ 43.6°
Raw 25.1+20.12 150 + 58.3% 175 + 68.4*
Roasted 22.3+13.5% 159 + 36.4* 181 +43.5°
FOLIN (mg gallic acid/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Fried 708 +£451° 25833 + 12108 26541 + 12215°
Grilled 482 + 3622 24348 + 14326° 34830 + 143022
Raw 251 +£1922 28021 + 13916* 28272 + 13958
Roasted 462 £ 184° 27187 + 15418* 27648 + 15104*
FRAP (mmol Trolox equivalents/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Fried 7.79 £5.322 152 + 68.8? 160 + 72.32
Grilled 1.68+1.142 142 +£71.5* 144 £ 71.8*
Raw 4.31+2.30° 150 £51.32 154 +51.8°
Roasted 2.88 +1.87% 159 + 89.7¢ 162 +90.5*
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Table 11. Antioxidant capacity of in vitro digested-fermented

cereals depending on the fruit type.

Sample DPPH (mmol Trolox equivalents/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Apple 8.00 = 6.02? 91.9+18.92 99.9 + 16.12
Banana 17.3+£19.5% 141 £19.5° 158 + 36.4°
Grapes 38.3+174% 146 +£9.73? 184 +17.4°
Olives 63.2£0.76° 219 £7.36° 282 £8.12°
Orange 28.6 +28.0° 145 +£42.3? 174 £ 55.7°
Peach 11.0+3.47° 207 £34.1¢ 218 £32.0¢
Mean 29.7+11.5 162 +23.2 192 +28.3
Folin-Ciocalteu (mg gallic acid/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Apple 273 +239° 24309 + 143532 24582 + 143792
Banana 479 £ 408? 35935+ 111232 36414 + 110442
Grapes 332 +233° 15222 +3123° 15554 +2983°
Olives 438 + 83.5P 31701 + 620° 32139 +£537°
Orange 790 + 5532 17433 + 6189° 18223 + 6691°
Peach 443 + 64.1° 17433 £ 6189¢ 18223 £ 6691°
Plum 434 £217° 33051 + 14934¢ 33485 + 14978°
Mean 456 +£257 27171 + 9499 27626 £ 9532
FRAP (mmol Trolox equivalents/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Apple 3.02 £2.60* 143 £76.5° 146 +76.9°
Banana 5.55+3.83% 181 + 65.4° 186 + 64.37
Grapes 1.68 +1.19% 95.9+18.42 97.6 £19.32
Olives 9.45+0.23" 193 +3.64° 202 +3.87°
Orange 4.22 +3.86* 109 £ 36.4° 113 £36.9*
Peach 2.55+0.55¢ 167 + 46.3¢ 169 + 46.0°
Mean 4.77+2.52 156 +47.8 160 +48.2
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Table 12. Antioxidant capacity of in vitro digested-fermented

vegetables depending on the cooking method.

Vegetables
Cooking
technique DPPH (mmol Trolox equivalents/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Boiled 122+ 11.9* 119 £37.0° 131 £35.22
Fried 36.7 £29.3° 128 +£49.3% 165 + 55.8°
Grilled 11.8 £8.722 136 + 61.0° 148 £ 55.7*
Raw 7.17+£3.982 139 + 53.5° 146 + 54.0°
Roasted 10.7 £ 5.56* 141 + 60.8? 151 +58.9°
Folin-Ciocalteu (mg gallic acid/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Boiled 338 +232° 23906 + 10870? 24244 +10826°
Fried 1058 =981° 25962 + 12926° 27020 £+ 12861°
Grilled 325 +247° 26757 + 18324* 27082 + 18328*
Raw 381 +292° 22350 + 88842 22731 +9021°
Roasted 766 + 932° 23835 + 9533? 24601 + 9760?
FRAP (mmol Trolox equivalents/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Boiled 2.51+£2.06* 126 £+ 50.5° 129 +51.2¢
Fried 9.00 + 8.23° 139 + 65.9° 148 + 69.8°
Grilled 3.54+2.35 150 +£97.42 153 +£98.1%
Raw 293+1.512 121 +£40.72 124 +40.8?
Roasted 3.25+2.71° 131 + 48.6° 134 + 49.6°
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Table 13. Antioxidant capacity of in vitro digested-fermented

cereals depending on the vegetable type.

Sample DPPH (mmol Trolox equivalents/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Cabbage 3.92 +1.50° 171 +£55.22 175 + 54.6*
Carrot 5.83 £1.75° 148 + 14.6° 154 +15.8°
Cauliflower 21.8+£29.92 107 £ 15.8° 129 +34.7°
Eggplant 33.5+27.12 114 £ 3542 147 + 48.9°
Lettuce 2.89+0.61* 217 £33.9° 220 +33.3?
Onion 11.5+9.56* 96.8 +18.4% 108 + 18.67
Pepper 18.8 £9.37* 155 +£50.4° 174 £ 45.6
Spinach 223+ 17.12 105 £ 23.7° 127 £32.4°
Tomato 14.0 £ 18.22 195 £ 53.32 209 +44.1°
Zucchini 8.58 +6.02° 72.7 +8.842 81.3+109a
Mean 14.3+12.1 138 +31.0 152+ 339
Folin-Ciocalteu (mg gallic acid/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Cabbage 291 £ 156 16407 + 5079* 16698 + 49932
Carrot 292 +205° 31018 = 7609? 31310 = 7690?
Cauliflower 585 + 749° 20246 +2048° 20831 +2681°
Eggplant 491 + 345° 26306 + 142882 26797 + 14515¢°
Lettuce 496 + 78.0° 18669 + 169* 19165 +247*
Onion 320+ 307° 22069 + 17712° 22389 + 17885%
Pepper 420 +231° 37885+ 172712 38305+ 171792
Spinach 1623 £1315° 18409 + 76867 20032 + 8119°
Tomato 327 £236° 18111 + 3664° 18438 + 3621°
Zucchini 656 + 323° 32357 +7307° 33013 +7532a
Mean 350 £ 395 24148 £ 8283 24698 + 8446
FRAP (mmol Trolox equivalents/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Cabbage 0.36+0.432 103 £29.9° 103 +30.17
Carrot 2.72 +1.02* 152 +£44.7° 155 +£44.3°
Cauliflower 6.64+9.17° 125 + 84.0° 131 + 84.0°
Eggplant 7.04 £ 5.96" 124 + 84.0° 131 + 88.32
Lettuce 3.87+0.11° 116 £ 0.99° 120+ 1.11°
Onion 4.74 £2.35P 118 + 85.9* 122 £ 87.2%
Pepper 7.34 +3.89° 192 + 1022 199 + 101°
Spinach 6.17 £3.18° 115 +45.2° 121 + 46.5
Tomato 0.57 £0.73% 113 £21.5° 113 +£21.6°
Zucchini 1.77 £0.63? 160 +43.0° 161 £43.1°
Mean 412+275 132 +46.8 136 +£48.7
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Figure 27. Linear correlations between the antioxidant capacity of

plant foods.
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Effect of Cooking Methods on the Antioxidant Capacity of Foods of

Animal Origin Submitted to in Vitro Digestion-Fermentation

En este trabajo se estudio la capacidad antioxidante de alimentos de
origen animal con diferentes cocinados tras su digestion y fermentacion in
vitro. Esta ultima se llevd a cabo con microbiota intestinal procedente de
adultos sanos. Asi se pudo ver como afectaban tanto el tipo de alimento como
el cocinado aplicado a la funcionalidad de la microbiota intestinal, en
concreto, a la capacidad de la misma para generar compuestos con actividad
antioxidante. Ademas, se estudié la contribuciéon del consumo de estos
alimentos de origen animal a la capacidad antioxidante diaria en la dieta

espafiola, teniendo en cuenta los grupos de alimentos y cocinados aplicados.
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Abstract

The human body is exposed to oxidative damage to cells and though
it has some endogenous antioxidant systems, we still need to take antioxidants
from diet. The main dietary source of antioxidants are vegetables due to their
content in different bioactive molecules. However, there are usually other
components of the diet, such as foods of animal origin, that are not often
linked to antioxidant capacity. Still, these foods are bound to exert some
antioxidant capacity thanks to molecules released during gastrointestinal
digestion and gut microbial fermentation. In this work, the antioxidant
capacity of 11 foods of animal origin has been studied, submitted to different
culinary techniques and to an in vitro digestion and gut microbial
fermentation. Results have shown how dairy products potentially provide the
highest antioxidant capacity, contributing with a 60 % of the daily antioxidant
capacity intake. On the other hand, most of the antioxidant capacity was
released during gut microbial fermentation (90-98 % of the total antioxidant
capacity). Finally, it was found that the antioxidant capacity of the studied
foods was much higher than that reported by other authors. A possible
explanation is that digestion-fermentation pretreatment allows for a higher
extraction of antioxidant compounds and their transformation by the gut
microbiota. Therefore, although foods of animal origin cannot be compared
to vegetables in the concentration of antioxidant molecules, the processes of
digestion and fermentation can provide some, giving animal origin food some

qualities, which could have been previously unappreciated.

Keywords: antioxidant capacity; thermal processing; animal origin

food; in vitro digestion; in vitro fermentation; gut microbiota
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1. Introduction

Global concern about the increased incidence of chronic diseases such
as diabetes, obesity, cancer and cardiovascular disease has led to pay greater
attention to lifestyle habits, especially diet [1]. On the other hand, the
consumption of animal origin foods has often been linked to the appearance
of non-communicable diseases, particularly the consumption of red meat,
processed meat and meat derivatives [2,3]. In contrast, the consumption of
plant origin foods, such as fruit and vegetables, has been linked to a protective

effect against such conditions [4].

Vegetables’ content in phytochemicals has been pointed out as one of
the reasons behind their beneficial effect against such chronic diseases. Many
of these compounds have shown great antioxidant activity and thus the
potential to play a beneficial role on oxidative stress related diseases such as
cancer, cardiovascular diseases, or type 2 diabetes mellitus [4,5]. At the same
time, vegetables’ large and diverse content in biochemicals have made this
type of food the object of a large variety of studies [4, 5]. In contrast, literature
is very limited in relation to bioactive molecules or antioxidant capacity in
animal origin foods such as meat, fish, eggs or dairy products, probably due
to their lack or low quantities of such molecules, at least in comparison with
vegetables. However, we now know that gastrointestinal digestion breaks
down food macrostructure and helps to release smaller molecules, some of
which could have antioxidant potential [6]. Such is the case of carnosine, a
di-peptide with antioxidant activity as well as anti-inflammatory, neuro-
protective and anti-ageing properties [7,8]. Therefore, other potentially
antioxidant or bioactive molecules are bound to be released during digestion.
In addition, other compounds with antioxidant capacity can be found in foods

of animal origin, such as taurine [9] and carotenoids from animal feed [10,11].
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On the other hand, undigested food passes into the large intestine,
where they can be used by the gut microbiota as fermentation substrate; such
undigested food can produce compounds with biological and antioxidant
activity [12]. Therefore, although food of animal origin is not characterized
by a high content of bioactive molecules, it is still possible that after cooking,
digestion and fermentation these can be generated. Additionally, cooking
methodology will modify in some degree, depending on the temperature and
time applied, the chemical composition of foods. Therefore, gastrointestinal
digestion and gut microbial fermentation are likely to be affected and so, the

molecules released after such processes [13].

Accordingly, the aim of the present paper was to study the antioxidant
capacity of animal origin foods, representing the main dietary categories.
Different heat treatments were applied, and then they were in vitro digested
and fermented. Next, the contribution of the consumption of animal origin
foods to the daily intake of antioxidant capacity in Spain was calculated.
Finally, the overall daily antioxidant capacity intake in Spain was calculated
taking also into account the antioxidant capacity of plant foods previously

studied [14].
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2. Materials and Methods

2.1. Chemicals

2.1.1. In vitro digestion and fermentation

Cysteine, sodium di-hydrogen phosphate, sodium sulphide, resazurin,
salivary a-amylase and pepsin from porcine bile acids (porcine bile extract)
were provided by Sigma-Aldrich (Darmstadt, Germany). Pancreatin from

porcine pancreas was provided by Alpha Aesar (United Kingdom).

2.1.2. Antioxidant Capacity

DPPH (2,2 diphenyl-1-1picrythydrazyl), hydrochloric acid, iron (III)
chloride hexahydrate, methanol, sodium acetate, TPTZ (2,4,6-Tri(2-pyridyl)-
s-triazine) and Trolox ((£)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid) were provided by Sigma- Aldrich (Darmstadt, Germany).

2.2. Samples and cooking conditions applied

Eleven animal foods were investigated belonging to the following
groups: dairy, egg, fish and meat (Table 17 in supplemental information).
Animal foods were bought in three different supermarkets and stored at room
temperature (eggs) or under refrigeration for a maximum of 2 days before

cooking.

The foods were submitted to different culinary treatments: boiling,
frying, grilling, or roasting (Table 17 in supplemental information). Some of
them (butter, yogurt and salmon) were also analyzed in their raw form (since
they are usually consumed as raw) making it a total of 36 samples. Boiling

was prepared in a rate of 5:1 (water:food) at 100 °C for 20 min. Frying and
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grilling used Extra virgin olive oil (EVOOQO) as cooking medium. Frying was
prepared in a rate of 5:1 (oil:food) at 180 °C for 8 min. Grilling was prepared
in a rate of 0.5:1 (oil:-food) at 220-250 °C for 3 min. Roasting was prepared
at 180 °C for 10 min. Finally, milk was commercially processed by ultra-high
temperature (UHT). Cooking times and food:medium rates were acquired
from Olmedilla-Alonso et al., [3] and adapted to our own equipment and

laboratory conditions.

The utensils used for sample preparation were the following: a
transportable oven (1500 W), fryer, frying pan and saucepan and forks,
knives, spoons and stainless steel. All these utensils were purchased from
Centro Hogar Sanchez (Granada, Spain). Samples were homogenized and
stored under nitrogen atmosphere at -80 °C in order to avoid oxidation. All

analyses were carried out in duplicate.
2.3. In vitro digestion and fermentation

Samples were subjected to an in vitro gastrointestinal and to an in vitro
fermentation according to the protocol previously described [15], in triplicate.
Food was added to falcon tubes together with simulated salivary fluid (1:1,
w/v) composed of salts and a-amylase (75 U/mL). The mix was kept at 37 °C
for 2 min in oscillation. Right after, 10 mL of simulated gastric fluid was
added, simulating the gastric juices content in salts and pepsin (2000 U/mL).
The mix was kept at 37 °C for 2 hours, at pH 3 in oscillation. Finally, 20 mL
of simulated intestinal fluid was added, simulating the intestinal juices
content in salts, bile salts and enzymes (here we used 67.2 mg/mL
pancreatine). The mix was kept at 37 °C for 2 hours, at pH 7, in oscillation.
Once the intestinal phase was finished, tubes were kept in ice to stop
enzymatic reactions and thereafter centrifuged at 3500 rpm for 10 min. The

supernatant, which represents the fraction available for absorption in the
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small intestine, was stored in 1 mL tubes at -80 °C until analysis. The solid
pellet, which represents the not digested fraction that goes into the large

intestine, was used as in vitro fermentation substrate.

The in vitro fermentation was carried out using fecal samples from
five healthy donors with no previous pathology, who had not taken antibiotics
for three months prior to the assay, with a mean (Body Mass Index = 21.3).
Individual diets were not assessed since the objective was not to evaluate
microbial communities but rather to unravel the potential antioxidant power
that average people could extract from animal origin food-stuff. The fecal
samples were pooled together to reduced inter-individual variability. The
fermentation was carried out at 37 °C for 20 h. Once the in vitro fermentation
was finished, tubes were kept in ice to stop microbial reactions and thereafter
centrifuged at 3500 rpm for 10 min. The supernatant, which represents the
fraction available for absorption in the large intestine, was stored in 1 mL
tubes at -80 °C until analysis. The solid pellet, which represents the fraction

not fermented and excreted with feces, was appropriately discarded.

Therefore, two fractions were obtained after in vitro gastrointestinal
digestion and fermentation: digestion supernatant (fraction for absorption in
the small intestine), and fermentation supernatant (fraction for absorption in
the large intestine). Antioxidant capacity was measured in both fractions,

considering as total antioxidant capacity the sum of them.

2.4. Antioxidant Test

Antioxidant capacity of those two fractions was studied. The total
antioxidant capacity of the two fractions was taken as the amount of total

antioxidant capacity exerted by a given food. [16].
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TEACbprpn assay. The method was based on the protocol of Rapisarda
et al., [17] and adjusted to a microplate reader (FLUOStar Omega, BMG
Labtech, Germany). Briefly, 280 puL of DPPH reagent (prepared with 74 mg
DPPH/L methanol) and 20 pL of digestion-fermentation supernatants were
added to a 96-well plate. The antioxidant response was monitored in trip-
licate for one hour at 37 °C. The calibration curve was made up with Trolox
at concentrations ranging from 0.01 to 0.4 mg/mL (results expressed as mmol

Trolox equivalent/Kg feed).

TEACkrar assay. The method followed the protocol of Benzie and
Strain [18] to measure the ferric reducing capacity in each sample in a
microplate reader (FLUOStar Omega, BMG Labtech, Germany). Briefly, 280
pL of FRAP reagent (prepared daily) and 20 pL of digestion-fermentation
supernatants were added to a 96-well plate. The antioxidant reaction was
followed in triplicate for 30 min at 37 °C. A calibration curve was prepared
with Trolox (0.01 to 0.4 mg/mL) and the results were expressed as mmol

Trolox equivalent/Kg feed.

2.5. Daily Antioxidant Intake Calculations

The contribution of each food group to daily dietary antioxidant
capacity intake was calculated based on the amount of food per serving, the
daily intake [18] and the anti-oxidant capacity previously measured in the
samples. The antioxidant capacity of each food was related to the portion size
commonly consumed in Spain [19]. Then, the overall daily antioxidant
capacity intake was also studied, including both the consumption of foods of
animal and plant origin. The data on antioxidant capacity provided by foods

of plant origin were obtained from our previous work [20].
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2.6. Statistical analysis

The statistical significance of the results was checked by ANOVA and
subsequently by the Duncan test (p < 0.05). As issue for ANOVA, it had been
used form of cooking (boiled, fried, grilled, raw and roasted), sort of food
(dairy, egg, fish and meat) and sort of sample (dairy: butter, cheese, milk and
yoghurt; fish: cod fish and salmon; meat: beef, chicken, lamb and pork).
Statistical analysis was performed by using boiled or raw foods and mean of
all food groups because the reference groups. Pearson parametric statistic was
calculated to indicate the lineal relation between anti-oxidant capacity at a p
value < 0.05. To get the significance between the various levels among an
equivalent group, the Tukey test was assigned. All the statistical analyses

were performed by using Statgraphics Plus software, version 5.1.
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3. Results

For each sample, the antioxidant capacity was measured in the
supernatant fraction obtained after gastrointestinal digestion (antioxidant
capacity available for absorption in the small intestine) and after fermentation
(antioxidant capacity available for absorption in the large intestine). Two
different antioxidant assays were applied. All antioxidant capacity values
were corrected taking into account the antioxidant capacity provided by

enzymes, chemicals and fecal inoculum.

In addition, a linear correlation was obtained by the Spearman method
between the two methods. The correlation was significant (p < 0.005) with

Spearman’s rank correlation coefficient (rs) around 0.8.

3.1. Samples by type of cooking

The types of cooking compared were boiled, fried, grilled, roasted and
UHT. They were compared with each other as well as with respect to the raw

food (Table 18 in supplemental information).

3.1.1. Gastrointestinal digestion supernatant.

Regarding TEACpppu, raw foods showed significantly (p < 0.05)
lower antioxidant capacity than all types of cooking, except for UHT, which
was not significant (Figure 28A). For TEACrrar, the antioxidant capacity
was significantly (p < 0.05) lower in UHT foodstuffs than that of raw foods,
but no significance was found for the other types of cooking (Figure 28B).
In addition, when comparing the means of the different cooking methods,
statistically significant differences were found (ANOVA paired comparison;

p <0.05; TEACprpn) for fried foods, being more antioxidant than raw foods.
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3.1.2. Fermentation supernatant and total antioxidant capacity.

Regarding TEACprrh, there were no significant differences (Figure
28A). TEACFRAP of UHT showed a significantly (p < 0.05) lower
antioxidant capacity than raw foods (Figure 28B). No other differences with

raw foods were found.

In addition, when comparing the means of the different cooking
methodologies, the following significant differences were found (ANOVA
paired comparison; p < 0.05): for TEACprpu, raw foods were more
antioxidant than boiled; for TEACrrap UHT were less antioxidant than the
rest of cooked foods except roast ones. For both fractions and for the total
antioxidant capacity, the significance in ANOVA paired comparison for

TEACkrap, stated that UHT foods were less antioxidant.

A B

Digestion Fermentation Total Digestion Fermentation Total

K,
mmol TroloxKg Food

Figure 28. Antioxidant capacity of food of animal origin (butter,
cheese, milk, yogurt, egg, cod fish, salmon, beef, chicken, lamb and pork)
obtained after in vitro digestion and fermentation, depending on the cooking
technique ((28A) Trolox capacity against DPPH radicals (TEACprpn), (28B)
for Trolox equivalent antioxidant capacity referred to reducing capacity
(TEACrrapr)). Statistical analysis was performed through ANOVA using raw
foods as the reference group. Statistic labels: *: p < 0.05, **: p <0.01, ***: p
<0.001, ****: p <0.0001, ns: not significant.
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3.2. Samples by type of food.

The samples to be compared were divided into four groups: dairy
products (composed of butter, cheese, milk and yogurt), eggs, meats
(including beef, chicken, lamb and pork) and fish, which included salmon and

cod fish (Table 19 in supplemental information).

