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Resumen

. Resumen

El tomate es una de las hortalizas mas consumidas en todo el mundo y tanto su
demanda como su produccion han aumentado progresivamente en los ultimos 20
anos. Europa se encuentra entre los principales productores mundiales, siendo
Espafia uno de los diez paises con mayor produccion de tomates tanto para la
industria, como para el consumo en fresco.

Ademas de sus propiedades sensoriales y de su versatilidad culinaria, que lo
convierten en un alimento apto para consumo en crudo, asi como en diferentes
preparaciones, el tomate es considerado una fuente importante de compuestos
bioactivos, entre los que destacan los carotenoides.

Los carotenoides son una familia de compuestos de mas de 600 pigmentos vegetales
liposolubles que se encuentran tanto en organismos fotosintéticos, como no
fotosintéticos y son responsables de las coloraciones amarillas, anaranjadas y rojas
gue se observan en la naturaleza.

El licopeno es uno de los carotenoides mas abundantes del tomate, el cual es
responsable de su coloracion roja. En los alimentos crudos, el licopeno se encuentra
principalmente en la configuracion trans, mientras que en el plasma y en los tejidos, la
configuracion predominante es la cis.

El estudio de los carotenoides con relacion a la salud, y muy especialmente del
licopeno, ha cobrado mucha relevancia en los ultimos afos, ya que se ha visto que su
consumo regular se relaciona con un menor riesgo de desarrollar enfermedades
cronico-degenerativas, tales como las enfermedades neurodegenerativas, distintas
formas de cancer, asi como de enfermedades cardiovasculares. Entre las
enfermedades cardiovasculares, la aterosclerosis es una de las responsables de mas
muertes y comorbilidades en todo el mundo y tanto en su inicio como en su
progresion, se encuentran implicados multiples procesos inmunoinflamatorios.

La determinacion de los efectos de los carotenoides del tomate sobre las moléculas
inflamatorias y quimiotacticas implicadas en el desarrollo y la progresion de la
aterosclerosis, asi como el esclarecimiento del papel bioldégico que cumplen los
distintos isémeros del licopeno en la modulacion de estas moléculas es de suma
importancia para la implementacion de estrategias dietéticas y nutricionales que
contribuyan con la prevencién del desarrollo de estas enfermedades.






N Summary

The tomato is one of the most consumed vegetables worldwide, and both demand and
production have steadily increased over the past 20 years. Europe is among the
world's leading producers of this fruit, being Spain one of the ten countries with the
largest crop of tomatoes for industry and for fresh consumption.

Besides its sensory properties and its culinary versatility, making it a food suitable for
raw consumption as well as in different preparations, tomato is considered an important
source of nutrients, due to their high content of bioactive compounds, among which
carotenoids are include.

Carotenoids are a family of more than 600 soluble plant pigments found in both
photosynthetic and non-photosynthetic organisms and are responsible for the yellow,
orange, and red colorations observed in nature.

Lycopene is one of the most abundant carotenoid in tomatoes, which is responsible for
its red coloration. On raw foods, lycopene is found mainly in the trans configuration,
whereas in plasma and tissues, the predominant configuration is the cis.

The study of carotenoids in relation to health, and particularly of lycopene, has become
increasingly important in recent years as it has seen that its regular consumption is
associated with a lower risk of developing chronic degenerative diseases, such as
neurodegenerative diseases, various types of cancer, and also cardiovascular
diseases. Among cardiovascular diseases, atherosclerosis is one of those that cause
more deaths and morbidities worldwide, and both its beginning and its progression, are
involved multiple immune-inflammatory processes.

Determining the effects of tomato carotenoids on inflammatory and chemotactic
molecules involved in the development and progression of atherosclerosis, as well as
the elucidation of the biological role played by the various isomers of lycopene in the
modulation of these molecules is of utmost importance for the implementation of
dietary and nutritional strategies that contribute to the prevention of the development of

these diseases.
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Hipétesis y objetivos

Il. Hipétesis y objetivos

Hipétesis

El consumo habitual de tomate, un alimento rico en carotenoides, principalmente
licopeno, mejora los parametros de riesgo cardiovascular al disminuir el estado de
inflamacién generalizada y al actuar como inmunomodulador, previniendo el desarrollo de
aterosclerosis en individuos de una poblacién de edad avanzada, sin enfermedad
cardiovascular diagnosticada, pero con alto riesgo de desarrollarla.

Objetivos
Objetivo General

El objetivo general de esta tesis doctoral es determinar la asociacién existente entre el
consumo habitual de zumo de tomate, las concentraciones plasmaticas de carotenoides y
las concentraciones de moléculas inflamatorias, asi como de moléculas de adhesién

celular como marcadores de riesgo cardiovascular.
Objetivos Especificos

Para poder alcanzar dicho objetivo inicial se plantearon los siguientes objetivos

especificos:

1. Desarrollar un método analitico sensible y especifico que permita la identificacion
y cuantificacion de carotenoides del tomate, asi como sus principales isdmeros en

plasma humano.

2. Estudiar la relacion dosis-respuesta entre los niveles de carotenoides, en especial
de licopeno y sus isémeros, tras la ingesta crénica de zumo de tomate durante 4
semanas a diferentes dosis.

3. Determinar la asociacion existente entre los carotenoides del tomate y la

concentracion de moléculas inflamatorias, como marcadores de riesgo

7
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cardiovascular, en pacientes sin enfermedad cardiovascular, pero con alto riesgo

de desarrollarla.
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lll. Introduccion

1. Eltomate
1.1. Origen, distribucion y clasificacion botanica

El tomate es un fruto originario de América, proveniente de la regiéon andina que
actualmente comprende las zonas de Chile, Bolivia, Ecuador, Colombia y Peru, donde
crecia de forma silvestre. Se cree que su cultivo como hortaliza comestible comenzé
en México y que fue Hernan Cortés quien lo introdujo a Esparia entre los siglos XV y
XVI, tras la conquista de Tenochtitlan (actual Ciudad de México). Tanto espanoles
como portugueses, durante el periodo de conquistas expandieron el cultivo del tomate
a paises como ltalia, Francia e Inglaterra, asi como a Oriente Medio, Africa y Filipinas,
desde donde se extendidé a otros paises asiaticos. Con la colonizacion inglesa, se
reintrodujo a América, llegando a los Estados Unidos y Canada'?.

En Europa, el tomate fue cultivado para consumo humano posiblemente a partir del
siglo XVII?, aunque en algunos paises, como ltalia, Francia y Alemania, se utilizaba
Unicamente con fines ornamentales, por ser considerado un fruto téxico y no fue sino
hacia finales del siglo XVIII y principios del siglo XIX que lo introdujeron a la dieta®®.
Teniendo en cuenta su uso y su forma de cultivo, es considerado una hortaliza, pero
desde un punto de vista botanico, el tomate (Solanum Lycopersicum) es una fruta,
especificamente una baya, debido a que es indehiscente, de textura pulposa y tiene
una o mas semillas que son comestibles. Pertenece a la familia de las Solanaceas, la
cual estd compuesta por mas de 3000 especies’. El género Solanum es uno de los
mas destacados dentro de las Solanaceas, abarcando unas 1700 especies de gran
interés econdmico, entre las que se encuentran el tomate, la berenjena, el pimiento, el
tabaco y la patata®. Las especies del género Solanum se caracterizan por una amplia
variedad morfoldgica y ecolégica, pudiendo cultivarse en zonas tanto templadas como
tropicales. Los tomates pueden tener diversas formas y tamafnos, como ser redondos,
asurcados, oblongos o de tipo cherry (coctel), y pueden pesar entre 5y 500 g.

1.2. Importancia econémica

El tomate es uno de los frutos mas consumidos en todo el mundo. Tanto su demanda,

como su produccion y comercio aumentan cada ano, alcanzando en el afio 2014 una
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produccion de casi 164 millones de toneladas (Mt), convirtiéndolo en el séptimo cultivo
més importante a nivel mundial*

En los ultimos 20 afos, tanto la produccién como las areas dedicadas al cultivo del
tomate han aumentado (Figura 1) y Asia se ha convertido en el principal continente
productor de este fruto, con un 51,6% de la produccion mundial, superando a América

(18,9%) y Europa (17,1%) (Figura 2), que hasta aquel momento eran los continentes
que lideraban la produccién del mismo
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Figura 2. Produccion mundial de tomate
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De acuerdo con datos de la Divisién de Estadistica de la Organizacién de las Naciones
Unidas para la Alimentacion y la Agricultura (FAOSTAT), en el 2013 los paises con
mayor produccion de tomate fueron China (50,5 Mt), seguido de India (18,2 Mt),
EE.UU. (12,5 Mt), Turquia (11,8 Mt) y Egipto (8,5 Mt) (Figura 3).

40M
30M
(/)]
[19]
B
o] 20M
=
g
) . .
oM | T lv—. )
China Estados Unidos India Turquia Egipto
Continental de América
M = Millones M Tomates Frescos

Figura 3. Mayores paises productores de tomate en el ano 20183.

Espana se encuentra en la novena posicion a nivel mundial con una produccion de 3,7
Mt., destacando Extremadura como principal comunidad auténoma productora de
tomates destinados a la industria y Andalucia, en la produccién de tomates para

consumo en fresco®.
1.3. Productos derivados del tomate

El tomate es un fruto muy apreciado por sus cualidades sensoriales, asi como por su
versatilidad culinaria, pudiendo consumirse tanto crudo como cocinado en diferentes
preparaciones. Mas del 80% de los tomates cultivados se consumen en forma de
productos procesados, como tomate enlatado entero pelado o en dados, concentrado
liquido de tomate, concentrado seco, salsas, purés, pastas, sopas y zumos®.

13
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1.4. Composicion y valor nutricional

La composicidon fisico-quimica y nutricional del tomate puede verse afectada por
diversos motivos, tales como la variedad, las técnicas de cultivo, el grado de madurez
del fruto, el grado de exposicién a la luz, la temperatura, la disponibilidad de agua,
entre otros’. La piel y las semillas constituyen el 1% del fruto y entre la materia seca,
cabe destacar los azucares (25% de fructosa y 22% de glucosa), los acidos organicos
(principalmente los acidos malico y citrico), los elementos minerales y los sélidos
insolubles (la celulosa, la hemicelulosa y la pectina)®. Teniendo en cuenta su
composicion en macronutrientes, podria decirse que el tomate es un fruto de bajo valor
nutricional; sin embargo es considerado una fuente de nutrientes importante para la
salud humana, debido a su alto contenido en compuestos bioactivos.

1.4.1. En macronutrientes

El tomate estd compuesto principalmente por agua (aproximadamente 94% en el
tomate fresco y casi 96% en el zumo de tomate) y entre los macronutrientes, el
mayoritario corresponde a los hidratos de carbono (3,5% en el tomate fresco y 3% en
el zumo de tomate), seguido de las proteinas (aproximadamente 1% tanto en el tomate
fresco como en el zumo) y por ultimo los lipidos (0,1% en el tomate fresco y la mitad

en zumo de tomate)*.
1.4.2. En micronutrientes

Entre las vitaminas, cabe destacar la vitamina C, con un contenido medio de entre 15y
19 mg/100 g de producto, seguida de la vitamina E, con un contenido aproximado de 1
mg/100 g. En lo que respecta a los minerales, el potasio es el elemento predominante,
con un contenido medio de 236 mg/100 g, tanto en el tomate fresco como en el zumo
de tomate®. En la Tabla 1 se muestra la composicién nutricional del tomate, asi como

del zumo de tomate por cada 100 g de producto.

14
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Tabla 1. Composicién nutricional del tomate y del zumo de tomate por cada 100 g*

Por 100 g
Tomate Zumo de tomate

Macronutrientes
Energia (Kcal) 19 16
Hidratos de Carbono (g) 3,5 3,0
Proteinas (g) 0,9 0,8
Lipidos totales (g) 0,1 0,05

AG Saturados (g) Tr Tr

AG Monoinsaturados (g) Tr Tr

AG Poliinsaturados (g) 0,1 0,02
Fibra alimentaria (g) 1,1 0,6
Agua (9) 93,9 95,6
Micronutrientes
Vitaminas
Vitamina C (mg) 19 15
Vitamina E: Equivalentes de alfa tocoferol (mg) 0,9 1,0
Vitamina A: Equivalentes de retinol (ug) 82 90
Tiamina (mg) 0,06 0,05
Riboflavina (mg) 0,04 0,02
Equivalentes niacina totales (mg) 0,8 0,8
Vitamina Bg (mg) 0,1 0,1
Folato total (ug) 29 13
Minerales
Potasio (mg) 236 236
Fosforo (mg) 22 16
Sodio (mg) 18 48
Magnesio (mg) 10 9,5
Hierro (mg) 0,5 0,6
Calcio (mg) 11 15
Zinc (mg) 0,2 0,1
Yodo (ug) 2,2 2,0
Selenio (ug) 0,9 0,6

Tr: Trazas; AG: Acidos grasos

15
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2. Compuestos bioactivos del tomate

Los compuestos bioactivos son sustancias presentes en los alimentos a una
concentracion muy baja pero que, no obstante, presentan una actividad biol6gica en el
organismo que contribuye con la preservacion de la salud.

De acuerdo con su estructura quimica, estos compuestos pueden clasificarse en
vitaminas, minerales, fibra dietética y fitoquimicos, que a su vez engloban a los
compuestos fendlicos, los alcaloides, los compuestos nitrogenados, los compuestos
organosulfurados, los fitoesteroles y los carotenoides®.

Los compuestos bioactivos no pueden ser sintetizados por el cuerpo, por lo que deben
ser ingeridos a través de la dieta. En los ultimos afios se han publicado numerosos
estudios epidemioldgicos que relacionan el consumo de estos compuestos con una
disminucion del riesgo de padecer diferentes enfermedades cronico-degenerativas,
tales como el cancer, enfermedades neurodegenerativas, enfermedades
cardiovasculares (ECV), entre otras®'*. Entre estos compuestos, los carotenoides son
uno de los mas estudiados y se estima que mas del 30% del total de los carotenoides

de la dieta son aportados por el tomate y los productos derivados del tomate'>'®.

2.1. Carotenoides. Descripcion, estructura quimica y clasificacion

Los carotenoides son una familia de compuestos de mas de 600 pigmentos vegetales
liposolubles que se encuentran tanto en tejidos fotosintéticos, como no fotosintéticos
(animales, bacterias y hongos) y son responsables de las coloraciones amarillas,
anaranjadas y rojas que se observan en la naturaleza. Como se ha mencionado
anteriormente, los mamiferos no son capaces de sintetizarlos, por lo que
necesariamente deben incorporarlos a través de la dieta.

Quimicamente, la mayoria de los carotenoides son tetraterpenoides compuestos por
40 atomos de carbono, derivados de la union de 8 unidades de isoprenoides, unidas
de forma que en el centro de la molécula la secuencia se invierte; es decir, la unién de
las unidades isoprenoides es de forma “cabeza-cola”, excepto en el centro de la
molécula, donde la unién es “cabeza-cabeza”.

Los carotenoides pueden presentar una estructura aciclica, como el licopeno, o poseer
estructuras ciclicas de cinco o seis carbonos en uno o ambos extremos de la molécula,
como el caso del B-caroteno’”.

Dado el gran numero de dobles enlaces de la cadena polienoica central, los
carotenoides pueden existir en diversas conformaciones cis/trans (Z/E), aunque la mas
estable y por lo tanto, presente en la naturaleza es la all-trans (all-E)'®. Las reacciones
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quimicas, la exposicién a la luz o al calor, también pueden ocasionar isomerizacion de

los carotenoides, pasando de una configuracién trans a una mono o poli-cis. Los

isémeros del licopeno que han sido identificados son: all-trans, 5-cis, 9-cis, 13-cis 'y 15-

cis'®. Tanto en humanos como en animales, la configuracién cis parece ser la mas

biodisponible®22,

Considerando los elementos quimicos presentes en sus moléculas, los carotenoides

pueden dividirse en dos grandes grupos:

- Carotenos: que son propiamente hidrocarburos (compuestos Unicamente por
hidrégeno y carbono), y
- Xantodfilas: derivados de los carotenos que contienen, ademas, atomos de

oxigeno en su molécula. Estos pueden estar presente en forma de grupo
hidroxilo, metoxilo, epdxido, carbonilo o carboxilo, principalmente. Otros grupos
oxigenados presentes en los carotenoides pueden ser acetatos, lactonas y
sulfatos”.

En el tomate, las xantéfilas predominantes son las que contienen oxigeno en la forma

de grupos hidroxilo, como la luteina, la B-criptoxantina o la zeaxantina.

La configuracién quimica que adopten los carotenoides sera la responsable de su

reactividad quimica, asi como de las propiedades de absorcién de la luz, y por tanto de

su color.

Otra forma de clasificar a los carotenoides es por su capacidad para ser convertidos

en vitamina A (retinol) en el organismo; asi encontramos a los carotenoides pro

vitaminicos y no pro vitaminicos. El nimero de carotenoides precursores de vitamina A

oscila entre 50 y 60, destacando los carotenos (a, 8 y y-caroteno) y algunas xantofilas

(B-criptoxantina)®.

En la Figura 4 se representa la estructura de los carotenoides mas habituales del

tomate y de mayor importancia biol6gica.
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-caroteno
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Figura 4. Principales carotenoides del tomate.

2.2. Funcion y actividad biolégica de los carotenoides

Los carotenoides no sélo son responsables del color de muchas flores y frutos,
favoreciendo la polinizacion y dispersion de semillas, sino que desempefan funciones

esenciales en la fotosintesis y la fotoproteccion en las plantas. El papel de
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fotoproteccion de los carotenoides en las plantas se debe a su capacidad para
inactivar las especies reactivas de oxigeno (ROS), especialmente el oxigeno singlete,
que se forma a partir de la exposicidon de la luz y la radiacién. Los carotenoides pueden
reaccionar con los radicales libres y convertirse en radicales a si mismos. Como se ha
expuesto, su reactividad quimica se ve influenciada principalmente por la longitud de la
cadena de dobles enlaces conjugados y las caracteristicas de los grupos funcionales
finales.

Debido a su naturaleza hidrofébica, los carotenoides normalmente se encuentran en
ambientes lipéfilos, como las membranas, aunque los carotenoides mas polares, como
las xantéfilas que contienen oxigeno en su estructura, pueden encontrarse también en
medios acuosos, al estar unidos a proteinas o tras haber sufrido procesos de
glicosilacion o metilacion®?®.

La presencia de carotenoides en las membranas celulares afecta algunas de sus
propiedades tales como la rigidez, el grosor, la permeabilidad, la fluidez o la
resistencia mecanica®, lo cual es fundamental para el funcionamiento de éstas.

Aparte de las funciones descritas, a nivel fisiol6gico y dietético, los carotenoides son
importantes por su actividad como pro vitamina A, nutriente esencial para la vision, asi
como para el mantenimiento de la epidermis , y ademas de desempenfar un importante
rol en el crecimiento y la funcion reproductiva®®. La actividad como pro vitamina A
depende de la presencia de un anillo B-ionona en la molécula. Los carotenoides que
contienen como minimo un anillo de B-ionona pueden convertirse en retinol en los
animales. De esta forma, el mas importante es el B-caroteno, que contiene dos de
estos anillos. La actividad biolégica del anillo de S-ionona en los carotenoides cesa por
la introduccién de un grupo hidroxilo en el mismo y asi, la B-criptoxantina, por ejemplo,
con un anillo de B-ionona sustituido por un hidroxilo y el otro intacto, tiene una menor
actividad pro vitaminica que el S-caroteno. La zeaxantina tiene dos anillos de B-ionona
hidroxilados, por lo que no actia como provitamina A.

Sin embargo, el interés que los carotenoides han suscitado en los ultimos afios se
debe a una serie de estudios que demuestran su actividad antioxidante'®?"**®'. Desde
un punto de vista nutricional, los antioxidantes son sustancias presentes en los
alimentos que disminuyen significantemente los efectos adversos de los radicales
libres siendo los mas comunes, los derivados del oxigeno y del nitrégeno.

En condiciones fisiolégicas normales, los radicales libres son producidos en el
organismo debido al metabolismo celular; pero una produccién excesiva de éstos ha
sido implicada en la etiopatogenia y en la progresiéon de varias enfermedades cronico-
degenerativas, tales como el cancer, las enfermedades neuro-degenerativas y las
ECV, entre otras.
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Para contrarrestar la produccion de radicales libres, nuestro organismo cuenta con un
sistema de enzimas antioxidantes que son capaces de neutralizarlos, como por
ejemplo la catalasa, la superoxido dismutasa o la glutatién peroxidasa®, que actian de
manera sinérgica junto con los antioxidantes que consumimos a través de la dieta,
entre ellos, los carotenoides. Las propiedades antioxidantes de los carotenoides estan
asociadas principalmente a sus propiedades de captacién y neutralizacion de radicales
libres y su excepcional habilidad para eliminar oxigeno singlete?’.

Entre los carotenoides mas representativos del tomate, destacan el licopeno, que ha
demostrado ser un potente antioxidante tanto in vitro como en animales y

27,33-35

humanos y el B-caroteno, cuya funcidbn mas importante es la de ser un precursor

de la vitamina A%,

2.3. Absorcién, transporte y metabolismo de los carotenoides

Tras el consumo de alimentos ricos en carotenoides, la primera fase del proceso de
digestion y absorcion es la disolucion de los mismos en pequenas gotitas lipidicas, que
ocurre principalmente en el estbmago y en el duodeno, donde los carotenoides son
liberados de la matriz alimentaria e incorporados a micelas —pequenas moléculas
formadas por acidos biliares y productos de la digestién de los lipidos, tales como
colesterol, acidos grasos libres, mono glicéridos y fosfolipidos- en cantidades
dependientes a diversos factores como la polaridad de los carotenoides®, el pH o la
concentracién de &cidos biliares®®, asi como la presencia de una minima cantidad de
grasas en la comida®.

Aunque se especulaba que todos los carotenoides se introducian en los enterocitos
mediante difusidn pasiva, varios transportadores de lipidos han sido identificados en la
absorcion de carotenoides por la célula intestinal. También se ha sugerido que los
carotenoides pueden asociarse a proteinas u otro tipo de estructuras lipidicas (como
vesiculas y liposomas) y de esta forma ser transportadas hasta el interior del
enterocito®.

Una vez dentro de los enterocitos, una importante cantidad de carotenoides no son
metabolizados (puede llegar hasta un 40% de lo que se ha ingerido)*'. Una parte de
los carotenoides con actividad de pro vitamina A son convertidos a retinal, y a su vez
el retinal puede convertirse en retinol y luego en ésteres de retinilo, 0 también pueden
ser escindidos, junto con los carotenoides no provitamina A, en apocarotenoides®.
Como se ha mencionado anteriormente, la actividad como pro vitamina A, viene dada
por la presencia y cantidad de anillos B-ionona en la molécula del carotenoide, siendo
en este caso el B-caroteno el mas eficiente precursor de la vitamina A, seguido de la -
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criptoxantina y el a-caroteno, con efectividades de conversién del 50 y el 30%
respectivamente. No se han observado isomerizaciones cis-trans dentro de los
enterocitos, por lo que se cree que las isomerizaciones que puedan darse en los
carotenoides se producen en el lumen intestinal. El licopeno por su parte, puede sufrir
oxidacion tanto por accién de las lipooxigenasas, asi como por autooxidacion,
produciendo acicloretinoides y apolicopenales*®**. Los carotenoides se incorporan a
quilomicrones para ser liberados al sistema linfatico y por medio del sistema linfatico
mesentérico llegan a la circulacion sistémica para distribuirse a los 6rganos y tejidos
que los utilizan o almacenan, como el higado, el tejido adiposo, las glandulas
adrenales y la préstata. Finalmente son eliminados por medio de las heces.

2.4. Biodisponibilidad de los carotenoides

La biodisponibilidad de los carotenoides se refiere a la cantidad de carotenoides
ingeridos que esta disponible en la circulacion sistémica para su utilizacion en las
funciones fisioldgicas normales o para almacenamiento en el cuerpo humano®.
Existen diversas condiciones que pueden afectarla, como los factores intrinsecos y

extrinsecos.