3.2.1. Gastrointestinal digestion supernatant.

Regarding TEACprpu, meat showed a significantly (p < 0.05) higher
antioxidant capacity than the rest of the groups. On the other hand, the
antioxidant capacity of dairy products was significantly lower than the
average antioxidant capacity of the other food groups (Figure 29A).
Secondly, for TEACrrap, the antioxidant capacity of fish was significantly (p
< 0.05) lower to the other food groups, while that of eggs was the highest
(Figure 29B).

3.2.2. Fermentation supernatant and total antioxidant capacity.

In the case of TEACprprH, the fermentation supernatant and total
antioxidant capacities were significantly (ANOVA paired comparison; p <
0.05) higher in meat, whereas they were lower in dairy products, egg and fish
compared with the mean antioxidant capacity of all food groups (Figure

29A). For the TEACrrapr method, there were no significant differences.
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Figure 29. Antioxidant capacity of foods of animal origin (butter,
cheese, milk, yogurt, egg, cod fish, salmon, beef, chicken, lamb and pork)
obtained after in vitro digestion and fermentation, depending on the food
group ((29A) TEACprpu and (29B) TEACrrar). Statistical analysis was
performed via ANOVA using the mean antioxidant capacity of all food
groups as the reference group. Statistic labels: *: p < 0.05, **: p <0.01, ***:

p <0.001, ****: » <(0.0001, ns: not significant.

Figure 30 shows the contribution of each fraction to the total
antioxidant capacity. For both methods, the contribution of the digestion
fraction was negligible or non-existent, with the fermentation fraction being

the most important one.
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Figure 30. Contribution to the total antioxidant capacity of the

fractions obtained after in vitro digestion depending of the cooking technique
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with the two antioxidant assays.

3.3. Specific group analysis.

The antioxidant capacity within each of the above-mentioned food

groups (dairy, fish and meat) was also analyzed. Each group was studied by
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cooking method and by type of food. Dairy consisted of butter, cheese, milk
and yoghurt; fish consisted of cod fish and salmon and meat consisted of beef,

chicken, lamb and pork (Table 17 in supplemental information).
3.3.1. Dairy

By cooking (Table 20 in supplemental information). Regarding
TEACprru (Figure 31A), raw dairy products showed higher antioxidant
capacity than roasted ones in the digestion fraction. However, raw products
showed a significantly (p < 0.05) higher antioxidant value than grilled
products in the fermentation fraction, as well as a higher total antioxidant
capacity. Regarding the TEACrrar method (Figure 31B), digestion of raw
products resulted in a significantly higher antioxidant capacity than UHT, but
lower than roasted foods. On the other hand, fer-mentation of raw products
released significantly more antioxidant power than UHT, which resulted as

well in a higher total antioxidant capacity.

By sample (Table 21 in supplemental information). In the case of
TEACprru (Figure 31C), comparing the means of the different dairy
products (ANOVA paired comparisons, p < 0.05), butter antioxidant capacity
was higher than that of cheese in the fermented fraction and total antioxidant
capacity; for TEACrrap (Figure 31D), milk and yogurt were less antioxidant
than the other dairy products for the fermented fraction and total antioxidant

capacity.
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Figure 31. Antioxidant capacity of digested-fermented dairy products
(butter, cheese, milk and yogurt) depending on the cooking technique ((31A)
TEACprru, (31B) TEACrrar) and depending on the sample ((31C)
TEACprrr, (31D) TEACrrar). Statistical analysis was performed through
ANOVA using raw vegetables to figures A and B or mean of all food groups
to figures C and D as the reference group. Statistic labels: *: p < 0.05, **: p
<0.01, ***: p <0.001, ****: p <0.0001, ns: not significant.

3.3.2. Fish

By cooking (Table 22 in supplemental information). No significant

differences were found for the TEACpppn assay (Figure 31A); for TEACrrar
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(Figure 31B), the digested fraction of raw fish was more antioxidant than
cooked ones when comparing the means of the different samples (ANOVA
paired comparisons, p < 0.05). In the case of the fermented fraction and total
antioxidant capacity, there were no significant differences, only for

TEACnprpH, where boiled fish was less antioxidant than raw.

On the other hand, by sample (Table 23 in supplemental information),
in the case of TEACpppu (Figure 31C), when comparing the means of the
different samples (ANOV A paired comparisons, p < 0.05), salmon (blue fish)
was more antioxidant than cod fish (white fish) after digestion; for the
TEACrrar method (Figure 31D), salmon (blue fish) was the most antioxidant
foodstuff when comparing means of different samples (ANOVA paired

comparisons, p < 0.05).
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Digestion Fermentation Total

£ 400
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Fig. 32 (Continued)
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Figure 32. Antioxidant capacity of digested-fermented fish (cod fish
and salmon) depending on the cooking technique ((32A) TEACprpH, (32B)
TEACrrar) and depending on the sample ((32C) TEACprru, (32D)
TEACrrar). Statistical analysis was performed through ANOVA using raw
vegetables or mean of all food groups as the reference group. Statistic labels:

*: p<0.05,**: p<0.01, ***: p <0.001, ****: p <0.0001, ns: not significant.

3.3.3. Meat

No significant differences were found in meat by cooking (Table 24
in supplemental information), either for TEACprpu (Figure 33A) or for
TEACrrar (Figure 33B). On the other hand, by sample (Table 25 in
supplemental information), for TEACpppnu (Figure 33C) lamb and pork were
significantly more antioxidant than beef and chicken after fermentation, as
well as the total antioxidant capacity. In the case of TEACrrar (Figure 33D)
the antioxidant capacity of chicken was higher than that of lamb, both total
antioxidant capacity and after in vitro fermentation. Differences between red
and white meat were analyzed (Table 26 in supplemental information) and

not many significant differences were observed (Figures 33E/F).
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The antioxidant capacities of meats and fish were also compared. In
this sense, fish showed significantly lower antioxidant capacity (TEACppph)

than meat in the fermentation fraction and total antioxidant capacity.

Digestion Fermentation Total Digestion
Digestion
Digestion

Figure 33. Antioxidant capacity of digested-fermented meat (beef,
chicken, lamb and pork) depending on the cooking technique ((33A)
TEACorrH, (33B) TEACrrar), depending on the sample ((33C) TEACprrH,
(33D) TEACrrapr) and depending of the type of meat, red or white ((33E)
TEACoprrH, (33F) TEACrrar). Statistical analysis was performed through
ANOVA using raw vegetables or mean of all food groups as the reference
group. Statistic labels: *: p < 0.05, **: p < 0.01, ***: p <0.001, ****: p <
0.0001, ns: not significant.
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3.4. Daily Antioxidant Intake

We first calculated the contribution of animal food consumption to the
daily anti-oxidant capacity intake taking into account just the consumption of
food of animal origin (Tables 14 and 15), so that their sum reaches 100%.
Dairy products showed the highest contribution to the daily antioxidant
capacity intake in the Spanish diet, ranging between 56% (DPPH assay) and
66% (FRAP assay) of the antioxidant capacity provided by foods of animal
origin. Meats also stood out with a contribution of 35% (DPPH assay) and
23% (FRAP assay). When we considered the antioxidant capacity computed
by portion size, fish contributed with a 25% (DPPH assay) and 62% (FRAP
assay), whereas meat con-tributed with a 43% (DPPH assay) and 45% (FRAP
assay) of the antioxidant capacity (Table 14).

Table 14. Contribution of food of animal origin consumption to the

daily antioxidant capacity (AOX) intake in the Spanish diet.

AOX/serving Mean contribution to Mean contribution
Analytical AOX/daily intake' intake? (umol to daily antioxidant

Food type assay (umol Trolox/day) Trolox/serving dall.z; :; li{téo();/l(;ant per serving intake
intake) ! 0 (%)
Dairy DPPH 49170 23198 56.3 14.1
Egg DPPH 5491 28871 6.29 17.6
Meat DPPH 31308 70944 359 432
Fish DPPH 1344 41173 1.54 25.1
AOX/serving Mean contribution to Mean contribution
Food type Analytical AOX/daily intake! intake? (umol daily antioxidant daily antioxidant
p assay (umol Trolox/day)  Trolox/serving 2; take (%) per serving intake
intake) ! ’ (%)
Dairy FRAP 57643 29660 66.2 34.0
Egg FRAP 7659 40271 8.79 46.2
Meat FRAP 20042 39518 23.0 454
Fish FRAP 1765 54028 2.03 62.0

!Considering consumption for a whole year

2Considering the intake of 1 serving.
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Regarding to the cooking method applied (Table 2), roasted dairy
products contributed a 18% to the daily antioxidant capacity coming from
foods of animal origin (DPPH assay), and raw dairy products a 19% (FRAP
assay). Taking into account the consumption portion, roasted meat
contributed up to a 32% of the daily antioxidant capacity (DPPH assay)
derived from an animal source while grilled-roasted fish contributed a 29%

(FRAP assay).
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Table 15. Contribution of food of animal origin, with different
culinary treatments, consumption to the daily antioxidant capacity (AOX)

intake in the Spanish diet.

AOX/daily AOX/serving Mean Mean contribution
Food  Thermal  Analytical intake! intake? contribution to to daily antioxidant
type  processing assay (umol (umol daily antioxidant per serving intake
Trolox/day) Trolox/serving) intake (%) (%)
Dairy Fried DPPH 4319 8539 1.69 3.35
Dairy Raw DPPH 4670 15299 1.83 6.00
Dairy Roasted DPPH 44700 23660 17.5 9.28
Dairy UHT DPPH 5973 19564 2.34 7.68
Egg Boiled DPPH 35026 46355 13.7 18.2
Egg Fried DPPH 5962 31351 2.34 12.3
Egg Grilled DPPH 6068 31908 2.38 12.5
Egg Roasted DPPH 12030 63257 4.72 24.8
Meat Boiled DPPH 6574 34568 2.58 13.6
Meat Fried DPPH 32686 72016 12.8 28.3
Meat Grilled DPPH 30649 70579 12.0 27.7
Meat Roasted DPPH 28329 82381 11.1 323
Fish Boiled DPPH 31625 71840 12.4 28.2
Fish Fried DPPH 1320 40085 0.52 15.7
Fish Grilled DPPH 1320 41083 0.52 16.1
Fish Raw DPPH 1460 44605 0.57 17.5
Fish Roasted DPPH 969 50549 0.38 19.8
Dairy Fried FRAP 7552 14410 342 6.53
Dairy Raw FRAP 41077 23419 18.6 10.6
Dairy Roasted FRAP 5973 19564 2.71 8.87
Dairy UHT FRAP 35026 46355 15.9 21.0
Egg Boiled FRAP 5962 31351 2.70 14.2
Egg Fried FRAP 6068 31908 2.75 14.5
Egg Grilled FRAP 12030 63257 5.45 28.7
Egg Roasted FRAP 6574 34568 2.98 15.7
Meat Boiled FRAP 21833 41983 9.90 19.0
Meat Fried FRAP 19589 38637 8.88 17.5
Meat Grilled FRAP 24088 45616 10.9 20.7
Meat Roasted FRAP 22053 40586 10.0 18.4
Fish Boiled FRAP 1593 48692 0.72 22.1
Fish Fried FRAP 1593 48939 0.72 222
Fish Grilled FRAP 2191 63983 0.99 29.0
Fish Raw FRAP 969 50549 0.44 229
Fish Roasted FRAP 1770 53802 0.80 24.4

!Considering consumption for a whole year
’Considering the intake of 1 serving.

The contribution of food consumption to the daily antioxidant intake

was also studied taking into account the total diet, including also vegetable
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foods (Table 16) using for calculations also our results recently published
regarding this type of food [14]. Taking into consideration the main food
groups of the Spanish diet, it is noteworthy to mention that dairy products
(35% in DPPH assay and 28% in FRAP assay) and meat (12% in DPPH assay
and 18% in FRAP assay) were the most antioxidant foods when the daily
intake was computed. If the serving size were used, the contribution to the
daily antioxidant capacity was slightly modified for meat (24% in DPPH
assay and 40% in FRAP assay) and fish (32% in DPPH assay and 23% in
FRAP assay). Thus, in the case of the DPPH method, the top five food groups
contributing to the daily antioxidant intake per serving were fish > egg > meat
tubers > fruits. In the case of the FRAP method: meat > fish > egg > fruits >

tubers.

Table 16. Antioxidant capacity distributed as a % of each food

group in relation to the total diet.

Mean contribution Mean contribution Mean contribution Mean contribution
to daily to daily antioxidant to daily to daily antioxidant

Typ edof antioxidant  capacity per serving  antioxidant  capacity per serving
Joo capacity intake intake (%) DPPH capacity intake intake (%) FRAP
(%) DPPH assay assay (%) FRAP assay assay
Dairy 35.1 18.1 28.1 13.2
Egg 4.70 24.5 3.10 16.5
Meat 12.2 24.1 17.9 40.5
Fish 1.10 329 0.80 23.5
Alcoholic
drinks! 0.70 2.20 4.40 10.1
Cereals' 13.6 3.90 12.7 3.40
Cocoa’ 0.60 4.20 0.60 4.60
Coffee! 0.20 0.90 0.60 2.80
Fruits’ 11.6 13.5 12.1 15.1
Legumes’ 0.80 10.1 0.70 9.20
Nuts! 0.80 3.50 0.70 2.70
Oils’ 0.30 0.20 1.10 0.60
Tubers! 9.00 19.0 6.50 14.3
Vegetables' 9.30 9.70 10.7 9.80

'Considering the data of reference [14]
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4. Discussion

In most cases, heat treatment positively affects the antioxidant
capacity of food [21-23]. In this study, foods subjected to different cooking
techniques were compared with their raw form. It was found that cooking
generally increased the antioxidant capacity of foods, especially fried foods.
Similar results have been found in other studies [24-26] which claim that olive
oil used for frying provides a high antioxidant capacity to the preparation.
However, some cooking techniques, such as boiling, could result in a loss of
hydrosoluble compounds in the cooking water, such as B vitamins, and

therefore antioxidant capacity could be reduced [21].

The highest antioxidant capacity was obtained after in vitro
fermentation of foods (more than 90% of the total antioxidant capacity). This
is an important result of our study, since in vitro fermentation potentially
release-transform bioactive compounds with high antioxidant capacity.
Therefore, the gut microbiota seems to play an important role in the release
of these compounds from the indigestible matrix of animal-derived foods [24,
25] as in the case of plant-derived foods [14]. Heat treatment catalyze
different chemical re-actions such the Maillard reaction [27-29]. In this sense,
cooking techniques with a high heat-load (i.e. frying, grilling and roasting)
can produce a large amount of melanoproteins [30,31], which are end-
products of the Maillard reaction with a high antioxidant capacity [32]. Such
melanoidins are hardly digested and reach the colon, where they are

metabolized by the gut microbiota [33].

The antioxidant capacity of digested meats (beef, chicken, lamb and
pork) ranged from 13.2 to 20.5 mmol Trolox equivalents/Kg meat (Table 26
in supplemental information) which are in line with those reported by other

authors [26]. However, the study reported by Carrillo et al., [26] doesn’t
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include the antioxidant capacity obtained after in vitro fermentation, which is
up to a 95% higher, reinforcing the idea that the fermentation step is needed
to check the overall antioxidant potential of a given food. Lamb and pork
meats were the most antioxidant meats with the DPPH method, while lamb
was the lowest one with the FRAP assay (Table 26 in supplemental
information). This could be related to the poor ability of lamb antioxidants to
reduce ferric ion to its ferrous form instead of quenching radical species [26].
In addition, although the antioxidant capacity of digested meat and fish was
similar (Table 19 in supplemental information) the final anti-oxidant capacity
of meat was higher, since more antioxidant compounds could be released after
fermentation. These differences could come from the feed that these animals
have. The feeding of meat-producing animals is more controlled than that of
fish, and they may have been fed feeds rich in compounds with antioxidant

activity [10].

In the group of dairy products, butter stood out as the food with the
greatest antioxidant capacity. This could be explained taking into account that
some antioxidant compounds in dairy products (such as a-tocopherol, [-
carotene, vitamins A and D3 and phospholipids) are found in milk fat, the

main component of butter [11].

Among all the foods chosen for this study, meat stood out for its
antioxidant capacity, while dairy products and fish had the lowest values,
which doesn’t mean that their contribution to the antioxidant capacity intake
with the diet is also lower. The antioxidant capacity provided by each food
was studied, taking into account daily consumption in a regular diet [19], as
well as portion sizes [20] (Table 14). In Table 15, the culinary treatments

applied were also taken into account. Dairy products, which are highly
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consumed by the Spanish population [19], stood out for their daily intake, as

well as roasted meat and grilled fish.

Till now, the efforts on calculating the contribution of the regular diet
to the daily antioxidant intake have been centered in plant foods [16,34], since
they provide many bioactive antioxidant compounds such as phenolic
compounds, vitamins, etc. Thus, our results cannot be compared with other
papers on the matter, since there is no scientific literature about the
contribution of animal foods to the daily antioxidant capacity. However,
foods of animal origin are also a good source of antioxidant compounds like
dipeptides (carnosine and anserine), uric acid, polyamines, ascorbic acid, a-
tocopherol, B group vitamins, carotenoids, ubiquinone, among others [26].
This is why we calculated the overall contribution of the Spanish diet to the
daily antioxidant capacity (Table 16) taking into account the intake of animal
origin foods (data reported in the paper) and plant foods [14]. The first
interesting result is that the Spanish diet provides an average of 175.1 (DPPH)
and 164.3 (FRAP) mmol Trolox/day, which is much higher than that
previously reported [34] for vegetable products only (6.1 mmol Trolox/day).
This could be explained taking into account that that the initials calculations
performed by Saura-Calixto and Goni [33] were computed with the usual
extraction method of antioxidant species, avoiding the large effects of
digestion and fermentation. In addition, it is noteworthy to mention that the
contribution of animal foods was notable (a 49.7% and 53.1% of the total
antioxidant capacity intake for DPPH and FRAP methods), reaching 87.1 and
87.3 mmol Trolox/day for DPPH and FRAP assays, respectively. The food
groups with a higher contribution to the daily antioxidant capacity intake of
the Spanish diet were as follows: dairy > cereals > meat > fruits > vegetables
> tubers > egg (DPPH) and dairy > meat > cereals > fruits > vegetables >

tubers > egg (FRAP). However, if an increase in antioxidant capacity intake
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should be recommended, them the food groups suggested (due to the high
antioxidant capacity provided by a portion) will be: fish > egg > meat > tubers

> dairy > vegetables (DPPH) and meat > fish > egg > fruits > tubers > dairy.
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5. Conclusions

In conclusion, this study reinforces the concept that foods of animal
origin could be considered as a good source of antioxidant compounds for
humans. This research has demonstrated that though animal origin food may
not be rich in bioactive antioxidant components (like plant foods)
gastrointestinal digestion and, more importantly, gut microbiota fermentation
can improve the antioxidant properties of such foods. Most of the antioxidant
power of these foodstuffs was released subsequent to in vitro gut microbiota
fermentation (around 90%). The food groups with the highest antioxidant
capacity were meat and fish. The foods that contributed the most antioxidant
capacity to the diet in terms of daily consumption were dairy products, while
in terms of portion size, the foods with the highest antioxidant capacity were
meat and fish. Therefore, the daily antioxidant capacity intake in the Spanish
diet has been revisited, finding that foods of animal origin contribute around
a 50% to the daily antioxidant capacity intake. So, further studies on
antioxidant capacity involving foods of animal origin after in vitro digestion
and fermentation should be carried out in the future in order to estimate their

contribution to the daily intake of antioxidant capacity.
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Table 17. Food of animal origin and cooking conditions.
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Group Sample name Cooking method
Dairy Butter Fried
Dairy Butter Raw
Dairy Cheese (Gouda) Fried
Dairy Cheese (Gouda) Grilled
Dairy Cheese (Gouda) Raw
Dairy Cheese (Gouda) Roasted
Dairy Milk UHT
Dairy Yogurt Raw

Egg Egg Boiled
Egg Egg Fried
Egg Egg Grilled
Egg Egg Roasted
Fish Cod fish Boiled
Fish Cod fish Fried
Fish Cod fish) Grilled
Fish Cod fish Roasted
Fish Salmon Boiled
Fish Salmon Fried
Fish Salmon Grilled
Fish Salmon Raw
Fish Salmon Roasted
Meat Beef Boiled
Meat Beef Fried
Meat Beef Grilled
Meat Beef Roasted
Meat Chicken Boiled
Meat Chicken Fried
Meat Chicken Grilled
Meat Chicken Roasted
Meat Lamb Boiled
Meat Lamb Fried
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Meat Lamb Grilled
Meat Lamb Roasted
Meat Pork Bolied
Meat Pork Fried

Meat Pork Grilled
Meat Pork Roasted

Table 18. Antioxidant capacity of in vitro digested-fermented foods

of animal origin depending on the cooking method.

Cooking
technique TEACprpu (umol Trolox/Kg food)
Digested fraction Fermented fraction Total antioxidant capacity
Boiled 12.5%>+4.81 354* + 270 368+ 272
UHT 5.45%°+2.92 2078 +£2.21 213*+5.13
Fried 14.5*+10.1 3222+ 233 336* + 232
Grilled 10.28%+5.49 326* + 237 361*+59.8
Raw 4.76*+5.41 2277+ 63.3 231°+63.3
Roasted 13.1%° + 7.64 347" + 240 360* + 242
TEACrrar (umol Trolox/Kg food)
Digested fraction Fermented fraction Total antioxidant capacity
Boiled 3.07*+£ 141 277°+71.4 280+ 71.3
UHT 0.77*+ 0.44 185*+2.45 1852 +£2.02
Fried 4.29*+2.50 282*+ 83.3 2872+ 83.5
Grilled 3.232+0.95 3422 + 147 347* + 155
Raw 441°+£2.19 2767+ 63.2 2812+ 62.8
Roasted 4.36*+2.37 281°+41.1 286 + 40.9
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Table 19. Antioxidant capacity of in vitro digested-fermented foods

of animal origin depending on the group.