2.4.1. Factores intrinsecos

a. Matriz alimentaria y técnica de procesamiento
Con respecto a la matriz alimentaria, varios aspectos pueden influir en el contenido de
carotenoides en un alimento, y por tanto en su posterior biodisponibilidad, como por
ejemplo la exposicion al sol, la accesibilidad al agua durante el cultivo, los diferentes
tipos de cultivos, el grado de madurez, la variedad, entre otros*®*’. En los alimentos,
los carotenoides se encuentran almacenados en organelos celulares especializados
llamados cloroplastos y cromoplastos, formando complejos que los ayudan en su
papel estructural y funcional; por lo tanto la liberacion de la matriz alimentaria es un
paso clave en la biodisponibilidad de los carotenoides. En este sentido, el
procesamiento de los alimentos puede jugar un papel importante, al romper las
membranas celulares de la matriz y permitir la liberacién de los carotenoides desde los
organelos donde se almacenan. Numerosas investigaciones se han llevado a cabo
para determinar la biodisponibilidad de carotenoides de los tomates tras la aplicacion
de distintas técnicas de procesamiento. Los distintos tratamientos aplicados modifican
de manera significativa el contenido de fitoquimicos de los alimentos*; aunque los

resultados observados han sido contradictorios, dependiendo del tratamiento aplicado,
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45,49

asi como del carotenoide estudiado***2. Asi también se ha visto que el almacenaje

puede afectar el contenido de carotenoides de los alimentos, observandose pérdidas

proporcionales al tiempo de almacenamiento®*.

b. Tipo de carotenoide y estructura quimica

La biodisponibilidad de los carotenoides puede verse afectada por su propia estructura
quimica®**%. Por ejemplo, se ha observado que la absorcién de los carotenos, tales
como el B-caroteno, es relativamente menor que la de los carotenoides oxigenados,
como la luteina y la zeaxantina. Debido a su naturaleza mas polar, los carotenoides
oxigenados pueden ser mas fécilmente incorporados a la superficie exterior de las
micelas de lipidos en el tracto gastrointestinal y por lo tanto, llegar con mas facilidad a
las membranas de los enterocitos y, finalmente, a los quilomicrones, aumentando su
biodisponibilidad. Asimismo, la ubicacién del carotenoide dentro del alimento puede
afectar su biodisponibilidad, debido a las barreras fisicas que dificultan la liberacion y
emulsién de los mismos®™.

Otro factor que influye en la biodisponibilidad de los carotenoides es su configuracion
cis/trans. Como se ha sefalado previamente, en los vegetales crudos, la configuracion
trans del B-caroteno y del licopeno es la predominante; sin embargo, en el caso del
licopeno la forma cis es mayoritaria tanto en el plasma humano como en los tejidos,
sugiriendo esto una isomerizacioén en el organismo y una mejor absorcién que la forma
trans®®>"*8, En el caso del B-caroteno, la forma predominante en el plasma es la trans,

pero en los tejidos, la proporcion de la forma cis es mayor.
2.4.2. Factores extrinsecos

a. Interaccién con otros componentes de la dieta

La co-ingestidon de distintos carotenoides de la dieta puede llegar a afectar la absorcidon
de los mismos por diferentes mecanismos. Los carotenoides pueden interactuar entre
si en cualquier momento durante la absorcién, el metabolismo, y el proceso de
transporte®°,

Otros factores que pueden afectar la biodisponibilidad de los carotenoides es la
presencia de grasas y fibras en la dieta. Se ha sugerido que una minima cantidad de
entre 3 y 5 g de grasas en cada comida asegura la absorcion de carotenoides, pero
esto depende del tipo de grasa ingerida y de las caracteristicas fisico-quimicas del
carotenoide® . La fibra por su parte puede influir en la viscosidad de las emulsiones
de carotenoides en el tracto gastrointestinal, asi como modificar el tamafo y la

distribucion de las gotitas lipidicas de estas emulsiones; o bien, interferir con la
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absorcién al interaccionar con los carotenoides y acidos biliares, resultando en un
aumento de la excrecion fecal de grasas y nutrientes solubles en grasa, como los
carotenoides.

Por otro lado, el consumo de alcohol puede aumentar la absorcién de ciertos
carotenoides como el B-caroteno, al ser una sustancia pro oxidante; sin embargo se ha
visto que disminuye la bioconversién del mismo en vitamina A%,

Algunos otros condicionantes de la biodisponibilidad de los carotenoides son el estado

67.68 asi también como la edad®.

nutricional de las personas®*®®, la dieta
b. Factores relacionados con el sistema digestivo

Entre las condiciones que pueden influir en la absorcion y biodisponibilidad de los
carotenoides, la posible existencia de variantes genéticas que codifican las proteinas
de transporte de estos nutrientes, desempefia un rol fundamental. Las variaciones
genéticas que conducen a modificaciones en la region promotora del gen o dentro de
la secuencia de aminoacidos de la proteina pueden afectar a su expresion y/o
actividad, y por lo tanto, su capacidad para absorber y transportar a sus ligandos, lo
cual podria explicar la amplia variabilidad interindividual en la asimilacion de
carotenoides’® "%

Como ya se ha explicado, los carotenoides necesitan ser emulsionados para poder ser
transportados en forma de micelas hasta el borde del cepillo de los enterocitos, por lo
que el contenido de &cidos biliares y el pH del intestino también juegan un papel
importante en la absorcion y posterior biodisponibilidad de los carotenoides®.

2.5. Extraccién y andlisis de carotenoides

La identificacion y cuantificacién de carotenoides en alimentos y muestras biol6gicas
es una tarea compleja debido a la alta variabilidad en sus estructuras quimicas, la
inestabilidad de estos compuestos, la falta de estandares disponibles en el mercado,
las concentraciones generalmente bajas encontradas en las muestras bioldgicas, tales
como el plasma y los tejidos humanos, y la presencia de compuestos potencialmente
interferentes en las muestras. Para una mejor comprension sobre las técnicas
empleadas para la extraccion y el andlisis de los carotenoides, éstas se presentan a
continuacion agrupadas de acuerdo al tipo de muestra.
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2.5.1. Enalimentos

Para la extraccion de carotenoides de matrices alimentarias, no existe una Unica
técnica o método, debido a que su distribucidén en los distintos alimentos o partes de
un mismo alimento varia considerablemente. Lo mas comun es la utilizaciéon de la
técnica de extraccién liquido-liquido y el uso de distintos solventes como acetona,
etanol, tetrahidrofurano, hexano, tolueno, éter de dietilo, metanol, acetato de etilo,
diclorometano, éter de petréleo, cloroformo y butanol, solos o aplicados en mezclas

|74,75

como por ejemplo, acetona/etanol™’®, acetona/hexano’®, acetona/éter de petréleo’,

hexano/dietiléter’®”®, hexano/etanol/acetona®, hexano/etanol/ acetona/tolueno®’,
metanol/hexano/diclorometano®, hexano/etil acetato®, y metanol/THF®*. Sin embargo,
etanol/hexano (4:3) ha sido una de las combinaciones mas comunes para las
muestras de alimentos®>#%,

Otras técnicas descritas en la literatura son la extraccién de fluidos supercritica®,
extraccion de liquido presurizado®, extraccién acelerada de solventes®, extraccion
con agua caliente presurizada®, extraccién asistida por ultrasonido®, extraccion

asistida por microondas®, y extraccion en fase sélida®.
2.5.2. En muestras biolégicas

Para la extraccién de carotenoides, especificamente del plasma, el disolvente mas
comUnmente empleado es el n-hexano®, o bien una mezcla de n-hexano y otros
disolventes, como por ejemplo, hexano/éter’’, hexano/etanol/acetona/tolueno®,
hexano/diclorometano®, hexano/cloroformo'®, mezclas de hexanoacetato de etilo'”, o
también heptano'® o tetrahidrofurano®. Para evitar la oxidacién de los carotenoides,
es necesaria la adicion de un antioxidante durante el proceso de extraccion. EI mas
utilizado es el butilhidroxitolueno (BHT), aunque también suelen usarse el pirogalol, el
butilhidroxianisol, el acido ascorbico y la butilhidroquinona. Para la precipitacion de las
proteinas del plasma por lo general se utiliza etanol, ya que las mismas pueden causar
obstrucciones dentro de las columnas e interferir con la separacion cromatografica.

Para la identificacién y cuantificacion de carotenoides en las distintas matrices, varios
métodos han sido utilizados, incluidos los métodos espectrofotométricos'®, la
electroforesis capilar'®, la resonancia magnética nuclear'®, la espectroscopia de
infrarrojos'®, y las técnicas cromatogréficas tales como la cromatografia de fluidos
supercriticos'”, la cromatografia de gases'®, la cromatografia liquida de alta
resolucion (HPLC)'® y, mas recientemente, la cromatografia liquida de ultra alta

resolucion'™®.
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La cromatografia liquida de alta resolucién permite el acoplamiento con diferentes

"2 indice de refraccion''®, y

detectores, como el ultravioleta (UV)'"", la fluorescencia
espectrometria de masas'™. Actualmente, la mejor herramienta de andlisis para
cuantificar y caracterizar los compuestos carotenoides es la cromatografia liquida de
alta resolucién combinada con deteccién ultravioleta.

Las columnas monoméricas de fase estacionaria octil (Cg) y octadecil (Cig) son las
mas utilizadas para la cromatografia de fase inversa, siendo especialmente buenas
para la separacién de analitos de cadena corta y bajo peso molecular. Sin embargo,
tienen el inconveniente de presentar una pobre resolucibn de los is6bmeros
geomeétricos cis-trans. No obstante, las columnas C3, con cadenas alquilo mas largas,
proporcionan una mejor forma y selectividad para los analitos de cadena larga, por lo
que han demostrado una mejora significativa, y con frecuencia superior, en la
separacion y la selectividad que las columnas Cg y la Cyg, demostrando ser una mejor
opcion para la separacion y resolucion de los isbmeros geométricos de los carotenos

menos polares, principalmente el licopeno y el B-caroteno''.

2.6. Carotenoides y enfermedad cardiovascular

En las ultimas décadas, diversos estudios epidemiolégicos, tanto observacionales,
como de casos y controles, asi como ensayos clinicos han sugerido que los niveles
plasmaticos elevados de carotenoides se relacionan con un menor riesgo de
desarrollar ECV''"®''® Todos estos estudios poseen una elevada evidencia cientifica
debido a la metodologia empleada, el numero de voluntarios incluidos, el tiempo de
seguimiento de los mismos y la similitud de los resultados en distintas poblaciones
como por ejemplo, en europeos, americanos o en asiaticos. En la Tabla 2 se presenta
un resumen de diversos estudios en los que se ha demostrado los efectos
beneficiosos de los carotenoides sobre parametros de riesgo cardiovascular.
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Tabla 2. Estudios de los efectos beneficiosos de los carotenoides sobre la salud

cardiovascular.
Tipo de Caracteristicas del . Carotenoide i
Autor . . Voluntarios . Resultados obtenidos
estudio estudio estudiado
Determinar
asociacion entre los
niveles plasmaticos Disminucion del grosor de
tras una intima media de la carétida en
suplementacién con . ambos grupos
. 144 voluntarios
Zou et al., | Ensayo clinico luteina (20 mg), ) 621482 Luteinay suplementados, pero con una
2016'"° randomizado luteina (20 mg) + ) licopeno mejor respuesta en el grupo
. 45-68 afos
licopeno (20 mg) o suplementado con la
placebo y el grosor combinacién de luteina y
de la intima media de licopeno
la carétida en una
poblacién china
. Determinar
Observacion de L
asociacion entre los o
una cohorte del . . Disminucion del grosor de
. ) niveles plasmaticos : - . -
Karppi et The Kuopio . . Licopeno, a- | intima media de la car6tida en
. de carotenoides y la 840 voluntarios o
al., Ischaemic y ~ caroteno, B- | individuos que se encontraban
120 . progresion del grosor | § de 46-65 afnos . i
2013 Heart Disease o caroteno en los tertiles més elevados
) de la intima de la ) .
Risk Factor . de carotenoides plasmaticos
carétida en hombres
Study (KIHD) .
finlandeses
Determinar
asociacion entre los
niveles plasmaticos 40 voluntarios
Casos y .
de carotenoides y la con
controles de » . . o
expresion de aterosclerosis Luteina, Correlacion inversa entre la
una cohorte . . . i L
Xu et al., . moléculas de subclinica 'y 40 zeaxantina, luteina y la IL-6; asociacion
121 proveniente de ) y ) .
2012 The Beii inflamacién y de controles de B-caroteno y inversa entre zeaxantina,
e Beijin
yng . adhesion 30 $50 licopeno licopeno y VCAM-1
Atherosclerosis . . ~
(Apolipoproteina E, 55-60 afos
Study
MCP-1, IL-6,
endotelina 1, IFN-y,
VCAM-1)
) 58 voluntarios
Casos y Comparar los niveles . . »
. con Bajos niveles plasmaticos de
controles de de licopeno . ) .
o . aterosclerosis licopeno en pacientes con
Riccioni et| una cohorte plasmatico entre . " . . .
) o ) asintomatica ) aterosclerosis asintomatica,
al., proveniente de | individuos con y sin Licopeno . ) .
122 . . . 134 124 asi como niveles plasmaticos
2011 The evidencia ultrasénica .
. . 62 voluntarios elevados de LDL-colesterol,
Manfredonia de aterosclerosis o
. sanos colesterol total y triglicéridos
Study subclinica ~
41-62 afos
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Casos y
controles de
una cohorte

Determinar
asociacién entre los
niveles plasmaticos

125 voluntarios

con

Luteina,

Asociacion inversa entre la
luteina y el grosor de la intima

ou et al., aterosclerosis e la carétida; asociacion
Z t al . . t | i . del otid iacié
123 | Proveniente de | de carotenoides, el " zeaxantinay | | .
2011 o subclinica'y 107 inversa entre zeaxantina y B-
The Beijing grosor de la intima de . B-caroteno n
. » . voluntarios sanos caroteno y la rigidez de la
Atherosclerosis | |la carétida y la rigidez ~ .
. 45-68 anos carotida
Study de la carétida
Determinar la .
Casos y L 280 voluntarios
asociacion entre ) a-caroteno,
controles . » que han sufrido
) niveles plasmaticos B-caroteno, o
anidados de . un IAM Asociacion inversa entre
de carotenoides, B- . .

Koh et al., una cohorte o t188 ¢92 . . niveles plasmaticos de (-
10 ) vitaminas Ay Ey la . criptoxantina, ) . i )
2011 provenientede | = . . y 560 voluntarios . criptoxantina y luteina y riesgo

. incidencia de infarto luteina,
The Singapore . . sanos (2 por . de IAM
) agudo de miocardio zeaxantina,
Chinese Health cada caso) .
(IAM) en una ~ licopeno
Study y . 45-74 anos
poblacion china
Determinar
asociacion entre o
i Asociacion inversa entre
niveles de . -
o niveles plasmaticos de
L antioxidantes )
Riccioni et . . licopeno, B-caroteno y PCR;
Casos y plasmaticos, . Licopeno y B- .
al., . L 40 voluntarios asociacion inversa entre
125 controles inflamacion sistémica caroteno ) »
2010 . niveles plasmaticos de
y grosor de la intima )
» licopeno y B-caroteno y grosor
de la carétida en L .
. de la intima de la carétida
pacientes con
enfermedad renal
Las mujeres que se
Examinar la encontraban en los 3 cuartiles
Casos y o . .
asociacion entre los superiores de concentracion
controles de . . . .
Sesso et niveles de licopeno . de licopeno plasmatico
una cohorte » ) 28345 voluntarias )
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3. Las enfermedades cardiovasculares

Las ECV engloban a un conjunto de patologias del corazén, enfermedades vasculares
del cerebro y enfermedades de los vasos sanguineos. Las mismas pueden sub
clasificarse en:
a) ECV debidas a arteriosclerosis:
- Cardiopatia isquémica o enfermedad de las arterias coronarias (como
por ejemplo, infarto de miocardio),
- Enfermedad cerebrovascular (por ejemplo, derrame cerebral o embolia),
y
- Enfermedades de la aorta y las arterias (hipertension arterial y
enfermedad vascular periférica).
b) Otras ECV:
- Cardiopatia congénita
- Cardiopatia reumatica
- Cardiomiopatias
- Arritmias cardiacas

De acuerdo con el ultimo informe de la Organizacion Mundial de la Salud (OMS), las
ECV han sido responsables del 46,2% de todas las muertes por enfermedades no
transmisibles ocurridas durante el afio 2012, lo que equivale a un total de 17,5 millones
de muertes en todo el mundo'?’, de las cuales las ECV debidas a arteriosclerosis han
sido responsables del 86% de muertes en hombres y 82% en mujeres'?.

3.1. La aterosclerosis. Etiopatogenia

La aterosclerosis es un proceso patologico bastante complejo en el que se desarrolla
una placa de ateroma en las paredes de los grandes vasos sanguineos a lo largo de
los afios, y en el cual estan implicados multiples procesos oxidativos, inflamatorios y
de remodelacién vascular'®.

En este proceso estan involucrados diferentes tipos celulares, tanto de la propia pared
vascular (células endoteliales y células musculares lisas); células sanguineas
(monocitos y linfocitos); asi como distintas citoquinas, quimoquinas y factores de
crecimiento. Todas las moléculas se comunican entre si por intermedio de moléculas
de adhesion que incluyen selectinas, integrinas e inmunoglobulinas que se expresan
en la superficie de éstas células.
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Existen diversos factores de riesgo que pueden promover el desarrollo de la
aterosclerosis, entre los que se encuentran los factores no modificables, como la edad
o ciertos condicionantes genéticos, y los factores modificables, como por ejemplo la
hipertensién arterial, la obesidad y el sobrepeso, la diabetes mellitus, la dislipidemia, el
estrés, el tabaquismo, la ausencia de actividad fisica regular o el consumo de una
dieta inadecuada, alta en grasas saturadas, sal y un bajo consumo de frutas y
verduras ' '3",

Actualmente, es aceptada la hipétesis de que una reaccién inflamatoria crénica de los
vasos sanguineos en respuesta a la exposicion continuada a uno o varios de estos
factores de riesgo, junto con las lesiones comunes endoteliales representan el punto
de partida en el desarrollo de la aterosclerosis.

A continuacion se presentan las distintas fases de la aterogénesis o formacion de la
placa de ateroma, que deriva posteriormente en el establecimiento de la

aterosclerosis.

3.1.1. Desequilibrio en el metabolismo lipidico y respuesta inflamatoria en la pared

vascular

Dado que los lipidos son sustancias insolubles en agua, necesitan unirse a proteinas
para ser transportados por el torrente sanguineo, formando complejos denominados
lipoproteinas.

El colesterol que es ingerido a través de la dieta, viaja por el torrente sanguineo hasta
el higado donde sera metabolizado y empaquetado en quilomicrones. El higado
también produce colesterol, que se transporta en fracciones de lipoproteinas de muy
baja densidad (VLDL) para llegar a los distintos tejidos que precisan del colesterol y
otros sustratos grasos para su normal funcionamiento'?. Estas particulas de VLDL
llevan unida una apo proteina, llamada Apo B (B100 o B48 dependiendo de si
proceden del higado o del intestino respectivamente) que actia como ligando en los
receptores LDL de varias células'. Tras depositar su contenido graso en los distintos
tejidos, las VLDL se vuelven mas densas, denominandose lipoproteinas de densidad
intermedia (IDL). A medida que va vaciandose de su contenido graso, estas particulas
se vuelven aun mas densas, pasando a llamarse lipoproteinas de baja densidad (LDL).
Durante el metabolismo de las lipoproteinas, las fracciones LDL una vez vaciadas de
su contenido, son transportadas de regreso al higado, donde se incorporan a los
hepatocitos, que también cuentan con receptores LDL, donde finalmente son
degradados'*. El ciclo metabdlico de los lipidos se reinicia con la formacion de nuevas
lipoproteinas VLDL por el higado.
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Sin embargo, en estados de dislipidemia como ocurre en la hipercolesterolemia, las
particulas LDL son infiltradas en gran cantidad al sub endotelio de la intima vascular,
causando una respuesta inflamatoria e iniciandose una serie de modificaciones

oxidativas de estas lipoproteinas'®°.

3.1.2.  Modificacién de las LDL y activacion del endotelio

El proceso aterosclerético continia por interacciones entre las LDL, especificamente
entre la fraccion Apo B100 y Apo B48 de las LDL y las proteinas de la matriz
extracelular de la pared vascular, 0 mas concretamente los proteoglicanos'®. En los
vasos sanguineos humanos, los proteoglicanos se encuentran principalmente en areas
donde existe hiperplasia de la intima, que es un engrosamiento de la capa mas interior
de la pared vascular, debido a una acumulacion de células del musculo liso
vascular',

Las LDL infiltradas son propensas a ser oxidadas por enzimas y agentes oxidantes
(como el anion superéxido, el peroxido de hidrogeno, los peroxinitritos, el ozono, entre
otros), produciendo la liberacién de fosfolipidos que a su vez desencadena la
activacién de las células endoteliales, proceso implicado en la expresion de ciertas
moléculas de adhesién de leucocitos al endotelio vascular, tales como las moléculas
de adhesion intercelular 1 (ICAM-1) y las moléculas de adhesion vascular 1 (VCAM-
1)'¥ asi como las E-selectinas y las P-selectinas'®.

3.1.3.  Agregaciéon de monocitos y diferenciacion a macrofagos

Ciertas células inmunolégicas, como los monocitos y los linfocitos, cuentan con
receptores para las moléculas de adhesién, lo que las hace propensas a adherirse al
endotelio donde estan expresadas. Particularmente, los monocitos van rodando a lo
largo de la superficie del endotelio hasta adherirse a las zonas donde este esta

activado'®.

Una vez adheridos, la intima produce quimoquinas que estimulan la
migracion de los mismos al espacio subendotelial, mediante un proceso denominado
transmigracion y diapédesis.

Cuando ya han transmigrado al subendotelio vascular, los factores estimulantes de
colonias de macréfagos, estimulan la diferenciacion de monocitos a macréfagos, lo
cual es considerado un paso critico en la aterosclerosis. Durante este proceso, existe
una sobre expresion de receptores de reconocimiento de la inmunidad innata, como
los receptores scavenger (SR) y los receptores tipo Toll (TLR), respectivamente’®.

Mediante la expresion de los SR, los macréfagos tienen la capacidad de unirse a
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elementos potencialmente toxicos para la célula, como por ejemplo bacterias,
endotoxinas, fragmentos apoptéticos de otras moléculas, entre otros, e internalizarlas;
y es por este mismo mecanismo por el cual las LDL oxidadas (oxLDL) son destruidas y

eliminadas'®°.
3.1.4. Formacién de células espumosas

Una vez internalizadas por los macrofagos, las oxLDL son hidrolizadas vy
metabolizadas en los lisosomas por accion de distintas enzimas, dejando libres
moléculas de colesterol o bien ésteres de colesterol. La acumulacién de colesterol
dentro de los macréfagos es lo que le concede una apariencia espumosa
caracteristica. El colesterol libre es luego modificado a una forma mas soluble, o bien
transportado fuera del espacio sub endotelial, donde las lipoproteinas de alta densidad
(HDL) juegan un papel muy importante como receptoras de este colesterol para su
transporte reverso al higado''.

El depdsito de células espumosas en el endotelio deriva en la formacion de estrias
lipidicas, que son lesiones tipicas de la aterosclerosis en estadios tempranos. Sin
embargo, la continua captacién de moléculas de oxLDL produce estrés en el reticulo
endoplasmico de los macrofagos, y finalmente las células espumosas mueren
apoptoticamente, liberando colesterol, junto con sustancias pro inflamatorias y pro
trombéticas, y formando asi lo que se conoce como nicleo necrético'. Dado que
estas sustancias son extrafias en este compartimento vascular, se desencadena una
serie de reacciones con el fin de proteger a la intima; células musculares lisas (SMC),
provenientes de la capa adventicia de la arteria, migran hasta la zona afectada y crean
una capa fibrosa sobre este nucleo necrético, de manera a encapsularlo y aislarlo del

entorno'.
3.1.5. Progresion de las lesiones y respuesta inmunolégica

Para la progresion de las lesiones ateroscleréticas, los TLR juegan un papel muy
importante, ya que son los que inician una sefalizacién en cascada que produce la
activacién de varios tipos celulares como macroéfagos, células dendriticas, mastocitos,
células del endotelio, entre otras, produciendo citoquinas inflamatorias, proteasas y
sustancias citotoxicas'®’, desencadenandose asi un estado inflamatorio generalizado.
En este paso, también los neutréfilos contribuyen a la expansion de la lesion
aterosclerética, estimulando la adhesién de monocitos al endotelio vascular y su

posterior migracién a la intima, retroalimentando todo el proceso.
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Debido al caracter cronico de este proceso, se van formando lesiones focales o
placas, que en fases avanzadas pueden llegar a ocluir la luz de los vasos sanguineos
de forma directa o bien por complicaciones aterotromboticas.

Las complicaciones dependeran del tipo de placa y de su tamafo. Las placas mas
peligrosas son aquellas vulnerables a rupturas, que son las que contienen un nucleo
lipidico mayor y una cubierta fibrosa fina'**, asi como una elevada cantidad de células
inflamatorias que liberan citoquinas, haciendo que las SMC, produzcan
metaloproteasas, unas enzimas que degradan la matriz de la cubierta fibrosa, dando
lugar a la ruptura de la placa, responsable de las manifestaciones clinicas de la
aterosclerosis, como los sindromes coronarios agudos y el infarto agudo de

miocardio'*34.

3.2. Principales moléculas implicadas en la patogenia de la aterosclerosis

Como se ha observado, la aterosclerosis es una patologia compleja en la que
participan numerosos componentes tanto vasculares, como metabdlicos e
inmunologicos.

Como ya hemos sefalado, los cambios mas precoces que anteceden a la formacién
de la placa de ateroma, se sitian en el endotelio. Esta alteracién del endotelio
aumenta la permeabilidad a las lipoproteinas, proceso mediado por mdultiples
sustancias tales como el 6xido nitrico, las prostaciclinas, el factor de crecimiento
derivado de las plaquetas, la angiotensina Il y la endotelina.

Asimismo, hay una sobre regulacion de moléculas de adhesién leucocitaria, tales
como la L-selectina y las integrinas, asi como de moléculas de adhesién del endotelio,
tales como las selectinas E y P y las moléculas de adhesidn intercelular. También hay
un aumento en la migracién de leucocitos dentro de la pared vascular, mediada por la
LDL oxidada, las proteinas quimiotacticas para los leucocitos, la interleuquina 8 (IL-8),
el factor derivado de las plaquetas y el factor estimulante de la colonia de
macréfagos'*'*®. Otras moléculas quimiotacticas que estan siendo estudiadas, dado
que se ha observado que participan activamente en el reclutamiento y migracion de
leucocitos y en la modulacion de la expresiébn de macréfagos en el proceso
aterosclerético son la eotaxina y la CXC quimoquina 10 (CXCL10)™7"%°,

El progreso de la aterosclerosis, desde un estadio inicial de estrias lipidicas al
establecimiento de lesiones avanzadas, implica un proceso de varias fases que incluye
la migracion de células musculares lisas, estimulada por el factor de crecimiento
derivado de las plaquetas y de los fibroblastos, y por el factor de crecimiento B; la
activaciéon de células T, mediada por el factor de necrosis tumoral (TNF-a), la
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interleuquina 2 (IL-2) y el factor estimulante de las colonias de macrofagos; la
formacion de células espumosas, mediante las LDL oxidadas, el factor estimulante de
colonias de macréfagos, el TNF-a y la interleuquina 1 (IL-1); y finalmente, la adhesién
y agregacion plaquetaria, estimulada por las integrinas, la selectina P, la fibrina, el
tromboxano A2, el factor tisular y los factores de adhesion y migracién de leucocitos
citados anteriormente.

A medida que las estrias lipidicas progresan hacia lesiones mas avanzadas tienden a
desarrollar una cépsula fibrosa que las separa de la luz, considerandose una forma de
cicatrizacion o de respuesta al dafio vascular'®®. Esta capsula fibrosa es la que cubre
el nucleo necrético y va creciendo por sus bordes, estimulada por los mismos factores
que han sido descritos. La capsula fibrosa se produce por una actividad incrementada
del factor de crecimiento derivado de las plaquetas, el factor de crecimiento B, el TNF-
a y por una degradacion del tejido conectivo. En las etapas avanzadas de la
enfermedad, la rotura de la capsula fibrosa puede precipitar la trombosis coronaria.

En todo el proceso de la aterogénesis, la inflamacion desempefia un papel
trascendental™*'®'. Diversos biomarcadores se han estudiado con el fin de determinar
el estado inflamatorio, tanto a nivel local como sistémico, entre los que podemos citar
a los reactantes de fase aguda, como la proteina C reactiva (PCR), las citoquinas pro y
antiinflamatorias (interleucinas), las metaloproteinasas, los marcadores de activacion

plaquetaria y leucocitaria, entre otros.

Esta tesis doctoral se ha focalizado en evaluar el posible efecto cardioprotector de los
carotenoides del tomate, como modulador de la PCR, importante marcador de
inflamacién sistémica, asi como de las moléculas de adhesion ICAM-1, VCAM-1, la
citoquina interferon gamma (IFN-y), y las quimoquinas IL-8, eotaxina y CXCL10,
implicadas en el desarrollo y la progresién de la aterosclerosis.
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IV. Materiales y métodos

1. Disefo del estudio

a) Validacion del método cromatografico: Estudio piloto realizado con ocho
voluntarios de alto riesgo cardiovascular

Para poder interpretar correctamente los resultados de estudios epidemiol6gicos y
ensayos clinicos en los que se busca establecer una relacién entre alimentacion y
salud, es importante contar con herramientas sensibles, capaces de realizar una
correcta identificacion y cuantificacién de los compuestos alimentarios de interés. Es
por esto, que en esta tesis doctoral se ha desarrollado y validado un método
cromatografico que permite la identificacion y cuantificacion de carotenoides en
plasma humano y, para corroborar su aplicabilidad a ensayos clinicos con muestras
reales, posteriormente se utilizé6 este método para el analisis de muestras de plasma
de voluntarios procedentes de un estudio piloto realizado con 8 voluntarios adultos, de
alto riesgo cardiovascular, quienes consumieron 250 mL de zumo de tomate durante 4
semanas.

Antes de iniciar el estudio, los voluntarios debieron abstenerse del consumo de tomate
y productos derivados de tomate, asi como de alimentos ricos en carotenoides durante
1 semana, de modo que las concentraciones plasmaticas de carotenoides pudieran
estar en su nivel mas bajo al momento de iniciar el estudio y evitar de esta forma
errores por sesgo en la interpretacion de los resultados del estudio.

Durante las 4 semanas de intervencion dietética, todos los voluntarios fueron
instruidos de consumir una dieta equilibrada, siguiendo los lineamientos de una dieta
mediterrdnea y tanto al inicio como al final del estudio, se recogieron muestras de
sangre para analizar las concentraciones plasmaticas de carotenoides con el método

validado.

b)  Estudio de intervencidén con pacientes de alto riesgo cardiovascular

Diversos estudios han demostrado que la configuracion cis es la mas biodisponible y
que por lo tanto, es la responsable de los efectos beneficiosos del consumo de tomate
sobre la salud cardiovascular. Sin embargo, no existen estudios en los que se analice
la implicancia de los diferentes isémeros sobre las moléculas inflamatorias y de
adhesién vascular, relacionadas con la aterosclerosis.

Por ello, se llevdo a cabo un estudio abierto, prospectivo, aleatorizado, cruzado y
controlado para evaluar los efectos del consumo de diferentes dosis diarias de zumo
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de tomate durante 4 semanas, sobre biomarcadores inflamatorios de la aterosclerosis
en pacientes sin ECV diagnosticada, pero con alto riesgo de desarrollarla y, de esta
forma, poder determinar una dosis 6ptima de consumo que permita la modulacién de
las moléculas inflamatorias relacionadas con el desarrollo y la progresién de la
aterosclerosis y, a su vez, elucidar el efecto de los isébmeros cis/trans sobre estas
moléculas.

Después de un periodo de 3 semanas, en el que se pidi6 a los participantes evitar el
consumo de tomate o productos derivados del mismo, asi como alimentos ricos en
carotenoides que pudieran interferir con los resultados del estudio, los voluntarios
consumieron: a) dosis baja (DB), 200 mL de zumo de tomate/dia consumidos con la
comida; o b) dosis alta (DA), 400 mL de zumo de tomate/dia, repartidos entre comida y
cena; o ¢) la misma cantidad de agua como intervencién control, de acuerdo con la
aleatorizacién correspondiente. Entre cada intervencion hubo un periodo de lavado de
21 dias, para asegurar que los niveles plasmaticos de carotenoides volvieran a las
condiciones basales antes de iniciar la siguiente intervencion.

Un total de 28 pacientes, con una edad media de 69,7 + 3,1 afos y una media de
indice de masa corporal (IMC) de 31,5 + 3,6 kg/m? participé en el estudio. Los criterios
de inclusién fueron: edad comprendida entre 55 y 80 anos, hipertension arterial
diagnosticada, sin ECV establecida al momento de iniciar el estudio (enfermedad
isquémica del corazén -angina o infarto de miocardio reciente o antiguo, accidente
cerebrovascular, enfermedad vascular periférica), pero con alto riesgo de desarrollarla;
es decir, que haya presentado dos o mas de los siguientes factores de riesgo: a)
tabaquismo, b) hipercolesterolemia (LDL-colesterol >160 mg/dL), c) bajos niveles de
HDL-colesterol (valores <40 mg/dL), d) obesidad o sobrepeso (IMC >25 kg/m?), e)
diabetes tipo Il, y/o f) antecedentes familiares de enfermedad cardiaca temprana
(parientes de primer orden, hombres <55 afos de edad o mujeres <65 anos). Se
excluyeron aquellos voluntarios con antecedentes de ECV, cualquier enfermedad
crénica grave, alcoholismo u otras adicciones, o alergia/intolerancia al tomate.

Se recogieron muestras de sangre en ayunas (10 mL) al iniciar el estudio y después
de cada intervencién. Todas las muestras obtenidas fueron inmediatamente
centrifugadas a 1500 g durante 15 min a 4 °C para separar el plasma. Finalmente, el
plasma se alicuot6 y se almacend a -80 °C hasta el momento del andlisis.

En la Tabla 3 se presentan las caracteristicas de los voluntarios que participaron en el
estudio.
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Tabla 3. Caracteristicas de los voluntarios al inicio del estudio (n=28).

Variables Total (n=28)

Sexo

Masculino (n) 11

Femenino (n) 17
Edad (anos) 69,7 + 3,1°
Habitos tabaquicos

Nunca han fumado (n) 15

Ex fumadores (n) 8

Fumadores activos (n) 5
IMC (kg/m?) 31,5+ 3,6°

25-30 (n) 13

>30 (n) 15
Hipertension (n) 28
Diabetes tipo Il (n) 11
Dislipemia (n) 21
Historia familiar de ECV prematura (n) 4
Medicacién utilizada

Antihipertensivos (n) 8

Insulina (n) 4

Hipoglucemiantes orales (n) 13

Antiagregantes plaquetarios (n) 8

Agentes hipolipemiantes (n) 22

®Los valores estan expresados como medias + DE; DE: Desviacion estandar

2. Preparacion y recepcion del zumo de tomate

El zumo de tomate utilizado en el estudio consistia en una mezcla de tomate triturado
y aceite de oliva refinado (5%), envasado individualmente en packs Tetra brik de 200
mL. Al momento de la recepcion, los mismos fueron almacenados protegidos de la luz
y del calor hasta su analisis y posterior distribucion a los voluntarios. En la Figura 5 se

esboza el proceso de preparacion de los zumos utilizados durante el estudio.
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Figura 5. Diagrama de flujo de la preparacion de las muestras de zumo de tomate.
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3. Métodos analiticos e instrumentacion utilizada
3.1. Extraccion liquido-liquido

a) En muestras de zumo de tomate

Para evitar la oxidacion de los carotenoides por exposicion a la luz, el oxigeno y el
calor, el procedimiento de extraccion se realizd en frio y en una habitacién protegida
de la luz. En primer lugar, se tomaron 0,5 g de muestra fresca y se homogenizaron con
5 mL de una solucién etanol:hexano (4:3 v/v). A continuacion, la mezcla se sonicé y
centrifugd (4000 rpm a 4 °C) durante 5 y 15 minutos, respectivamente. El
sobrenadante fue transferido a un tubo de recoleccion y la extraccion se repitié una
segunda vez. Ambos sobrenadantes se combinaron y se evaporaron bajo una
corriente de N, hasta sequedad. Finalmente, el residuo se reconstituyé en 1 mL de
tert-metil-butil-éter (TMBE) y se almacen6 a -80 °C hasta su analisis'*.

b) En plasma

Para la extraccion de carotenoides del plasma, el procedimiento también se llevé a
cabo en frio y protegido de la luz para evitar la oxidacion de los compuestos. En primer
lugar se procedié a la desproteinizacion de las muestras; 800 puL de plasma se
mezclaron con 800 uL de etanol y se agitaron con un vértex durante 1 minuto. Una vez
precipitadas las proteinas, se procedio a la extraccion de los carotenoides afiadiendo 2
mL de hexano/BHT (100 mg/L) como agente antioxidante. Seguidamente la mezcla se
agit6é por 1 minuto y se centrifugd a 2062 g por 5 minutos a 4 °C. El sobrenadante fue
transferido a un tubo de recoleccion y la extraccién se repiti6. Ambos sobrenadantes
se combinaron y se evaporaron bajo una corriente de N, hasta sequedad. Por ultimo,
el residuo se reconstituyé en 300 puL de TMBE y se almacend a -80 °C hasta el dia de

su andlisis'®.

3.2. Cromatografia liquida de alta resolucion acoplada a un detector ultravioleta de
diodos: HPLC/UV-DAD.

Para la identificacién y cuantificacién de carotenoides de las muestras de zumo de
tomate y plasma se utiliz6 la técnica de HPLC acoplada a un detector UV de diodos
(DAD G1315B). El cromatografo de liquidos utilizado fue un HP1100 HPLC (Hewlett-
Packard, Waldbronn, Alemania), equipado con una bomba cuaternaria y un inyector
automatico. Las determinaciones analiticas de los carotenoides se realizaron utilizando

una columna Czy de 250 mm de largo, 4,6 mm de didmetro y 5 um de medida de
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particula interna (YMC Carotenoid S-5, Waters Co, Milford, MA, EUA), mantenida a 25
°C y unida a una pre-columna de 20 mm de largo, 4 mm de diametro y 5 ym de
medida de particula interna (YMC Guard Cartridge Carotenoid S-5, Waters Co, Milford,
MA, EUA). El volumen de inyeccién de las muestras fue de 20 uL a un flujo de 0,6
mL/min. La separacién cromatografica se completé en 72 min y las fases méviles
utilizadas consistieron en 3 solventes distintos: Agua Mili-Q (A), metanol (B) y TMBE
(C). El solvente A se utilizd isocraticamente a 4%, mientras que los demas solventes
se utilizaron con un gradiente en las siguientes condiciones: 0 min, 90% B; 40 min,
40% B; 60 min, 6% B; 62 min, 90% B; 72 min, 90% B. El TMBE se utiliza como un
modificador, de modo a facilitar la elucién del licopeno y sus isomeros, que tienden a
ser fuertemente retenidos con el metanol. En la Figura 6 se presenta la
instrumentacién utilizada para la identificacion y cuantificacion de los carotenoides.

Figura 6. Cromatégrafo liquido de alta resolucién (HPLC).

3.2.1. Validacién del método cromatografico

Para la caracterizacion e identificacion de carotenoides en el plasma humano es
fundamental contar con un método analitico que sea sensible, a la vez que selectivo y
reproducible. Es por esto que se validé un nuevo método para la cuantificacion de
carotenos y xantéfilas en plasma humano, en el cual también se incluyé la

cuantificacion de la vitamina A.
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Los criterios de validacion utilizados han sido los referenciados por la Association of
Official Analytical Chemist (AOAC Internacional, http://www.aoac.org), y la Food and

Drug Administration (FDA) (http://www.fda.gov), organismos americanos reconocidos a
nivel mundial, encargados de establecer normas de validacion de métodos analiticos

aplicables a muestras biolégicas, asi como a la industria alimentaria.

- Exactitud: consiste en el grado de concordancia entre el valor medido y un
valor de referencia. Fue establecida inyectando repetitivamente plasma blanco
al que se le anadié 3 concentraciones conocidas de los analitos de interés: una
concentracion baja, una media y una alta, respecto a las rectas de calibrado,
en 5 repeticiones. Los resultados se determinaron como el porcentaje de
relacion entre la concentracién media observada y la concentracién conocida
que fue anadida a la matriz bioldgica. El valor medio debe estar comprendido
entre 85y 115%.

- Precision: expresa el grado de concordancia (o grado de dispersion), entre una
serie de mediciones obtenidas a partir de multiples pruebas de una muestra
homogénea en las condiciones establecidas del método. Se debe realizar con
muestras de ensayo representantes de las matrices a las que se aplicara el
método y estas muestras deben contener el rango esperado de
concentraciones de analitos. Los resultados se miden en porcentaje de
desviacion estandar relativa (%DER) y no deben exceder de un 15%.

- Recuperacion: se calcula mediante la preparacion de rectas de calibrado tanto
internas como externas, es decir, a las que se han anadido los analitos antes
de realizar la extraccion, y a las que se han anadido después de realizar la
extraccion, respectivamente. La respuesta obtenida de la cantidad de analitos
anadida y extraida del plasma, se compar6 con la respuesta obtenida por una
recta de calibrado con las mismas concentraciones, pero inyectando
estandares puros. Posteriormente se aplicdé una regresion lineal entre la
concentracion de analitos y la concentraciéon calculada anteriormente. El valor
de la pendiente obtenida multiplicada por 100 corresponde a la recuperacion
del analito.

- Limite de deteccion (LDD) y limite de cuantificacion (LDC): El LDD es la
cantidad mas pequefia de analito que se puede demostrar que es

significativamente mayor que la medida de desviacion de un blanco a un nivel
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preestablecido de confianza (por lo general 95%); mientras que el LDC es la
minima cantidad de analito en una muestra que se puede determinar

cuantitativamente con precision y exactitud.

- Linealidad: la linealidad permite comprobar que la funcién matematica que
vincula la senal instrumental al resultado analitico es efectivamente una recta
para un intervalo definido de valores. Este estudio se efectia comparando las
desviaciones entre los puntos experimentales y el valor atribuido a los

estandares puros, con una desviacion maxima aceptada previamente definida.

3.3. Inmunofluorescencia

Para la determinacion de moléculas inflamatorias y de adhesion celular, se utilizaron
técnicas de inmunofluorescencia, las cuales forman parte de los ensayos basados en
reacciones inmunoldgicas primarias; es decir, reacciones especificas entre un
antigeno, que en este caso seria la molécula a analizar, y un anticuerpo especifico,
que corresponde al reactivo. Se consideran reacciones primarias porque se basan en
el reconocimiento especifico y la combinaciéon antigeno-anticuerpo simplemente. La
unién de un antigeno con un anticuerpo forma complejos macromoleculares, que
debido a su tamaro, precipita, permitiendo asi establecer la presencia de anticuerpos
especificos. En la Figura 7 se ensefia resumidamente la reaccion de unién antigeno-

anticuerpo.

Reaccion antigeno-anticuerpo

Antigenos

Antlgenos \<
i |
Antigeno + :tmu?pos( Anticuerpo

Figura 7. Reaccién de unién de un antigeno con un anticuerpo.

Anticuerpos
Antigeno

Lugar de unién
\7a Antigeno )
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Algunas sustancias quimicas pueden absorber energia de ondas ultravioleta y
emitirlas como ondas visibles de distinta longitud de onda, por ello se observan con
distintas coloraciones en funcion de la longitud de onda de la luz recibida; a esta
caracteristica electroquimica se denomina fluorescencia. En particular, la técnica
consiste en incubar el antigeno (parametro) a valorar de la muestra, con un anticuerpo
especifico, luego se le afiade un anti-anticuerpo marcado con el fluoréforo que se unira
al complejo y tras una nueva incubacién y un lavado se visualiza la positividad o no del
ensayo a través de un lector acoplado con lampara ultravioleta.

Para la determinacién de las moléculas ICAM-1, VCAM-1 y PCR se ha utilizado el
Human ProcartaPlex® Inmunoassay Panel (Affymetrix, eBioscience Inc., CA, EUA) y la
lectura se ha realizado en un equipo MAGPIX®. El andlisis se ha realizado utilizando
el software ProcartaPlex Analyst 1.0 de eBioscience. Para la determinacion de las
moléculas IL-8, eotaxina, IFN-y y CXCL10, se ha utilizado un panel Bio-Plex Pro™
Assay, Bio-Rad (Bio-Rad Laboratories, Inc., CA, EUA). La lectura de las placas se ha
realizado en un equipo Bio-Plex® 2200 System (Luminex Co., TX, EUA) y el andlisis
de los datos se ha realizado con el Bio-Plex Manager™ software.

La concentracién de las muestras se calculd6 mediante la interpolacién de la
concentracion de la curva de patrones con la curva generada por cada analito y la
aplicacion de un logaritmo 4PL o 5PL. Los resultados se muestran en ng/mL para la
ICAM-1, VCAM-1 y la PCR; mientras que para la CXCL10, la IL-8, la eotaxina, y el
IFN-y, los resultados se expresan en pg/mL.

3.4. Andlisis estadisticos

Para la realizacién de los analisis estadisticos se utilizé el paquete estadistico
Statistical Package for Social Sciences (SPSS, versién 19.0; SPSS Inc., Chicago, IL,
USA). La significancia estadistica fue establecida como p < 0,05.

En primer lugar, se determiné la normalidad de las muestras mediante el test de
Kolmogorov-Smirnov. A continuacion, para establecer diferencias entre las distintas
intervenciones se realizé el andlisis de varianza para medidas repetidas (ANOVA). Los
andlisis de varianza permiten determinar si diferentes tratamientos muestran
diferencias significativas (p < 0,05) o, por el contrario, puede suponerse que no existen
diferencias entre las medias poblacionales. Seguidamente se determinaron las
correlaciones existentes entre los carotenoides plasmaticos y las moléculas
inflamatorias mediante el test de correlacién de Pearson para variables paramétricas vy,
por ultimo, para comprobar la causa de dichas correlaciones, es decir, la causalidad,

se realizaron regresiones lineales simples.
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V. Resultados

1. Un nuevo método para la cuantificacion simultanea de los antioxidantes:

carotenos, xantofilas y vitamina A en plasma humano

De acuerdo con el primer objetivo propuesto, se ha desarrollado y validado un método
analitico que permite la cuantificacion de 8 carotenoides, 3 isémeros del B-caroteno, y
retinol (vitamina A) en plasma humano, a través de HPLC-UV/DAD. Los parametros
que se consideraron para la validaciébn del método fueron: exactitud, precision,
recuperacion, LDD, LDC vy linealidad, siguiendo los criterios de la AOAC International,
asi como de la FDA.

Para los ensayos de precision y exactitud, se prepararon 3 diluciones de estandares
en TMBE: una baja (1,5 pg/mL), una media (4 pug/mL) y una alta (9 pg/mL) de cada
uno de los analitos. Para calcular la recuperaciéon, se prepararon dos rectas de
calibrado de 7 puntos cada una. A la primera se le afiadieron los analitos estudiados
antes del proceso de extraccion (recta de calibrado), y a la otra, después de realizar la
extraccion (recta de externos). Las areas de los analitos de la recta de calibracion
interna fueron introducidas en la recta de calibracion externa, obteniéndose una
concentracion. Esta concentracion calculada versus la concentracion real utilizada se
representé graficamente; aplicando una regresion lineal y, multiplicando luego por 100
la pendiente de la recta, obtuvimos el valor de recuperacion. Para obtener una buena

recuperacion, los valores deben estar comprendidos entre 100 + 15%.

Tabla 4. Exactitud y recuperacién de los compuestos estudiados.

Analito Exactitud (%) Recuperacion (%)
Retinol 105+9 96 + 3
Astaxantina 99 +7 113+ 6
Luteina 99 +13 112+9
Zeaxantina 101 £ 11 107 £ 5
trans-3-apo-8'-carotenal 98 + 10 94 +3
Criptoxantina 103 £12 96 + 3
15-cis-B-caroteno 90 +13 101 £ 2
13-cis-B-caroteno 105 +£12 92 +5
a-caroteno 98 £12 89 +4
B-caroteno 97 £13 96 + 2
9-cis-B-caroteno 112+7 93 +3
trans-licopeno 100 £ 12 91 +3
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Como se observa en la Tabla 4, los valores de recuperacion obtenidos se encuentran
entre 89 y 113%. Las recuperaciones mas altas corresponden a la astaxantina y la
luteina, mientras que las mas bajas corresponden al a-caroteno y al trans-licopeno. No
obstante, todos los analitos se encuentran dentro de los limites recomendados por la
FDA y la AOAC International.