Food TEACopru (umol Trolox/Kg food)
Digested fraction Fermented fraction Total antioxidant capacity
Dairy 4.98*+6.12 201%+ 54.5 206* +55.2
Egg 10.8%%+2.91 230% £ 66.0 241*+65.6
Fish 12.0° £+ 8.00 216 +36.1 228*+33.5
Meat 15.2°+6.90 463° + 284 499° + 280
Mean 8.60 + 5.98 278 110 294 + 109
TEACrgrar (umol Trolox/Kg food)
Digested fraction Fermented fraction Total antioxidant capacity
Dairy 5.03*+3.47 271* £ 67.0 276+ 68.3
Egg 5.68*+0.89 3307+ 169 336 + 169
Fish 2.73°+0.89 297* +96.6 300* £ 96.4
Meat 3.23°+0.87 288*+£77.3 288*+77.1
Mean 4.18+1.53 297 +102 300=+103

Table 20. Antioxidant capacity of in vitro digested-fermented dairy

foods depending on the cooking method.

Cooking
technique DPPH (mmol Trolox equivalents/Kg food)
Digested fraction Fermented fraction Total antioxidant capacity
UHT 5.45*+2.92 2072 +£2.21 213*+£5.13
Fried 10.32 +10.8 208*+36.4 218*+39.7
Grilled 4.54*+£0.52 142+ 0.09 146+ 0.44
Raw 3.01*+2.08 2252 +74.7 228*+74.5
Roasted 0.22% +0.05 170 +3.61 171* £ 3.66
FRAP (mmol Trolox equivalents/Kg food)
Digested fraction Fermented fraction Total antioxidant capacity
UHT 0.77* £ 0.44 1852 +£2.45 186*+2.01
Fried 7.30°+3.59 3332+ 6.00 340° +3.07
Grilled 2.75* +0.00 216*+53.4 219%b+ 534
Raw 4.25*+2.58 276 +74.7 28130+ 743
Roasted 9.36* + 0.46 270% £ 0.05 280%°+0.51
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Table 21. Antioxidant capacity of in vitro digested-fermented dairy
foods depending on the dairy type.

Sample DPPH (mmol Trolox equivalents/Kg food)
Digested fraction Fermented fraction Total antioxidant capacity
Butter 10.92 + 10.1 260° + 81.4 2712+ 76.0
Gouda 1.822+1.83 176 £ 25.6 178*+24.4
Milk 545*+£2.92 207*>+£2.21 213*>+£5.13
Yogurt 5.23*+0.65 180+ 11.9 18520+ 11.2
Mean 5.85+3.88 206 +30.3 212+29.2
FRAP (mmol Trolox equivalents/Kg food)
Digested fraction Fermented fraction Total antioxidant capacity
Butter 3.39%°+0.97 352+ 16.8 3552+ 15.9
Gouda 7.51°+3.14 269° +47.7 276+ 50.3
Milk 0.77* £ 0.44 1852 +£2.45 186 +2.01
Yogurt 2.62*% + 0.65 203*+11.8 2052+ 11.1
Mean 3.57+1.3 252+19.7 256 +19.8

Table 22. Antioxidant capacity of in vitro digested-fermented fish

depending on the cooking method.

Cooking
technique DPPH (mmol Trolox equivalents/Kg food)
Digested fraction Fermented fraction Total antioxidant capacity
Boiled 10.9? + 4.69 2122+ 10.1 223+ 9.96
Fried 10.4*+£11.3 225% + 64.6 236° +53.8
Grilled 13.02 + 8.90 218*+39.3 231*+38.2
Raw 10.0* + 10.5 231*+10.5 2412+ 0.05
Roasted 14.5* + 8.94 200* +29.2 214*+37.2
FRAP (mmol Trolox equivalents/Kg food)
Digested fraction Fermented fraction Total antioxidant capacity
Boiled 2.38*+0.09 268*+ 11.1 2712+ 11.2
Fried 2.39*+0.84 281+ 184 283*+ 184
Grilled 245+ 0.44 353*+114 355°+ 114
Raw 4.89°+0.02 276° £ 0.58 2812+ 0.59
Roasted 2.63* +£0.18 296° + 13.8 299+ 13.9
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Table 23. Antioxidant capacity of in vitro digested-fermented fish

depending on the fish type.

Sample DPPH (mmol Trolox equivalents/Kg food)
Digested fraction Fermented fraction Total antioxidant capacity
Cod fish 6.00°+ 6.26 2322 +43.3 238*+44.1
Salmon 16.7°+5.79 2028 +23.5 2198 +20.4
Mean 11.4+6.03 217 +£33.4 229+32.3
FRAP (mmol Trolox equivalents/Kg food)
Digested fraction Fermented fraction Total antioxidant capacity
Cod fish 2.20°+0.38 310*°+£96.9 3122 +£96.7
Salmon 3.16" + 0.96 287+ 100 290% = 100
Mean 2.68+£0.67 299 +98.5 301 £98.4

Table 24. Antioxidant capacity of in vitro digested-fermented meat

depending on the cooking method.

Cooking
technique DPPH (mmol Trolox equivalents/Kg food)
Digested fraction Fermented fraction Total antioxidant capacity
Boiled 13.22+5.11 4742 £ 311 488*+ 314
Fried 19.8+9.21 457*+303 477 £ 296
Grilled 10.6* £ 3.35 450° + 288 559* £ 268
Roasted 16.1°£5.52 470* + 291 487* + 290
FRAP (mmol Trolox equivalents/Kg food)
Digested fraction Fermented fraction Total antioxidant capacity
Boiled 2.65%+0.68 288*+95.0 290*+95.0
Fried 3.622 +1.21 263*+14.9 267*+15.7
Grilled 3.26°+0.39 3232+ 108 3252+ 119
Roasted 3.392+0.74 277*+57.7 280% + 57.7
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Table 25. Antioxidant capacity of in vitro digested-fermented meat

depending on the meat type.

Sample DPPH (mmol Trolox equivalents/Kg food)
Digested fraction Fermented fraction Total antioxidant capacity
Beef 20.5*+10.8 175* £ 16.5 201*+19.4
Chicken 13.2 + 8.94 196 £22.1 209° +16.2
Lamb 13.22+3.12 745° +31.1 759°+31.2
Pork 15.22 +2.67 7350+ 52.7 7500 + 54.5
Mean 155+34 463 + 320 480 + 317
FRAP (mmol Trolox equivalents/Kg)
Digested fraction Fermented fraction Total antioxidant capacity
Beef 331* £ 1.55 306>+ 95.0 3092+ 102
Chicken 3.122+0.55 3312+ 89.8 3352+ 89.8
Lamb 2.86*+0.80 228*+15.3 231°+14.9
Pork 3.64*+0.38 2850+ 499 2890 +50.1
Mean 3.23+0.33 288 £43.9 291 +44.2

Table 26. Antioxidant capacity of in vitro digested-fermented red

and white meat.

Other meats DPPH (mmol Trolox equivalents/Kg food)

Digested fraction Fermented fraction Total antioxidant capacity
Red meat 16.3* +7.99 460% + 296 520* + 287
White meat 14.2* + 5.88 466* + 281 480* + 282
Mean 15.3+1.48 463 +4.24 500+ 28.3

FRAP (mmol Trolox equivalents/Kg food)

Digested fraction Fermented fraction Total antioxidant capacity
Red meat 3.06*+1.15 2672 +77.1 269*+73.8
White meat 3.37+0.53 308+ 74.2 3122+ 74.1
Mean 3.20+0.22 288 £29.0 291 +30.4
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The Gut Microbiota of Obese Children Releases Lower Antioxidant
Capacity from Food than That of Lean Children

En este trabajo se estudi6 como la microbiota intestinal de nifios con
obesidad extraia una concentracion de capacidad antioxidante diferente a la
que era capaz de extraer la de nifios sin patologias. Para ello, se digirieron y
fermentaron in vitro diferentes alimentos, tanto de origen vegetal como
animal, con material fecal de nifios obesos y delgados. Se utilizaron tres
métodos diferentes para medir la capacidad antioxidante liberada durante la

digestion y la fermentacion in vitro.

233






Experimental

Nutrients, 2022, 14, 2829

https://doi.org/10.3390/nul4142829

IF: 6.706 Q1 Nutrition and Dietetics-SCIE 15/90

The Gut Microbiota of Obese Children Releases Lower Antioxidant
Capacity from Food than That of Lean Children

Beatriz Navajas-Porras!, Sergio Pérez-Burillo', Daniel Hinojosa-Nogueira!,
Konstantinos Douros?, Silvia Pastoriza't and José Angel Rufian-

Henares!--"*

! Departamento de Nutricién y Bromatologia, Instituto de Nutricion y
Tecnologia de Alimentos, Centro de Investigacion Biomédica, Universidad
de Granada, Granada, Spain.

2 Pediatric Allergy and Respiratory Unit, 3rd Department of Pediatrics,
“Attikon” University Hospital, National and Kapodistrian University of
Athens, School of Medicine, Athens, Greece.

3Instituto de Investigacion Biosanitaria ibs. GRANADA, Universidad de
Granada, Spain.

T These authors share the same authorship

* Corresponding author:

José A. Rufian-Henares, Dpto. Nutriciéon y Bromatologia,
Facultad de Farmacia, Universidad de Granada

Campus de Cartuja, 18012, Granada, Spain.

Telephone: +34 958 24 07 49

Fax: +34 958 24 95 77

E-mail: jarufian@ugr.es

235



Capitulo 11

Abstract

Prevalence of obesity has been increasing in children over the last
decades, becoming a concern for health professionals and governments. Gut
microbial community structure have been found to differ from that of lean
subjects for some taxa which could result in different production of microbial
metabolites. The aim of the present work was to study whether the gut
microbiota from obese children extracts different concentration of antioxidant
capacity than the gut microbiota from lean children. For this purpose,
different foods were in vitro digested and in vitro fermented using fecal
material from obese and lean children. FRAP, DPPH and Folin-Ciocalteu
methods were used to measure the antioxidant capacity released during
digestion and fermentation. Overall, when using lean gut microbiota,
antioxidant capacity released was higher when measured via DPPH and
FRAP. Moreover, according to DPPH results, lean gut microbiota could
potentially release more antioxidant power from vegetables than from animal
products, while obese gut microbiota did the opposite. On the contrary, with
the FRAP method obese gut microbiota released higher levels of antioxidant
power from plant products than from animal products, but the final
antioxidant capacity was still lower than that released by lean gut microbiota.
Therefore, these results reflect that the total antioxidant capacity of foods is
influenced by the gut microbiota, although whether that antioxidant capacity
is released from plant or animal products can be slightly influenced by the

method used for analysis.

Keywords: antioxidant capacity; in vitro digestion; in vitro fermentation;

obesity; children; gut microbiota.
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1. Introduction

According to the World Health Organization, obesity is defined as a
preventable risk factor that involves an abnormal or excessive accumulation
of fat that can be harmful to health and is one of the most serious health
problems of the 21st century. In particular, the global prevalence of childhood
obesity has markedly increased in recent decades and is considered a global
pandemic [1]. It is estimated that 12-36% of European children aged 7-11
years are overweight or obese [2]. In addition to a number of health problems
derived from obesity such as cardiovascular disease or diabetes, it is
increasingly recognized that gut microbial community structure and
functionality change in the context of non-communicable diseases such as

obesity [1,3].

The gut microbiota is considered a metabolic organ consisting of a set
of microorganisms and their genomes [1]. It is composed of members from
different phyla though Firmicutes and Bacteroides are the most dominant.
Obese patients have been found to show some disturbances in the community
such as lower alpha diversity [4,5]. Additionally, obese patients usually show
an increased Firmicutes/Bacteroides ratio [6-11]. There are also some bacteria
that is more often found in higher abundance in lean subjects: the family
Chistensenellaceae and the genera Methanobacterial, Lactobacillus,

Bifidobacteria and Akkermansia [11].

The gut microbiota plays an important role in human metabolism. In
fact, it is involved in modulating host nutrition, resulting in vitamin
production, fermentation of indigestible dietary components, production of
short-chain fatty acids, vitamins and essential amino acids, enrichment of
specific lipopolysaccharides, regulation of energy absorption, central

appetite, fat storage, chronic inflammation and circadian rhythms [12-14].
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Some of the most antioxidant compounds of the diet, phenolics, are actually
not absorbed in the small intestine, reaching the colon where they are, in great
extent, broken down by gut microbes [15,16]. Therefore, gut microbes can
potentially have a great influence on the antioxidant capacity that we are
actually obtaining from food. Accordingly, any disturbance in the microbial
community could result in an alteration in the concentration of antioxidant

capacity extracted from foods.

Different foods of animal origin (e.g. meat, fish, eggs) and most
vegetables are consumed after being cooked under different conditions [17].
Heat treatments directly impact the final composition of foods [18,19] due to
chemicals modifications such as the Maillard reaction [20]. In this sense,
boiling is the less aggressive cooking technique compared to frying, roasting
or grilling [21]. Therefore, assessing the effect of mild thermal treatments on

the antioxidant capacity is also necessary.

The aim of this work was to study the antioxidant capacity of
Mediterranean diet foods after in vitro digestion and in vitro fermentation. /n
vitro fermentation was performed with gut microbiota obtained from fecal

material from obese and lean children.

238



Experimental

2. Materials and Methods

2.1. Chemicals

2.1.1. In vitro digestion and fermentation

Pancreatin from porcine pancreas was acquired from Alpha Aesar
(Kandel, Germany). Tryptone, cysteine, resazurin, sodium dihydrogen
phosphate, sodium sulfide, porcine bile acids, pepsin and salivary alpha-

amylase were purchased from Sigma-Aldrich (Darmstadt, Germany).

2.1.2. Antioxidant Capacity

Trolox  ((£)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid), DPPH (2,2 diphenyl-1-1picrythydrazul hydrate 95%), sodium acetate,
TPTZ (2,4,6-Tri(2-pyridyl)-s-triazine), iron (III) chloride hexahydrate, gallic
acid, Folin-Ciocalteu® reagent and hydrochloric acid. All the reagents for the
analysis of antioxidant capacity were obtained from Sigma Aldrich

(Darmastad, Germany).

2.2. Samples

A total of 47 foods belonging to the following groups were studied:
nuts (nut mix and peanuts), cereals (bread, whole grain bread, pasta, whole
grain pasta, rice, whole grain rice, biscuits, whole grain biscuits, breakfast
cereals and whole grain breakfast cereals), vegetables (zucchini, pepper,
carrot, eggplant, onion, cauliflower, spinach, tomato, cabbage and lettuce),
legumes (kidney beans and lentils), fruits (apple, banana, orange, grapes,
plum, peach and olives), tubers (potato and sweet potato), cocoa (dark
chocolate and cocoa butter), dairy (butter, gouda, milk and yogurt ), meat

(chicken, beef, lamb and pork) fish (salmon and cod fish) and egg. Samples
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were analyzed either in their raw form or submitted to boiling in water for
those foods that are usually cooked. Boiling was carried out in ultra-pure
water for 20 min at a 5:1 ratio (water:food) on the following foods: pasta,
whole grain pasta, rice, whole grain rice, kidney beans, lentils, potato, sweet
potato, chicken, beef, lamb, pork, salmon, cod fish, egg, carrot, cauliflower,
onion, pepper, spinach and zucchini. The food was acquired from 3 retail
shops and stored refrigerated or in a cold room, according to the label or

retailer instructions.

2.3. In vitro digestion and fermentation

Every single sample was in vitro digested and fermented following
previous protocols [22,23]. For each sample, 5 g of sample were weighed (in
triplicate) for further in vitro gastrointestinal digestion and in vitro
fermentation. /n vitro digestion consists of 3 steps: oral, gastric and intestinal.
First, samples were weighed into a 50 mL tube. Five milliliters of simulated
salivary fluid with 150 U/mL were added and mixed into the 50 mL tube
carrying the sample and kept at 37°C for 2 min. Secondly, 10 mL of simulated
gastric fluid with 4000 U/mL of gastric pepsin were added to the mix, the pH
lowered to 3 and kept at 37 °C for 2 hours. Finally, 20 mL of simulated
intestinal fluid with 200 U/mL of pancreatin and 20 mM bile salts were added
into the tube, the pH increased to 7 and kept at 37°C for 2 hours. Enzyme
activity was halted by immersion in ice for 15 min. Tubes were centrifuged,
the supernatant (fraction available for absorption at the small intestine)
collected and the pellet (fraction not digested that would reach the colon) used

for in vitro fermentation.

Fecal samples from 5 lean donors and 5 from obese were used for the
in vitro fermentation. The common inclusion criteria for both groups of

children were age between 8 and 10 years as well as not having taken
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antibiotics or probiotics 3 months before the start of the study. Common
exclusion criteria were diagnosis of chronic gastrointestinal disorders or any
other chronic disease or special diet. Only lean children with a BMI between
the 5th and 85th percentile for sex, height and age were considered. For the
obese group, BMI had to be greater than the 95th percentile for sex, weight
and age. Recruitment of the study participants was done via the pediatric unit
at the hospital in Athens (Greece). Parents were given an informed consent as
well as information and questionnaires for inclusion/exclusion criteria. The
study was approved by ethics committee at the University General Hospital

in Athens.

Fecal material was pooled by donor group (lean children and obese
children) to account for inter-individual variability. /n vitro fermentation was
carried out at 37 °C for 20 hours, in oscillation. For this purpose, 0.5 grams
of the pellet obtained after in vitro gastrointestinal digestion were used, as
well as 10% of the supernatant. Fermentation medium composed of peptone
(14 g/L, cysteine 312 mg/L, hydrogen sulfide 312 mg/L and resazurin 0.1%
v/v) was added to the fermentation tube at a volume of 7.5 mL. A fecal
inoculum mas made from fecal material by mixing it with PBS at a
concentration of 33%. Two milliliters of inoculum were added to the
fermentation tube. Afterwards, nitrogen was bubbled into the tube until
reaching anaerobic conditions (transparent solution as opposed to pink when
oxygen is dissolved). After 20 hours at 37 °C, microbial activity was halted
by immersion in ice for 15 min and tubes were centrifuged to collect the
supernatant (fraction available for absorption at the large intestine), which
was stored at -80 °C until further analysis. Blanks carrying water instead of
sample were included in the in vifro digestion as well as in the in vitro

fermentation.
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2.4. Antioxidant Assays

Antioxidant capacity was studied in both the fraction obtained from in
vitro digestion (highly in the small intestine) as well as in the fraction
obtained after in vitro fermentation (absorbable in the large intestine). The
sum of these two fractions would make for the total antioxidant capacity of
the sample [24]. Three different methods were used to measure antioxidant
capacity since different antioxidant methodologies are usually carried out
under different physicochemical conditions such as pH or solvent. In addition,
different antioxidant assays can reflect different redox principles or use

different chemicals as donors/acceptors of electrons.

Folin-Ciocalteu assay. A previous protocol was followed [25]. It was
performed with a microplate reader (FLUOStar Omega, BMG Labtech,
Ortenberg, Germany). 30 puL of sample were added in duplicate to each of the
96 wells of a plastic plate. This was mixed with 190 uL of bidistilled water,
15 pL of Folin-Ciocalteu reagent and 60 pL of 10% sodium carbonate
solution. The calibration curve was prepared with gallic acid with a
concentration that ranged from 0.1 to 2.5 mg/mL. The antioxidant reaction
was monitored for 60 min at 37 °C. The results were expressed as mg gallic

acid equivalent/kg of food.

TEACEkrar assay. The protocol of Benzie and Strain [26] was followed
to study the reducing capacity of iron of the different samples. The procedure
was carried out in a microplate reader (FLUOStar Omega, BMG Labtech,
Ortenberg, Germany). In this case, 20 uL of sample were placed in duplicate
in the 96-well microplate and mixed with 280 pL of freshly prepared FRAP
reagent (25 mL of 0.3 mM sodium acetate pH 3.6, 2.5 mL of 20mM ferric
chloride and 2.5 mL of 40 mM TPTZ). The antioxidant reaction was

monitored for 30 min at 370C and the calibration curve ranged from 0.01-04
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mg of Trolox/mL. Results were expressed as mmol Trolox equivalent/kg

food.

TEACprph assay. This method was carried out following the protocol
of Rapisarda et al., [27]. The procedure was carried out in a microplate reader
(FLUOStar Omega, BMG Labtech, Ortenberg, Germany). Twenty puL of
sample were added in duplicate to each well of the 96-well plate and mixed
with 280 pL of DPPH reagent (74 mg/L methanol prepared daily). The
antioxidant reaction was monitored at 37 °C for 60 min and the calibration
curve ranged from 0.01 to 0.4 mg of Trolox/mL. Results were expressed as

mmol Trolox equivalent/kg food.

2.5. Statistical analyses

Statistical differences were computed using unpaired Kruskal Wallis
test with a 95% confidence comparing the antioxidant capacity of each food
group with the base-mean antioxidant capacity (average antioxidant capacity
presented by all groups). Therefore, we are showing whether one particular
food group exhibits higher or lower antioxidant capacity than the average. A
multivariate PCA was carried out to explore differences between groups.
Spearman parametric statistic was calculated to show the lineal relation
between antioxidant capacity at a p value < 0.05. Statgraphics Plus software,

version 5.1 was used to perform all the statistical analysis.
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3. Results

Antioxidant capacity was measured in the supernatant obtained after
in vitro digestion as well as in the one obtained after in vifro fermentation.
Both of them account for the total antioxidant capacity of a given food. It is
important to bear in mind that antioxidant values obtained after in vitro
digestion are the same for both type of subjects, lean and obese, since food
was only digested once and then fermented with both lean fecal material and
obese fecal material. Overall, in vitro fermentation accounted for most of the
total antioxidant capacity of the samples, as it will be laid out in the following
sections. Three different methods (Folin-Ciocalteu, TEACrrap and
TEACprru) were used to measure the antioxidant capacity. All values
obtained were corrected for the antioxidant capacity provided by chemicals,

enzymes and fecal material.