En esta misma tabla se presentan los resultados de la exactitud, que fue calculada
inyectando plasma blanco al que se le afadié 3 concentraciones distintas de los
analitos a analizar, en 5 repeticiones. El porcentaje de variabilidad que debe existir
entre las distintas inyecciones y un estandar de referencia no debe exceder + 15%. La
exactitud de todos los analitos que se estudiaron se encuentra dentro del rango
establecido, muy proximos a los valores de referencia de los estandares.

La resolucion indica el nivel de separacion de los compuestos y la simetria de los picos
que se obtienen tras el andlisis cromatografico. Los valores superiores a 1,5 indican
una buena separacién y simetria. Como puede observarse en la Tabla 5, la resolucion
de la mayoria de compuestos analizados tiene valores superiores a 1,5, lo que indica
una buena separacion de los compuestos y una correcta definicion de los picos

cromatograficos.

Tabla 5. Resolucién de los compuestos estudiados.

TR Longitud de onda Anchura Resolucion

Analito (min) (nm) (min) (R)
Retinol 8,54 330 0,60 N.d.
Astaxantina 34,07 450 0,38 2,3
Luteina 36,55 450 0,72 1,4
Zeaxantina 38,24 450 0,53 2,2
frans-B-apo-8'-carotenal 40,01 450 0,29 7,7
Criptoxantina 43,94 450 0,22 6,9
15-cis-B3-caroteno 46,96 450 0,22 1,4
13-cis-B-caroteno 47,57 450 0,21 1,3
a-caroteno 48,12 450 0,20 2,9
[B-caroteno 49,57 450 0,31 2,3
9-cis-B-caroteno 50,76 450 0,20 33,0
trans-licopeno 64,29 450 0,21 33,0

N.d.: No determinado; R= 2[(TR)B-(TR)A)/(Anch. A +Anch. B); TR= Tiempo de retencién

La precision intra- e inter-dia fue calculada inyectando 3 niveles de concentracion
(baja, media y alta) de los analitos, ya sea en una misma tanda de inyecciones, o en
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tres dias diferentes, respectivamente. Se evalu6 mediante el DER de la
reproducibilidad del intra- e inter-dia y los resultados no debian superar el 15% de la
DER. Como puede observarse en la Tabla 6, la precision de todos los analitos
estudiados se encuentra dentro del rango recomendable por la FDA y la AOAC, con
valores entre 1 y 15% para la variabilidad intra-dia, y valores de entre 4,9 y 15% para
la variabilidad inter-dia.

Como se ha senalado, el LDD es la cantidad o concentracion minima de un analito que
puede ser detectada con fiabilidad por un método analitico, pero no necesariamente
cuantificada. Con el método desarrollado, se consiguieron LDD de entre 0,1 pg/mL y
1,3 pg/mL, correspondiendo los valores mas bajos a la astaxantina y al trans-licopeno,
mientras que el valor mas elevado corresponde al 15-cis-B-caroteno. El LDC, por su
parte representa la minima cantidad de analito que puede cuantificarse en una
muestra con exactitud y precisién. La tendencia del LDC es del orden de 0,7 pg/mL
para la mayoria de los analitos; correspondiendo los valores mas bajos a la
astaxantina y al trans-licopeno y el valor mas elevado al 15-cis-B-caroteno.

Por su parte, el rango de linealidad permite determinar los limites minimo y maximo de
concentracion en que una medicidn sera precisa. Tomando en cuenta el valor maximo
encontrado en plasma de cada analito, se prepararon rectas de calibrado con plasma
sintético al que se anadi6 distintas concentraciones de los analitos, desde el valor del
LDC, hasta un maximo de 10 ug/mL. El procedimiento analitico demostro ser lineal en
el intervalo de concentracién determinado, con un coeficiente de correlacién (r) de
entre 0,9952 y 0,9984 para todos los compuestos en las muestras de plasma, lo que
demuestra una buena linealidad de las curvas. En la Tabla 7 se resumen los
resultados.
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Tabla 6. Precision de los analitos estudiados

Precision

1,5 ug/mL (n=5)

6 ug/mL (n=>5)

9 ug/mL (n=5)

Analito Dia 1 (DER%) Dia2(DER%) Dia3(DER %) DER Interday Dia1(DER%) Dia2(DER%) Dia3(DER %) DER Interday Dia1(DER%) Dia2(DER%) Dia 3 (DER %) DER Interday
Retinol 3 4 5 49 10 12 8 14,1 13 10 11 14,3
Astaxantina 7 3 3 14,5 1 13 12 14,6 15 12 12 14,7
Luteina 8 9 4 14,2 12 14 8 14,3 10 9 12 13,3
Zeaxantina 4 15 4 10,8 12 3 7 12,9 11 11 10 14,8
trans-f3-apo-8'-carotenal 11 10 4 14,3 1 12 8 14,7 13 9 12 13,8
Cryptoxantina 5 13 3 12,1 il 6 9 14,3 " 10 8 13,9
15-cis-B-caroteno 5 13 1 9,4 1 5 9 15,1 10 7 11 13,4
13-cis -B-caroteno 6 14 3 14,9 12 15 12 14,0 11 10 10 14,9
a-caroteno 4 15 2 9,4 11 15 11 13,7 11 9 10 14,8
B-caroteno 11 10 8 11,2 11 15 14 14,9 12 6 10 12,8
9-cis-f-caroteno 6 10 7 10,4 12 12 4 13,9 11 11 11 14,8
trans-licopeno 5 5 2 11,6 10 13 9 13,8 10 15 8 14,8

DER: Desviacion estandar relativa
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Tabla 7. Limite de deteccién, limite de cuantificacién, rango de concentracion, rectas
de calibrado y coeficiente de correlacion de los analitos inyectados en plasma blanco.

. LDD Lpc  fangode . coetae
Analito (ug/mL) (ug/mL) linealidad Recta de calibrado correlacion
(ug/mL) (1)

Retinol 0,2 0,7 0,7-10 y = 69,68x - 15,86 0,9952
Astaxantina 0,1 0,3 0,3-10 y = 49,14x + 3,02 0,9964
Luteina 0,4 1,3 1,3-10 y =119,37x - 2,26 0,9954
Zeaxantina 0,2 0,7 0,7-10 y =69,14x + 1,53 0,9955
trans-f-apo-8'-
carotenal 0,2 0,7 0,7-10 y=249,40x - 20,91 0,9957
Cryptoxantina 0,2 0,7 0,7-10 y=200,48x - 15,76 0,9952
15-cis-B-
caroteno 1,3 4,3 4,3-10 y =91,23x - 10,85 0,9984
13-cis-B-
caroteno 0,4 1,3 1,3-10 y =90,59x + 8,74 0,9969
a-caroteno 0,5 1,6 1,6-10 y=243,07x-37,13 0,9966
B-caroteno 0,2 0,7 0,7-10 y = 105,80x - 2,94 0,9983
9-cis-B-caroteno 0,2 0,7 0,7-10 y = 75,68x - 8,42 0,9959
trans-licopeno 0,1 0,3 0,3-10 y = 34,53x - 4,29 0,9952

LDD: Limite de deteccién; LDC: Limite de cuantificacion

Posteriormente, para corroborar la aplicabilidad del método a estudios epidemiolégicos

y/o ensayos clinicos, una vez validado, el método fue aplicado a un estudio piloto de

intervencion con 8 voluntarios adultos (69,9 * 3,8 afios; 32.3 £ 3.8 IMC) a los que se

les suministr6 250 mL de zumo de tomate durante 4 semanas. Las muestras de

sangre fueron recogidas tanto al inicio como al final del estudio. Los analitos

detectados en el plasma en estado basal, es decir antes de la intervencion con el

zumo de tomate,

fueron

retinol,

astaxantina,

luteina,

trans-B-apo-8'-carotenal,

criptoxantina, 13-cis-B-caroteno, a-caroteno, B-caroteno, licopeno y 5-cis-licopeno.
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Tabla 8. Carotenoides y retinol en el plasma humano antes y después de una
intervencion dietética con 250 mL de zumo de tomate.

Concentracion
Después de la Después de la
Basal inteﬁvencién Basal intgrvencio'n
Analitos Media + DE Media + DE Media + DE Media + DE
(ug/mL) (ug/mL) (umol/L) (umol/L)

Retinol 1,82 +0,37 1,90 £ 0,49 3,46 £ 0,70 3,62+ 0,93
Astaxantina 0,76 + 0,44 0,88 + 0,37 1,27 £ 0,74 1,48 £ 0,63
Luteina 0,07 £ 0,02 0,06 + 0,06 0,13+0,03 0,11 £ 0,11
Zeaxantina N.d. N.d. N.d. N.d.
trans-pB-apo-8'-
carotenal 0,57 + 0,03 0,57 + 0,03 1,38 £ 0,06 1,38 £ 0,08
Criptoxantina 0,18 +0,12 0,20 + 0,07 0,32 +0,22 0,37 +0,12
15-cis-B-
caroteno N.d. N.d. N.d. N.d.
13-cis-B-
caroteno 0,13+ 0,00 0,14 £ 0,02 0,23 £ 0,00 0,26 £ 0,04
a-caroteno 0,22 £ 0,00 N.d. 0,41 £ 0,00 N.d.
B-caroteno 0,95+ 0,50 1,09 £ 0,53 1,77 £ 0,93 2,03+0,98
9-cis--
caroteno N.d. N.d. N.d. N.d.
13-cis-licopeno N.d.2 2,79 + 1,442 N.d.2 5,20 + 2,692
9-cis-licopeno N.d.? 0,38 +1,42% N.d.? 0,71 + 2,64°
trans-licopeno 1,15+ 0,832 5,19 + 2,352 2,14 + 1,542 9.67 * 4,38°
5-cis-licopeno 0,75 +1,10% 3,07 £1,43?% 1,41 + 2,06% 5,72 + 2,67°

N.d.: No determinado

DE: Desviacién estandar

“Los valores de la fila que tengan la misma letra son significativamente diferentes (p<0,05) Datos analizados mediante
test de Wilcoxon para medidas repetidas.

En la Tabla 8 se muestran los valores de carotenoides y vitamina A, en ug/mL y en
pmol/L respectivamente, cuantificados en el plasma de los voluntarios a quienes se les
suministré 250 mL de zumo de tomate durante 4 semanas. Como se observa, el
método desarrollado permitié la identificacion y cuantificacion de 9 de los compuestos
estudiados en estado basal, es decir sin antes haber consumido alimentos ricos en
carotenoides, asi como también tras la intervencién. Con este método también se
pudieron identificar y cuantificar 3 isbmeros cis del licopeno, tanto antes como después
de la intervencion, observandose un incremento de la concentracién tras el consumo

del zumo.
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2. El trans-licopeno del zumo de tomate atenua los biomarcadores
inmunoinflamatorios: estudio dosis-respuesta.

Un total de 283 participantes fueron evaluados para participar en el estudio; de los
cuales 223 no fueron elegibles: 78 no cumplian los criterios de inclusion, 21 informaron
de su voluntad de no cambiar su dieta, y 140 declinaron de participar, dejando un total
de 44 pacientes para ser asignados al azar a los diferentes grupos de intervencion.
Veintiocho de ellos completaron el estudio debido a que 2 participantes decidieron
abandonar el estudio por problemas después de la dieta, 3 por problemas de salud y
otros 11 por cuestiones personales. En la Figura 8 se presenta el diagrama de flujo de
los voluntarios a lo largo del estudio.

Evaluados para elegibilidad (n=283)

No elegibles (n=223)

No cumplieron criterios de inclusion: 78
No quisieron cambiar su dieta: 21
Declinaron participar: 140

Participantes que iniciaron el estudio (n=44)
No quisieron cambiar su dieta: 2

Problemas de salud: 3

Cuestiones personales: 11

Participantes evaluables (n=28)

Figura 8. Diagrama de flujo de los participantes durante el estudio.
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Para la realizacion del estudio se reclutaron voluntarios que no padecian enfermedad
cardiovascular, pero con alto riesgo de desarrollarla. Los criterios de inclusion fueron:
tener hipertension arterial y uno o mas de los siguientes factores de riesgo: a) ser
fumador, b) presentar hipercolesterolemia (LDL-colesterol >160 mg/dL), c) tener bajas
concentraciones de HDL-colesterol (<40 mg/dL), d) tener sobrepeso u obesidad (IMC
>25 kg/m?), e) tener diabetes tipo I, f) historia familiar de ECV temprana (parientes de
primer orden, hombres <55 afos; mujeres <65 afnos). Los voluntarios que hayan
padecido o que presentasen una ECV diagnosticada, asi como cualquier otra
enfermedad croénica, alcoholismo u otras adicciones, alergia o intolerancia al tomate,
fueron excluidos del estudio. En la Tabla 9 se presentan las caracteristicas
demograficas y clinicas de los pacientes que participaron en el estudio. La media de
edad de los voluntarios fue de 69,7 £ 3,1 afos. El 61% de los voluntarios eran
mujeres, mientras que el 39% eran hombres y todos presentaban sobrepeso u
obesidad, con una media de IMC de 31,5 + 3,6 kg/m®.

Tabla 9. Caracteristicas demograficas y clinicas de la poblacion estudiada.

Variables Total (n=28)

Sexo

Masculino (n) 11

Femenino (n) 17
Edad (afios) 69,7 + 3,12
Habitos tabaquicos

Nunca ha fumado (n) 15

Ex fumador (n) 8

Fumador habitual (n) 5
IMC (kg/m?) 31,5 +3,6°

25-30 (n) 13

>30 (n) 15
Hipertension (n) 28
Diabetes tipo Il (n) 11
Dislipemia (n) 21
Historia familiar de ECV prematura (n) 4
Medicacién utilizada

Antihipertensivos (n) 8

Insulina (n) 4

Hiploglucemientas orales (n) 13

Antiagregantes plaquetarios (n) 8

Agentes hipolipemiantes (n) 22

#Valores expresados en media = DE; DE: Desviacion estandar
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La Tabla 10 resume el contenido de los principales carotenoides identificados en el
zumo de tomate proporcionado a los participantes durante el ensayo. Los principales
compuestos cuantificados fueron el trans-licopeno y B-caroteno, con una media de 193
+ 20 y 190 £ 15 umol/L, respectivamente. La suma de los isébmeros de licopeno
representé el 52,2% de la ingesta total de carotenoides, siendo el trans-licopeno el
principal compuesto con un 48,1%, mientras que el B-caroteno represento el 47,4% del
total, por lo que la suma de trans-licopeno y B-caroteno representan el 95,5% de los
carotenoides consumidos a través del zumo de tomate.

Tabla 10. Contenido de carotenoides del zumo de tomate administrado a los
voluntarios durante el estudio.

Cozf,etewlldo Dosis Baja Dosis Alta

umol/dosis umol/dosis

zumo - 2 g b

(umol/L) administrada administrada
Luteina 0,46 + 0,04 0,09 + 0,01 0,19 £ 0,02
a-caroteno 0,88 + 0,06 0,18 + 0,01 0,35+ 0,02
B-caroteno 190 £ 15 38,0 £ 3,00 75,9 £ 5,98
trans-licopeno 193 £ 20 38,6 + 3,98 77,3 +7,95
5-cis-licopeno 2,76 £ 0,21 0,55 £ 0,04 1,10 £ 0,08
13-cis-licopeno 5,40 £ 0,57 1,08 £ 0,11 2,16 £ 0,22
9-cis-licopeno 8,30 £ 0,76 1,66 £ 0,15 3,32 £ 0,31

Carotenoides 401 80.10 160

totales

Valores expresados como media + DE; *Dosis administrada: 200 mL/ZT; °Dosis administrada: 400 mL/ZT
ZT: Zumo de tomate
DE: Desviacion estandar

En la Tabla 11 se presentan las concentraciones de carotenoides medidas en el
plasma de los voluntarios, antes y después de la intervencién con las distintas dosis de
zumo de tomate. Después de la dieta de lavado, debido a la abstinencia en el
consumo de tomate, productos a base de tomate y otros alimentos ricos en
carotenoides, la concentracién plasmatica de carotenoides fue considerada la mas
baja. Los principales carotenoides cuantificados en el plasma después del periodo de
lavado fueron el trans-licopeno, y los isbmeros cis, 13-cis, 5-cis, y 9-cis-licopeno,
respectivamente.
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Tabla 11. Concentracion plasmatica de carotenoides antes y después de la

intervencion con zumo de tomate (n=28).

Analito Intervencion Co:;z;n;lr/a;-():lon p’
Basal 0,73+0,53
_ Control 0,67+0,54
Astaxantina DB 0.51+0.27 0,276
DA 0,80+0,49
Basal 0,05+0,03
. Control 0,04+0,02
Luteina DB 0,02+0,02 0,036
DA 0,04+0,02
Basal 0,53+0,03
trans-B-apo-8'-carotenal Control 0:5220,03 0,025
DB 0,52+0,02 ’
DA 0,54+0,03
Basal 0,09+0,08
Criptoxantina Control 0,10£0,08 0,077
DB 0,10+0,06 ’
DA 0,16+0,14
Basal n.d.
, Control n.d.
15-cis-B-caroteno DB nd. <0,001
DA 0,18+0,21
Basal n.d.2®
13-cis-B-caroteno Control 0,090,00° <0,001
DB 0,10+0,02° ’
DA 0,11+0,03%
Basal n.d.
a-caroteno Co[;;rol :3 < 0,001
DA 0,51+0,43
Basal 0,69+0,41
Control 0,65+0,41
B-caroteno DB 0.80+0.50 0,006
DA 1,19+0,98
Basal 1,43+1,11°2
trans-licopeno Control 0’8410’56: <0,001
DB 3,91+1,76% ’
DA 6,64+2,65%°
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Basal 1,19+0,99°
o Control 1,13+0,74°
5-cis-licopeno DB 2 37+1,09% <0,001
DA 4,07+1,77%°
Basal 1,04+0,76°
o Control 1,12+0,90°
13-cis-licopeno DB 1 87+1,05° <0,001
DA 4,00+2,00%"
Basal 0,79+0,88
9-cis-licopeno Control 0,63:0,76 0,003
DB 0,89+0,56% ’
DA 1,94+1,26%
Basal 1,74+1,60°
Total isémeros cis del Control 1,7141,46
licopeno DB 4,77+2,60%° <0,001
DA 9,57+4,78%°
Basal 3,00+2,66%
_ Control 2,55+1,87°
Licopenos totales DB 8.68+4,00% <0,001
DA 16,22+7,26°
Basal 4,94+3,49%
Carotenoides totales Control 4,95:3,39° <0,001
DB 10,64+4,64>° ’
DA 18,62+7,99%°

Valores expresados como media + DE

'valor p de ANOVA para medidas repetidas de las diferencias entre intervenciones.

Valores con la misma letra son estadisticamente significativos entre intervenciones (p < 0.05).
n.d.; no determinado; DE: Desviacién estandar; DB: Dosis baja; DA: Dosis alta

Tras las intervenciones, se observaron aumentos estadisticamente significativos de trans-
licopeno, 5-cis-licopeno y 13-cis-licopeno entre todas las intervenciones, mientras que el 9-
cis-licopeno solo aumento significativamente después de la intervencion DA. Por otra parte,
el B-caroteno increment6 después de las distintas intervenciones, mientras que el a-
caroteno lo hizo después de la intervencion DA, pero estos cambios no fueron
estadisticamente significativos. Las xantéfilas, por su parte, no mostraron diferencias

significativas tras las distintas intervenciones.
En la Tabla 12 se presentan los valores de las concentraciones de moléculas de

inflamacion y de adhesion medidas en el plasma de los voluntarios, tanto antes como

después de las distintas intervenciones.
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Tabla 12. Marcadores inmunoinflamatorios medidos antes y después de la intervencion
con zumo de tomate (n=28).

Intervencion

Biomarcador Dosis baja Dosis alta d
plasmético Basal — Control (C) " pp, (DA)

ICAM-1 (ng/mL) 3693+1377* 3609+1107° 318+116*° 15957 _( 001
VCAM-1 (ng/mL) 3993+890°  3939+801°  400+101*°  218+39*° 0 001
CRP (ng/mL) 1521+236%>° 53942007 446+254°  532+158° <0,001

IL-8 (pg/mL) 22+9° 40+1720¢ 23+16° 24+15° 0015
Eotaxina (pg/mL) 135467 1724114 137475 181112 0,172
IFN-y (pg/mL) 304+80 489+220 399+131 400+144 0,074

CXCL10 (pg/mL) 2908+1598  3397+1489 3366+1671 3606+2185 (0,519

Valores expresados como media + DE; valores con la misma letra son estadisticamente significativos (p<0,05); %valor p
de ANOVA para medidas repetidas de las diferencias entre intervenciones.
DE: Desviacion estandar

Las moléculas de adhesion ICAM-1 y VCAM-1 presentaron una disminucion
significativa entre las diferentes intervenciones, siendo esta disminucion mas relevante
después de la intervencion con la dosis mas alta de zumo de tomate. Del mismo
modo, la PCR ha presentado una disminucién significativa después de las diferentes
intervenciones, pero en este caso se observdO una mejor respuesta después de
intervencion con la dosis mas baja. La citoquina pro-inflamatoria y quimiotactica IL-8
aumentd significativamente después de la intervencién control, pero en contraste,
presenté una disminucion significativa después de la intervencién DA, lo que sugiere
que consumir zumo de tomate podria tener efectos protectores sobre el estado
inflamatorio en esta poblacién. Por su parte, la eotaxina, el IFN-y, y la CXCL10
mostraron una tendencia a disminuir, principalmente con la dosis baja de zumo de
tomate, en comparacién con la intervencién control, pero las disminuciones no fueron
estadisticamente significativas para estas moléculas.

Con el fin de determinar con precision si los carotenoides plasmaticos guardaban
relaciéon con la concentracién plasmatica de los biomarcadores inflamatorios, se aplico
la prueba de coeficiente de correlacion de Pearson de dos colas, seguido de un
analisis de regresion lineal. En primer lugar, se realizaron correlaciones entre las
concentraciones de carotenoides del zumo de tomate, y las concentraciones que se
cuantificaron en el plasma de los voluntarios tras las intervenciones. El trans-licopeno
y el 5-cis-licopeno mostraron una correlacién positiva significativa (r=0,798 y r=0,706,
respectivamente, p <0,01) entre las concentraciones del zumo y las concentraciones

plasmaticas, mientras que el B-caroteno, el a-caroteno, el 9-cis, y 13-cis-licopeno,
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mostraron una correlacion modesta, con valores de r de entre 0,320 y 0,655 (p
<0,001). Posteriormente, se analizé la asociacion existente entre los biomarcadores
inflamatorios y aquellos carotenoides que mostraron una correlacion positiva
significativa entre las cantidades de carotenoides consumidas y las concentraciones
plasmaticas, para poder determinar cudl de estos carotenoides guardaba correlacion
con las moléculas inflamatorias y de adhesion. Se observé que el 13-cis-B-caroteno
presentd una correlacién negativa considerable con la PCR (r=0,632; p <0,001), la
ICAM-1 (r=0.650; p <0,001) y la VCAM-1 (r=0,658; p <0,001). En cuanto a las formas
isoméricas de licopeno, el 5-cis-licopeno present6 una correlacion negativa con la
ICAM-1 (r=0,526; p <0,001) y la VCAM-1 (r=0,604; p <0,001), asi como el 13-cis-
licopeno, el cual mostr6 correlaciones negativas con la ICAM-1 (r=0,453; p <0,001) y la
VCAM-1 (r=0,525; p <0,001), mientras que el trans-licopeno mostrd una importante
correlacion negativa con la ICAM-1 (r=0,625; p <0,001) y la VCAM-1 (r=0,697; p
<0,001), pero sin embargo, una correlacion negativa menor con la PCR (r=0,227;
p=0,042). Se observaron correlaciones mas bajas entre el 15-cis-B-caroteno y la
VCAM-1 (r=0,303; p=0,045); el a-caroteno y la VCAM-1 (r=0,245, p=0,045); el 9-cis-
licopeno y la VCAM-1 (r=0,357; p=0,013); el B-caroteno y la VCAM-1 (r=0,204;
p=0,037); y el B-caroteno y la ICAM-1 (r=0,219, p=0,035). Asimismo, se observd una
asociacién débil o ninguna asociacion entre los carotenoides plasmaticos y las
moléculas inflamatorias IFN-y, IL-8 y CXCL10.

Como las pruebas de correlacién no determinan causalidad, una vez establecidas las
correlaciones, se realiz6 un analisis de regresion lineal para determinar con certeza si
los cambios en las concentraciones de los biomarcadores que presentaron una
correlacion negativa significativa respecto a los carotenoides plasmaticos, fueron
debidos a los carotenoides presentes en el plasma. Tras los analisis de regresion
lineal se pudo determinar que los carotenoides tenian una influencia de entre el 13y el
49% en la disminucién de la VCAM-1, especialmente el trans-licopeno (°=0,489; p
<0,01). En el caso de ICAM-1, los carotenoides pudieron explicar las variaciones entre
un 5y un 39%, siendo también el trans-licopeno el principal contribuyente (°=0,390; p
<0,01). Sin embargo, para la PCR, los carotenoides pudieron explicar las
disminuciones entre un 2,5 y un 40%, especialmente debido al 13-cis--caroteno.
Finalmente, para corroborar si los efectos positivos del trans-licopeno sobre estas
moléculas podrian estar influenciados por la presencia de los isémeros cis en el
plasma, que son reconocidos por su mejor biodisponibilidad, se realizaron
correlaciones con ajustes por cis y por trans-licopeno para comparar los resultados.
Después de ajustar por cis-licopeno, las correlaciones entre el trans-licopeno y la PCR
disminuyeron, pero este cambio no fue estadisticamente significativo. En el caso del
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trans-licopeno-ICAM-1, y el trans-licopeno-VCAM-1, los valores de r disminuyeron a
-0,453 y -0,501, respectivamente, mostrando que, aunque en menor medida, el trans-
licopeno todavia guardaba correlacion con la disminucién de estas moléculas.
Sorprendentemente, después de ajustar por trans-licopeno, los isomeros cis del
licopeno perdieron la correlacion que tenian con las moléculas inflamatorias. En la
Tabla 13 se muestran los valores de correlacion entre las moléculas inflamatorias y de
adhesion que presentaron cambios estadisticamente significativos antes y después de

ajustar por los isbmeros cis 'y trans-licopeno.

Tabla 13. Correlaciones entre los isomeros cis y trans del licopeno y las moléculas
inflamatorias y de adhesién, antes y después de ajustar por los mismos.

Coeficiente
, . de
Ajustado por  Biomarcador correlacion valor p
de Pearson
trans-Licopeno -0,227 0,042
PCR cis-Licopenos 0,157 0,154
totales
trans-Licopeno -0,697 <0,001
VCAM-1 cis-Licopenos
totales -0,628 <0,001
trans-Licopeno -0,625 <0,001
ICAM-1 cis-Licopenos
totales -0,551 <0,001
oLi PCR trans-Licopeno -0,414 <0,001
cls t(ﬁg‘znos VCAM-1 trans-Licopeno -0,501 <0,001
ICAM-1 trans-Licopeno -0,453 <0,001
cis-Licopenos
PCR totales 0,374 0,002
. cis-Licopenos
trans-Licopeno VCAM-1 totales 0,356 0,003
cis-Licopenos
ICAM-1 totales 0,309 0,010
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VI. Discusion

Las ECV representan la principal causa de mortalidad en el mundo. Segun la OMS, en
el ano 2012, catorce millones de personas fallecieron por enfermedades relacionadas

con la aterosclerosis'®’'%8.

Entre los principales factores protectores esta la
alimentacioén y se ha observado que una alimentacién equilibrada, que contemple el
consumo regular de frutas y hortalizas es un importante factor protector contra las
ECV"™* ' Entre las frutas/hortalizas, una de las mas consumidas en todo el mundo,
ya sea de forma cruda, o en diferentes preparaciones, como salsas, sopas 0 zumos,
es el tomate y numerosos estudios epidemioldgicos y ensayos clinicos han coincidido
en que su consumo regular esta asociado con una menor incidencia de ECV'**'%, Sus
propiedades beneficiosas sobre la salud cardiovascular se han atribuido a la presencia
de compuestos bioactivos en su composiciéon, como lo son los carotenoides, sobre
todo el licopeno, que es uno de sus principales pigmentos, responsable de su
coloracion roja.

Para la realizacion de ensayos clinicos y estudios epidemiolégicos que buscan
elucidar el vinculo entre dieta y salud, es muy importante contar con herramientas
sensibles y especificas que permitan identificar y cuantificar de manera precisa los
compuestos de interés, para que de esta forma, los resultados obtenidos puedan
interpretarse correctamente.

Durante la realizacion de esta tesis doctoral, se ha desarrollado y validado un método
cromatografico que permite la identificacion y cuantificaciéon de 8 carotenoides, 3
isdbmeros del B-caroteno y retinol (vitamina A) en muestras de plasma humano,
mediante HPLC-UV/DAD. Para la preparacién de las muestras, es imprescindible la
precipitacién previa de las proteinas del plasma, por ello, es fundamental la eleccién
de un solvente que permita eliminar los compuestos proteicos que pudieran interferir
durante el andlisis cromatografico y, a su vez, proteger a los carotenoides para que no
se produzcan pérdidas por oxidacién y/o isomerizacion. Al mismo tiempo no debe
dejar de considerarse la sostenibilidad y el impacto ambiental que produce la
utilizacién de solventes quimicos y se tiene que tratar de minimizar en lo posible la
utilizacion de aquellas sustancias de dificil tratamiento y eliminacion. Entre los
solventes mas utilizados para la desproteinizacién de matrices complejas como el
plasma, estdn el metanol, el etanol y el acetonitrilo. Debido a su menor coste
econdmico, asi como por las buenas recuperaciones de carotenoides obtenidas tras
distintas pruebas de extraccién, se opté por la desproteinizacion con etanol y la
extraccion de carotenoides y retinol con hexano-BHT.
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En cuanto a la identificacion y cuantificacién de carotenoides, diversos métodos
cromatograficos han sido descritos y validados®” **'%?, La cromatografia liquida de alta
resolucién es una de las herramientas mas versatiles para la identificacion de multiples
compuestos, ya que permite el acoplamiento con diversos sistemas, como los
espectrofotométricos, fluorimétricos, electroquimicos, o los de espectrometria de
masas, que aumentan la sensibilidad y especificidad en la identificacién. EI HPLC
acoplado a UV-DAD es una de las técnicas mds comunmente utilizadas para la
identificacién de los carotenoides tanto en alimentos como en muestras biolégicas. Las
ventajas en la utilizacion del HPLC-UV/DAD se relacionan con la eficiencia en la
separacion, la sensibilidad y alta resolucién que tiene sobre distintos compuestos en
muestras complejas'®'®,

Otro aspecto importante a tener en cuenta para los analisis cromatograficos es la
eleccibn de una columna adecuada para la separacion de los compuestos
seleccionados. Las columnas mas utilizadas para la separacion de carotenoides de
distintas matrices son la Cyg y la Ca; sin embargo, uno de los mayores inconvenientes
que tiene la Cig es que no resuelve correctamente los isdbmeros geométricos de los
carotenoides y resuelve de forma ineficiente los isémeros de posicion, particularmente
la luteina y la zeaxantina'®. Utilizando una columna Cg, se resuelve facilmente este
inconveniente, aunque en contrapartida se incrementan notablemente los tiempos de
analisis.

Por otra parte, la separacién de carotenoides puede llevarse a cabo utilizando tanto
una fase normal como una fase reversa. Se ha observado que la separacién de
carotenoides en fase normal no es la mas adecuada, debido a una mala separacion de
los carotenoides no polares (como el B-caroteno o el licopeno). En contraste, la
separacion en fase inversa permite un aumento significativo de la interaccién entre el
analito y la fase estacionaria no polar que lleva, permitiendo una mejor resolucién de
los carotenoides'®. En la validacién del método que se llevé a cabo en esta tesis, se
pudo constatar que aunque los tiempos de andlisis sean prolongados, la utilizacién de
HPLC-UV/DAD con una columna Cj, en fase reversa, permite la separacion
simultanea de una gran variedad de carotenoides y de sus isomeros geométricos,
consiguiendo una buena identificacién y resolucion de todos los compuestos.

En cuanto a los parametros de validacion, el método desarrollado cumplié con los
criterios de exactitud, precisién, recuperacioén, limites de deteccion y cuantificacion y
linealidad de acuerdo con la AOAC International y la FDA, organismos americanos
mundialmente reconocidos, encargados de la publicacion de estandares de validacion
de métodos cientificos aplicados a la industria quimica y alimentaria, respectivamente.
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Comparando los resultados con los obtenidos por otros autores, se puede observar
que la recuperacion del retinol (96%) fue similar al valor observado por Kandar et. al,
2013'®", quienes desarrollaron un método para retinol, a-tocoferol, licopeno y S-
caroteno en plasma utilizando HPLC-UV. En lo que respecta a los carotenoides, las
recuperaciones que se obtuvieron fueron de entre un 89 y un 113%, correspondiente
al a-caroteno y a la astaxantina, respectivamente. Al comparar los resultados con los
publicados por Talwar et al, 1998'® quienes ensayaron un método para la
cuantificacién de retinol, a-tocoferol, B-caroteno, luteina, licopeno y criptoxantina, se
obtuvo una recuperacion 18% y 9% mas alta para la luteina y para el B-caroteno,
respectivamente, con el método desarrollado; mientras que si se compara con los
datos presentados por Tzeng et al, 2004'° que validaron un método para la
identificacion de la luteina, el B-caroteno y el licopeno en plasma, se observa una
recuperacion del 20% superior de la luteina. En cambio, en comparacién a los
resultados presentados por Rajendran et al., 2005'®°, quienes lograron identificar y
cuantificar 21 carotenoides en plasma humano, se obtuvieron una mejor recuperacion
para la luteina (19% superior), la zeaxantina (13% superior) y la criptoxantina (7%
méas). Karppi et al, 2008'° desarrollaron un método para determinar retinol, a-
tocoferol, luteina, zeaxantina, criptoxantina, licopeno, a-caroteno y [-caroteno,
observando valores de recuperacién similares a los obtenidos en esta tesis doctoral, a
excepcion de la luteina, la zeaxantina y el B-caroteno que fueron 10%, 17% y 16%,
respectivamente, mas bajas que las recuperaciones obtenidas con este método. En la
Tabla 14 se resumen los analitos estudiados y las recuperaciones obtenidas por los
autores citados, asi como las recuperaciones obtenidas en nuestro estudio de

validacion.
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Tabla 14. Recuperaciones obtenidas por distintos autores

Autor

Analitos estudiados

Recuperacion obtenida

Colman-Martinez et al.,
2015'°

Retinol, astaxantina, luteina,
zeaxantina, trans-6-apo-8'-
carotenal, cryptoxanthin, 15-
cis-8-caroteno, 13-cis-6-
caroteno, a-caroteno, 8-
caroteno, 9-cis-8-caroteno y
licopeno

96% Retinol
113% Astaxantina
112% Luteina
107% Zeaxantina
94% trans-f3-apo-8'-carotenal
96% Criptoxantina
101% 15-cis-B-caroteno
92% 13-cis-B-caroteno
89% a-caroteno
96% [B-caroteno
93% 9-cis-B-caroteno
91% Licopeno

Kandar et al., 2013'%”

Retinol, a-tocoferol, licopeno
y B-caroteno

97% Retinol
91,6% Licopeno
93,9% B-caroteno

Karppi et al., 2008'"°

Retinol, a-tocoferol, luteina,
zeaxantina, criptoxantina,
licopeno, a-caroteno y -

caroteno

90% Retinol
101,6% Luteina
90,1% Zeaxantina
97% Criptoxantina
92,5% Licopeno
85,8% a-caroteno
80,2% [-caroteno

Rajendran et al., 2005'%°

Luteina, zeaxantina,
criptoxantina, a-caroteno, -
caroteno y licopeno

93% Luteina
94% Zeaxantina
89% Criptoxantina
92% a-caroteno
91% [-caroteno
94% Licopeno

Tzeng et al., 2004">°

Luteina, B-caroteno y
licopeno

92% Luteina
90% B-caroteno
87% Licopeno

Talwar et al., 19988

Retinol, a-tocoferol, B-
caroteno, luteina, licopeno y
criptoxantina

94% Retinol
87% [-caroteno
94% Luteina
96% Criptoxantina
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Con relacién a los LDD y LDC, Mitrowska et al., 2012'"', quienes desarrollaron un
método para la identificaciébn de 15 carotenoides en plasma humano, obtuvieron
valores muy similares a los de esta validacién para el trans-B-apo-8-carotenal, la
astaxantina y el licopeno, mientras que comparando con los resultados obtenidos por
Talwar et al., 1998'%, solo el retinol tiene valores similares. Sin embargo, la ventaja de
este método es la separacion e identificacion de 11 carotenoides y una vitamina
liposoluble en un mismo andlisis cromatografico, mientras que Talwar et al.
identificaron solamente 4 carotenoides y 2 vitaminas liposolubles.

Una vez validado el método, se analizaron muestras de un ensayo clinico preliminar
con ocho voluntarios adultos, de alto riesgo cardiovascular, consiguiendo identificar y
separar correctamente nueve de los 12 compuestos validados, obteniendo diferencias
cualitativas entre el basal y después de la administracion de distintas dosis de zumo
de tomate durante 4 semanas de intervencidn. En las muestras basales se
identificaron los siguientes compuestos: retinol, astaxantina, luteina, trans-B-apo-8'-
carotenal, criptoxantina, 13-cis-B-caroteno, a-caroteno, -caroteno, trans-licopeno, 5-
cis-licopeno, mientras que los compuestos que fueron identificados después de la
intervencion fueron retinol, astaxantina, luteina, trans-B-apo-8'-carotenal, criptoxantina,
13-cis-B-caroteno, B-caroteno, trans-licopeno, 5-cis-licopeno, 9-cis-licopeno y 13-cis-
licopeno, con un valor minimo de 0,11 umol/L correspondiente a la luteina y un valor
maximo de 9,67 umol/L correspondiente al trans-licopeno. Como puede observarse,
hay diferencias cualitativas entre las muestras basales y tras la intervencién; por
ejemplo el a-caroteno pudo cuantificarse en las muestras basales, pero tras la
intervencion con el zumo no fue identificado, mientras que tras la intervencion se
pueden cuantificar las tres formas cis del licopeno, que son consideradas mas
biodisponibles. De hecho, en plasma humano, el licopeno total es una mezcla
isomérica que contiene entre un 50% y un 60% de isbmeros cis, mientras que las
proporciones de isémeros trans alcanzan aproximadamente un 40%'7.

En un estudio llevado a cabo por Pellegrini et al., 2000'®, se describe una
concentracion de 0,58 pumol/L de licopeno y 0,32 umol/L de B-caroteno en plasma
después de una intervencion con 25 g de puré crudo de tomate (aproximadamente 7
mg de licopeno y 0,25 mg de B-caroteno) con 5 g de aceite de oliva a 11 voluntarios
sanos durante 14 dias. Las diferencias observadas entre las concentraciones
plasmaticas de estos compuestos en los voluntarios que participaron de dicho estudio
y las concentraciones plasméaticas observadas en los voluntarios de nuestro estudio
pueden deberse a que, aunque consumieron el puré de tomate conjuntamente con una
matriz oleosa para asegurar la absorcién de los carotenoides, las cantidades de

licopeno y B-caroteno administradas a estos voluntarios fueron mucho menores que
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las cantidades que se administraron a los voluntarios de nuestro estudio de
intervencion (7 mg vs. 21 mg de licopeno y 0,25 mg vs. 20 mg de p-caroteno,
respectivamente).

En otro estudio realizado por Porrini et al., 1998'"* se obtuvieron valores del orden de
0,34 y 0,43 umol/L para el licopeno y el B-caroteno, respectivamente, después de una
suplementacién diaria a 10 mujeres sanas durante 7 dias con puré de tomate (60 g) o
tomates frescos (300 g), equivalentes a aproximadamente 16,5 mg de licopeno cada
uno, enriquecido con 10 g de aceite de oliva. Comparando sus resultados con los
nuestros, las diferencias pueden atribuirse a la menor cantidad de licopeno que
recibieron por dosis, asi como al tiempo de duracion del estudio (7 dias vs. 4

semanas). Asi también Gartner et al., 1997'"

describieron valores de 0,04 y 0,002
umol/L para el licopeno, y B-caroteno, respectivamente, después de que 5 voluntarios
sanos consumieran diariamente pasta de tomate (23 mg de licopeno) con 15 g de
aceite durante 2 dias. Aunque en este estudio la cantidad de licopeno administrada a
los voluntarios fue similar a la nuestra y acompanaron la ingesta con aceite, el tiempo
de intervencién ha sido mucho menor que el nuestro. En cuanto al retinol, los
resultados obtenidos con el método validado son més altos que los publicados por Liu
et al., 2011'® quienes cuantificaron una media de 1,92 pmol/L en plasma de
voluntarios participantes del Toronto Nutrigenomic Health Study, mientras que la
media cuantificada en nuestras muestras fue de 6,35 umol/L. Con ello se pudo
comprobar que el método desarrollado y validado es apto para ser aplicado en
muestras de ensayos clinicos o bien en estudios epidemiolégicos nutricionales.

Una vez que ya se tuvo un método adecuado para la identificacién y cuantificacién de
los carotenoides en plasma, para la consecucion de los objetivos 2 al 4 de esta tesis
doctoral, se llevdo a cabo un estudio de intervencién en 28 voluntarios adultos de
elevado riesgo cardiovascular, con una edad media de 69,7 + 3,1 afos y un IMC
promedio de 31,5 + 3,6 kg/m® Los voluntarios no debian tener ninguna ECV
diagnosticada en el momento de ingresar en el estudio, pero si debian tener
hipertensién diagnosticada y uno o mas de los siguientes factores de riesgo: a) ser
fumador, b) tener hipercolesterolemia (LDL-colesterol >160 mg/dL), c) tener bajas
concentraciones de HDL-colesterol (<40 mg/dL), d) tener sobrepeso u obesidad (IMC
>25 kg/m?), e) tener diabetes tipo I, y/o f) historia familiar de ECV temprana (parientes
de primer orden, hombres <55 anos; mujeres <65 afnos). Se ha demostrado que todos
estos factores, de manera individual, incrementan el riesgo de desarrollar ECV'"®, por
lo que todos estos pacientes fueron considerados de alto riesgo cardiovascular.

Al estudiar la relacién dosis-respuesta entre los niveles de carotenoides plasmaticos
tras la ingesta durante 3 meses de dos distintas dosis de zumo de tomate, se observd
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gue los carotenoides que aumentaron de manera significativa tras la ingesta fueron el
trans-licopeno y los isbmeros cis, como el 5-cis, el 13-cis y el 9-cis-licopeno. Asi
también, se vio que el B-caroteno incrementaba de manera significativa, mientras que
las xantéfilas, aunque estaban presentes en el zumo de tomate, no aumentaron
significativamente en el plasma. Estos resultados concuerdan con los obtenidos
previamente en el estudio piloto.

Para la consecucién del tercer objetivo de esta tesis doctoral, que fue el de determinar
la asociacion existente entre los carotenoides del tomate y las moléculas inflamatorias,
como marcadores de riesgo cardiovascular en pacientes sin ECV, pero con alto riesgo
de desarrollarla, se utilizé la bibliografia para la eleccibn de los biomarcadores
relacionados con la aterosclerosis que se determinarian, como la PCR, el IFN-y, la IL-
8, o las moléculas de adhesion ICAM-1y VCAM-1.

Estas moléculas estan relacionadas tanto con el inicio, como con la progresién de
lesiones ateroscleréticas. Por ejemplo, la PCR es un reconocido reactante de fase
aguda que actua sobre las células endoteliales, con efectos agudos como la induccién
de trombosis, y efectos cronicos que podrian contribuir con la formacién y maduracion
de las placas de ateroma. La PCR se ha convertido en el marcador inflamatorio de
eleccion en el ambito clinico debido a esta asociacién consistente con eventos
cardiovasculares, su larga vida media y la estabilidad cuando se almacena congelada
durante periodos prolongados de tiempo'”’. Por su parte, el IFN-y es una citoquina
proinflamatoria, considerada a menudo como un regulador clave del desarrollo de la
aterosclerosis, ya que es capaz de influir en varios pasos fundamentales durante el
desarrollo de la misma, incluyendo la expresion de genes proinflamatorios, el
reclutamiento de monocitos circulantes hacia el endotelio activado y también se lo ha
relacionado con el crecimiento y la estabilidad de la placa aterosclerética'”®. La IL-8, a
su vez, es una citoquina pro inflamatoria implicada en la migracién de monocitos al
espacio subendotelial, el cual es un paso clave en los estadios iniciales de la
aterosclerosis, y también ha demostrado ser un potente quimiotactico para los
neutréfilos, dirigiéndolos a los sitios de lesién tisular'”®. Concentraciones elevadas de
IL-8 se asociaron con un aumento del riesgo de enfermedad arterial coronaria futura
en pacientes aparentemente sanos'®, como lo son los voluntarios que han participado
en el estudio, y ademas se ha visto que es una quimoquina capaz de predecir eventos
cardiovasculares de manera independiente a otras citoquinas'”.

Como ya se ha descrito, las moléculas de adhesion ICAM-1 y VCAM-1 facilitan el
reclutamiento de leucocitos al espacio subendotelial. Ademas, las concentraciones
plasmaticas elevadas de moléculas de adhesion se han correlacionado con varios

181,182

factores de riesgo cardiovascular, tales como fumar , hipertension'®'®* bajas
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185,186.
Y
dado que todos estos factores de riesgo se corresponden con las caracteristicas de los

concentraciones de HDL-colesterol, hipercolesterolemia y/o hipertrigliceridemia

voluntarios que participaron en el estudio de intervencion, se considerd fundamental
determinar las concentraciones de estas moléculas en el plasma de los voluntarios.
Asimismo, se quiso observar el comportamiento de otras moléculas menos estudiadas
con relacién al riesgo cardiovascular, tras el consumo crénico de carotenoides del
tomate, como por ejemplo la eotaxina y la CXCL10, y de esta forma poder elucidar el
papel de los carotenoides con relaciébn a estas moléculas. Por ejemplo, se ha
observado que la CXCL10 es un potente mitogénico y quimiotactico para el factor
estimulante de colonia de macréfagos, importantes para la diferenciacion de los
monocitos en macréfagos, y ademas puede modular el equilibrio local del sistema
inmune a través de la induccién de células T reguladoras. En animales de
experimentacién se ha observado que aquellos deficientes en CXCL10 (ApoE”
/CXCL107) presentaban lesiones ateroscleréticas mas moderadas que los ratones de
control que si expresaban CXCL10 (ApoE’/CXCL10*"*), tras la ingesta de una dieta
alta en grasas saturadas y colesterol durante un periodo de 6-12 semanas'®’.

Por su parte, en cultivos de células a partir de células de musculo liso aértico humano,
la eotaxina se relacion6 con la modulacién de la funcion de los macréfagos, y
probablemente en la activacion y/o reclutamiento de mastocitos'’, y mas
recientemente, en un ensayo clinico realizado en pacientes obesos, la eotaxina se
asocié con el grosor de la carétida intima-media, como un factor de prediccidén
temprana del proceso aterosclerético'.