We checked for linear correlations using Pearson method between the
different antioxidant assays. Considering all the values (n = 1472), we
obtained significant (p < 0.05) correlations for the all the pairs: DPPH-FRAP
(coefficient = 0.29), DPPH-Folin-Ciocalteu (coefficient = 0.161) and FRAP-
Folin-Ciocalteu (coefficient = 0.632).

3.1. Antioxidant capacity produced during in vitro digestion of foods

DPPH analysis (Figure 34) showed that cocoa products, legumes and
fruits exerted significantly more antioxidant capacity than the average (p <
0.05) whereas dairy presented significantly lower values. The Folin-Ciocalteu
assay (Figure 34) showed that cocoa products, fish, meat and nuts produced
higher antioxidant capacity than the base-mean while fruits and vegetables
were on the opposite side (p < 0.05). Regarding TEA Crrar (Figure 34), cocoa

products again were the group with the highest antioxidant capacity.
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However, all the other food groups exhibited similar values with no

significant differences versus the base-mean (p < 0.05).

As summary, in vitro digestion presented cocoa products as the food
group with highest antioxidant potential in all three methods whereas opposite
results were found for other food groups. There are two situations catching
the eye: high Folin-Ciocalteu values achieved by meats and fish and low ones

obtained by vegetables and fruits in some assays. This will be discussed in

section 4.
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Figure 34. Antioxidant capacity of food obtained after in vitro
digestion of selected foods. DPPH expressed as mmol Trolox
equivalents/kg(L) of food; Folin-Ciocalteu (FC) expressed as mg equivalents
of gallic acid/kg(L) of food; FRAP expressed as mmol Trolox
equivalents/kg(L) of food. Diamonds represent the mean antioxidant capacity
of each group. Dots represent the antioxidant capacity of each food within the
group. Statistical analysis was performed via Kruskal Wallis test. Each of the
groups were compared to the average of all of them (i.e. base-mean). Statistic

labels: *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001, ns: not

significant.
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3.2. Study of antioxidant capacity of food fermented with fecal

material from lean children

DPPH analysis (Figure 35) showed that cereals presented the highest
antioxidant values (p < 0.05), while meat, fruits and fish (this one not
significantly) exhibited the lowest values. When we consider total antioxidant
capacity (Figure 36) (in vitro digestion values + in vitro fermentation values),

results are very similar with cereals at the top and meat at the bottom.

Folin-Ciocalteu assay (Figure 35) showed fish as the group with
significantly higher antioxidant capacity compared to the average of all food
groups (p < 0.05). Tubers, on the other hand, showed significantly lower
values (p < 0.05). Here again, it is surprising to have eggs or meats at similar
level than fruits or cocoa, whereas legumes are among the lowest in
antioxidant capacity. If we account for the antioxidant capacity released
during digestion (Figure 36), fish is still the most antioxidant, though now
cocoa products are also significantly above the base-mean. Vegetables

however, join tubers with significantly lower values.
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Figure 35. Antioxidant capacity of food obtained after in vitro
fermentation of selected foods with fecal material from lean children. DPPH
expressed as mmol Trolox equivalents/kg (L) of food; Folin-Ciocalteu (FC)
expressed as mg equivalents of gallic acid/kg(L) of food; FRAP expressed as
mmol Trolox equivalents/kg(L) of food. Diamonds represent the mean
antioxidant capacity of each group. Dots represent the antioxidant capacity of
each food within the group. Statistical analysis was performed via Kruskal
Wallis test. Each of the groups were compared to the average of all of them
(i.e. base-mean). Statistic labels: *: p < 0.05, **: p < 0.01, ***: p < 0.001,

*asx: p <0.0001, ns: not significant.

Regarding TEACrrap (Figure 35), although nuts, as a group, showed
the highest antioxidant capacity, only tubers and cocoa were significantly
above the base-mean (p < 0.05), due to differences between different types of
nuts. Vegetables showed, on the other hand, the lowest values. Similar results

were obtained when considering total antioxidant capacity (Figure 36).
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Figure 36. In vitro digestion values + in vitro fermentation values of
food obtained after in vitro fermentation of selected foods with fecal material
from lean children. DPPH expressed as mmol Trolox equivalents/kg(L) of
food; Folin-Ciocalteu (FC) expressed as mg equivalents of gallic acid/kg(L)
of food; FRAP expressed as mmol Trolox equivalents/kg(L) of food.
Diamonds represent the mean antioxidant capacity of each group. Dots
represent the antioxidant capacity of each food within the group. Statistical
analysis was performed via Kruskal Wallis test. Each of the groups were
compared to the average of all of them (i.e. base-mean). Statistic labels: *: p

<0.05, **: p<0.01, ***: p <0.001, ****: p <0.0001, ns: not significant.

3.3. Study of antioxidant capacity of food fermented with obese fecal

material

Regarding the DPPH assay (Figure 37), cocoa and meat showed the
highest antioxidant capacity (p < 0.05). On the other hand, no food group
showed significantly lower values than the average though tubers and
legumes were the ones with lowest antioxidant capacity. Total antioxidant
capacity showed similar results (Figure 38) though now eggs were second to

the lowest.
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Regarding the Folin-Ciocalteu assay (Figure 37), meats showed the

highest antioxidant values whereas tubers exhibited the lowest ones (p <

0.05). Cocoa products had a mean antioxidant capacity higher than meat

products though probably due to differences between products, there was no

significance. However, when considering total antioxidant capacity (Figure

38), cocoa was at the top with significantly higher values than the mean,

followed by meats.
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Figure 37. Antioxidant capacity of food obtained after in vitro

fermentation of selected foods with fecal material from obese children. DPPH

expressed as mmol Trolox equivalents/kg(L) of food; Folin-Ciocalteu (FC)

expressed as mg equivalents of gallic acid/kg(L) of food; FRAP expressed as

mmol Trolox equivalents/kg(L) of food. Diamonds represent the mean

antioxidant capacity of each group. Dots represent the antioxidant capacity of

each food within the group. Statistical analysis was performed via Kruskal

Wallis test. Each of the groups were compared to the average of all of them

(i.e. base-mean). Statistic labels: *: p < 0.05, **: p < 0.01, ***: p < 0.001,

*asx: p<0.0001, ns: not significant
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Figure 38. In vitro digestion values + in vitro fermentation values of
food obtained after in vitro fermentation of selected foods with fecal material
from obese children. DPPH expressed as mmol Trolox equivalents/kg(L) of
food; Folin-Ciocalteu (FC) expressed as mg equivalents of gallic acid/kg(L)
of food; FRAP expressed as mmol Trolox equivalents/’kg(L) of food.
Diamonds represent the mean antioxidant capacity of each group. Dots
represent the antioxidant capacity of each food within the group. Statistical
analysis was performed via Kruskal Wallis test. Each of the groups were
compared to the average of all of them (i.e. base-mean). Statistic labels: *: p

<0.05, **: p <0.01, ***: p <0.001, ****: p <0.0001, ns: not significant.
3.4. Comparison between lean and obese subjects

A PCA was carried out to study the distribution of the samples. Figure
39 shows the distribution of the samples in a 2-dimensional plot. PCA
represents, on one hand, that antioxidant capacity released during in vitro
digestion was different than that released during in vitro fermentation (see
section about contribution of each fraction to total antioxidant capacity). On

the other hand, it also showed how samples belonging to each type of children
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mostly cluster together. PCA is therefore showing that the ability to release

antioxidant capacity from foods could depend on the subject.
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Figure 39. PCA of total antioxidant capacity obtained from different
intervention groups with the three methods used (Folin-Ciocalteu, FRAP and

DPPH).

Overall, when foods were fermented with fecal material from lean
children, the antioxidant capacity released was higher, particularly in DPPH
and FRAP assays (Figure 40). Folin-Ciocalteu assay presented very similar
results for both type of subjects, and significant differences were only found
in vegetables and fish. Fecal material from lean children yielded higher (p <

0.05) antioxidant capacity from vegetables (DDPH), tubers (DPPH and
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FRAP), nuts (DPPH and FRAP), meat (FRAP), legumes (DPPH and FRAP),
fruits (DPPH and FRAP), fish (FOLIN-CIOCALTEU and FRAP), dairy
products (DPPH and FRAP), cocoa products (DPPH and FRAP) and cereals
(DPPH and FRAP). On the other hand, fecal material from obese children
only exhibited higher (p < 0.05) antioxidant capacity when fermenting

vegetables and measured via Folin-Ciocalteu.
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Figure 40. Comparison between the antioxidant capacity of different
food groups after in vitro fermentation with fecal material from obese and
lean children. DPPH expressed as mmol Trolox equivalents/kg(L) of food;
Folin-Ciocalteu (FC) expressed as mg equivalents of gallic acid/kg(L) of
food; FRAP expressed as mmol Trolox equivalents/kg(L) of food. Diamonds
represent the mean antioxidant capacity of each group. Dots represent the
antioxidant capacity of each food within the group. Statistical analysis was
performed via Kruskal Wallis test. Comparisons were made using “Lean” as
the reference group. Statistic labels: *: p <0.05, **: p <0.01, ***: p <0.001,

*akx: p<0.0001, ns: not significant.
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We also looked at how much each of the fractions (digestion and
fermentation) contributed to total antioxidant capacity or, in other words,
which process was able to extract the highest antioxidant power from the
foods under study (Figure 41A-B). As we can see, for both, lean and obese,
in vitro fermentation provided most of the antioxidant capacity. The
contribution of digestion to total antioxidant capacity was higher in obese
than in lean, especially when measured with DPPH, the reason being that

obese fecal material generally yielded less antioxidant power.
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Figure 41. Contribution to the total antioxidant capacity of the
fractions obtained after in vitro digestion and fermentation for lean and obese.
41A: Contributions fermenting with fecal material from lean children. 41B:

Contributions fermenting with fecal material from obese children.
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4. Discussion

In this work, a total of 48 different foods of plant and animal origin
were submitted to in vitro digestion followed by in vitro fermentation using
fecal material from different donors: healthy children and obese children.
Antioxidant capacity (DPPH, FRAP and Folin-Ciocalteu) was measured in
the potentially absorbable fraction obtained after in vitro digestion as well as

after gut microbial fermentation.

Regarding in vitro digestion results, cocoa showed the highest
antioxidant capacity for all three methodologies. Cocoa is known to possess
a high amount of phytochemicals, especially phenolic compounds from the
flavan-3-ol family such as catechin or epicatechin [28]. This could, in part,
explain why cocoa show the highest antioxidant value as well as why fruits
and legumes also showed significantly higher antioxidant capacity than the
base-mean with DPPH. Vegetables, on the other hand, was surprisingly found
as one of the least antioxidant group of foods. It has been found that due to
the nature of vegetable’s cell wall, these are hard to break down during
digestion which could lead to a reduced release of its content and thus,
phytochemicals during gastrointestinal digestion [29]. Some more aggressive
cooking methods such as grilling or frying would help making the structure
softer so it can more easily be broken down and release more antioxidant
capacity during digestion [29]. Similar behavior for vegetables was found

across all three methods.

However, meats and fish, followed by nuts, also exhibited
significantly higher antioxidant capacity than the base-mean when
antioxidant capacity was measured via Folin-Ciocalteu. At the same time,
vegetables, legumes and fruits showed lower values than the base-mean, only

significant for vegetables and fruits. These results did not fall within
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expectations. The Folin-Ciocalteu assay is often used to estimate total
polyphenol content [25]. However, it has been found that reducing
compounds interact with the reagent regardless of their actual antioxidant
power. Among those compounds we can find sugars or amino acids [28].
Therefore, the actual phenolic content could be overestimated [30]. In order
to test this possibility, we perform a correlation test between Folin-Ciocalteu
values a protein content for all 48 foods, finding it to be large (r = 0.8339)
and significant (p < 0.05).

FRAP, on the other hand, did not show much variation between
different food categories with the exception of cocoa and nuts, though the
latter did not show significantly higher antioxidant values than the rest. These
results would make sense regarding animal products which are not known for

their antioxidant potential and would also agree with DPPH.

Regarding in vitro fermentation with fecal material from lean
children, cocoa was once again among the top three foods with the highest
antioxidant capacity, though it was only significantly in the case of FRAP.
Nuts were also among those top three when using DPPH and FRAP methods,
though only significantly for DPPH. As commented above, cocoa [28] as well
as nuts are known carriers of phytochemicals such as phenolics [31]. High
protein foods were among the ones with the lowest antioxidant values
regarding DPPH whereas vegetables situated half way, probably due to large
differences between specific vegetable foods. Fruits also showed significantly
lower antioxidant potential than the base-mean although here too there were
large differences within the group. Cereals were the food group that showed
to be significantly above the base-mean for DPPH method. Comparatively
speaking, vegetables are now, after fermentation, producing more antioxidant

capacity than during digestion. This could indicate that their microbial
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degradation could help releasing antioxidants that otherwise would be

inaccessible.

Folin-Ciocalteu showed similar results to those obtained during in
vitro digestion with high protein foods showing some of the highest
antioxidant values, though only fish was statistically significant (p < 0.05).
Here again, we found a statistically significant correlation between protein
content and Folin-Ciocalteu values (r = 0.3942; p < 0.05). However, here is
not clear whether high antioxidant values are due to interactions as described
above or to actual antioxidant compounds. It has been proven before that
several bacterial species such as different Bacteroides, Eubacterium hallii or
Clostridium barlettii can metabolize aromatic amino acids into small phenolic
compounds, same as the ones produced in plants [32,33]. These include
phenylpropionic acids, phenylacetic acids or 4-hydroxy-phenylacetic acid
[32,33]. Therefore, though Folin-Ciocalteu values could indeed be
overestimated, some of the antioxidant capacity registered could come from
those phenolics. However, low DPPH and FRAP values of animal foods
could indicate that in this case, Folin-Ciocalteu is actually overestimating

antioxidant power.

As stated above, cocoa was, along with tubers and nuts (this one not
significantly) the ones with higher antioxidant power when measured via
FRAP. The rest of the groups showed similar antioxidant capacity and only
vegetables were significantly below the base-mean. Although there are great
differences within group, some vegetables did show low antioxidant values

whereas others displayed values comparable to other groups.

Regarding in vitro fermentation with fecal material from obese
children, cocoa was once more the most antioxidant group though only

significantly in the case of DPPH. We can probably suggest now that, overall,
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cocoa was the most antioxidant food. DPPH showed that high protein foods
were among the most antioxidant food groups, which was, in part, opposite
to what we found using lean fecal material. Since the DPPH reagent has not
been reported to react with proteins (as Folin-Ciocalteu), we tried to find
another explanation. This finding could be related to differences between gut
microbiota from lean and obese. As depicted in Figure 38, whereas meat is
second to cocoa using obese fecal material, when we use lean gut microbiota
the result is opposite and is, in fact, where differences between lean and obese
are the lowest (Figure 38). Actually, while lean gut microbiota can extract
significantly more antioxidant capacity from plat origin foods, obese gut
microbiota does the opposite and extracts significantly more from animal
products (Figure 42). There have been several reports that have consistently
found specific features of obese gut microbiota, probably the most apparent
is the depletion in Bacteroidetes and higher abundance of Firmicutes [34,35].
This would lead to a reduced ability to ferment plant polysaccharides when
compared to a lean microbiota [36]. Therefore, breakdown of vegetable cells
would become harder and lower concentrations of phytochemicals would be
released. Obesity has also been associated to high protein, high fat and low
fiber diets which could suggests that proteolytic pathways in gut microbes are
favored [37]. However, this would only explain why lean gut microbiota is
extracting more antioxidant capacity from plant origin foods. Riadaura et al.,
[36] carried out an experiment that involved a fecal transplantation to
gnobiotic mice from twins discordant for obesity. These authors found in
plasma higher concentrations of branched chain amino acids and some others
including phenyalanine and tyrosine which could indicate lower degradation
and formation of small phenolics. Then again, it has also been consistently
found that obese gut microbiota has an increased production of phenilalanine,
tyrosine and tryptophan [34,35]. Therefore, whether these amino acids are

coming from food protein degradation or not requires further study.

258



Experimental

A
DPPH
Obese
6001
400 200
200+
100+
0 4
B
FC
Lean
50000 1
600001
[}
] 40000
400001 30000
T
& %e@ & &
g & & R

(Figure 42 continued)

259



Capitulo 11

C

FRAP
Lean

ns

200

100

Figure 42. Antioxidant capacity released by lean or obese gut microbiota
from plant origin foods and animal products. (42A) DPPH; (42B) Folin-
Ciocalteu; (42C) FRAP. Statistical analysis was performed via Kruskal
Wallis test. Comparisons were made using “Vegetal” as the reference group.
Solid horizontal lines within shapes show 0.25, 0.5, and 0.75 quartiles.
Statistic labels: *: p < 0.05, **: p < 0.01, ***: p <0.001, ****: p <0.0001,

ns: not significant.

However, when antioxidant capacity was measured via FRAP and
Folin-Ciocalteu using obese gut microbiota, though meat showed high values
via Folin-Ciocalteu, animal foods presented in general lower values than plant
origin products. Nevertheless, Folin-Ciocalteu values were similar among
samples and only tubers and meats were significantly different than the base-
mean. When comparing Folin-Ciocalteu values between lean and obese
samples, they were very similar only showing differences for egg and fish,
which would require further and deeper research. FRAP on the other hand
exhibited higher antioxidant values when fermenting with lean fecal material

except for vegetables though fruit values were also close to one another.
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Although this coincides with DPPH, the specific behavior of the different
food groups was different than that found for DPPH. FRAP showed that lean
gut microbiota produced similar antioxidant capacity from animal and plant
origin products whereas obese gut microbiota produced higher values from
plant products. Whether this behavior is gut microbe related or due to the
assays’ chemistry, is hard to conclude and additional experiments with more
subjects from each group would be needed. However, regarding the
antioxidant assays chemistry, pH could be playing here an important role.
Whereas DPPH is carried out at pH 7, FRAP is carried out at pH 3.6. Both
assays are based on the same redox principle, transference of electrons from
the antioxidant to the radical (DPPH) or to the metal (FRAP) [38]. However,
polyphenols should be more antioxidant at pH closer to 7 because
deprotonation of phenols increase with pH and, therefore, electron transfer is
easier [39]. Accordingly, lean gut microbiota could be releasing more
phenolics from vegetables or fruits but they would not be detected, resulting
in similar values to those obtained with obese children. That could also be
true for small phenolics obtained from amino acid degradation. Regardless,
whether this is the reason or it lays on the metabolism of gut microbes would,

as commented above, require further investigation with a larger cohort.
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5. Conclusions

In conclusion, we evaluated a number of foods grouped in several
categories. Cocoa products (dark chocolate and cocoa butter) displayed,
overall, the highest antioxidant capacity. Antioxidant capacity of foods is
released in a two-step process: first, some of this antioxidant capacity is
released during digestion, usually more antioxidant power released from
those foods more easily digested whereas others, such as vegetables, release
lower concentrations. Regardless, most of the antioxidant capacity is released
during gut microbial fermentation, which could be due to two main reasons:
for plant origin foods (hard to digest due to lack of enzymes) most
phytochemicals could be released only after gut microbes have broken down
vegetal cells. Secondly, animal products that lack phytochemicals (they could
have some due to animal feeds) could exhibit their antioxidant power after
amino acids are fermented into small phenolics but not before as larger
peptides. Additionally, large differences were detected depending on whether
foods were fermented with lean or obese fecal material. Overall, when using
lean gut microbiota, antioxidant capacity released was higher, though this was
only true for DPPH and FRAP methods. Moreover, according to DPPH
results, lean gut microbiota could potentially release more antioxidant power
from vegetables than from animal products, while obese gut microbiota did
the opposite. FRAP, on the other hand, showed how it was obese gut
microbiota the one that released higher levels of antioxidant power from
plants products. Although this could be related to the chemistry of the
antioxidant assay, it is not clear and further investigation would help elucidate
it. Regardless, different antioxidant assays could show different antioxidant
behaviors although Folin-Ciocalteu has showed a potential interaction with

proteins or amino acids which would limit its usefulness.
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The Intake of Antioxidant Capacity of Children Depends on Their
Health Status

En el presente estudio, se digirieron y fermentaron in vitro 48
alimentos diferentes sometidos a distintos tratamientos culinarios utilizando
heces de niflos sin patologias, nifios obesos, nifios celiacos y nifios con alergia
a las proteinas de la leche de vaca. Se evalu6 la capacidad antioxidante con
los ensayos DPPH y FRAP y se dedujo el porcentaje que cada alimento
aportaba a la ingesta diaria de antioxidantes, asi como la capacidad
antioxidante por tamafio de racion. Asi se pudieron ver las diferencias en la
capacidad de cada una de las microbiotas intestinales utilizadas de extraer

compuestos con actividad antioxidante tras la fermentacion.
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Abstract

Gastrointestinal digestion of food and further gut microbial activity
render a myriad of different molecules that could be responsible for the
biological activities classically assigned to their parent compounds. This has
been previously showed for some phytochemicals whose anti-oxidant
capacity was either increased or decreased after being metabolized by gut
microbes. Whether global antioxidant capacity extracted from food is
determined by gut microbial com-munity structure is still not well-described.
In the present study, we in vitro digested and fermented 48 different foods
submitted to different culinary treatments using stools of lean children, obese
children, celiac children and children with allergy to cow's milk proteins. The
antioxidant capacity was assessed with the DPPH and FRAP assays and the
percentage that each food con-tributed to the daily antioxidant intake as well
as antioxidant capacity by portion size was inferred. Overall, cereals, fruits
and vegetables displayed higher contribution to daily antioxidant intake while
tubers, fish and meat exhibited higher antioxidant capacity by serving size.
Food fermented with lean and allergic to cow’s milk protein fecal material
showed higher antioxidant capacity, which could imply a larger role of the

gut microbiota.