Diversos estudios de intervencion se llevaron a cabo con el fin de determinar los
efectos del tomate, productos derivados del tomate, o incluso de los suplementos de
licopeno sobre moléculas inmunoinflamatorias relacionadas sobre el desarrollo de la
aterosclerosis. Una de las mas estudiadas es la PCR y aunque autores como Biddle et
al., 2015'® observaron una correlacién negativa entre las concentraciones elevadas
de licopeno en plasma y las concentraciones de PCR, otros autores como Abete et al.,
2013, Thies et al., 2012'° y Blum et al., 2007'®" no encontraron ninguna asociacion
entre la suplementacion con tomate o productos derivados del tomate y la atenuacion
de las concentraciones plasmaticas de esta molécula. Una posible explicacién sobre
los resultados negativos que se observaron en estos estudios podria ser que los
productos del tomate que fueron administrados a los voluntarios, no tenian, o tenian
muy poca cantidad de aceite y se ha demostrado que el consumo conjunto de una
matriz lipidica junto con los alimentos ricos en carotenoides, mejora la

192-194

biodisponibilidad de los mismos , siendo 3-5 g, la cantidad éptima de grasas para

una mejor absorcion'®.
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Dado que el incremento de la ICAM-1 y la VCAM-1 esté relacionado con estimulos
pro-inflamatorios, tales como un aumento de las concentraciones de PCR en el
plasma'’ y, como se observd una reduccién de sus concentraciones tras la
intervencion con zumo de tomate, al mismo tiempo se esperaba una reduccién de las
concentraciones de ICAM-1 y VCAM-1. Sin embargo, en la literatura se observan
resultados contradictorios; Thies et al., 2012'% tras realizar un estudio de intervencién
durante 12 semanas para evaluar los efectos del consumo de una dieta rica en tomate
y productos derivados del mismo sobre marcadores de riesgo cardiovascular, como la
PCR, IL-6 o ICAM-1 frente al consumo de una dieta baja en tomate o una dieta
suplementada con cépsulas de licopeno. La media de consumo de licopeno fue de
226-351 mg/semana en el grupo de voluntarios que llevaron la dieta rica en tomate,
mientras que la media del grupo suplementado con licopeno y del grupo de voluntarios
control (dieta baja en tomate), fue tan solo de 0-2 mg/semana. Al finalizar el estudio,
no observaron cambios en los niveles de ICAM-1, aun después de haber incrementado
las concentraciones de licopeno plasmatico en un 267% en el grupo de intervencion
con la dieta rica en tomate. En nuestro estudio, la media de consumo de licopeno en la
intervencion con la dosis alta de zumo de tomate fue de 280 mg/semana, pero sin
embargo el promedio de incremento del licopeno plasmatico en este grupo de
intervencion fue de 410%. Estas diferencias podrian deberse principalmente a que las
raciones de tomate o productos derivados del tomate que debian consumir los
voluntarios de este estudio, no iban acompanadas de aceite. Por otra parte, Blum et
al., 2007, no solo no encontraron diferencias entre las concentraciones basales de
PCR e ICAM-1 y las concentraciones observadas tras una intervencion con tomate
fresco durante 1 mes, sino que ademas notaron un incremento de las concentraciones
de ICAM-1 en el grupo control (dieta sin tomate); mientras que Garcia-Alonso et al.,
2012'% observaron una reduccién en las concentraciones de VCAM-1 tras una
intervencion con zumo de tomate durante 2 semanas, pero las concentraciones de
ICAM-1 solamente disminuyeron si el zumo de tomate estaba enriquecido con &cidos
grasos poliinsaturados w-3. Resumiendo, las diferencias observadas respecto a
nuestros resultados, podrian ser tanto por la dosis administrada como por la adicién de
aceite.

Con relacion a la IL-8, algunos estudios que se llevaron a cabo para determinar la
capacidad del licopeno sobre la inhibicién de esta molécula, sobre todo en cultivos
celulares'® y en modelos animales'’, se observé una disminucién de los niveles de
IL-8 tras intervenciones/suplementaciones con licopeno. No obstante, no hay muchos
ensayos clinicos en humanos publicados en los cuales se estudie el efecto del
licopeno sobre esta quimoquina. Ghavipour et al., 2013'*® llevaron a cabo un estudio
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para investigar si el consumo diario de 330 mL de zumo de tomate (37 mg/dia de
licopeno) durante 20 dias podia reducir el estado inflamatorio en personas obesas. Los
biomarcadores analizados fueron IL-6, IL-8, PCR y TNF-a. En concordancia con los
resultados de este estudio, observaron una disminucion significativa de la IL-8, pero
sin embargo, no encontraron diferencias en las concentraciones de PCR plasmatico
tras la intervencién. Estos autores hipotetizaron que los efectos antiinflamatorios
atribuidos al licopeno no fueron suficientemente potentes para mermar el estado
inflamatorio exacerbado observado en los pacientes obesos.

Uno de los posibles mecanismos mediante el cual tanto el cis como el trans-licopeno
podria atenuar las concentraciones de la quimoquina IL-8, asi como las moléculas de
adhesién ICAM-1 y VCAM-1 y, posiblemente también modular las concentraciones
plasmaticas de la PCR, es mediante la inhibicion de la translocacion del factor nuclear
kappa B, implicado en la activacién de la cascada inflamatoria que puede estimular la
expresion de estas moléculas'™’.

Por otra parte, en un ensayo clinico llevado a cabo por Tarantino et al., 2014'®, Ia
eotaxina se asocid con el grosor de la intima de la carétida media, como un predictor
temprano de aterosclerosis en personas obesas. Mientras que la CXCL10, a su vez,

se detecto en placas ateromatosas proclives a la ruptura'®

. Aunque en este estudio no
se pudieron observar un descenso significativo en las concentraciones de estas
moléculas tras la intervencion con el zumo de tomate, si se observé una tendencia a
disminuir, sugiriendo futuras investigaciones con una poblacion mas numerosa para
evaluar el efecto del consumo de los carotenoides del tomate, principalmente de los
isdbmeros trans, sobre estas moléculas y su relacibn con el desarrollo de la
aterosclerosis. En la Tabla 15 se presentan los estudios citados junto con los

resultados obtenidos tras las distintas intervenciones.
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Autor Tipo de estudio Duracion Intervencion Moléculas estudiadas Resultados observados
Ensayo clinico 326 g de zumo comercial de
Biddle et al., randomizado con 30 dias vegetales rico en licopeno PCR Disminucién de la PCR en el grupo
2015'%8 pacientes con (29,4 mg de licopeno) vs. intervencion
insuficiencia cardiaca agua como control
IL-1b, IL-1ra, IL-2, IL-4, IL- 5, IL-6, IL-
Estudio transversal 7, I1L-8, IL-9, IL-10, IL-12 (p70), IL-
de una cohorte de Medicién del grosor de la 13, IL-15, IL-17, eotaxina (CCL1), La eotaxina se correlacion6 de
Tarantino et al., . - gros basic FGF, G-CSF, GMCSF, IFN-g .
148 pacientes obesos con 11 meses intima de la carétida y 27 y ’ ! ’ manera negativa con el grosor de la
2014 esteatosis hepatica moléculas inflamatorias IP-10 (CXCL10), MCP-1 (CCL2), intima de la carétida
no alcohdlica MIP-1a (CCL3), MIP-1b (CCL4),
PDGF-bb, RANTES (CCL5), TNF-a
y VEGF
160 g de salsa de tomate
Abete et al Ensayo clinico ;Igs Z?](I)Ifd?z;ecz (173’02 n;g Aumento de la PCR en el grupo que
a9 randomizado con 28 dias P ) 9 PCR consumié salsa de tomate rica en
2013 . salsa de tomate )
voluntarios sanos . licopeno
convencional (12,3 mg
licopeno/dia)
Ghavipour etal,,  ENSAYo clnico 20 dias 330 mL de zumo de tomate L6, I8 PCR. TNF-q Disminucién de la IL-8 y TNF-aen el
2013'%8 mujeres obesas vs.agua como control e ’ grupo intervencion
Dieta alta en tomate (35-50 N if .
mg licopeno/dia) o dieta o observaron diferencias
Thies et al Ensayo clinico suplementada con capsulas significativas entre las
e randomizado con 12 semanas pe p PCR, ICAM-1, IL-6 concentraciones basales y las
2012 . de licopeno (10 mg/dia) vs. .
pacientes obesos . . concentraciones tras las
Dieta baja en tomate como . . ]
intervenciones en estas moléculas
control
Disminucion de las concentraciones
Ensavo clinico 500 mL de zumo de tomate de VCAM-1 en ambos grupos de
Garcia-Alonso et randorr}llizado con 5 semanas enriquecido con Q-3 vs. 500 ICAM1 . VCAMH1 intervencién. Disminucion de las
al.,,2012'® uieres sanas mL de zumo de tomate solo ’ concentraciones de ICAM-1 en el
I (26,5 mg/licopeno) grupo de intervencion de zumo de
tomate enriquecido con Q-3
No observaron diferencias
significativas entre las
Blum et al. Ensayo clinico Dieta enriquecida con 300 g concentraciones basales y las
2007'" v randomizado con 30 dias de tomate fresco vs. Dieta ICAM-1, PCR concentraciones tras las

voluntarios sanos

intervenciones de la PCR. Aumento
de la ICAM-1 al finalizar el estudio en
grupo de dieta control

regular sin tomate
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Respecto al B-caroteno, coincidiendo con los resultados obtenidos en esta tesis
doctoral, Jhonson et al., 1997°°° tampoco observaron cambios significativos en las
concentraciones plasmaticas de este compuesto tras la administracién de suplementos
de 60 mg de B-caroteno (100%) solo, o en combinacién con licopeno (97% trans-
licopeno, 1% 13-cis-licopeno), ambos enriquecidos con aceite de maiz, mientras que
las concentraciones plasmaticas de licopeno incrementaron tras la suplementacion.
Los autores senalaron que el consumo conjunto de B-caroteno y licopeno tiene
minimos efectos en la absorcién del B-caroteno, pero sin embargo, la presencia del
caroteno aumenta la absorcion del licopeno, probablemente porque algunos
componentes de la molécula del B-caroteno, aumentan la solubilizacién del licopeno
cristalino y, por ende, mejorarian su respuesta plasmatica®®. Esta hipétesis concuerda
con los resultados que se obtuvieron tras nuestro estudio de intervencion y podria
explicar la falta de correlacién entre el B-caroteno y las moléculas estudiadas.

En cuanto al papel del licopeno en la nutricion humana, puede llegar a ser de dificil
interpretacion debido a que el isbmero predominante en los alimentos, como por
ejemplo en el tomate, es el trans, mientras que en plasma y en tejidos se encuentra
principalmente en la configuracién cis®'; de hecho, el contenido de isémero trans en el
tomate crudo o en productos derivados del tomate puede llegar a ser de entre un 60 y
un 96%'%, mientras que en el plasma se ha observado una concentracién de tan solo
un 30-40%'?%2 y en tejidos un 20-65%'%?%32% predominando en estos Ultimos el
isdémero cis (50-90%)?*. Estas observaciones han llevado a la hipétesis de que los
cambios de configuracion isomérica de frans a cis podrian tener alguna influencia
biol6gica con relacién a la salud. Aunque se reconoce que los isbmeros cis son mejor
absorbidos y tienen una mayor biodisponibilidad, relacionandolos con los efectos
beneficiosos del licopeno sobre la salud, el papel que desempefia la forma trans sobre
la salud no esta bien esclarecido. No obstante, en esta tesis se pudo observar que tras
realizar ajustes por la forma trans, el efecto modulador del cis-licopeno se perdia,
mientras que los ajustes por cis-licopeno disminuyeron los efectos protectores del
trans-licopeno, sin llegar a ser una disminucion significativa. De esta forma, se llegé a
la conclusion de que la presencia de isomeros trans del licopeno, tanto en plasma
como en los tejidos, cumple una funcién biolégica importante, pudiendo llegar a ser
clave en la salud cardiovascular, mediante la modulaciéon de la produccion de

moléculas inflamatorias relacionadas con la aterosclerosis.
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Fortalezas y debilidades de esta tesis

Las fortalezas observadas en esta tesis doctoral son las siguientes:

El desarrollo y la validacion de un método cromatografico sensible, especifico,
que permite la separacién, identificacion y cuantificacién simultanea de un
elevado numero de carotenoides en el plasma, ademas de una vitamina
liposoluble, que ha demostrado ser eficiente en su aplicacion a ensayos
clinicos.

El realizar la cuantificacion en plasma de no soélo el trans licopeno, sino
también de los tres isébmeros cis: el 5,9 y 13 cis licopeno.

En cuanto a los ensayos clinicos realizados, una fortaleza importante ha sido
la elucidacion del efecto beneficioso que tienen los isémeros trans del licopeno
sobre la regulacion de las citoquinas inflamatorias, quimoquinas y moléculas
de adhesién tras el consumo crénico de zumo de tomate, a pesar de la mejor
biodisponibilidad y mayor proporcion de isémeros cis en el plasma humano.

El andlisis de dos biomarcadores: la eotaxina y la CXCL10 capaces de
predecir futuros eventos cardiovasculares, sobre los que no habia ningun
estudio previo correlacionandolos con el consumo de carotenoides.

Algunas de las limitaciones que tiene esta tesis son:

Debido a que el estudio de intervencién con zumo de tomate se llevé a cabo
con voluntarios adultos de alto riesgo cardiovascular, los resultados
observados no pueden ser extrapolados a la poblacién en general.

Aunque el estudio era cruzado y aleatorizado, el nUmero de pacientes incluidos
era pequeno (n=28), por lo que podria existir una confusién residual, a pesar
de los ajustes por potenciales factores de confusién que hemos realizado
durante los analisis de correlacién.

Los posibles efectos sinérgicos entre distintos componentes del tomate y otros
componentes de la dieta de los voluntarios no fueron evaluados.

Las limitaciones intrinsecas de los biomarcadores estudiados, como pueden
ser, errores en las mediciones durante los analisis o la variabilidad

interindividual de los voluntarios.
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VIl. Conclusiones

Conclusiones generales

El consumo regular de zumo de tomate tiene un efecto protector sobre parametros de
riesgo cardiovascular, al incrementar las concentraciones plasmaticas de
carotenoides, lo cual a su vez se relaciona con la modulacion de las concentraciones
plasméticas de moléculas inflamatorias y moléculas de adhesién relacionadas con el
inicio y la progresién de la aterosclerosis.

Conclusiones especificas

- Es fundamental contar con una herramienta sensible y especifica que permita
la cuantificacion de los carotenoides en el plasma. EI método desarrollado por
HPLC-UV/DAD ha sido validado y permite la separacion, identificacion y
cuantificacién de once carotenoides y una vitamina liposoluble en plasma
humano: luteina, zeaxantina, astaxantina, criptoxantina, trans-G-apo-8’-
carotenal, 15-cis-B-caroteno, 13-cis-8-caroteno, a-caroteno, (B-caroteno, 9-cis-
B-caroteno, trans-licopeno y retinol, ademas de la identificacién de 3 isbmeros
del licopeno (5-cis, 9-cis y 13-cis-licopeno), previamente descritos por nuestro
grupo de investigacion.

- El consumo regular de zumo de tomate durante 4 semanas se relaciona con un
incremento significativo de las concentraciones plasmaticas de determinados
carotenoides, especialmente del licopeno y sus isémeros, tanto el ftrans-
licopeno, como el 5-cis, el 9-cis y el 13-cis-licopeno, asi como del S-caroteno.

- Se observa una relacion dosis-respuesta en el nivel de carotenoides. El
incremento de las concentraciones plasmaticas de carotenoides es
proporcional a la cantidad consumida de zumo de tomate, siendo por lo tanto
mas elevadas después del consumo de dos raciones (400 mL), que de una
racion (200 mL).

- El aumento de carotenoides plasmaticos se correlaciona con una menor
concentracion plasmatica de moléculas de inflamacion tales como la PCR, la
citocina pro-inflamatoria y quimiotactica IL-8 y las moléculas de adhesion
ICAM-1y VCAM-1.
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Los carotenoides plasmaticos también podrian modular otros biomarcadores
cardiovasculares relacionados con la aterosclerosis, como la eotaxina, el IFN-y
y la CXCL10.

A pesar de la mayor biodisponibilidad y la mayor proporcion de los isomeros cis
del licopeno en el plasma humano, el isémero trans-licopeno puede explicar la
menor concentracién plasmatica de moléculas de adhesion celular.

Los isbmeros cis del licopeno no se correlacionan con la disminucién de las

concentraciones de moléculas inflamatorias y de adhesion celular.
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IX. Anexos

A. Publicaciones

En los anexos se incluyen dos publicaciones (Publicacion 1 y 2) donde se muestran
los resultados obtenidos en esta tesis doctoral y otras dos publicaciones (Publicacién 3
y 4) que no forman parte propiamente del trabajo de la tesis.

Publicaciéon 1. Un nuevo método para la cuantificacion simultanea de antioxidantes:
carotenos, xantofilas y vitamina A en plasma humano.
A New Method to Simultaneously Quantify the Antioxidants: Carotenes, Xanthophyills,

and Vitamin A in Human Plasma. Mariel Colman-Martinez, Miriam Martinez-Huélamo,

Esther Miralles, Ramén Estruch, and Rosa M. Lamuela-Raventés. Oxidative Medicine
and Cellular Longevity. 2016; 2016: 9268531. doi: 10.1155/2016/9268531

107



Anexos

108

Hisdawi Pulblishisg Cosporation
Oicidative Meabcine and Cellular Lnegevy
Volume 2006, Artick 11 9268531, 10 pages
gt daioogy HE T SS201SHIEA53E

Hindawi

Research Article

A New Method to Simultaneously Quantify the Antioxidants:
Carotenes, Xanthophylls, and Vitamin A in Human Plasma

Mariel Colman-Martinez,! Miriam Martinez-Huélamo,'” Esther Miralles,”
Ramdén Estruch,™® and Rosa M. Lamuela-Raventds'™

* Nutrition and Food Science Department, XaR TA, [INSA, Pharmacy School, University of Barcelona, Avenne foan XX 5/,

mﬂumbmfpm'n
*CIBER CHOG/S Fisigpatologia de ia Obestdad y la Nutrician, CIRERCEN, Choupana sin, 5706 Santiago de Compostela, Spain
*Scientific and Technical Services, University of Barcetona, Bokdird Reiac, M, 08028 Barcolonas, Spain

*Dzjmﬂm.m of Internal Medicine, Hospital Ciimic, IDIBAPS, University of Barcelona, Vitlarroel, 170, 08036 Sarceloma, Spain

Correspondence shoald be addressed to Rosa M. 1 la-Faventds; k | b.edu

Receved 12 fune 2015 Revised 19 Aogoest H}E;Mcm:d 24 Angust 205
Academic Editor; Luciana Saso

Copyright © 206 Mariel Colmin-Martinez st al. This & an open access article distributed under the Creative Commaons
Agtribuison License, which permits unresiricted use, distribution, and reprodusction in any medinm, prevvided the original work is
property cited.

A simple and acoorate reversed phase kighsperinrmance liquid coapled with dicde armay detector (HFLC-DAD)
mezhind for simultaneously determining and quantifying the antioxidarits carosenses, xanthopbylls, and retinal in haman plasma is
presented in this paper. Compounds were extracted wrth hexane, a C3 b column, and 2 mobile phase of methanal, methyl tert-batyl
ether, and water were used for the separation of the compounds. A total of 8 carstenoids, 3 Z-fecamtene somers, and | fat-sohshbe
witamin (retimal) were resohed within 72 min a2 a flow rate of 0.6 mLémin. Detection was achieved at 450 nm for carote noéds and
330 nm for retinol. To evaloate the efectiveness of themethaod, it has been appled to an imtervention study conducted on eight
volsmieers. Renelts. Limits of detection were hetween (.1 pg/mL for hycopene and astaxanthin und 1.3 pgfml for 15-Z«f=carotene.
Hecaweries were ranged between §9% and [13% for a-carotene and astaxanthin, respectively. Accuracy was between $0.7% and
1112% and precision was between 1% and 15% RS0 In human plasma samples compounds studied were identified besides three
hcopene i & t e be be for application i dietary islervention stisdies. Conchesions. Duoe to its accoracy,
precision, selectivity, and reproducibility, this method b suitable 0 dietary habets and/or antsosidants status sdies

1. Introduction

Several epidemiodogie studies have shown thar oxidative
stress plays an essential role in the pathogenesks of many
degenesative diseases, such as cancer, diabetes, age-related
eve diseases, and cardiovaseular diseases [1-6] and it has
been suggested that antioxidants may exert a protective role
against these chrondc diseases by defending against oxidative
damage [7, B]. There is an incressing interest in the analysic
of casotencids and some fat-soluble vitaming such as retinol
{vitamin A) e to their st bsgidant properties and thedr refa-
tionship with the prevention of chronic diseases [9-12]. The
characterization and quantification of casstenoids and retinod
in human plasma are essential for best interpretation of epd-
demiologic studies linking oxidative stress, diet, and health.

Carotenolds comprise a group of fal soluble phytochem-
leals widely distributed in nahure, responsible for the colours
of mainy fruits and vegetables, as well as certain animal thssues
and keaf coloration after the degradation of chlorophivil [13].
Consadering the number of double bonds in the malecules,
carstenodds can be found with cis or trins configuration (or
E/Z jwomers). ln general the all-E form is predominant in
nmature but aumerous researches show that more than 50% of
sonme Carolenaids, as lycopene, present in human plasema and
tisswes are Z-momers [14] and it is believed that geometrical
configuration of carotenaids could have implications in the
sodubility, absorption, and transpost in humans [15, 16] or
even geometrical somers of provitamin A carotenoids have
different vitamin A activities [17]. The enhanced absorption
of lycopene Z-womers & hypothesised to resalt from higher



(B

sobubility in mixed micelles, the shorter length of the Z-
lsimeers, andfor a lower lendency to aggregate [14, 18], This
hypothesis was supporied by sudies in both animals and
humans [18, 191

Among fat-soluble vitaming, retinol exerts an impostant
antioxkdant action via the Inhibition of lipid peroxidation and
has free-radical-scavenging properties [11, 20]; meanwlile,
carstenobds are known to be effective quenchers of singlet
oxygen, as well as strong scavengers of different reactive
axygen species (ROS) [21].

High-performance liquid chromatography (HPLC) s
one of the most wed technigues for the identification of
carotenobds [12, 23] as well as vitamin A in human plasma
[24-26]. The advantages of the use of this technigee are
speed, sensitivity, and accurscy for the determination of
the compounds in addition to the economy of the solvents
required and the sinple cougling with other technbgues,

In light of the imporiance of these compownds for health
muintenance, an accurate determination and quantification
in plasma i necessary. The akm of this sudy is to develop a
simple HPLC method to identify the maln camtenoids and
thelr grometrical lsomers as well as retinol, ane of the major
anthoxidant fat-soluble vitamins, in human plasma

2. Experimental Procedures

21 Madertals aonad Methods

211 Reagents and Standards. Carotenocids and vitaming

standards: retinol, astaxanthin, lutein, zeaxanthin, E-B-apo-
G -carotenal, cryptoxanthin, 15-2-f-carotene, 13-2-f-caro-
tedse, a-carobene, f-carotene, 9-Z-B-carotens, and hoopens
Were ed From Sagma-Aldrich (51 Lowls, MO, USA).

Methanol (MeOH) and metlwl-fert-butyl ether (MTBE)
af HFLC grade were obtained from Panress Chemica SA
(Barcelona, Spain). Ultrapure water {Mlli-CY) was generated
by & Millipore Systesn (Bedfoed, MA, USA). Human plasma
and butylated hydroxytoluene (BEHT) were acquired from
Sigma-Aldrich.

212 Preparstion of Stasded aed Stock Solutioves. Individual
working standards of retlnol, astaxanthin, lutein, zeaxanthin,
E-f-apo-8'-carotenal, cryptoxanthin, 15-2-f-carotene, 13-
E-B-carotene, a-carotene, f-carotens, 9-Z-f-carotene, and
lycopene were prepared &l a concentrafion of Img/ml
in MTEE. All woeking standards were manipulated under
protection of light to minimbse light-induced lsomerisation,
stored in eppendorf bes, and kept at —20"C wntil use.

The siock solution used to spike plasma samples was

prepared by miving individual working standards at a con-
centration of 50mgfml in MTEE.

213 Extractiont and Bsolation of Carotensids and Eefinal
Plasma was subjected to a lgubd-lguid extraction procedure
previously described by our working groap [27]. Brefly,
BOO ul of plases wis mized with B0 ul of ethanol and 2mL
of hexane/EHT {100 mg/L). Then, 300uL of stock solution
was sdded followed by a vortex-mixing for 1 minate and
centrifuged a1 2062gr for 5 minutes a1 4°C. The upper
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nonpolar layer was removed and the remaining sqoecus
plasmna mixture was reextracted as described above. The twa
nonpolar extracts were comblned in a glass vial and dried
under n gas at <25°C followed by a reconstitution with
300 ul. of MTBE. Then, the smples wese stosed bnto insert-
amber vials for HPLC at —20°C until the day of analysis,

204 Instrumentation. Chromal c amalysis was car-
ried outin an HP 100 HPLC system {Hewlent-Packard, Wald-
brosn, Geremany), consisting of a quaternary pump and an
autosampler coupled to a diode array detectar DAD GI35E.
Chromatographic separation was performed on & reversed-
phase column YMC Carotenobd 5-5 pm, 250 mm = 4.6 mm
(Waters, Milford, MA}), maintained at 25°C, and connected to
a precofumn YMC Guard Cartridge Carotenodd 20 x 4.0 mm
L, 5-5 pon. The guard column was replaced every 500 injec-
tiodes. The integration was performed with Agllsat Cliem-
Station Software. The DAD detector was adjusted at 450um
for the carotencids and 330nm for retinel, respectively. All
compounds were Identified by retentbon time compared with
pure standards s well as by the UV-Vis spectra of each

componnd.

215 Chromatographic Cosdittrnes. The  chromatographse
separation was performed uslng the followlng solvents: Milli-
Q) water {A), methanol (B), and MTBE (C). Solvent A was
used lsocratically st 4% while the following linear gradient
wis wied for B (1 (min), %B)- (00, 90)%; (400, 40); (0.0,
&) (62,0, 90); (720, 90). Twenty microliter sliquots of the
samples were Lnjected in the HPLC-DAD systeen. Total run
tme was 72 minutes at a flow rate of 0.6 mLfmin.

216 Quality Frareters. The method was fully validated
based on the criterls of the ACAC [nternathonal and the
U, Department of Health and Human Services Food and
Drog Administration (FDA) [28, 29]. The quality pasameters
egtablished for the validation of the method were accuracy,
intra- and interday precision, recovery, limit of detection
(Loby), limit of quantificatbon (Lo, and lnearity.

Three dilutions were prepared from the stodk solution in
MTRE to the final concentrations of low (L5 pgfinl ), medium
(4 pglml), and high (% ggiml) for all analytes for precision
and accuracy assays.

Accuracy consisted In the closeness of agreement
berween the messwred value and the reference value and was
established by repetitively spiking blank plassma with theee
known concentrathons of analyte stamdards: low, medivin,
and high with respect to the calibration curves, in five

The resulis were determined as the percentage of
the ratin of the mean observed concentration and the known
apiked concentration In the biological matrlees. The mein
value should be within £15% of the nominal value.

Intraday precision and interday precision were congid-
ered using five determinations per three concentration levels:
low, medium, and high in a single analytical run or in three
different days, respectively. The preckion of the method
witd ssessed on the % RSD (percentage of refative standard
deviation) of infra- and interdsy repeatability and the values
determined af each concentration level should not exceed

X0S
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15% of RS0, sccording to the regulation of the ACAC and
FDA.

Recovery was accomplished by preparing seven-point
calibration curves and seven-point external curves, spiked
before snd after extraction, respectively. The detector
response sbtained from the amouwnt of analyte added to and
extracted fromm the bislogical matrix was compared 1o the
detector response obtalned for the same concentration of
the pure authentic standard. A linear regresslon between
the mutio analyte concentration -against the caloolied
concentration has been applied, and the slope moltiplied by
100 corresponded to the analyte recovery.

Limit of detection (LoD} and limii of quantification
[ Lot)) were determined by comparing measared signals from
samples with the low concentration of analyte with those of
blank sarmphes and establishing the minimum concentration
at which the analyte can be reliably detected or guantified. A
signal-to-noie ratio in the order of 3: Fand 10: 1, for LoD and
Lo}, regpectively, was considered acceptabie.

Linearity was tested by assessing slgnal responses of
target anslytes from plema samples spiked in duplicate at
seven different concentrations and by caleulation of linear
regression.

22 Method Applcation: Pilot Dietary Interveniion Study

221 Biotogical Material To assess the efficiency in the
identlfication of carotenokds and retinol In human plasma,
the present method was applied to a small-scale prospective,
open and contrelled, single-arm ntervention study coi-
ducted i volunteers free of cardiovascular disease but
with high risk of developing it, aged 69.9 £ 3.4 years with a
miean body mass index of 323 = 38 I;g,u'm!.

The volunteers were instructed to avoid the consumpl ion
of tormato and tomato-based products 3 days before the study.
On the experimental day, after 12 hours of fasting, blood
samples were collected early in the morning o quantfy
carotenolds and retinol as baseline. After that, all volunteers
have followed & similar diet developed by a trained dietitian,
which took Into account their preferences and tastes, as well
as the considerasion that participants were diabetic, obese,
hypertendve, aindfor dyslipidemic. Each day daring 4 weeks,
participants consumed 250 mL of tomato juice before dinner
and at the end of the study blood samples were taken for
comparing with baseline. All samples were stored at —80°C
until analysas.

The siudy protocol was approved by the Ethics Commili-
tee of Clinical Iovestigation of the University of Barcdona
(Spain), and the clindesl trdl was registered at the later-
nathonal Standard Randomized Controlled Trial Mumber
([SRCTHN2:408295). Written informed consent was obtained

fram all participants.

23 Statistical Analysis. Statistical analysis was performed
using the SPSS Stathtical Anslysis System (version 21.0; SPSS
Ine, Chicago, IL). Data are presented as means and stan-
dard devistion (SD)). Statistical differences between the two
interventions were anafysed by the nonparametrbe statistical

Wilcoxon test for paired comparisons. Statistical significance
‘wus set al p o< 0.05.

3. Results and Discussion

AL HPLC Method Developrinent

3L Extraction. For the edraction of carotenoids and
retinol, precipltation of proteins from plasma as & prior step
is required. To schieve this sue, most methods wie ofganic
sodvents such as methanol, ethanol, or acetonitrile [30],
Some stodies use ethanol-BHT at different concentrations
[31, 32] while others use ethanol-ascorbic acid [33] or ethanol-
saline [34] for prodection of carmenolds besides deproteiniza-
tiodr, Different solvents and solvent combinations have been
described in the lerature for removing lipophilic analytes
from biosamples. Hexane alone [35, 36] or combined with
other solvents, such as hexanefacetone [37], hexanefether
[#], or hexanefethanollacetoneftoloene [38], seems 10 be
the most used sobvents for the extraction of carcfenokds and
lipophilic compounds from plama. There are few studies
where hexane-BHT ks used for protection of carotenoads die-
Ineg the extractbon [39, 40] while other authors prefer to use
hexane-saline | H]. Both mixtures, hexane-BHT and hexane-
saline, were tested for exiraction. Recovertes obtained with
hexane-saline were between 57.4% and 86.9% correspond-
ing to E-lycopene and 13-Z-F-carotede, respectively, versas
recoveries range between 73.4% and 90.4% corresponding
to E-lycopene and f-camtene, respactively, using hexane-
BHT ax extraction sobvent. Due to s shmplicity, speed,
and good recoveries achieved, ethanod for deproteinization
and repeated extracibon with hexane-BHT were chosen for

perfurming this study.

ALZ  Separation. and Identification, Numerous HPLC
mwethode are reposted for separation and identification of
carotennids and fat-soluble vitamins from diverse complex
matrices such as food, food products, or plasma. The use of
lsocratic of gradient systems coupled to different types of
columns andfor coupled to different detectors or even the
use of different emperatures for the stability of tie analytes,
depending of the compounds studied is the besi described
technigue for thess porposes.

Beversed HPLC with Cyy columis and lsocratic or
gradient dution seems to be the modality most commaonly
used for identification and quantification of carotenokds and
fat-soluble vitaming [41-44]. One of the major problems in
the identification of carotenodds and lipophilic compoands
uslneg Cgy colimns seems to be the separation of geometrical
isomers of carotenoids [41-47]. Treng et al [33] have devel-
oped an ovratic method for te dentification of carotendolds
using @ Cyy column, but they could only separate three
carotencida: lutein, lycopene, and S-carodene. Olmedilks ef al.
[40] abzo have described a gradient method witha Cpg column
bt could not identify isomers of the carotenoids. To solve this
lssuie, palymeric Oy, columnd were developed for separation
of Z-E somers [22, 48, 49]. The use of this kind of column has
allowed us the sepuration of the twelve compounds studied,
Including 3 Z-lcomers of B-carotene and another 3 Z-lsomers
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of lycopene. Figures 1 and 2 chow a represemtative HPLC-
DAD chromatogram of carotenaodds and retinol in a standarnd
mipriure and 3 human plasma sample, respectively.

Likewige lutein and peaxanthin are reported as two
difficult compounds to separate on momsimerie Cpp colismie
[42, 43]. Gueguen et al. [44] foand an inadequate resolution
of lutein and zeaxanthin with the method proposed using a
Cy cofumn and an Bocratic elution system; Thibeaul et al.
[31] were not able to differentiate lutein and zeaxanthin with
these same conditions. A high resolution can be achieved by
using polymeric Cyy columns with gradient elution [22, 49,
500, With the present method, all analytes, lncluding loteln
and zeaxanthin, have reached a resolution higher than L5,
indicating a good wparation of the compounds and a good
symmetry of all peaks. Resulis are shown in Table L

Coupling of photodiode array detector (DALY and fluo-
rescence detector (FLDY) ks the technique chosen by Epler el
al [51] and Lin et al. [32] for identification of carotenaids and
retinoll from human serum and foods, Using mote comple
techniques, such as photosomerzation of some analytes as a
prior step, Ferruezl et al. [49] identified 13 poopene isomers
{Z/E) by using an electrochemical detector (ECDY). Lyan
et al [46] and Lee ef al [47, 52] have bdentified variouas
carienobds by the coupling of two differént deteciors or
codumnns. Other authors like Gleize et al. [33] have set up a
gradient method for tse identificatbon of eleven carofenoids

and fat-soluble vitamins from complex matrixes such as food
sarmples, human plasma, and human adipose tssue using a
single Cyp column kept at 35°C. All ihese techniques allow
the separation and identification of lipid compoaunds such as
cartenodds and fat soluble vitamlng fom difereat mateices
but are compbex and reguire coupling of columns and wse of
or combination of detectors, which is not always
possible in all aboratories.
In this stody, carstenolds and retinol were separated in
a single run on a reversed-phase column using a gradient
system of water, methanol, and MTEE. The maobile phase
was optimlred ki order to oblali the best separation of the
compounds in the shortest time possible and to achieve this,
several gradients were assewed. The best resalts obtalned
for the conditions were described in the chromatographic
conditions section.

3.2 Valifation Parameters

321 Limearity. According to the maximal reporied value
In plasma for each analyte, plasma samples were spaked in
duplicate a1 seven different concentrathons ranged from Lot}
of each compound bo B ug/ml. The analytical procedure was
linear over the concentration range tested with the correlation
coefficent from 04952 to (L9984 for all compoonds in plasma
sammples, demonstrating a good Linearity of the curves. Table 4
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Tansp & Resolution of the analytes siodied.

Tamie k Accuracy and n:wrcq.-nl'm:cmnpnuud.i studsed.

i Wavelength  Widih

Ak o e e
Retinal &54 334 [iT Ml
Astaxanthin 0T 450 38

Lutein 34655 450 o7 14
Zeaxanthin 324 450 0.53 b
Eefeapue®'scarotenal 2000 450 ik 77
Crypeoaanthin 439q 450 o 69
15=Fn fecarviene 4696 450 oz L4
13-Zxficarutene 4757 450 | 13
mecarolens 4512 A5l 0l i}
frcamotene 49.57 450 3 3
9uZ-fucarclene 5076 450 0z 330
Esbycopene 6439 A5l 0.1 350
M mot determined.

Bom2CRE = (RELAJA WA + WEL

B o= pencdutioe

Ei = reienihom tlmee.

W il

summarizes the correfation coefficients of the curves of all
compounds.

322 Accuracy arsl Precision. Accuracy and intra and infer-
day precision were studied, All compounds analysed met
the acceptance critérld to not overcome 15% RSD o both
intra- and interday precision and in the three concentration
levels. The highest values were 15% belonging to astaxanthin,
reaxanthin, a-carotene, f-carotene, and 13-Z-f-caroléne.
Accuracy results obtained were between 90.7% and 112.2%
being within limbis of accuracy, B5-115%. The method pro-
posed demonstrated geod accuracy and precision in plasma
samples, sserting that was feasible for the determination
of carolenoids and retinol in huwman plasma Resulis are
expressed in Tables 2 and 3.

323 Recovery. Recovery for retinol was 96%, similar to
the value achieved by Kandar et al [54]. For carotenaids,
the recoveries were between B9% and 13%, corresponding
to a-carofene and astaxanthin, respectively. Comparing our
results with those reported by Talwar et al. [43] we achieved
i recovery 18% highes for lutein and 9% higher for S5-
carcdene with the described method; comparing with the data
presented by Teeng ot al, [33], we achieved a better recovery
for luteln (20% higher). and comparing with Rajendran et al.
[22] we obtained a better recovery for lutein {19% higher),
seazanthin {13% higher), and cryploxinthin (7% higher).
Karppi et al [39] have reported similar values of recovery
excepl for lutein, zeaxanthin, and S-carotene that were 0%,
17%, and 16%, respectively, lower than in the present siudy.

The extraction procedure was really effective, snce high
recoveries can be observed in Tahle 2

324, Limit of Detection (LoD} and Limit of Quantification
{Lo). The Lald found way 0.1 pgfinl for astasanthin and

Analyte Accuracy (%) Recoveries (%]
Betinol 105 9 MEd
Astaxamthin 9947 iz 6
Lutein 994 1% nr+4
Zeaxanthin B+ 11 0745
Eefieaposs’scarotenal 98 2 10 G421
Cryptoxanthin Hi3 + 12 D=3
L5 Znflecaratene o+ I ks
1he s flacarntene W5 & 12 225
=Carotens OF 212 B9+ 4
Pecarotens 9713 Whel
'JI-?;-F-a.n:\Mne nx+7 93 &3
E-lycopene 100 & 12 L]

Iyeopene; 02 pglml for cetinol, seaxanthin, E-f-apo-§'-
carotenal, cryptoxanthin, f-carotene, and 9-Z-F-carotens;
0.4 pugleml for lutean and 13-Z-F-carotene; 15 pgfml for &-
caratene, and 13 pgiml. for 15-Z-f-carotene. The Lol was
from 0.3 pgfml to 4.4 pg'ml for astaxanthin and 15-2-5-
carotene, respectively. All LoD and Lo() values obtained are
expressed in Table 4. In a stody carried out by Mitrowska et
i{iSlﬁmﬂ:rvﬂuHm&MfmrE-ﬁ-ﬂpﬂ-&‘-mﬂ.
astaxanthin, and lycopene. In another study deveboped by
Tabwar et al. [43] a similar valse for retinal but not for the
other compoands studied can be observed; nonetheless, with
the presented method we have achieved the separation and
identification of 11 carotenodds and 1 fat-soluble vitamin in a

single rum.

325, Plasmna Levels of Caroteneids and Betinol. The method
was used for measuring concentrations of caroiénobds and
retinal in human plasma samples. All compounds were
detesmined followlng the peocedure desce bed above and the
resulbts are expressed in Table 5.

Nine of the 12 validated analytes were kientified in plasins
at baseline: retinol, astaxanthin, lutein, E-f-apo-§'-carotenal,
crypocanthin, 13-Z-f-carotene, a-carolene, f-carotene, amnd
lycopene. It s important o highlight that, beskdes the bden-
tification of the validated commpounds, we also bave searched
fog cis womers of lycopene which have been saggested to be
e bioavailable than E-lycopene, typically found in raw
food [IB]. In fact, in human plasmna, total Iycopene is an
isameric mixture contalning 40% 1o 0% as Z-isomers [3]
and according to the antinxidant properties of lycopene, from
greatest 1o beast age 5-Z, 9-F, -2 13-Z 15-Z, I1-Z, and all-E
Iycopene [56]. We have identified 5-2, 9-Z, and 13-Z lycopens,
all present in human plasma acconding 0 the study carried
wout by Arranz et al. [17]

After tomato jubce ntervention, an increase in retinod,
astaxanthis, cryploxanthin, 13-2-B-carotesne, E-catotesne, 13-
Z-lycopene, 9-Z-Tpcopene, E-lycopene, and 5-Z-lycopene was
observed, with values between 51094 and 0.140 ggfml cor-
responding 1o E-lycopene and 13-Z-f-carolene, respectively.



Anexos

Onidative Medicine and Cellular Longevity

LA UL SR R

LT R P o T

¥¥l ¥ gl ol ¥l & ] il 1l F £ 3 Fuadoipy
¥ il 1 1 A1 ¥ 1l hi | FI L ol [ U T
571 il u T ¥ * gl i bl ] il il Fpor-gf
Eadl 1] [ 1] L% 1} £l 1 L] 4 £l ¥ -
¥ il il n V¥l Tl gl i | [ 0 L4 ¥l [ suapeegf =]
L 1 I il 1%l 6 4 i ¥é 1 £l 4 sl -
¥ ] il 1 ¥ 3 § 1l Izl ' £l 4 uppurnedin
gl b f £l P & Tl i ¥ 13 0l il Pl el
5¥ il il n 6T L f b w0l v £l ¥ T
¥l 7l f i ¥ % ¥l | 'H ¥ o ¥ e
¥ b Tl cl ¥ 1l €l 1 oH L 4 £ L RISy
i¥l il i il I'M 8 Il il} .3 g ¥ i i

Avpua| eOsl o) (SO Awpeeag foosl o (sos Avpsa wosdl (woasdl (easdl
15 €4 Tdrg 1drg] 15 £ Ar(] T drg] L] €15 fdrg T Ar [ELA sy
{5 = wp i 15 = e qeuind g {5 = up e
|

“unpsand AFp S pUR RO 3 ATV,

113



Anexos

114

Oradative Medicine and Cellullar Longevity

Tani A Limit of detectinn (Lold), Bmi dqumﬁ.ﬁal:kml!.nq!. n.npnl'-:mmm. calibratiom curve, and correlation coefficient af the

analytes in blank plasma spiked with standard salution.

H‘Iﬂ. ].I:Df,l.w‘ml.] ]'_nq_[EﬂrmL'I- Limearsty nn#{,l.il'mlﬁ Calshration curve Correlatinn coetfickent (r)
Hetimal () L1 . F=10 ¥ = 69684 — 5857 9952
Astaxanthin nl 03 (KR [} y= 49138y + 20197 0949068
Lutein K L% L3=i y=11937x - 1263 LS54
Zeaxanthin a2 az 01.7=10 y=atldx & 138 auss
Apo-#'-caratenal o2 0.7 0. 7=10 ¥ = 248do — 20908 9957
Cryptooanthin oz a7 {1.7=100 ¥ =200.48x — 15.759 [IE
15=F«fcarotene I3 43 3= ¥=91235x — 1048 1.9984
Eda s fecarotens g L% L=k F=9591x = E7ITE 0.5965
Aascaroiene o3 1B LB=bid ¥=M307x—37 135 094964
ﬂ-cl.l'nl:ﬂm (£ L1 . F=10 ¥ = 105.8x — 29437 h99Es
G Zn flecarniene o2 Lilvg {1.7=1id y=Ti68Sy — B 4159 9958
Exbveopene 01 03 L3l ¥ = 14532% — 42861 19952
Tanrr % Carotenaids and retinol in human plasma before (baseline} and after the dsetary intervention.
Concentratinm
Analytes Baseline After imervention Raseline ARer intervention
Mean £ 5D (ug/mL} Mean + 5D {ugimL) Mean 2 5D {umal/L) Mean £ 5D {umolf1)
Retimal LE2 + 037 1.90 + 049 F46 £ 070 362 £ 0.93%
Astaxanthin 76 & 044 ER = 05T 1LXs074 Laf + 063
Lutein 007 + 0.0 0,06 = 06 CLEF & 0uis OCH 4 01
Zexxanthin Nd M. Nd MNd.
Eefiapoed’ scarotenal 057 4 003 057 + 063 L3& 4 (.06 138 & 008
Cryptomanthin 018 4 012 0.0 & 007 L1 VE T 03750102
[ER N — N N, N, N,
i3-\Z-|B'-ﬂ.I1:|I:ﬂ:IE 13 4 0,00 034 & 0.0 023 4 0.0 0264 0.04
aecaroiens B2 = 0.0 Nd, kAl & 000 Nd.
Hecarotene 095 £ 0.50 L9 & (.53 L77 £ 093 203 £ 0.98
X Th— N Nd, Hd, wd,
ﬂ-nZ-lfl:l:‘)ﬂh! Nd? 2759 & Lag" N.d® 5.0 & 209"
BuFalycopene N4 0.38 £ 147" W 071 + 2.64°
Eddycopens L15 + AT 519 & 115° T s L5 QBT & 458"
Seislycopene 075 & L 307 2 1A% LAl 206" 5.72 & 267"
WA mon desermined.
St srandard deviation.

“Viadues n & row with the same becier are shgificantly dfferent [p < 005}, Data aralyred by Wikcomon test o repeated mesaures,

Apnong these compouids, lycopene and its Bomers have pre-
sented 3 significant increase after tomato julce consamption
{ < (L05). Besults are shown in Tahle 5

In a study carried out by Peflegrini et al. |57]. they found
a concentration of 031 ugfmL of lrcopene and 007 pg/ml of
P-capotene b himan plasin after & consimptbon of tomuato
purée. In another study performed by Porrind et al. (58],
they have seen values in the order of 0.8, (.21, 0.02, 013,
0.03, and 0.23pgfml for lycopene, lutein, reaxanthin, S-
cryptoxanthin, a-carolene, and f-carotene, respectively, after
a daily supplementation of tomato purde. Girtner et al [59]
have determined values af 0.02, 0uM2, and 0001 ug/ml. for
lycopene, a-carotene, amd B-cacotene, respectively, after a
consumpthon of temato paste Regarding refinol, the resulis

obtatned with the present method are higher than those
reported by Lin et al [32] who have found a mean of
055 pgfml. and 0.56 pp/ml in plasma of women and men,

respectively, participants of the Toronto Nutrigenomics and
Health Sondy,

4, Conclusions

Baged on previous reporied work, the present method is
simple, sccurate, reliable, sensitive, and selective for the
determination of the antioaidants carotenoids and retinol ks
human plasma samples. With this method, all analytes of
interest were succesafully resolved, includiseg lutein, fesx-
anthin, and Z-isomers of f-carcdene which have previously



been reparted as critical compounds io identify and separate.
The sample preparation procedure o this method provides
excellent recoveries for all amalytes.

A toaal of 8 carotenodds, 3 Z-isomers of the S-carotens, 1
fat-soluble vitamin, and aleo 3 Z-lwomers of the lycopene were
slmultar by separated and identified in human plasma
by the use of polymeric Cyy chromatography column with a
gradient elution.

Future approaches to enhance the analysis of the somers
should focus on the conclesive identification of the com-
pounds that remaln tentatively identified. For this purpose,
the solation of gandands of most cfs-1samers and the deter-
mination of their absorption coefficlents are needed for their
aceurate quantification.

The HPLC method wis completely validated aind dwe 1o
the good results obtained after the intake of mato |uice,
this method may be applied to evaluate the liposoiuble
antioakdants carotemnoids and vitamin A in cinical interven-
tion antioxidants trials and epidemiological studies status
investigations,
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Abstract
Scope: To evaluate the effects of carotenoids from tomato juice (T7) on iflammatory
biomarkers. by performing a +-week dose-response mutrifional trial m a population at

high cardiovascular risk.

Methods and results: An open prospective. randonuzed, cross-over. and controlled
clinical trial was carried out with 28 volunteers {mean age 69.7 = 3.1 years: mean BMI
J15=36kg m’) at high cardiovascular risk. which were assigned to consume daily for
4 weeks in random order: 200 mL or 400 mL of TJ. or water as a control (C). Blood
saniples were collected at baseline (B) and after each infervention. Endpeints included
changes in plasmatic carotenoids, C-reactive profein (CRP), IFN-y. interleukin-8 (IL-8).
eotaxin CHCL motif chemokine 10 (CXCL10), inter-cellular adhesion molecule 1
(ICAM-1). and vascular-cell adhesion molecule 1 (VCAM-1). Compared to C. both TT
mterventions mduced significant decreases in ICAM-1. VCAM-1. CRP. and IL-8{p
<{0.03). in a dose dependent manner. Decreases were significantlv correlated mainly
with the rrans-lycopene. while the other carotenoids present in TT were not associated

with anv significant changes in these molecules.

Conclusion: mans-Lycopene from TT may attenmate the nisk of CVD m a dose-response
manner by reducing the concentration of inflammatory molecules related to

atherosclerosis.
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INTRODUCTION

Tomato (Solamim Lycopersicum L) 1s one of the most widelv consumed fruits in the
Western world and is also a kev food item in healthy dietary patterns such as the
Mediterranean diet (MD). Diets rich in fomato or tomato-based products have been
associated with decreased levels of cardiovascular nisk factors [1-3], and these effects
are aftributed mainly to Ivcopene [4. 5]. In fruits and vegetables. brcopene is found in
the all-framns confisuration. wluch is a more thermodynanueally stable form whilstin
Inuman tissues and plasma the cis form 15 predommant. Numerous studies have
suggested that isomerization from ams to ofs forms increases the bioavailability of
lycopene. and hence its biological benefits [6-2].