Keywords: antioxidant capacity; in vitro digestion-fermentation,
children; gut microbiota, obesity, celiac disease, protein allergy, antioxidant

intake.
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1. Introduction

The gut microbiota is the community of living microorganisms that
reside and coexist in the gut. In the instance of humans, it consists of trillions
of microbial cells and hundreds of different species, making it one of the most
densely populated communities. It carries out a whole range of biochemical
and physiological functions that influence the metabolism of the host [1] and
it is responsible for the fermentation of food components. As a result, the gut
microbiota is able to generate different compounds that directly affect human
health in relation to nutrition, regulation of immunity and systemic
inflammation [2,3]. Among these compounds we find some antioxidants that
are transformed by the gut microbiota. This transformation is often essential
for their absorption and thus critical for them to exert their biological activity
[4-6]. The inter-individual variability and plasticity has hampered the
endeavour to define what a 'healthy' microbiota is. Therefore, markers of
microbiota stability such as richness, diversity and functionality are often
used as indicators of gut health due to their inverse association with certain

pathologies. [1].

The gut microbiota has been identified as an influencing factor in the
development of obesity by increasing the host capacity for energy harvesting
[7]. Some alterations in the gut microbial community structure have been
associated to obese people including a decrease in the Bacteroides levels
while increasing Firmicutes. It has also been observed that the microbiota of
obese individuals has a lower microbial biodiversity than that of lean
individuals [8]. Dysbiosis is a risk factor for celiac disease. This inflammation
of the small intestine is characterized by a continuous gluten intolerance
manifested in individuals with genetic predisposition [9]. Gut microbial

dysbiosis and some specific bacteria have been associated with celiac disease,
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either by increasing the inflammatory response to gluten or by directly
influencing mucosal immune responses [1,10]. Last but not least, food
allergies have been also associated with disruptions in the gut microbial

community structure [11-14].

Therefore, the objective of this paper is to study how different foods
can contribute to the daily antioxidant intake after being fermented with fecal
material from different children’s populations and whether gut microbial

differences play an important role or not.
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2. Materials and Methods

2.1. Chemicals

2.1.1. In vitro digestion and fermentation

Pancreatin (from Alpha Aesar, UK) was from porcine pancreas.
Sodium di-hydrogen phosphate, tryptone, pepsin, porcine bile acids, cysteine,
resazurin, sodium sulphide and salivary alpha-amylase were from Sigma-

Aldrich (Darmstadt, Germany).

2.1.2. Antioxidant Capacity

DPPH (2,2 diphenyl-1-1picrythydrazul hydrate 95%), Trolox ((%)-6-
Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid), iron (III) chloride
hexa-hydrate, TPTZ (2,4,6-Tri(2-pyridyl)-s-triazine), hydrochloric acid. All

these reagents were from Sigma Aldrich (Darmstadt, Germany).

2.2. Samples

A total of 48 samples belonging to different food groups have been
studied: cereals (biscuits, biscuits whole grain, bread, bread whole grain,
breakfast cereals, breakfast cereals whole grain, penne (pasta), penne whole
grain, rice and rice whole grain), cocoa (dark chocolate and Nutella), fruits
(apple, banana, grapes, olives, orange, peach, plum), legumes (kidney beans,
lentils), nuts (nut mixture and peanuts), oils (olive oil, sunflower oil), tubers
(potatoe and sweet potatoe), vegetables (cabbage, carrot, cauliflower, egg-
plant, lettuce, onion, pepper, spinach, tomatoe and zucchini), dairy products
(butter, gouda, milk and yogurt), egg, fish (cod fish and salmon) and meat
(beef, chicken, lamb and pork). Food items were purchased from 3 different

retail shop and stored at -80 °C until experimental processing.
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2.3. In vitro digestion-fermentation

Samples were submitted to in vitro digestion and fermentation
following our previous protocols [15,16]. For each sample, 5 g of food (in
triplicate) were weighed. In vitro digestion is divided into three steps: oral,
gastric and intestinal. First, 5 mL of simulated saliva with 150 U/mL salivary
alpha-amylase were added to 5 g of sample and blended in a 50 mL tube,
keeping them at 37 °C for 2 min. Subsequently, 10 mL of simulated gastric
fluid containing gastric pepsin (4000 U/mL) was added to the mixture, the pH
was lowered to 3 and kept at 37 °C for 2 hours. In the last step of the digestion,
simulated intestinal fluid (20 mL with 200 U/mL pancreatin and 20 mM bile
salts) was added to the tube, the pH was raised to 7 and maintained at 37 °C
for two hours. The enzymatic activity was stopped by immersion in iced water
during 15 min. The tubes were then centrifuged, the supernatant (fraction
potentially absorbed in the small intestine) was collected and the pellet
(undigested fraction that would reach the colon) was used for in vitro

fermentation.

Fecal samples from 4 different groups of children were used for in
vitro fermentation: 5 lean donors, 5 celiac donors, 5 obese donors and 5
donors with allergy to cow’s milk proteins. The inclusion criterion for all of
them was an age comprised from 8 to 10 years. Children taking probiotics or
antibiotics in the previous 3 months were removed from the study. For the
lean and obese groups, a common exclusion criterion was the diagnosis of
chronic gastrointestinal disorders or any other chronic disease or special diet.
The BMI of celiac, lean and milk-allergic children was comprised between
the 5th and 85th percentile for their gender, height and age. For the obese
group, BMI had to be above the 95th percentile for sex, weight and age. Each
stool was collected in a hospital of Athens (Greece) by the pediatric
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department. The informed consent document was signed by parents. That
form included all information of the study as well as the exclusion and
inclusion criteria. The study was approved at the University General Hospital

(Athens) by the corresponding ethical committee.

Fecal material was combined by group of donors to consider inter-
individual variability. /n vitro fermentation was performed in oscillation at
37 °C for 20 hours. For this procedure, 0.5 grams of the solid residue obtained
after in vitro gastrointestinal digestion, plus a 10% of the in vitro supernatant,

were used.

The fermentation medium included cysteine 312 mg/L, resazurin
0.1% v/v, peptone 14 g/L and hydrogen sulphide 312 mg/L. 7,5 mL of this
fermentation medium were added to the fermentation tube. Inoculum was
made from fecal material from each of the groups of children. Each of them
was mixed with PBS (at 33% concentration). Two mL of inoculum were
added to the fermentation tube (each food sample was fermented 4 times,
once for each inoculum). Then, in order to reach anaerobic conditions
nitrogen was bubbled, leaving a transparent solution (contrary to the pink
color obtained under the presence of oxygen). The microbial activity, after
fermentation at 37 °C for 20 hours, was finished by the immersion of tubes
for 15 min in ice; then, centrifugation was used to collect the supernatant (the
fraction that could be absorbed in the large intestine), which was finally stored
for further analysis at -80 °C. In vitro digestion and in vitro fermentation

included blanks carrying water instead of the sample.

2.4. Antioxidant Analyses

The fraction obtained from in vitro digestion was used to study its

antioxidant capacity, since it is potentially absorbable in the small intestine.
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The liquid fraction obtained after in vitro fermentation was also studied, since
it could be absorbed in the large intestine. Both fractions can be summed to
constitute the total antioxidant capacity of the sample [17]. Two different
assays were used to analyze antioxidant capacity on a microplate reader

(FLUOStar Omega, BMG Labtech, Germany).

The TEACrrar method was performed following the protocol of
Benzie and Strain [18]. With this method, the ability of the samples to reduce
iron is studied. Twenty pL of sample were added to a 96-well microplate and
mixed with 280 uL. of FRAP reagent (freshly prepared). This reagent consists
of 25 mL sodium acetate (0.3 mM, pH 3.6), 2.5 mL ferric chloride and 2.5
mL 40 mM TPTZ. The assay was monitored at 370C for half an hour at 595
nm and the calibration curve ranged from 0.01-04 mg Trolox/mL. All the

samples were assessed in duplicate.

The TEACprpu method was performed with the method of Brand-
Williams et al., [19]. Twenty puL of sample were added to a 96-well plate and
blended with 280 puL of DPPH daily solution (at a concentration of 74 mg
DPPH salt per L of methanol). The assay was followed at 520 nm for one
hour at 37 °C and the calibration curve ranged from 0.01 to 0.4 mg Trolox/mL.

All the samples were assessed in duplicate.
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2.5. Daily Antioxidant Intake Calculations and Mean contribution to

Daily Antioxidant per Serving Intake

The contribution of each group of foods to the daily intake of
antioxidant capacity within the diet of children was calculated in two different
ways. The first was by using the daily food intake according to EFSA [20]

and our results of antioxidant capacity with the following equation:

Daily Antioxidant Intake = Food daily consumption (g/day) *
Antioxidant capacity (umol/g)

The second way was by calculating the antioxidant capacity released
by each group of food in terms of the usual serving size for children,

according to a previous work [21] and our results of antioxidant capacity.

2.6. Statistical analyses

Statistically significant differences were calculated with the unpaired
Kruskal Wallis test at 95% confidence, comparing the contribution to
antioxidant capacity of each food group with the mean baseline antioxidant
activity provided. Thus, we show whether a particular food group has a higher
or lower contribution to the antioxidant capacity of the diet than the mean.
The Statgraphics Plus 5.1 software was used to compute all statistical

analyses.
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3. Results

In this study, the antioxidant power of foods were assessed in the
liquid supernatant which was released after the in vitro digestion-
fermentation. Thus, the total antioxidant capacity of a particular food is the
sum of both of the fractions. Each of the food items was in vitro digested once
but they were fermented with feces from each of the children. Therefore, the
antioxidant capacity that was obtained during digestion was the same for each
of the children. From these results, the daily antioxidant intake per food group
was calculated, grouping each food into its corresponding group, and taking
into account the EFSA data [20]. In the same way, the daily intake was
calculated, taking into account the regular serving size for children [21]. The
foods were grouped as is described in Section 2.2, and the averages were
calculated to perform the calculations per group and for the percentages of

the daily intake.

3.1. Daily Antioxidant Intake with the FRAP method

Total daily antioxidant intake was calculated for each children group.
According to EFSA [20] and our antioxidant capacity data, daily antioxidant
intake was: 111 mmol Trolox/day for healthy lean children, 59.9 mmol
Trolox/day for obese children, 72.6 mmol Trolox/day for celiac children and
142 mmol Trolox/day for allergic children. Therefore, allergic children were
able to extract the highest antioxidant potential from diet whereas obese
children did the opposite. When we consider specific food categories, cereals
con-tributed with the largest percentage in all 4 groups of children: 27% for
lean children, 22% for obese children, 22% for celiac children and 23% for
allergic children. Fruits and vegetables contribution to daily antioxidant
intake was only second to that of cereals. In contrast, cocoa and legumes

showed the lowest contribution to daily antioxidant intake. Cocoa,
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specifically, contributed with 0.5% for lean, obese and celiac children, and

0.2% for allergic children (Table 27 and Figure 43).

ALLERGIC CELIAC
® Cereals
® Cocoa
Fruits
\ H Legumes
\ \ Nuts
Oils
LEAN OBESE Tubers

Vegetables

® Dairy

Egg
Fish

\ \ Meat
Figure 43. Mean contribution to daily antioxidant capacity intake (%)

with FRAP assay in allergic, celiac, lean and obese children.

Overall, the food groups that showed the strongest contribution to
daily antioxidant intake for all 4 children population were cereals, dairy, fruits
and vegetables (Figure 44A). In fact, a statistically significant (p < 0.05)
higher daily antioxidant intake was obtained for allergic and lean children in
cereals and vegetables, while the daily intake of antioxidant capacity was only
statistically higher for allergic children in fruits, nuts and tubers. In terms of
daily antioxidant intake per serving size, fish was the highest contributing
food group (28-44%), while oils contributed the least (0.5-0.7%) (Figure
44B). The intake of antioxidant capacity per serving was statistically higher
(p < 0.05) for allergic children in the case of fish, nuts and tubers. We also
observed that the same food group always showed lower contribution to daily

antioxidant intake when such food group was fermented using obese fecal
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material. No other tendencies such as this one, were found though, as showed
by Figure 44A, results were heavily influenced by the source of the fecal
material used for fermentation. So, in conclusion, with the FRAP method is
seems that allergic children are able to extract more antioxidant capacity from

food and, on the contrary, obese children do the opposite.

When we studied the antioxidant capacity that each children
population was able to extract from a serving size, we observed that as before,
antioxidant capacity was lower when food was fermented with obese fecal
material (Figure 44B). Again, results showed that different fecal materials
meant differences in the antioxidant capacity obtained by serving size. The
highest antioxidant values were usually obtained when foods were fermented
using allergic fecal material although meat, eggs, legumes, cocoa, and cereals
exhibited higher antioxidant values when fermented using healthy fecal

material (Figure 44B).
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Figure 44. Differences in daily antioxidant intake (44A) and per
serving intake (44B) in different foods groups in allergic, celiac, lean and

obese children.
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Table 27. Contribution of food consumption to the daily antioxidant

capacity (AOX) intake in the children’ diet with FRAP assay.

AOX/daily AOX/serving

Mean

Mean contribution to

intake intake! contribution to
Food goup Child daily antioxidant per
(umol (umol daily antioxidant
serving intake (%)
Trolox/day) Trolox/serving) intake (%)

Cereals Lean 30,550 7620 27.4 6.84
Cocoa Lean 537 4284 0.48 3.85
Fruits Lean 19,544 25,697 17.5 23.1
Legumes Lean 648 8600 0.58 7.72
Nuts Lean 2739 6280 2.46 5.64
Oils Lean 1328 709 1.19 0.64
Tubers Lean 9105 25,891 8.17 232
Vegetables Lean 19,487 14145 17.5 12.7
Dairy Lean 13,884 10,583 12.5 9.50
Egg Lean 3487 18,334 3.13 16.5
Fish Lean 1089 34,598 0.98 31.1
Meat Lean 8999 20,143 8.08 18.1
Cereals Obese 13,264 3799 22.1 6.33
Cocoa Obese 283 2217 0.47 3.70
Fruits Obese 12,576 15,136 21.0 25.2
Legumes Obese 405 5363 0.67 8.94
Nuts Obese 569 2029 0.95 3.38
Oils Obese 592 408 0.99 0.68
Tubers Obese 6210 14,305 104 23.9
Vegetables Obese 11,243 12,004 18.7 20.0
Dairy Obese 6212 5365 10.4 8.95
Egg Obese 2260 11,883 3.77 19.8
Fish Obese 566 17,219 0.94 28.7
Meat Obese 5788 11,555 9.65 19.3
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AOX/daily AOX/serving

Mean

Mean contribution to

Food goup Child intake intake" contribution to daily antioxidant per
(umol (umol daily antioxidant serving intake (%)
Trolox/day) Trolox/serving) intake (%)
Cereals Celiac 16,337 4159 22.5 5.72
Cocoa Celiac 375 2980 0.52 4.10
Fruits Celiac 13,179 16,514 18.1 22.7
Legumes Celiac 633 8397 0.87 11.6
Nuts Celiac 1606 4344 2.21 5.98
Oils Celiac 996 531 1.37 0.73
Tubers Celiac 5787 15,207 7.96 20.9
Vegetables Celiac 11,566 10,063 15.9 13.8
Dairy Celiac 10,105 8228 13.9 11.3
Egg Celiac 3738 19,656 5.14 27.0
Fish Celiac 792 24,705 1.09 34.0
Meat Celiac 7559 15604 10.4 21.5
Cereals Allergic 34,182 7153 24.0 5.02
Cocoa Allergic 340 2813 0.24 1.98
Fruits Allergic 29,123 32,369 20.5 22.7
Legumes  Allergic 475 6310 0.33 4.43
Nuts Allergic 54,078 10,517 3.80 7.38
Oils Allergic 1367 724 0.96 0.51
Tubers Allergic 15,758 50,781 11.1 35.7
Vegetables  Allergic 26,811 21,372 18.8 15.0
Dairy Allergic 16,272 12,268 11.4 8.61
Egg Allergic 2316 12,176 1.63 8.55
Fish Allergic 2028 63,938 1.42 44.9
Meat Allergic 8332 16,568 5.85 11.6

I Considering the intake of 1 serving.
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3.2. Daily Antioxidant Intake with the DPPH method

Calculations showed a daily antioxidant intake of 245 mmol
Trolox/day for healthy children, 80.3 mmol Trolox/day for obese children
whereas for celiac children was 81.3 mmol Trolox/day and for allergic
children 97.7 mmol Trolox/day. Therefore, healthy children were the ones
able to extract higher antioxidant capacity values, at least daily. Again, fecal
material source determined which food group was responsible for most of the
daily antioxidant capacity. Thus, while healthy and allergic children were able
to scavenge more antioxidant capacity from cereals, obese and celiac children
used fruits as their main antioxidant source. Regardless of the fecal material
used for fermentation, cereals, fruits and vegetables were always on the top 3
which is in the same line as results obtained with FRAP assay. In contrast,
cocoa and oil were the groups with a lower contribution to the daily intake of

antioxidant capacity (Table 28 and Figure 45).
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Figure 45. Mean contribution to daily antioxidant capacity intake (%)

with DPPH method.
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As FRAP assay showed before, obese fecal material also extracted the
lowest antioxidant values according to the DPPH assay, except for dairy
products and tubers (Figure 46A). However, the main difference from FRAP
assay is that here, the feces from healthy lean children was the one able to
extract the highest antioxidant capacity (p < 0.05) either daily or by serving
size (Figure 46A) for cereals, dairy, fruits, tubers and vegetables.

In terms of the contribution to daily antioxidant intake per serving, in
all four groups of children, fish was the highest contributing food group (25-
38%), while oils contributed the least (0.3-0.6%), as in FRAP assay (Figure
46B). Regarding the differences between the groups of children, the group of
lean healthy children had the highest antioxidant capacity per serving in all
food groups, being statistically significant (p < 0.05) for cereals, dairy, fish,
fruits, legumes nuts, tubers and vegetables. This was followed by the group
of allergic children, except for fish, meat and nuts, where the second place
was occupied by celiac children. The group of obese children ranked last in
almost all food groups, except for fruits, cocoa, tubers and vegetables, where

celiac children had the lowest antioxidant capacity per serving. (Figure 46B).
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Figure 46. Differences in daily antioxidant intake (46A) and per
serving intake (46B) in different foods groups in allergic, celiac, lean and

obese children.
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Table 28. Contribution of food consumption to the daily antioxidant

capacity (AOX) intake in the children’ diet with FRAP assay.

AOX/daily AOX/serving

Mean

Mean contribution to

intake intake! contribution to
Food goup Child daily antioxidant per
(umol (umol daily antioxidant
serving intake (%)
Trolox/day) Trolox/serving) intake (%)

Cereals Lean 69,285 21,222 28.3 8.66
Cocoa Lean 1131 9290 0.46 3.79
Fruits Lean 39,462 48,910 16.1 20.0
Legumes Lean 1751 23,332 0.71 9.52
Nuts Lean 4277 11,966 1.74 4.88
Oils Lean 1376 844 0.56 0.34
Tubers Lean 29,273 58,727 11.9 24.0
Vegetables Lean 43,011 39,670 17.5 16.2
Dairy Lean 26,546 19,352 10.8 7.89
Egg Lean 6830 35911 2.79 14.6
Fish Lean 2161 65,047 0.88 26.5
Meat Lean 8999 20,143 8.08 18.1
Cereals Obese 14,937 4387 18.6 5.46
Cocoa Obese 560 4750 0.70 5.92
Fruits Obese 16,215 19,408 20.2 24.2
Legumes Obese 882 11,714 1.10 14.6
Nuts Obese 1001 3720 1.25 4.63
Oils Obese 751 444 0.94 0.55
Tubers Obese 6445 14801 8.0 18.4
Vegetables Obese 13,848 13,540 17.2 16.9
Dairy Obese 10,473 7958 13.0 9.91
Egg Obese 2839 14929 3.54 18.6
Fish Obese 828 24599 1.03 30.6
Meat Obese 11,521 23,155 14.35 28.8
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AOX/daily AOX/serving

Mean

Mean contribution to

Food goup Child intake intake! contribution to daily antioxidant per
(umol (umol daily antioxidant serving intake (%)
Trolox/day) Trolox/serving) intake (%)
Cereals Celiac 15,222 4917 18.7 6.04
Cocoa Celiac 490 3936 0.60 4.84
Fruits Celiac 15,667 18,125 19.3 223
Legumes Celiac 824 10,942 1.01 13.5
Nuts Celiac 1196 4218 1.47 5.19
Oils Celiac 832 487 1.02 0.60
Tubers Celiac 6648 16,274 8.20 20.0
Vegetables Celiac 14,410 13,117 17.7 16.1
Dairy Celiac 8985 7675 11.0 9.44
Egg Celiac 3659 19,242 4.50 23.7
Fish Celiac 958 28,529 1.18 35.1
Meat Celiac 12,456 28,102 15.31 34.5
Cereals Allergic 22,607 6289 23.1 6.44
Cocoa Allergic 586 4729 0.60 4.84
Fruits Allergic 19,192 22,530 19.7 23.1
Legumes  Allergic 873 11,623 0.89 11.9
Nuts Allergic 1147 4039 1.17 4.14
Oils Allergic 864 527 0.89 0.54
Tubers Allergic 6622 17,876 6.78 18.3
Vegetables  Allergic 17,708 20,284 18.1 20.8
Dairy Allergic 12,923 9343 13.2 9.57
Egg Allergic 2658 13,974 2.72 14.3
Fish Allergic 910 27,299 0.93 28.0
Meat Allergic 11,566 22,532 11.8 23.1

! Considering the intake of 1 serving.
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4. Discussion

At present, there is not much scientific literature on antioxidant
capacity intake. Saura-Calixto and Goni [22] studied it for the adult
population, and did not take into account the physiological processes that food
undergoes, such as digestion and fermentation. These processes considerably
increase the antioxidants ingested by degrading compounds and releasing
others with higher antioxidant capacity [15,22]. Furthermore, they only
studied foods of plant origin, when in fact, foods of animal source also
provide a high quantity of compounds with antioxidant capacity, such as
dipeptides, polyamines, uric acid, B vitamins, among others [23]. In our
previous work [24,25], foods of animal and vegetable origin were taken into
account for the intake of compounds with antioxidant activity in the Spanish
diet for the adult population. In the results for adults, the foods that
contributed most to the daily intake of antioxidant capacity were dairy
products and meats, while for children it was cereals and vegetables, except
in the group of obese children where fruit made a greater contribution than
cereals. Overall, cereals contributed between 22-27% for the FRAP method
in all four groups of children and between 19-28% for the DPPH trial (except
in obese children, where fruit contributed 20% and cereals only 17%).
Vegetables contributed between 16-19% for the FRAP method and between
17-18% for the DPPH method.

For adults, the foods that contributed the most when using serving size
were fish and meat. For children, these food groups were tubers and fish (30-
45%) for the FRAP method, except in children with celiac disease, where the
foods that contributed the most anti-oxidant capacity per serving were fish
and eggs (27%). For the DPPH method, the results coincided with those of
adults, with meat (23-34%) and fish (27-35%) being the food groups, except
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in lean children, where, as in FRAP, fish and tubers (24%) were the groups

of food with the strongest antioxidant capacity per serving.

Differences in the estimated daily food intake as well as in the serving
size between adult and children population could be behind these
disagreements regarding antioxidant capacity. Furthermore, while for the
adult population Spanish reference intakes were used [26,27] for the children
population we decided to use references obtained for children since fecal
material was obtained precisely from Greek children [20,21]. However,
focusing on the serving size, both studies agree with the high antioxidant
capacity found in meat and fish which could be explained by those
compounds mentioned earlier as well as by the feeding of the animals

themselves [28].

DPPH antioxidant values were usually higher than those obtained via
FRAP assay: lean children (245 mmol Trolox/day in DPPH > 111 mmol
Trolox/day in FRAP), obese (80.3 mmol Trolox/day for DPPH vs. > 59.9
mmol Trolox/day for FRAP) and celiac (81.3 mmol Trolox/day for DPPH >
72.6 mmol Trolox/day for FRAP). However, the opposite was true for allergic
children (97.6 mmol Trolox/day for DPPH < 142 mmol Trolox/day for
FRAP).
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5. Conclusions

In the current paper we studied the antioxidant intake per day and per
serving in three groups of children with different pathologies, as well as in
lean healthy children. The differences between the groups suggest that the gut
microbiota has a fundamental role in the release of compounds with
antioxidant capacity when fermentation takes place at the colonic level.
However, since no further investigation of gut microbial community structure
was performed, via 16 TRNA or any other, we cannot ensure that our results
are actually due to different microbial community structure. For the FRAP
method, the group that was able to produce (and therefore ingest more
antioxidant compounds) were the children allergic to cow's milk protein,
which could mean that their microbiota generates compounds with a greater
capacity to reduce iron than the other groups. Lean children were in second
place, and celiac and obese children were in last place. In the case of DPPH,
it was lean children who ingested the most compounds with antioxidant
capacity daily. Cereals, vegetables, and fruits stood out for their contribution
to daily antioxidant intake. On the other hand, tubers, fish, and meats stood
out for their contribution to antioxidant intake per serving size. Few authors
study daily antioxidant intake, and if they do, they do not consider the process
of digestion and fermentation of foods during which many antioxidant
compounds are generated through the metabolization of others. Foods of
animal source are also often neglected in such scientific studies. These
conclusions highlight the need for further research in this area, as the

scientific literature is scarce and incomplete.
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Relationship of Thermal Treatment and Antioxidant Capacity in

Cooked Foods

En el presente trabajo se estudid la produccion de furosina, HMF y
furfural en alimentos (tanto de origen animal como vegetal) que se sometieron
a diferentes técnicas de cocinado. Ademas, se investigaron las correlaciones
entre dichos marcadores de dafio térmico con la capacidad antioxidante
producida tras la digestion y fermentacion in vitro. Con este trabajo se

cumplirian los dos ultimos objetivos de la presente tesis doctoral.
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Abstract

Most of the foods we eat undergo a cooking process before they are
eaten. During such process, the non-enzymatic browning occurs which
generates compounds such as furosine, 5-hydroxymethylfurfural (HMF) and
furfural. These are considered markers of cookedness and can therefore be
used as quality indicators. In this work, we study the production of these com-
pounds in different foods (both of plant and animal origin) that are cooked
with different techniques. Additionally, we investigate correlations between
the production of these markers of cookedness and the antioxidant capacity
produced after in vitro digestion and fermentation. We observe that, in
general, cereals and vegetables are more thermally damaged. Toasting and
frying produce the highest concentrations of Maillard compounds whereas
boiling the lowest. Furosine content shows a significant positive correlation
with in vitro digestion data in fried foods, and with fermentation in roasted
foods. Furfural content shows a significant positive correlation with in vitro

digestion results in roasted foods, specifically in the Folin-Ciocalteu method.

Keywords: Maillard reaction, furosine, HMF, furfural, cooking,

antioxidant activity.
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1. Introduction

Cooking a food is an operation that can modify its characteristics to
improve the organoleptic properties, digestibility and hygienic conditions. In
addition, cooking most frequently involves a heat source in order to raise its
temperature. As consequence, food undergoes physical, chemical, or
biological changes. Although cooking usually improves taste, flavor or make
food safe to be consumed, it can also have a negative impact on the food
chemical composition and by extension on human health [1]. There are
several types of cooking that can be classified according to how heat is
transmitted onto the food. For example, frying or grilling use fats as the
medium to transfer heat to the food [2] whereas boiling uses water. On the
other hand, others (like roasting) use the air to transfer heat to the food

surface.

Heating favors a plethora of chemical changes within the food, some
of those as consequence of the non-enzymatic browning, including the
Maillard reaction [3]. This reaction involves a set of chemical chain reactions
that is favored when food is subjected to moderate heat and gives rise to a
plethora of molecules responsible for new colors, smells, tastes and textures
that are usually pleasing to the consumer [4,5], although undesirable aromatic
substances and brown compounds may also be produced [6]. In order to allow
the reaction takes place, a free carbonyl group is needed (such as those from
reducing sugars, oxidized lipids or B group vitamins) as well as free amino
groups from an amino acid, peptide or protein [7]. The Maillard reaction is
divided into three stages; during the early stage, while it is still reversible and
browning has not yet occurred, sugars and amino acids begin to degrade [8,9].
Furosine appear during this stage [10]. It was one of the first products to be

identified for the Maillard reaction. The concentration of this compound has
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been shown to increase as a function of the heat treatment applied and is
another marker of heat damage [11,12]. Secondly, the intermediate stage,
involves dehydration of sugars by enolic isomerization, giving rise to furfural
and 5-hydroxymethylfurfural (HMF) among other compounds. Furfural
content of foods correlates with undesirable flavors and is therefore a good
quality indicator [13]. HMF also allows to monitor intermediate stages of the
Maillard reaction and it is an indicator commonly used by the food industry
to assess heat damage in plant food products [14,15]. The final stage involves
polymerization and formation of high molecular weight-colored substances

called melanoidins [16].

It is remarkable that water-soluble compounds generated during MR
have shown the ability to neutralize free radicals [17]. Such antioxidant
capacity is proportional to the degree of browning [18] and has a close
correlation with the compounds generated from the intermediate and late
stages, as well as with the type of sugar involved in the reaction [19]. Despite
the partial loss of natural compounds with antioxidant activity that may occur
during food processing, antioxidant properties could be maintained and even
increased due to the formation of new compounds through the development
of the Maillard reaction [20] or release by cell breakage [21]. In previous
studies we found that cooking techniques strongly modify the antioxidant
capacity of plant [22] and animal foods [23]. Therefore, the aim of this study
was to unravel the potential contribution of the development of non-
enzymatic browning to the antioxidant capacity of foods. To do that, 23 of
the most commonly consumed foods in Spain were submitted to common
cooking techniques (including frying, roasting, toasting, boiling and grilling).
Furosine, HMF and furfural concentrations were analyzed as indicators of
non-enzymatic browning, related with the cookedness of foods. In addition,

correlation studies were carried out between these indicators and antioxidant
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capacity in the same foods with the same cooking, both after in vitro digestion

and colonic fermentation stages.
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2. Materials and Methods

2.1 Chemicals

Furosine was purchased from NeoMPS (Strasbourg, France).
Furfural, 5-(hydroxymethyl)furfural, hydrochloric acid, methanol, and
acetonitrile (HPLC grade) were obtained from Sigma-Aldrich (Taufkirchen,
Germany). Alpha Aesar provided the pancreatin in the porcine pancreas
(UK). The remaining chemicals, which included analytical-grade salts and
enzymes for in vitro digestion and fermentation as well as chemicals and
solvents for the determination of antioxidant capacity, were bought from

Sigma-Aldrich (Taufkirchen, Germany).

2.2. Foods and cooking conditions

A total of 20 foods were studied, included in these groups: cereals
(bread, bread whole grain, penne, penne whole grain, rice, rice whole grain),
egg, fish (cod fish and salmon), fruits (apple and banana), legumes (beans and
lentils), meat (pork, beef, chicken and lamb), tubers (potato) and vegetables
(capsicum, carrot, cauliflower, onion and tomato). Different thermal
processes were applied to the samples: boiling, frying, grilling, roasting and
toasting). Fruits, tubers and vegetables were cut into different sizes so that the
same texture was achieved after the different cooking processes (Table 33 in

supplemental information).

For grilling and frying, extra virgin olive oil (EVOO) was used as a
cooking medium. Boiling was performed at a water/food rate of 5:1, for 20
min at 100 °C. Grilling was carried out at an oil/food rate of 0.5:1, for 3 min
on each side, at 220-250 °C. Fried foods were obtained at an oil/food rate of

5:1, at 180 °C for 8 min. Roasting was performed for 10 min at 180 °C.
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Toasting was carried out for 3 min at 900 W, in a Grunkel TS140H toaster at
the fourth level following the manufacturer’s instructions. Cooking times and

food/average rates were acquired from previous work [2].

The utensils used for foods preparation were forks and knives,
stainless steel spoons; frying pan, saucepan, fryer, a portable oven (1500 W),
and toaster. These utensils were acquired at Centro Hogar Sanchez (Granada,
Spain). Cooked foods were homogenized and stored at -80 °C under a

nitrogen atmosphere. All analyses were performed in duplicate.

2.3. Furosine, HMF and Furfural Assays

Furosine assay was carried out following the method of Delgado-
Andrade et al., [24]. Samples were hydrolyzed for 23 hours at 120 °C with
7.95 M HCL. The hydrolysate was purified with a Sep-pack C18 cartridge
(Millipore, MA), and the resulting solution was analyzed by ion pair RP-
HPLC. The analysis was performed in duplicate, and the data are mean values
expressed as pg/g food and pg/g of protein. Protein in each food was

estimated from a database [25].

HMF and furfural were determined following a previously described
protocol [14]. Ground samples were suspended in deionized water, clarified
with Carrez I (potassium ferrocyanide, 15% w/v) and Carrez II (zinc acetate
30% w/v) solutions. The resulting solution was analyzed by RP-HPLC. The
analysis was performed in duplicate, and the data are mean values expressed

in pg per g of food.
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2.4. In vitro gastrointestinal digestion and fermentation and

antioxidant capacity

All samples were submitted to in vitro digestion-fermentation
according to the protocol previously described [26,27]. Five g of each food
were subjected to in vitro gastrointestinal digestion followed by in vitro
fermentation, in triplicate. The in vitro fermentation was carried out using
fecal material from five healthy donors (with a mean Body Mass Index =21.3,
and who had not taken antibiotics for three months prior to the assay). All
fecal samples were pooled together to restricted inter-individual variability.
The fermentation was carried out for 24 hours, at 37 °C. After the in vitro
gastrointestinal digestion and fermentation, two fractions were obtained:
digestion supernatant, which is available for absorption at the small intestine,
and fermentation supernatant which is available for absorption at the large
intestine. A control fermentation was carried out, using only the fecal
fermentation solution (inoculum composed of peptone, cysteine, and

resazurin).

The antioxidant capacity was evaluated in the two supernatant
fractions obtained after in vitro digestion and fermentation, which represent
the total antioxidant capacity that each food could exert in the human body
[28]. Three different methods were used to determine the antioxidant capacity
(DPPH, FRAP and Folin-Ciocalteu). The results of such analyses were

described in previous work for plant [22] and animal foods [23].

2.5. Statistical Analysis

Statistical differences were calculated using the unpaired Kruskal
Wallis test with 95% confidence, comparing the amount of furosine, HMF

and furfural in each of the food groups, as well as within each group, the
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comparison was made by cooking. Thus, we show whether a particular food
group has a higher or lower amount of these indicators of thermal damage.
Pearson's parametric statistic was calculated to show the linear relationship
between the heat damage markers and between these and the antioxidant
capacity produced in the same foods with the same thermal processing at p-
value < 0.05. Correlations were made for both antioxidant capacity after in
vitro digestion of foods and after in vitro fermentation with healthy adult
microbiota. The correlations were based on the cooking methods used for the
different food groups. The Statgraphics Plus software (version 5.1) was used

to perform all statistical analyses.
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3. Results
3.1. Furosine Content of Cooked Foods

For the furosine assay, the food group with the highest concentration
after thermal processing was cereals, followed by vegetables, meat, legumes,
fish, eggs, fruits and tubers. The values for cereals and vegetables were
significantly (p < 0.05) higher than the mean of the other food groups (Figure
47A). When we consider cooking techniques, toasting and frying gave the
highest (p < 0.05) concentrations. Grilling on the other hand, showed
significantly (p < 0.05) lower concentrations than the rest (Figure 47B).
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Figure 47. 47A: Furosine levels in different food groups. Statical
analysis was performed via Kruskal-Wallis test. Each of the groups were
compared to the average of all of them (i.e. base-mean). Statistic labels: *: p
< 0.05. **: p < 0.01, ***: p <0.001, ****: p < 0.0001, ns: not significant.
47B: Furosine levels depending on the cooking applied. Statical analysis was
performed via Kruskal-Wallis test. Each group was compared to the average
of all of them (i.e. base-mean). Statistic labels: **: p <0.05, **: p <0.01, ***;

p <0.001, ****: p <(0.0001, ns: not significant.
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3.1.1.1 Furosine content by specific foods and cooking method.

Table 29 shows the furosine content of each food depending on the
kind of thermal treatment used for cooking. In the cereals group, the highest
furosine value was reached with frying (138.9 pg/g), while in the case of eggs
it was obtained for grilled eggs (24.5 pg/g). In the fish group, again fried foods
had the highest furosine content (fried salmon, 34.6 pg/g) but for fruits, was
boiled banana (42.0 pg/g). In legumes, roasted kidney beans demonstrated a
high reactivity (furosine values of 62.6 ng/g), but were meat and veg-etables
the groups with the highest levels of furosine: 412.5 pg/g for fried cauliflower
and 183.6 pg/g for fried meat. Thus, in general, frying (followed by roasting)
was the cooking method that produced the highest levels of furosine.

Furosine is a good indicator of the thermal damage suffered by
proteins during heat treatment [3,5,10] since it is correlates with the loss of
available lysine. Thus, furosine can be also expressed in mg/100 g of protein
to show the thermal damage (or heat load) of the food. In this sense, the
highest thermal damage was suffered by vegetables (fried cau-liflower and
carrot with values surrounding 800 mg furosine/100 g of protein) closely
followed by fruits (fried banana with a value of 620 mg furosine/100 g of
protein) and cereals (fried bread, 163.4 mg furosine/100 g of protein). Again,
frying was the heat treatment with the highest thermal damage, while boiling

and grilling were the milder cooking option.
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Table 29. Furosine values depending on the cooking method applied

to the food.
Food — p i 0d Boiled Fried Grilled Roasted Toasted
group

pg/g mg/100 g pg/g mg/100 g pg/g mg/100 g ng/g mg/100 g ng/g mg/100 g
food protein food protein food protein food protein food protein

Cereals Bread - - 1389 163.4 - - - - 954 1272
Penne 3.1 5.8 - - - - - - - -
Rice 19.5 84.8 - - - - - - - -
Egg Egg 145 71  nd.  nd. 245 115 210 8.6 - -
Fish Cod fish - - 23.5 8.9 4.7 2.6 - - - -
Salmon - - 34.6 8.9 17.6 7.9 18.6 7.2 - -
Fruits Apple - - 18.6 6200 nd. nd 22 733 - -
Banana 42.0 323.1 - - 26.0 1238 3.9 325 - -
Legumes (I(Biflir;) 85 149 - - - - 626 882 - -

Lentils  40.5 61.4 112 147 95 11.7 - -

Meat Beef 724 29.7 183.6 670 5.6 1.9 392 192 - -
Chicken 26.8 9.6 54.2 184 7.7 30 289 126 - -

Pork  59.6 22.7  30.2 9.7 3.6 2.0 8.0 3.7 - -

Lamb - 454 185 54 36 190 117 - -

Tubers  Potatoe 5.0 0.010 148 0.062 0.9 0.002 -

Vegetables Capsicum 3.4 37.8 532 110.8 0.5 10.0 1.4 15.6 - -
Carrot  14.6 1622 994 7646 4.1 410 09 56 - -

Ca“};fow 65 310 4125 8088 1.5 75 137 527 - -

Onion 3.9 325 740 5286 08 57 28 44 - -

n.d. = not detected. The sign - denotes that such cooking method was
not used for that particular food.

3.2 HMF Content of Cooked Foods.

Regarding HMF content, the food group that presented the highest
amount of this compound after the different thermal processes was cereals,
followed by vegetables, fish, fruit, tubers, meat, legumes and eggs (Figure 48A).
As for cooking techniques, toasting generated the highest concentrations (p <
0.05). Frying, roasting, grilling and boiling followed toasting in HMF
production, though only boiling produced significantly lower levels (p < 0.05)
than the rest (Figure 48B).
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Q9

Figure 48. 48A: HMF levels in different food groups. Statical analysis
was performed via Kruskal-Wallis test. Each of the groups were compared to
the average of all of them (i.e. base-mean). Statistic labels: ns: not significant.
48B: HMF levels depending on the cooking applied. Statical analysis was
performed via Kruskal-Wallis test. Each group was compared to the average
of all of them (i.e. base-mean). Statistic labels: *: p < 0.05, **: p <0.01, ***:
p <0.001, ****: » <(0.0001, ns: not significant.

3.2.1 HMF content by specific foods and cooking methods.

The levels of HMF in each food (Table 30) were also used to study
the effect of the cooking method in the development of non-enzymatic
browning. As expected, the heat treatment of cereals produced the highest
HMF concentration, up to 10305 pg/g for toasted bread and five times lower
for fried bread. Eggs and legumes where not too much affected by cooking,
being grilling the most damaging cooking method (169 and 179 pg/g for
grilled egg and lentils). Meats showed a higher content than fish after
cooking, being grilling again the most harmful thermal treatment (1287 and
613 pg/g for pork and salmon, respectively). In addition, cooking potatoes
generated large amounts of HMF, ranging from 550 pg/g during frying till
737 ng/g after grilling. On the other hand, fruits and vegetables were highly
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reactive during cooking, showing high HMF levels for grilled banana and

fried apple (around 1500 pg/g) and close to 4000 and 2000 ug/g for fried

onion and cauliflower, respectively (Table 30). Opposite to furosine, in the

case of HMF generation there was not a single cooking method with a higher

thermal damage, since frying, grilling, roasting and toasting produce large

amounts of HMF, depending on the food matrix.

Table 30. HMF values (expressed in pg HMF/g of food) depending

on the cooking method applied to the food.

Food group Food Boiled Fried Grilled Roasted Toasted
Cereals Bread - 2057.0 - - 10304.9
Penne 6.7 - - - -
Rice 15.3 - - - -
Egg Egg 47.4 43.8 168.9 26.5 -
Fish Cod fish 30.8 429.5 336.0 - -
Salmon - 275.2 613.2 1153 -
Fruits Apple - 1505.6 114.1 444.0 -
Banana - n.d. 1572.8 179.4 -
Legumes Beans (Kidney) 175.8 - - 154.1 -
Lentils 5.0 - 178.5 134.5 -
Meat Beef 133 1222.5 720.8 52.9 -
Chicken 335 351.8 720.9 333.0 -
Pork 4.5 63.7 1286.9 4233 -
Lamb 2.6 52.0 61.7 6.2 -
Tubers Potatoe 708.0 550.4 7374 - -
Vegetables Capsicum 88.0 71.7 352.6 63.2 -
Carrot 55.1 104.1 2233 89.5 -
Cauliflower 48.9 1868.4 89.8 581.1 -
Onion 127.6 4065.5 237.0 1832.1 -

n.d. = not detected. The sign - denotes that such cooking method was
not used for that particular food.

3.3 Furfural Content of Cooked Foods.

Regarding furfural, tubers showed the largest levels (p < 0.05),

followed by cereals, fruits, vegetables, meat, fish, legumes and eggs (Figure

49A). Toasting generated the highest concentrations (p < 0.05). After
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toasting, in decreasing order of furfural content, we found frying, grilling,
roasting and finally boiling. Only the latter showed significantly (p < 0.05)

lower concentrations than the average of the rest (Figure 49B).

A B

Figure 49. 49A: Furfural levels in different food groups. Statical
analysis was performed via Kruskal-Wallis test. Each of the groups were
compared to the average of all of them (i.e. base-mean). Statistic labels: ns:
not significant. 49B: Furfural levels depending on the cooking applied.
Statical analysis was performed via Kruskal-Wallis test. Each group was
compared to the average of all of them (i.e. base-mean). Statistic labels: *: p

<0.05, **: p <0.01, ***: p <0.001, ****: p <0.0001, ns: not significant
3.3.1 Furfural content by specific food groups and cooking methods.

Furfural was another furanic compound used as indicator of thermal
treatment (Table 31). Boiling produced low levels of furfural in cereals such
as penne or rice, but roasted and fried bread generated large amounts of this
furanic compound (7859 and 1192 pg/g, respectively). In the case of protein-
rich foods, eggs and salmon had a relatively high furfural content (from 352
till 545 pg/g), but were fried meats (pork and chicken) those with higher
values (over 1100 pg/g in both cases). The highest furfural levels were
obtained in cooked tubers and vegetables, reaching very high furfural values:
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around 17600 and 19200 pg/g for fried onion and potatoes, respectively

(Table 31). As in the case of HMF, there was not a single cooking method

producing the largest furfural contents, since frying, grilling, roasting and

toasting produced high furfural levels depending on the food. It is noteworthy

to mention that boiling was the less aggressive heat treatment, giving rise to

low furfural levels or even not detected in meats and legumes.

Table 31. Furfural values (expressed in pg Furfural/g of food)

depending on the cooking method applied to the food.

Food group  Food Boiled Fried Grilled Roasted Toasted
Cereals Bread - 1191.6 - - 7858.6
Penne 473 - - - -
Rice 98.2 - - - -
Egg Egg 42.9 n.d. 13.1 351.8 -
Fish Cod fish 268.0 55.5 n.d. - -
Salmon - 494.3 544.5 191.1 -
Fruits Apple - 14028.8 1.8 810.3 -
Banana - 425.4 338.3 -
Legumes Beans (Kidney) n.d. - 449.0 -
Lentils n.d. 61.5 274 -
Meat Beef n.d. 613.6 131.5 90.3 -
Chicken n.d. 514.7 1168.0 533.9 -
Pork n.d. 54.6 1821.1 41.7 -
Lamb n.d. n.d. 18.5 20.0 -
Tubers Potatoe 864.2 19164.0 1386.5 - -
Vegetables Capsicum 3.8 232.7 1748.4 1844.1 -
Carrot 83.7 76.2 844.3 139.7 -
Cauliflower 33 3496.7 1199.2 851.8 -
Onion 396.4 17596.9 524.5 3672.6 -

n.d. = not detected. The sign - denotes that such cooking method was
not used for that particular food.
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3.4 Correlation of heat damage markers with antioxidant capacity of

cooking foods after digestion and fermentation.

The results of antioxidant capacity are deeply described in Table 32
previous work for plant [22] and animal foods [23]. In general, it was found
that intense cooking methods, such as frying, increase the antioxidant
capacity of foods. In the case of animal foods, meat was the group with the
highest antioxidant capacity [23], while cocoa and legumes were the most
antioxidant plant foods [22]. Taking all these information into account, we
generated correlations between heat damage markers (furosine, HMF and
furfural) and antioxidant capacity obtained after in vitro digestion and

fermentation (Figure 50).

Table 32. Antioxidant capacity measured via Folin-Ciocalteu (mg
gallic acid equivalents/kg of food), FRAP (mmol Trolox equivalents/kg of
food) and DPPH (mmol Trolox equivalents/kg of food) depending on the
type of cooking applied.

AOX In vitro pre-

method treatment Boiled Fried Grilled Roasted Toasted

Folin- Digestion 1259 + 1144 1368 + 1018 1409 + 1374 2262 + 1609 3536 + 268
Ciocalteu
Formentation | 33396 % 38221 + 43498 + 43837+ 16573 +
12455 19990 21926 18024 5625
FRAP Digestion  23+2.0 68+57 41+24 46+30 49+10
Fermentation 179+66.9 202+115 239+118 243+98.4 97.4+26.0
DPPH Digestion  132+9.6 223+241 12.1+87 180+13.8 1.1+08

Fermentation 213 +219 22242069 253+199 290+215 108=+21.5

Fried foods. Furosine correlated positively with Folin-Ciocalteu,
FRAP and DPPH obtained after in vitro digestion, though only the last two
were statistically significant (p < 0.05). HMF and furfural content correlated
negatively with all antioxidant capacity results obtained, except with FRAP

for digestion (Figure 50).
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Boiled foods. Although there were no statistically significant
correlations, furosine content was positively correlated with Folin-Ciocalteu
results for digestion, and FRAP and DPPH for fermentation (Figure 50).
Furosine correlated negatively with the rest. In the case of HMF content, it
was correlated negatively with all antioxidant capacity results except for
DPPH obtained from the digestion fraction. Finally, furfural content
correlated positively with antioxidant capacity results obtained via Folin-
Ciocalteu for fermentation and FRAP for both digestion and fermentation.

The rest of the correlations were negative.

Roasted foods. Furosine correlated positively and significantly (p <
0.05) with Folin-Ciocalteu, FRAP for fermentation, and the correlation was
statistically significant. It was also positively correlated with Folin-Ciocalteu,
FRAP and DPPH for digestion, and negatively correlated with DPPH for
fermentation (Figure 50). HMF content was negatively correlated with all
antioxidant capacity results. As for furfural content, it correlated negatively
with all results except with Folin-Ciocalteu for digestion, which correlated

positively and, moreover, in a statistically significant manner (p < 0.05).

Grilled foods. No statistically significant correlations were found, but
furosine content was positively correlated with Folin-Ciocalteu for digestion
and fermentation, FRAP for fermentation and DPPH for digestion (Figure
50). With the others it correlated negatively. HMF content was positively
correlated with Folin-Ciocalteu results for digestion and fermentation and
FRAP and DPPH for fermentation. With the rest the correlation was negative.
Furfural content for grilled foods was positively correlated with all
antioxidant capacity results except FRAP and DPPH for digestion, with

which it was negatively correlated.
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Toasted foods. Furosine content correlated negatively with Folin-
Ciocalteu antioxidant capacity results for digestion and fermentation,
although FRAP and DPPH in both digestion and fermentation correlated
positively. The same was true for HMF and furfural content.

&
& > ) S & &
& N R & & ¢ &
" & Q‘v\‘k % R % & ~2§<‘ Q\\I{& S Q“:‘ S
.
FC digestion 0.1 0 03 03 o 0.6 06
.
FC fermentation =~ 03 03 04 0 04 03 07 04
FRAP digestion 06 04 03 03 o 02 02 X
.
FRAP fermentation =~ 0.2 02 0.3 0.1 02 0.1 0.6 0.4
DPPH digestion ~ 05 01 03 01 01 . 05
DPPH fermentation = 92 02 03 01 03 02 02 0 03
Fried Foods Boiled Foods Roasted Foods
o N < N
N & & O
o AN 3
& < & & N
FC digestion 0.3 0.2 0 el

FC fermentation 0.2 0.2 0.2

FRAP digestion 0 03 -01 0.6 ) 0
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DPPH digestion 0 03 04 0.6
DPPH fermentation o g 04
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Figure 50. Correlations between heat damage markers (furosine,

HMF and furfural) and antioxidant capacity measured via Folin-Ciocalteu

(FC) (mg gallic acid equivalents’kg of food), FRAP (mmol Trolox

equivalents/kg of food) and DPPH (mmol Trolox equivalents/kg of food)
depending on the type of cooking applied. Statistic labels: *: p < 0.05.
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4. Discussion

Non-enzymatic browning products present both benefits [29-31] and
risks [32,33] and research must find a balance between both of them [1].
Furosine is formed along the Maillard reaction from Amadori compounds,
and originates before sensory changes take place. Therefore, it is considered
a very sensitive indicator for the early detection of quality changes [34]. HMF
and furfural are formed both at the intermediate stages of the Maillard
reaction and also under acidic conditions involving degradation of sugars at
high temperature, known as caramelization, indicating a higher degree of
cookedness [14,35]. So, these furanic compounds are indicators of non-

enzymatic browning.

In our assays, cereals and vegetables stood out for their high furosine
and HMF content. Particularly, cauliflower and bread showed the highest
levels. On the other hand, tubers and cereals showed the highest concentration
of furfural, particularly bread, agreeing with furosine and HMF levels. These
results are in agreement with other previous studies [1] where cereals and
tubers in combined dishes considerably increase the amount of furosine, HMF
and furfural. Specifically, bread is a food that produces high levels of furosine
due to its composition [36]. Eggs exhibited the lowest values of the three
indicators, which may be due to a lower level of sugars and amino acids ready

to react [1,36,37].

Toasted and fried foods showed higher levels of furosine, HMF and
furfural than the rest. Previous studies have shown that toasting and frying
generate a considerable concentration of cookedness markers [1,31], and even
different nutritional studies advise against the consumption of toasted foods
[32]. Cooking plays an important role in the appearance of Maillard reaction

products; both the time and the temperature applied are decisive. In the case
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of frying, in addition to the heat applied, the composition of the frying oil
plays a role, in which, compounds derived from oil decomposition can be
formed [38-40]. The cooking that contributed the least amount of HMF and
furfural to the food was boiling, being furfural not detected in many boiled
foods (beans, lentils, chicken, beef, pork, lamb and tomatoes). This may be
due to the temperature used for boiling (100 °C) which is a low temperature
compared to other cooking temperatures, including also a dilution effect of
the boiling water, which impede the reaction among carbohydrates and amino
acids. Grilling was carried out at a higher temperature (250 °C), but for a very
short time, including also a small amount of oil. Frying was carried out at a
lower temperature (180 °C) but for a longer time, and the amount of oil used
was much higher than in grilling. Finally, toasting was only carried out for 3
minutes, but at very high intensity and on foods rich in sugars. All these

cooking characteristics could explain the results found.

In addition to the content of furosine, HMF and furfural, in this work
we studied the correlations between the indicators of cookedness in foods
with the antioxidant capacity of the same foods, once digested and fermented
in vitro. We mainly focused on the classification according to the type of
cooking applied (Figure 50), but correlations were also carried out taking into
account the different food groups (Table 34 in supplemental information).
Figure 50 shows that statistically significant correlations were positive:
Furosine content and anti-oxidant capacity obtained from FRAP and DPPH
digestion for fried foods, furosine content and antioxidant capacity obtained
from Folin-Ciocalteu and FRAP digestion, and furfural content with the
antioxidant capacity obtained from the Folin-Ciocalteu assay of digested
foods for the roasted treatment. All these correlations could argue that
aggressive treatment (such as frying and roasting) could improve the

availability of some molecules to react through non-enzymatic browning
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[1,40,41], while the lack of correlations in milder cooking techniques (i.e.
boiling or grilling) could indicate that cellular breakdown and reactants
release could be the responsible in antioxidant differences [15,22,23]. Such
positive correlations have also been described in other studies. Seiquer et al.,
[42] reported that a diet rich in processed foods (with a high concentration of
Maillard reaction products) was able to suppress lipid peroxidation and
increase plasma antioxidant activity, but without modifying the antioxidant
activity of enzymes (superoxide dismutase, glutathione peroxidase and
catalase). In another study carried out by Manzocco et al., [43], the data on
color changes due to browning reactions and their relationship with the
formation of antioxidant capacity components were analyzed, finding that the
Maillard reaction promotes positive variations in the antioxidant properties of
foods, which are directly proportional to the development of browning.
Furthermore, a linear correlation (R?) was found with values of 0.80 - 0.99,
which confirms the positive correlation between color and antioxidant
activities. In another study, the antioxidant capacity of barley increased with
heating intensity, in parallel with color formation [44]. The baking process of
barley malt could induce the formation of water-soluble Maillard reaction

products, which exerted a strong free radical scavenging capacity [45].
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5. Conclusions

This study has shown that foods with a high sugar content (such as
bread or some vegetables) generate more Maillard reaction compounds than
foods whose composition is mainly proteical (such as eggs or lamb). Another
point to consider is the cooking technique applied, in particular roasting and
frying induced a stronger thermal damage and a higher development of non-
enzymatic browning. The Maillard reaction produces sensory changes in the
food that are considered positive (e.g. taste or smell). Thus, in this case it is
important to consider the production of furosine, HMF and furfural as good
indicators of cookedness, even when the organoleptic characteristics of the
food have not yet changed (as in the case of furosine). As for the correlations
of the indicators of cookedness with antioxidant capacity, the furosine and
furfural content stood out for their statistically positive correlations with the

antioxidant capacity of the samples in fried and roasted foods.
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SUPPLEMENTAL INFORMATION
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Table 33. Samples: foods and applied thermal processing.

Food Group Food Cooking Method
Cereals Bread Fried
Cereals Bread Toasted
Cereals Penne Boiled
Cereals Rice Boiled

Egg Egg Boiled
Egg Egg Grilled
Egg Egg Fried
Egg Egg Roasted
Fish Cod fish Boiled
Fish Cod fish Grilled
Fish Cod fish Fried
Fish Salmon Grilled
Fish Salmon Fried
Fish Salmon Roasted
Fruits Apple Grilled
Fruits Apple Fried
Fruits Apple Roasted
Fruits Banana Grilled
Fruits Banana Roasted
Legumes Beans (Kidney) Boiled
Legumes Beans (Kidney) Roasted
Legumes Lentils Boiled
Legumes Lentils Grilled
Legumes Lentils Roasted
Meat Beef Boiled
Meat Beef Grilled
Meat Beef Fried
Meat Beef Roasted
Meat Chicken Boiled
Meat Chicken Grilled
Meat Chicken Fried
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Meat Chicken Roasted
Meat Lamb Boiled
Meat Lamb Grilled
Meat Lamb Fried
Meat Lamb Roasted
Meat Pork Boiled
Meat Pork Grilled
Meat Pork Fried
Meat Potk Roasted
Tubers Potatoe Boiled
Tubers Potatoe Grilled
Tubers Potatoe Frieded
Vegetables Capsicum Boiled
Vegetables Capsicum Grilled
Vegetables Capsicum Fried
Vegetables Capsicum Roasted
Vegetables Carrot Boiled
Vegetables Carrot Grilled
Vegetables Carrot Fried
Vegetables Carrot Roasted
Vegetables Cauliflower Boiled
Vegetables Cauliflower Grilled
Vegetables Cauliflower Fried
Vegetables Cauliflower Roasted
Vegetables Onion Boiled
Vegetables Onion Grilled
Vegetables Onion Fried
Vegetables Onion Roasted
Vegetables Tomatoe Boiled
Vegetables Tomatoe Fried
Vegetables Tomatoe Roasted
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Table 34. Correlations between heat damage markers (furosine, HMF

and furfural), and the results of antioxidant capacity measured with Folin-

Ciocalteu, FRAP and DPPH after digestion and in vitro fermentation

processes, depending on the differents foods groups.

CEREALS M SD FUROSINE HMF FURFURAL
Folin-Ciocalteu Digestion 1935 1405 41 .07 .09
[-.29, .83] [-.59, .67] [-.57, .68]
Folin-Ciocalteu Fermentation 18638 5744 -49 49 42
[-.85, .21] [-.20, .86] [-.29, .83]
FRAP Digestion 4.12 4.29 34 -25 -.28
[-.37, .80] [-.76, .45] [-.77, .43]
FRAP Fermentation 105 17.8 -11 52 37
[-.69, .56] [-.16, .87] [-.34, .81]
DPPH Digestion 4.98 5.16 -.64* -.16 -.04
[-.91, -.02] [-.72, .52] [-.65, .60]
DPPH Fermentation 104 234 12 =25 =27
[-.55,.70] [-.76, .45] [-.77, 43]
EGGS M SD FUROSINE HMF FURFURAL
Folin-Ciocalteu Digestion 2542 1664 .65 -.66 .83
[-.83,.99] [-.99, .82] [-.65, 1.00]
Folin-Ciocalteu Fermentation 49849 4956 .66 =51 .36
[-.82,.99] [-.99, .88] [-.92, .98]
FRAP Digestion 5.90 0.83 41 -.63 47
[-.91, .98] [-.99, .84] [-.90, .99]
FRAP Fermentation 282 12.0 .14 13 -34
[-.95, .97] [-.95, .97] [-.98, .92]
DPPH Digestion 9.99 0.81 -.04 .02 77
[-.96, .96] [-.96, .96] [-.74, .99]
DPPH Fermentation 235 70.6 .36 -41 .93
[-.92, .98] [-.98, .91] [-.31, 1.00]
FISH M SD FUROSINE HMF FURFURAL
Folin-Ciocalteu Digestion 2626 825 -.02 32 -.53
[-.82, .80] [-.67, .90] [-.94, .49]
Folin-Ciocalteu Fermentation 59530 22284 -.09 13 -.36
[-.84, .78] [-.76, .85] [-.91, .64]
FRAP Digestion 2.51 0.64 43 44 12
[-.59, .92] [-.58, .92] [-.77, .85]
FRAP Fermentation 319 130 -.09 13 -.37
[-.84, .78] [-.76, .85] [-.91, .63]
DPPH Digestion 14.2 8.95 21 22 .07
[-.73, .87] [-.72, .88] [-.79, .83]
DPPH Fermentation 214 36.7 -.26 -.32 -12
[-.88, .70] [-.90, .67] [-.85,.76]
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FRUITS M SD FUROSINE HMF FURFURAL
Folin-Ciocalteu Digestion 598 512 -.57 -.64 -.28
[-.99, .87] [-.99, .84] [-.98, .93]
Folin-Ciocalteu Fermentation 31752 8985 .64 .63 .87
[-.83,.99] [-.84, .99] [-.56, 1.00]
FRAP Digestion 5.81 3.81 -.55 -.20 24
[-.99, .87] [-.97, .94] [-.94, 98]
FRAP Fermentation 126 39.2 -.09 -.52 -.96%*
[-.97, .95] [-.99, .88] [-1.00, .04]
DPPH Digestion 22.2 33.5 -.66 -.63 -43
[-.99, .82] [-.99, .84] [-.98, .90]
DPPH Fermentation 144 243 -.00 -.99%* -53
[-.96, .96] [-1.00, -.69] [-.99, .88]
LEGUMES M SD FUROSINE HMF FURFURAL
Folin-Ciocalteu Digestion 1803 1532 46 21 -.33
[-.71, .95] [-.83,.92] [-.94, .78]
Folin-Ciocalteu Fermentation 43519 19159 77 -23 -21
[-.36, .98] [-.92, .82] [-.92, .83]
FRAP Digestion 6.95 4.52 -39 17 -.89*
[-.95, .75] [-.84, .91] [-.99, -.05]
FRAP Fermentation 240 101 72 -.16 -33
[-.44, 98] [-.91, .84] [-.94, .78]
DPPH Digestion 38.7 5.21 .06 -.17 -.78
[-.87, .89] [-.91, .84] [-.98, .34]
DPPH Fermentation 187 56.3 -.84 -.01 =70
[-.99, .16] [-.88, .88] [-.98, .48]
MEAT M SD FUROSINE HMF FURFURAL
Folin-Ciocalteu Digestion 2616 998 .00 -.02 -.10
[-.51,.52] [-.53, .50] [-.59, .43]
Folin-Ciocalteu Fermentation 49297 13682 -.05 -.12 -12
[-.55, .48] [-.60, .42] [-.60, .42]
FRAP Digestion 3.05 0.68 -.58%* .06 -.00
[-.84, -.10] [-.47, .56] [-.51,.51]
FRAP Fermentation 278 73.7 -.17 -23 -.18
[-.63, .37] [-.67, .32] [-.64, .36]
DPPH Digestion 14.6 6.10 48 31 22
[-.04, .80] [-.24, .71] [-.33, .66]
DPPH Fermentation 481.7 288 -42 -.38 -.18
[-.77, .12] [-.75, .16] [-.63, .37]
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VEGETABLES M SD FUROSINE HMF FURFURAL

Folin-Ciocalteu Digestion 461 394 80** .80** -.02
[.52,.92] [.53,.93] [-.49, .47]

Folin-Ciocalteu Fermentation 27727 13643 -.08 -.15 -22
[-.54, 42] [-.59, .36] [-.64, .29]

FRAP Digestion 5.20 5.70 80** 74%* -.04
[.52,.92] [.40, .90] [-.51, .45]

FRAP Fermentation 149 66.0 -.04 -.08 -.14
[-.51, .45] [-.54, .42] [-.58, .36]

DPPH Digestion 17.4 20.3 84%* T5** -.03
[.60, .94] [.42,.90] [-.50, .46]

DPPH Fermentation 136.3 51.4 -22 -.16 -.08
[-.63, .29] [-.60, .34] [-.54, 42]

Note. SD is used to represent standard deviation. Values in square

brackets indicate the 95% confidence interval for each correlation. The

confidence interval is a plausible range of population correlations that could

have caused the sample correlation. * indicates p < .05, ** indicates p < .01.
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Discusion integradora

En la presente tesis doctoral se ha estudiado la funcionalidad de
diferentes tipos de microbiota intestinal en relacion a la capacidad
antioxidante. Ademas, se ha examinado el dafio térmico en alimentos
cocinados con diferentes procesados térmicos. Llegados a este punto, es
conveniente hacer una discusion que integre todos los resultados obtenidos

de esta investigacion.

1. Ensayos con microbiota intestinal de
adultos y ninos sanos: diferencias en los
valores de capacidad antioxidante total

La microbiota intestinal se compone en un 90% de Firmicutes y
Bacteroidetes. Con la introduccion de la alimentacion solida en edad
preescolar aumentan estos filos de bacterias, que son dominantes para toda la
vida. Se puede afirmar que la microbiota intestinal de nifos preescolares y
escolares es semejante a la de los adultos en términos de composicion global

[1-4].

En esta tesis doctoral se ha estudiado la funcionalidad de diferentes
tipos de microbiotas intestinales, tanto de personas de edad adulta sin
patologias previas, como en escolares [5-8]. En este punto de la discusion
integradora se van a estudiar las diferencias entre la capacidad antioxidante
obtenida tras fermentar alimentos con microbiota de adulto sano y de nifio
escolar sano, ya que las diferencias entre los diferentes grupos de escolares se
estudiaron previamente teniendo en cuenta el consumo de capacidad

antioxidante diario en cada grupo [8].

En la Tabla 35 se pueden ver las diferencias significativas que se

produjeron teniendo en cuenta los distintos grupos de alimentos tras su
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digestion y fermentacion in vitro con microbiota de adulto sano y nifio sano.
Para ello se realiz6 un anélisis de la varianza (ANOV A), seguido de la prueba
de Duncan para comparar las medias que mostraban una variacion

significativa (p < 0.05).

Tabla 35. Diferencias significativas entre la capacidad antioxidante
total obtenida de la digestion y fermentacion in vitro de alimentos con
microbiota intestinal de adultos y nifios sanos en los distintos grupos de
alimentos. Las diferencias significativas entre los grupos de alimentos (p <

0.05) estan marcadas con un circulo negro.

Capacidad
Grupos de

antioxidante DPPH FRAP Folin-Ciocalteu
alimentos

total
Cereales Adulto vs nifio ° °
Frutas Adulto vs nifio °
Legumbres Adulto vs nifo
Frutos secos  Adulto vs nifio °
Aceites Adulto vs nifio
Tubérculos Adulto vs nifio °
Hortalizas Adulto vs nifio ° °
Lacteos Adulto vs nifio
Huevos Adulto vs nifio ° °
Carnes Adulto vs nifio ° ° °
Pescados Adulto vs nifio °

En el método DPPH hubo diferencias significativas para casi todos los

grupos de alimentos. Sin embargo, en el método FRAP, sélo se encontraron
diferencias para los grupos de huevos y carnes. Por ultimo, para el método de

Folin-Ciocalteu se encontrarion diferencias para los grupos de cereales,
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hortalizas, huevos y carnes. Por lo tanto, se entiende que ambas microbiotas
intestinales se comportaron de forma diferente tras fermentar el mismo

alimento una vez digerido.

A continuacion, en la Figura 51, se pueden observar las diferencias
de forma mas grafica, viendo asi que tipo de microbiota fue capaz de liberar
mas compuestos con capacidad antioxidante dependiendo del origen de los
alimentos. La figura S51A representa las diferencias para el método DPPH,

51B, para FRAP y, 51C para Folin-Ciocalteu.

A

Alimentos Origen Animal Origen Vegeta

200 = - =

Adulto Nifo Adulto Nifio Adulto Nifio

(Figura 51 continuacion)
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B C

Alimentos Origen Animal Origen Vegetal Alimentos Origen Animal Origen Vegetal

I Trolox/K;

Adulto Nifio Adulto Niiio Adulto Niiio Adulto Nifio  Adulto Nifio Adulto Nifio

Figura 51. Capacidad antioxidante obtenida tras la digestion y
fermentacion de alimentos in vitro, con microbiota de adulto sano y nifio sano.
(51A) DPPH; (51B) FRAP; (51C) Folin-Ciocalteu. El andlisis estadistico se
realizd mediante la prueba de t de Student. Las comparaciones se realizaron
utilizando “adulto” como grupo de referencia. Etiquetas estadisticas: *: p <

0.05; **: p <0.01; ***: p<0.001; ****: p <0.0001.

Para el método DPPH (Figura 51A) hubo diferencias significativas si
se tienen en cuenta todos los grupos de alimentos, asi como aquellos de origen
vegetal. La microbiota intestinal de nifios delgados fue capaz de generar mas
compuestos con capacidad antioxidante de forma estadisticamente
significativa que la microbiota intestinal de adultos. Sin embargo, para el
método FRAP (Figura 51B) no ocurri6 lo mismo, dédndose diferencias
significativas para los alimentos de origen animal y todos los alimentos de
forma general, y en este caso fue la microbiota intestinal de los adultos la que
generd mas compuestos antioxidantes de forma significativa. Por ultimo, para
Folin-Ciocalteu (Figura 51C) no hubo diferencias significativas si se
consideraban todos los alimentos en general, pero si las hubo cuando se
consideraron por separado aquellos de origen vegetal y animal. La microbiota

de los adultos fue capaz de generar méas compuestos antioxidantes de aquellos
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alimentos de origen animal, mientras que en el grupo de alimentos de origen

vegetal ocurrio lo contrario.

Con los resultados expuestos se puede llegar a la conclusion de que
ambas microbiotas tienen una funcionalidad diferente. Esto coincide con
publicaciones anteriores [9,10] en las que se ha visto que la microbiota de
nifios sanos tienen diferencias funcionales con respecto a la de adultos sanos.
Ademas, la microbiota intestinal en escolares es mas maleable a los factores
ambientales que la de los adultos. Hollister et al., [10] encontraron que
escolares de entre 7 y 12 afios poseen una microbiota similar a la adulta,
taxones y genes funcionales similares, pero funcionalidad de la misma
variaba significativamente. Es decir, desde la perspectiva funcional se
encontraron diferencias significativas con respecto a la abundancia relativa
de genes implicados en la sintesis de vitaminas, degradacion de aminoacidos,

etc.

Otro factor a tener en cuenta son las diferencias en el estilo de vida,
que influyen en la composicion de la microbiota intestinal [9]. Aqui es
importante destacar que los adultos eran espafioles, mientras que los nifios
que donaron las heces para los ensayos eran griegos, pudiendo ser esta una de
las causas de las diferencias entre la funcionalidad de ambas microbiotas.
Ringen-Kulka et al.,, [11] también estudiaron las diferencias entre las
microbiotas intestinales entre adultos y nifios de la misma zona geografica y
llegaron a la conclusion de que, incluso viviendo en el mismo lugar, habia

diferencias entre ambas.
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2. Correlaciones entre marcadores de daio
térmico y valores de capacidad antioxidante
en ensayos con microbiota intestinal de
ninos
A lo largo de esta tesis doctoral se ha hablado en varias ocasiones de

la reaccion de Maillard, producida en los alimentos tras su procesado térmico.
Los productos hidrosolubles del pardeamiento quimico generados durante el
tratamiento térmico llevan a cabo la recaptacion de radicales [12]. Dicha
capacidad antioxidante es proporcional al grado de pardeamiento [13] y tiene
una estrecha correlacion con los compuestos generados a partir de las etapas
intermedias y tardias, asi como con el tipo de azlicar implicado en la reaccion
[14]. A pesar de la pérdida parcial de compuestos naturales con actividad
antioxidante que puede producirse durante el procesado de los alimentos, las
propiedades antioxidantes podrian mantenerse e incluso aumentar debido a la

formacion de nuevos compuestos.

En el ultimo capitulo de esta tesis doctoral se muestran las
correlaciones de marcadores de dafio térmico, como son furosina, HMF y
furfural, con la capacidad antioxidante obtenida de digerir y fermentar, con
microbiota de adulto sano, aquellos alimentos cocinados que se sometieron al
analisis de estos marcadores de dafio térmico. En esta ocasion, se realizaran
las mismas correlaciones, pero esta vez con la capacidad antioxidante total
obtenida de fermentar dichos alimentos con microbiota intestinal de nifios

sanos, obesos, celiacos y con alergia a las proteinas de la leche de vaca.

En la Tabla 36 se pueden observar las correlaciones entre los
marcadores de dafio térmico y los resultados de tres métodos de capacidad
antioxidante, DPPH, FRAP y Folin-Ciocalteu pertenecientes a las muestras

con microbiota intestinal de los diferentes grupos de escolares.
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Tabla 36. Correlaciones entre los marcadores de dafio térmico
(furosina, HMF y furfural) y la capacidad antioxidante medida en alimentos
tras su digestion y fermentacion in vitro mediante Folin-Ciocalteu (mg de
acido galico equivalente/kg de alimento), FRAP (mmol de Trolox
equivalente/kg de alimento) y DPPH (mmol de Trolox equivalente/kg de
alimento) en funcion del tipo de microbiota usada para la fermentacion in

vitro.

Nifio sano
Ensayo Furosina HMF Furfural
DPPH 27* .16 15
[.03, .49] [-.09, .39] [-.10, .38]
FRAP .20 .20 -.00
[-.05, 43] [-.05, 43] [-.25, 25]
Folin-Ciocalteu -.02 -.01 -27*
[-.26, .23] [-.26, .24] [-.49, -.03]
Nifio obeso
Ensayo Furosina HMF Furfural
DPPH -12 -.24 -.25%
[-.35, .13] [-.46,.01] [-.47, -.00]
FRAP .00 .16 17
[-.24, 25] [-.09, .39] [-.08, .40]
Folin-Ciocalteu .04 -.13 -.26%*
[-.21,.28] [-37,.12] [-.48,-.01]
Niiio celiaco
Ensayo Furosina HMF Furfural
DPPH .03 .01 -.24
[-.22, .27] [-.24, 26] [-.46, .01]
FRAP .08 .10 -.10
[-.17, 32] [-.16, .34] [-.34, .15]
Folin-Ciocalteu =21 -.26* -35%*
[-.44, .04] [-47, -.01] [-.55,-.11]
Nifio con alergia a las proteinas de la leche de vaca
Ensayo Furosina HMF Furfural
DPPH 22 .03 -.13
[-.03, .44] [-.22, 28] [-.36, .12]
FRAP .09 33k 15
[-.16, .33] [.09, .53] [-.10, .39]
Folin-Ciocalteu -.08 -.20 -.10
[-.32,.17] [-.43,.05] [-.34, .15]

Nota. Las correlaciones se obtuvieron mediante el método de Pearson
Los valores entre corchetes indican el intervalo de confianza del 95% para
cada correlacion [15]. Etiquetas estadisticas: *: p < 0,05, **: p <0,01.
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Entre los diferentes grupos de nifios se pueden ver algunas similitudes
y diferencias en los resultados. Los grupos de nifios delgados, obesos y
celiacos tuvieron correlacion negativa significativa para furfural y los
resultados de capacidad antioxidante de Folin-Ciocalteu. En general, las
correlaciones con el método de Folin-Ciocalteu fueron todas negativas, al
contrario que ocurridé con los métodos DPPH y FRAP, que generalmente
tuvieron correlaciones positivas. El grupo de los nifios con alergia, en
concreto, tuvo una correlacion positiva y moderadamente significativa entre
el HMF y el método FRAP. Por su parte, una de las diferencias mas llamativas
fue que para el grupo de los nifios obesos, las correlaciones con DPPH fueron
todas negativas, en concreto destaca la del furfural, que ademas fue

significativa.

Para estudiar més a fondo las distintas correlaciones de marcadores de
dafio térmico con la capacidad antioxidante total obtenida en cada grupo de
nifios, se tuvo en cuenta el cocinado empleado, puesto que de esta variable
depende la produccion de furosina, HMF y furfural. En la Figura 52 se

pueden observar dichas correlaciones.

Para los alimentos hervidos las correlaciones eran en su mayoria
negativas, destacando aquellas entre el HMF y el furfural con los datos de
capacidad antioxidante total de Folin-Ciocalteu para el grupo de nifios sanos,
siendo significativas. Para los alimentos fritos se encontraron correlaciones
significativas y negativas entre la furosina y el furfural con el método Folin-
Ciocalteu para los resultados obtenidos de los ensayos con microbiota de
ninos celiacos. En aquellos alimentos cocinados a la parrilla la tunica
correlacion estadisticamente significativa fue aquella entre el contenido en
furosina y la capacidad antioxidante obtenida del método Folin-Ciocalteu

para el grupo de nifios sanos. En los alimentos que fueron horneados hubo
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correlacion negativa y estadisticamente significativa entre el contenido en
furfural y la capacidad antioxidante obtenida del método Folin-Ciocalteu para
nino celiaco. Por ultimo, en los alimentos tostados, se encontraron
correlaciones negativas y estadisticamente significativas entre el contenido
en HMF y furfural y la capacidad antioxidante obtenida del método Folin-

Ciocalteu para niflos sanos.

g 8 £ 8 & F E E E E
3;;% §u.§ 2 3 gu.g 8 &
222 282 BS82 2E2 282
DPPH sano 03 02 0.1 03 02 02 03 01 -0.1 04 05 06 03 02 01

FRAP sano -1 -01 o0 03 02 0.1 0.5 0.1 ;q,'o'.n\ -0.3 04 01 -01 7-0-1 0
FC sano o1 -0.."3..3 02 01 -04 06 0.1 <06 05 04 04 01 06 06
DPPH obeso 22 02 04 o -u 02 05 05 0 03 o |08 -02-02-04
FRAP obeso 02 o1 02 01 03 05 05 0 0 0105 02 0.2 01 02
FCobeso o -02 03 02 -03-04 -0.1 -02-01 06 0405 0 -02-03
DPPH celiaco © -03 03 03 -01 -02 04 03 02 03 0306 0 -0.3-0.3
FRAP celiaco -2 02 o 02 02 0 0.5 02 03 0 0303 -02-02 0
FC celiaco 02 01 01 089497 02 o 03 0308907 -02-0.1 -0
DPPH alérgico 01 02 -0.3 04 0 04 02 02 -0.2 05 02 05 0.1 -0.2 -0.3
FRAP alérgico -1 o o4 01 04 04 05 07 02 02 04 02 .01 0 04

FC alérgico o1 -03 03 02 -0.4 -03 02 02 0.1 02 02 01 01 -03 -0.3

Hervido Frito A la parrilla Horneado Tostado

-1 -0.71 -043 -0.14 014 043 071 1

Figura 52. Correlaciones entre los marcadores de dafio térmico
(furosina, HMF y furfural) y la capacidad antioxidante medida en alimentos
tras su digestion y fermentacion in vitro mediante Folin-Ciocalteu (FC) (mg
de acido galico equivalente/kg de alimento), FRAP (mmol de Trolox
equivalente/kg de alimento) y DPPH (mmol de Trolox equivalente/kg de
alimento) en funcién del tipo de microbiota usada para la fermentacion in
vitro, asi como dependiendo de la técnica de coccidén empleada. Etiquetas

estadisticas: *: p <0.05.
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Destacan las correlaciones entre el método Folin-Ciocalteu para los
grupos de nifios sanos, celiacos y obesos por sus correlaciones significativas
con el contenido en marcadores de dafio térmico. Estas son en su mayoria
negativas, excepto en dos ocasiones en las que se produjo correlacion positiva
y significativa con el contenido en furosina, concretamente con los resultados
de Folin-Ciocalteu para nifios delgados y obesos. En los alimentos hervidos
las correlaciones negativas y significativas tienen sentido, ya que el medio de
coccion es agua y los compuestos fendlicos podrian quedarse en el medio
acuoso, impidiendo su digestion y posterior fermentacion. Sin embargo, en
alimentos tostados no hay medio de coccion acuoso, pero el dafo térmico es
mayor, teniendo en cuenta, ademas, que el Gnico alimento sometido al tostado
fue el pan (el dafio térmico es mayor por su composicioén). En este caso
aquellos compuestos fenolicos que pudieran estar presentes podrian ser
destruidos por el tratamiento térmico. Lo mismo ocurre con alimentos fritos.
En cuanto a las correlaciones positivas con el contenido en furosina, es
importante destacar que este compuesto aparece en etapas tempranas de la
reaccion de Maillard, por lo que el dafio térmico ain no es muy alto y si se

producen compuestos con capacidad antioxidante.

Por lo tanto, la microbiota intestinal de los diferentes grupos de nifios
no se comportan de la misma forma, puesto que las correlaciones no siguen
un patréon comun para los 4 tipos de microbiota usadas en la fermentacion.
Esto es normal dado que cada grupo de nifios posee una patologia, excepto el
de los nifios sanos, lo que puede llevar a un desequilibrio en la microbiota

intestinal y hacer que se comporten de forma diferente ante un mismo agente

[2].

Ademas, se encontraron diferencias con respecto a los adultos, ya que

este grupo las correlaciones significativas fueron positivas. Con respecto a
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esto, cabe destacar que, como se dijo en el punto anterior, aunque la
microbiota intestinal a partir de los tres afios ya es muy parecida a la de los
adultos [2,16], hay diferencias funcionales [1,3,4,9], es decir, son parecidas a

nivel global pero no estan aun del todo desarrolladas.
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Conclusiones generales

Los resultados de la presente tesis doctoral muestran cémo Ia
capacidad antioxidante de los alimentos aumenta considerablemente tras el
proceso de fermentacion in vitro con microbiota intestinal. Esta capacidad
antioxidante dependera del tipo de alimento, asi como de las técnicas
culinarias empleadas. Estos dos factores influyen sobre la capacidad
antioxidante total del alimento, asi como sobre la microbiota intestinal,
haciendo que esta sea capaz de extraer compuestos con actividad antioxidante

tras la fermentacion.

Conclusiones especificas

1. La capacidad antioxidante de los alimentos tras la
fermentacion in vitro de los mismos es de tres a cuatro veces mayor que tras
la digestion in vitro. La microbiota intestinal es capaz de liberar compuestos

con capacidad antioxidante tras su accion fermentativa.

2. En los ensayos realizados con microbiota intestinal de adulto
sano, la capacidad antioxidante fue mayor en alimentos cocinados.
Destacaron el cacao y las legumbres por la capacidad antioxidante que
poseian con respecto a los demas grupos de alimentos de origen vegetal. Sin
embargo, el café y el grupo de cereales fueron los que mas capacidad

antioxidante aportaron a la dieta teniendo en cuenta la ingesta diaria.

3. En el grupo de alimentos de origen animal, para los ensayos
realizados con microbiota intestinal de adulto sano, destacaron por su
capacidad antioxidante carnes y pescados con respecto a los demas grupos de

alimentos. Estos dos grupos, junto con los productos lacteos, fueron los
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grupos que mas capacidad antioxidante aportaron a la dieta teniendo en

cuenta la ingesta diaria.

4. En general, la capacidad antioxidante de los alimentos fue
mayor que la descrita por otros autores que no realizaban digestion y/o
fermentacion previamente. Esto es debido a que estos alimentos poseen gran
cantidad de compuestos bioactivos que se liberan tras la digestion y

fermentacion in vitro.

5. En los ensayos realizados con microbiota intestinal de
diferentes grupos de nifios se vio que la capacidad antioxidante total de los
alimentos esté influenciada por la microbiota intestinal, obteniendo resultados
mas bajos en el grupo de nifios obesos que los obtenidos en el grupo de nifios

Sanos.

6. Tras evaluar las capacidades antioxidantes procedentes de los
ensayos con microbiota de nifios sanos, celiacos, obesos y con alergia a las
proteinas de la leche de vaca, se vio que, en general, los cereales, las frutas y
las hortalizas mostraron una mayor contribuciéon a la ingesta diaria de
antioxidantes, mientras que los tubérculos, el pescado y la carne mostraron
una mayor capacidad antioxidante por tamafio de racién. Los alimentos
fermentados con la materia fecal de nifios sanos y alérgicos a las proteinas de
la leche de vaca mostraron una mayor capacidad antioxidante, lo que podria

implicar que existe un mayor papel de la microbiota intestinal en este &mbito.

7. El tostado y la fritura produjeron las mayores concentraciones
de compuestos de Maillard, mientras que el hervido fue el cocinado que
menos produjo. Para los resultados obtenidos de los ensayos con heces de
adulto, el contenido de marcadores de dafio térmico mostré una correlacion

positiva significativa con los datos de digestion in vitro en los alimentos fritos
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y asados, y con la fermentacion in vitro en los alimentos asados. Para los
resultados obtenidos de los ensayos con heces de los diferentes grupos de
nifios, muchas de las correlaciones entre capacidad antioxidante total y
marcadores de dafio térmico fueron negativas, lo que muestra que hay
diferencias funcionales entre las microbiotas intestinales de adultos y nifios,
siendo la de estos ultimos menos capaz de extraer compuestos con capacidad

antioxidante cuando el alimento estd mas procesado térmicamente.
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General conclusions

The results of this doctoral thesis show that the antioxidant capacity
of foods increases considerably after the in vitro fermentation process by the
gut microbiota. This antioxidant capacity will depend on the type of food as
well as on the culinary techniques used. These two factors influence the total
antioxidant capacity of the food, as well as the gut microbiota, making it

capable of extracting compounds with antioxidant activity after fermentation.

Specific conclusions

1. The antioxidant capacity of foods after in vitro fermentation is
three to four times higher than after in vitro digestion. The gut microbiota is

able to release compounds with antioxidant capacity following fermentation.

2. In the tests carried out with healthy adult gut microbiota, the
antioxidant capacity was higher in cooked foods. Cocoa and legumes stood
out for their antioxidant capacity compared to the other plant food groups.
However, coffee and the cereal group were those that contributed most to the

overall dietary antioxidant capacity, taking into account daily intake.

3. In the group of foods of animal origin, for the tests carried out
with the gut microbiota of healthy adults, meat and fish stood out for their
antioxidant capacity compared to the other food groups. These two groups,
together with dairy products, were the groups with the highest antioxidant

capacity in the diet, taking into account daily intake.

4. In general, the antioxidant capacity of the foods was higher
than that reported by other authors without prior digestion and/or
fermentation. This is related with the large number of bioactive compounds

that are released after digestion and in vitro fermentation of foods.
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5. In the tests carried out with the gut microbiota of different
groups of children, it was observed that the total antioxidant capacity of foods
is influenced by the gut microbiota, obtaining lower results from the group of

obese children than those obtained by the group of healthy children.

6. After evaluating the antioxidant capacities from microbiota
assays of healthy, celiac, obese and cow’s milk proteins allergic children, it
was found that, in general, cereals, fruits and vegetables showed a higher
contribution to their daily antioxidant intake, while tubers, fish and meat
showed a higher antioxidant capacity per serving size. Foods fermented with
faecal matter from healthy children and those allergic to cow's milk proteins
showed a higher antioxidant capacity, which could imply that there is a deeper

role of the gut microbiota in this area.

7. Roasting and frying produced the highest concentrations of
Maillard compounds, while boiling produced the least. For the results
obtained from the adult faeces tests, the content of heat damage markers
showed a significant positive correlation with in vitro digestion data for fried
and roasted foods, and with in vitro fermentation for roasted foods. For the
results obtained from the stool assays of the different groups of children,
many of the correlations between total antioxidant capacity and heat damage
markers were negative, showing that there are functional differences between
the gut microbiota of adults and children, with the latter being less able to
extract compounds with antioxidant capacity when food suffered a more

intense heat processing.
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