Atherosclerosis is a low-grade chronic inflammation disease of the wall of large- and
medmm-—sized arteries. involving many components of the vascular, metabolic, and
mnmme systems. Accurmilation of oxidized lipids in the sub endothelium space of the
arteries triggers the recruitment of circnlating leukocyies, mainly monocytes. to remove
these particles, which differentiate into macrophages [9-11]. At the same tune.
endothelinm activation causes expression of adhesion molecules on its surface. such as
ICAM-1. VCAM-1. and chemoattractant agents. such as E-selectin. and P-selectin.
which work svnergistically with the chemokines interleukin 8 (IL-8). CCL-2. CCL-3.
and CXCL-10. These molecules facilitate the roll adherence. and transnugration of
lenkocytes to the subendothelial space, creating a feedback mechanism for the
recritment cycle. and leading fo the development of atheromatous plaque [11. 12].
The protective effects of Iycopene on cardiovascular health have been attributed fo its

capacity to prevent atherogenesis by ifs anftioxidant activity. which inhibit TDT
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oxtdation [1. 13]. as well as by its immune-modulatory and anti-inflanmmatory
properties [14].

Despite the predonunance of dietary all-ans Lvcopene, cis-1somers account for 38-73%
of total Ivcopene i human serum. and a surprisingly high 79-88% in benign or
malignant prostate tissue [13]. However, which of the isoforms is the more bioactive in
reducing inflammatory biomarkers has still to be elucidated, Hence. we emibarked on an
opetl prospective. randomized. cross-over. dose-response. and controlled feeding
infervention trial in order fo evaluate the effects of the consumption of different doses of
tomato juace (TT). as a rich source of Ivcopene, on markers of inflammation in a
population without overt CVD. but at lugh nsk of developing 1t. Moreover. we wanted
to evaluate wiuch of the carotenoids present m plasma was more effective m modulating

the response of these molecules.
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MATERITAT S AND METHODS

2.1 Tomate fuice samples

The TT was kindlv supplied by Gallina Blanca Foods (GB Foods. Spam) and consisted
of a muxture of crushed tomatoes and common olive 011 {3%). TTwas packaged m 200

ml Tetra Brik packs.

Study popuiation

Twenty-eight patients with a mean age of 9.7 = 3.1 vears. and mean BMI of 31.5=3.6
kg o participated in the study. Inclusion criteria were: age between 55 and 80 vears.
diagnosed AHT. no reported clinical features of CVD (ischemic heart disease -angina
pectoris or myocardial infarction recent or old-. stroke. peripheral vascular disease) it
at high risk of developing CWVD. namely. diagnosed DM and two or more of the
followmg risk factors: 1) smoking. i1) hypercholesterolemia (LD ~cholesterol =160
mg‘dL). 111) lower concentrations of HDL -cholesterol (values <40 mg'dL). iv) obesity or
overweight (BMI =23 kz'm®). andor family history of early CVD (first-order relatives,
men <3>3 yvears old or women <635 vears old). Patients wath a lnstory of CVD, chronic
illnezses_ aleoholism or another addictions. tomato allergy or intolerance were excluded.
Demographic and climcal characteristics of the studied population are presented in

Supportng Informartion Table S1.
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o}
L

Study design

The study was an open, prospective, randonuzed. cross-over. and controlled climical trial
aimed to assess the effects of different daily doses of TT consumption on inflanmmatory
biomarkers related to atherosclerosis in patients at high cardiovascular nsk After a mn-
in period of 3 weeks. all participants followed-up three 4-week intervention pertods m a
random sequence. During the min-in period. participants were asked to avoid the
consumption of tomato or tomato based-products as well as carotenoid-rich products. At
baseline (B). all volunteers followed-up a similar MD designed by a trained dietician for
3 weeks in which they limited tomato and tomato based-product consumption. while
maintamng all other components of diet and physical activity. Before and after each
intervention. volumteers were asked to fill out a 24-h food recall to assess their
compliance with the prescribed diet. Total energy. macronuinent. and micronutnent
intake were calculated wsing the Food Processor Nutrition and Fitness Software (esha
Research. Salem OF. USA). The participants randomly received: 1) one portion (LD)
of 200 ml. TT day before dinmer: 2) two portions (HD) of 400 ml. Tl'dav divided into 2
doses of 200 mL each. before lunch and dinmer; or 3) 200 mL water as control
intervention (C). according to a conyuter-generated random-mumber table Between the
different inferventions there was a 2 1-day wash-out period. when the participants
followed their regular dief. but avoiding the consumption of tomato or tomato-based

products.
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Ethic statements

The study protocol was approved by the Erhics Comnuttee of Clinical Investigation of
the University of Barcelona (Barcelona, Spain). and the climical trial was registered at
the Infernational Standard Eandomized Controlled Tnal Number (ISECTNS0660610).

Wirittenl informed consent was obtained from all participants.

2.3.2 Recruitment and clinic visits

Participants were recruited at the Depariment of Internal Medicine of the Hospital
Clinic of Barcelona. After reviewing medical records, potential participants were invited
to a screening interview, and those who met the inclusion criferia and signed the
wnformed consent were randomly allocated into the cormresponding sequence of
interventions. that was determined by computer-generated random table. Afterwards.
participants were called for an initial evaluation and to fill in a food consumption
questionnaire. [ ikewise, at the end of each infervention participants came for the

corresponding follow-up visits at the Hospital.

233 Participant flow

A total of 283 participants were assessed for eligbilityv; 223 of them were not eligible:
78 did not meet inclusion criteria. 21 reported their willingness to not change their diet.
and 140 declined to participate in the study, leaving a total of 44 participants randomly
assigned to the different groups. Twenty-eight of these completed the study; 2

participants decided to drop put during the trial due to problems following the diet. 3 for
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medical illnesses and 11 for personal issues. The flow chart of participants throughout

the trial 15 summanzed i Supporting Information Figure S1.

2.3 4 Collecrion of blood samples

Fasting blood samples (10 mL) were dravn via venipuncture from the amm mto
evacuated plasma tubes containing EDTA at B and after each intervention. and
immediatelv centrifuged at 1300 g for 15 min at 4 °C to separate the plasma. Plasma

was aliquoted and stored at -80 °C uatil the day of analvsis.

24 Iflammatory biomarkers

Inflanunatory molecules were deternuned at B and after each intervention using Human
ProcartaPlex® Multplex Imnmmoassayvs (Affymetriy, eBioscience Inc.. CA USA).
according to the mammfacturer's instructions. The molecules determined were: ICAM-1.
VCAM-1. and C-reactive protein (CRP). Plates were analvzed on a Luminex
MAGPTHE mstrument (Luminex. Co.. Austin T3, TUSA) using ProcartaPlex® Analvst
1.0 Software (eBioscience. San Diego. CA. USA). For IL-8. eofaxin IFN-y, and
C3CL10. Bio-Plex Pro™ Accay (Bio-Rad Laboratories. Inc.. T4 TISA) was used.
Analysis was carried out on a Luminex Bio-Plex® 2200 System (Luminex Co. T
UUSA) using the Bio-Plex Manager™ Software. Concentrations were obtained by
extrapolation of the results with standard calibration curves. Results were shown in
ng'ml for ICAM-1. VCAM-1. and CRP; for IL-8, eotaxin, IFN- 3. and CXCL10 results

were preseited in pg'ml.

2.5 Exmaction of carotenoid compounds from IJ
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The extraction of carotenoids was carried out as quickly as possible. avoiding exposure
to light. oxvgen, high temperatures and pro-oxidant metals such as iron or copper. in
order to nininize autoxidation and cis/rrons isomerization. TT samples (0.5 g) were
lromogenized with 5 mL of ethanol'hexane (4:3 vv), following a procedure described
elsewhere by Vallverdo-CQueralt er al. [16]. The homogenate was sonicated for 5 min
and centrifinged at 2140 g for 15 mun at 4 °C. The supernatant was transferred info a
flazk and the extraction was repeated. Both supernatants were nixed and dried under a
wirogen flow at <25 °C. Finally, the residue was dissolved in methv] rerr-butyl ether
(MTEE) up to 1 mL and filtered through a 13 mm 0.45 pm polytetraflucroethylene
(PTEE) filter (Waters Co.. Milford. MA USA) into an amber vial for HPLC analysis.
Samples were stored af -20 “C unfil the analvsis. Extractions were performed in

triplicate.

28 Extraction of carotencid compounds from ian plasma

Plasma was subjected to a liquid-liguid extraction procedure previonsly described b
our working group [17]. Brieflv. 800 pL of ethanol was added to 800 pl of plasma.
After vortex-mixing for 45 s plasma was extracted twice with hexane (2 ml). stabilized
with 0.1 gL of butvlated hydroxitoluene, and the extracts were vortex-nuxed for 1 min
and centrifuged at 2052 g for 5 min at 4 °C. The nonpolar layers were removed. pooled
and evaporated under a gentle stream of nitrogen at <25 “C. Finally. the samples were
reconstituted with 300 pL of a solution of MTBE. filtered through a 13 oun. (.22 um
PTEE filter (Waters Co.. Milford. MA USA) into an mserf-amber vial for HPL.C and

stored at -80 °C until the dav of analysis.
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B d

27 HPLC separation and ideniification of carotenoids in IJ and human plasing

Chromatograplic analvsis was performed using an HP 1100 HPLC system (Hewlett-
105 Packard. Waldbronn. DE). equipped with a quatemnary pump and an auto sampler.
coupled to a DAD G1313B. The separation was carried out on a BP column YMC
Carotenoid 5-5 pmy. 230 mm x 4.6 mm (Waters, Milford. MA 17S) and connected toa
precolunm YMC Guard Cartridge Carotenoid 20x 4. 0mmid. S-5um following the
procedure previously described by our working group [17]. The HFLCUV
chromatograms were acquired at 450 o wavelength and the integration was performed
with Agilent ChemStation™ soffware. The tentative identification of carotenoids and
their geometrical 1somers (cis-1somers) was done on the basis of the retention times and
absomption spectrum charactenistics previously described by our group [16] and also by
companng with other references m the literature [18. 19]. Results were expressed as

pmol L.

2.8 Sratistical analysis

Walues are expressed as means = SD. Continuous vanables were tested for normal
distribution using the Kolmogorov-Snumov test. In order to defermine stafistically
significant differences between interventions for both plasmatic carotenoids and
inflammatory molecules, the ANOVA test for repeated measures was performed.
Associations berween plasmatic carotenoids and inflanmmatory molecules were
calculated by Pearson s comrelation fest for parametnc vanables. After that, linear
regression models were used to deternune the relationship berween them Intervention-
assoctated differences were evaluated m terms of changes relatrve to B and. at commion

time points, between interventions. Statistical significance was set at p <0.05. Analvses

Wiley-VCH
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were performed nsing the Statistical Package for Social Sciences (SPSS, version 19.0

for Windows; 5PSS Inc | Chicago. I TJSA),

3. RESULIS

3.1, Carorencid contenr in I.J

The carotenoid content m TT was analyzed at 3 different times: before starting. in the
middle. and at the end of the trial in order to ensure that the amount of carotenoids
ingested did not vary throughout No statistically significant differences were found
across time (data not shown). Table 1 summarizes the content of the major carotenoids
identified in the TT given to the participants during the trial. The main compounds
cuantified were rans-lvcopene and S-carotene with a mean of 193 = 20 and 190 = 13
umolL. respectively. rrans-Ivcopene being the major contributor with 48.1 %4, whilst S5-
carotene represented 474 %0 of the total. Thus. mans-lycopene and S-carotene accounted
for 95.5% of the total carotenoids quantified. The sum of Iycopene isomers represented

522 % of the total carotenodd intake.

3.2 Carotencid profile of mmman plasma

The lowest carotenoid plasma concentrations were after the wash-out period. due to the
o consumption of tomato. tomato-based products. and other carotenoid-rich foods. The
major carotenoids quantified in plasma after the wash-out period were frans-lycopene.

and the cis-tsomers 13-ci5. 3-cis. and 9-cis-lvcopene.
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After the TT interventions. statistically significant increases were observed for mans-
lvcopene, 3-cis-lycopene. and 13-cis-lvcopene. whilst the increase in S-cis-lycopene
was significant only after HD interventions. On the other hand. f-carotene significantly
increased after the HD intervention. whilst a-carotene increased affer the HD
intervention, but this change was not statistically sionificant. Xanthophylls showed no
significant differences throughout the interventions. These data are summanzed in

Table 2.

33 Inflammarory biomarivers

Compared to baseline. adhesion molecules ICAM-1 and VCAM-1 showed a significant
decrease after the different T7 interventions, in a dose dependent nanmer (p <0.001).
Similarlv. CRP decreased significantly (p <0.001) after the different interventions.
particularly LD The pro-inflammatory cytokine IT -8 increased significantly after the
control intervention. but in contrast, showed a significant decrease after the LD and HD
infervention. suggesting that TJ consumption had anti-inflanmatory effects in this
population. Eotastin TFN-y. and C3CTL10 showed a tendency to decrease after both. LD
and HD, mferventions compared to control intervention. but the reduction did not attamn

statistical significance. The results are set out in Table 3.

34 Relationship benween caretencid intake and plasmatic inflammarory

biomarkers

In order to accurately determine whether plasmatic carotenoids were related to the

concentration of inflammatory biomarkers. a two-tatl Pearson’s coefficient fest,

Wiley-VCH
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1

2

3 267  followed by a linear regression analysis. was applied. Regarding TT and plasmatic

4

g 268  carotenoid concentrations, mans-lycopene and S-cis-lycopene showed a substantial

; 269  posifive correlation (r=0.798 and 0.706; p <0.001. respectively) while S-carotene. o-

?l} 270 carotene. P-cis, and 13-cis-lveopene presented a modest correlation. with » values

11

12 271 between 0.320 and 0.655 (p<0.001).

13

14

15 272 The association between the mflanimatory biomarkers and plasmatic carotenoids was
16

1; 273 alsoexplored. and 13-cis-f-carotene showed a considerable negative correlation with
;g 274 CRP(7=0.632;p <0.001). ICAM-1 (7=0.630: p<0.001). and VCAM-1 (r=0.638:p

%; 275 =0.001). Regarding isomeric forms of Ivcopene, the S-cis-lycopene presented a negative
23

24 276 comelation with ICAM-1 (7=0.326; p <0.001) and VCAM-1 (r=0.604; p <0.001). as 13-
25

%_?' 277 cis-Iycopene. with negative correlations for ICAM-1 (7=0.433; p <0.001}, and VCAM-1
%g 278 (7=0.325; p<0.001), whilst mans-lvcopene showed an important negative correlation
g? 279 with ICAM-1 (7=0.625: p <0.001) and VCAM-1 (7=0.697: p <0.001), but a lower

3z

13 280 negafive correlation with CRP (7=0.227; p =0.042). Lower correlations were observed
34

35 281  between 15-cis-S-carotene -VCAM-1 (7=0.303; p =0.045); o-carotene-VCAM-1

36

g; 282 {r=0.245; p=0.045): O-cis-lycopene-VCAM-1 (7=0.357; p =0.013}; f-carotene-VCAM-
ig 283 1{r=0.204 p=0.037T); and S-carotene-ICAM-1 (7=0.219: p=0.035). A weak association
41

42 284  or no association was observed between plasmatic carotenoids and inflammatory

43

44 285  molecules IFN-j- IL-8 and C3CL10.

45

46

ig 286  Subsequently. a linear regression analvsis was applied to establish the relationship

;g 287  berween the carotenoids and molecules with a significant negative comrelation. It was
g; 288  found that carotenctds could have an influence of between 13 and 49% on the decrease
53

54 289 of VCAM-1. especially rans-lycopene (°=0.486: p<0.001). In the case of ICAM-1.

55

56 290 carotenoids could explain between 5 and 39% of the variations. rans-lvcopene also

a7
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being the major contributor (7=0.390; p=0.001). In the case of CRP. carotenoids could

explain between 2.3 and 40% of the decrease, especially due to 13-cis-5-carotene.

In order to corroborate whether positive effects of frans-lvcopene on these molecules
could be influenced by the cis-lyvcopene isomers. which are recognized for their better
bioavailability. correlations adjusting for total cis- and mams-lvcopenes were made.
After adjusting for total cis-lveopene. correlations between rmamis-lycopene and CEP
decreased. although not significantly. In the case of mans-lycopene-ICAM-1. and mans-
Lycopene-VCAM-1. 7 values changed to-0.453 and -0.501. respectively. showing that
mans-lvcopens was still correlated with the decrease in the expression of these
molecules. although to a lesser extent. Surprisingly. after adjusting for mans-lycopene.
the cis-isomers lost the correlation with the inflammatory molecules. Table 4 shows the
differences in correlations between total ¢fs- and moms-lvcopene and the inflammatory

biomarkers adjusted for each one.

4. DISCUSSION

Atherosclerosts is an inflammatory disease of the arteries. involving several components
of the vascular. metabolic. and imnmne syvstems [20-22] In this study. we measured the
expression of several chemokines. cell adhesion molecules. as well as inflanumatory
cvtokines, responsible for the initiation and progression of atherosclerosis. after a 4-
week infervention with different amounts of TT. A downregulation of semum
concentrations of [CAM-1. VCAM-1. CRP. and I1.-8 was observed in a dose-dependent
manner affer TT consumption and these effects were attributable mainly to the intake of

mans-bvcopene.
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Several epidendologic studies have focused on elucidating the effects of tomato,
tomato-based products. or even Iycopene supplementation on different imnmine-
nflammatory biomarkers at diverse stages of the atherosclerosis process. One of the
most siudied molecules 15 the acute phase profein CRP. which 15 a sensitive biomarker
of mflanmmatory processes. In this regard. lvcopene has been negatively correlated with
plasmatic concentration of CRP m a T intervention carried out by Biddle a7 ai . 2015
[24]. In contrast. Abete er al.. 2013 [25]. Thies ef i, 2012 [26]. and Blum ef af.. 2007
[27] did not find any association between the ingestion of tomato or tonato-based
products and the attenmation of CRP plasmatic concentration in human feeding
mferventions. A possible explanation for these negative results could be the absence, or
veryv low amount. of an o1l matrix in the tomato-based products provided to volunteers.
since it has been shown that dietarv fats enhance carotenosd bioavatlability [28-30]. 3-3
grams being the optimal amount for efficient absorption [28]. On the other hand, Jacob
ar gl 2008 [31] abserved an inverse association between the consumption of TT (20
mg/day of Iycopene) and CRP plasmatic concentration. but they could not attribute this

resulf only to Iycopene, becavse their T was enriched with vitamin C (435 mg/day).

Other important melecules involved in the development of atherosclerosts are the
adhesion molecules ICAM-1 and VCAM-1. whose expression 15 related to pro-
mflammatory sttnmilt such as oxidized LDL. TNF-a. or CEP [32]. Sinularly to the
reduction of the CRP concentration by the chronic consumption of 17, we also expected
a reduction of ICAM-1 and VCAM-1 molecules. Nonetheless. the above-cited Thies of
ai.. 2012 [26] did not observe any changes in ICAM-1 after a 12-week dietary
mntervention with different doses of tomato. tomato byv-products or rcopene
supplements. even after a significant increase in plasmatic Ivcopens within the different

mfervention growps. It is noteworthy that the discrepancies between their results and
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ours could be due to the characteristics of the studied population; in our tnial. all
subjects included were at high cardiovascular risk. In a study by Blum er al, 2007 [27].
there was no difference from the baseline concentration of CRP after a tomato
infervention, but an mcrease of ICAM-1 was observed in the control group. Garcia-
Alonso erf af., 2012 [33] also observed a reduction of VO AM-1 after 1] supplementation
for 2 weels. whereas ICAM-1 concentration ondy decreased when the TJ was enriched

with n-3 pobnmsaturated fatty acids.

The ability of lvcopene to inhibit the expression of IL-8, a remarkable chemokine
irvolved m the monocyte recruitment from the circulation to inflammation sites. has
been observed. mainly in cell cultures [34] and animal models [35]. However, human
feeding trials that evaluate the effects of lvcopene on this mflammatory biomarker are
scarce. Ghavipour f al.. 2013 [36] investigated if daily consumption of 330 ml of TT
(37 mg 'day of lycopene) could reduce inflammation in overweight and obese people.
wsing IT-§. IT -8, CRP, and TINF-2 as biomarkers. In agreement with our results, they
found a significant decrease in IL-8. Nevertheless, thev could not find differences in the
CRP plasmanic concentration i this population. although the dose of TT they
admnistered to the volunteers was sinular to our lugher dose. They hypothesized that
the anti-inflanmmatory actions of Ivcopene were not potent enough to dinimsh the
exacerbated inflammation in the obese group. One of the possible mechanisms by which
cis- and roves-lycopene mav reduce the expression of the chemokine IL-8. as well as the
adhesion molecules ICAM-1 and VCAM-1. and possibly CRP. 1z by inhibiting the
translocation of the nuclear factor kappa B, imvolved in the activation of the
nflammatory cascade that could stimulate their expression [37]. The inportance of

these mflammatory molecules 1s well established. not only mn early stages of
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atherosclerosis. but also to predict future vascular events. even m apparently healthy

individuals.

Regarding f-carotene. it was notable that ifs plasmatic concentration decreased after the
mnterventions, despite its high levels in TT. This is in agreement with the results of
Jobnson ef al.. 1997 [38)]. who observe that a combined consumption of S-carotene and
lycopene has minimal effects on the absorption of S-carotene. wiile the absorption of
lycopene improves. probably becanse some components in the S-carotene suspension
enhance the solubtlization of crystalline lvcopene and thus provide a better serum
response [38)]. This explanation supports our results and could account for the lack of
mnfheence of S-carotene on the modulation of the studied inmmne-inflammatory

molecules.

Omne of the strong points of the present study was the elucidation of the beneficial effects
of mons-lvcopene on the downregulation of chemolkines and adhesion molecules after
T7T consumption which was cbserved by correlation and regression analvses. Although
cis-lycopene 1somers are well recogmized for their better bioavailability and greater
proportion in human plasma and tissues compared with the mans soform [6, 15, 19, 30—
41]. after adjusting for roms-Ivcopene. negative correlations between cis-Ivcopene and
these molecules were lost, suggesting an important effect of mams-Iycopene on
nflammatory melecules. To the best of our knowledge, no previous studies have
reported the positive impact of frans-Ivcopene on imnmine and inflammatory

biomarkers.

Another important aspect was the analvsis of two biomarkers. the chemolines eotaxan
and CXCL10. which are capable of predicting future cardiovascular events. but have not

been previously explored in depth 1n relation to carotenoid consumption. In cell culiures
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derived from hnman aortic smooth muscle cells. eotaxin was related to the modulation
of macrophage fimction. and probably participates in mast cell activation and or
recruitment [42)]. In a recent clinical tnial carned out by Tarantine of /.. 2014 [43].
eotaxin was associated with the carotid intima-media thickness. as an early predictor of
the atherosclerotic process in obese people. The chemokine CHCL10 participates in
heart damage initiation and progression by the mediation of inflammatory cell
infiltration [44]. and has been detected in low shear stress regions of atherosclerotic
plagques. where the fibrous caps are thinner and necrotic cores are larger [45], suggesting
a relationslhip with the development of plaques prone to rupture. In aminial models. if
las been seen that CXCL10 deficiency modulates early atherosclerofic lesions in ApoE
" mice [46. 47]. whilst in humans. an elevated concentration of CXCL10 has been
associated with coronary atherosclerosis [48]. Although in this study we did not observe
a significant decrease of these hiomarkers after T7 interventions v5. the control the data
revealed a decreasing tendency. These results warrant further studies with a larger
population to investigate the effects of carotenoid conswmption. mainty Ivcopene mans-

1somers. on these molecules m the establishment and progression of atherosclerosis.

RLE.EE. and D.C. designed the research: PV M. S AM carned ouf the study and
collected plasma samples; MMH. M.CM conducted the research and analyzed the
data; EA A provided statistical support; M.C M. wrote the paper. MMH., PV.M.,
SAM.RE. and D.C. crtically reviewed the mamuscript. R L E. has the responsibility

for the final content, All authors read and approved the final mamiscnipt.

Wiley-VCH



Page 21 of 34

(=== RN A= R - P 8 R

410

411

412

413

414

415

416

417

418

419

420

421

q22

423

Anexos

Molecular Nutrition and Food Research

The authors would like to thank all the volunteers involved in the smdyv for their
valuable cooperation. The authors are in debt to GB Foods for the tomato juice used in

the study. and also to Juan Ballester Rosés S5.A . for providing the olive oil

This worke was supported by CICY T (AGL2010-22319-C3; AGL2013-40083-C3-1-F,
and AGL2016-79113- B and the Instituto de Salud Carlos I ISCTI (CIBER.obn) from
the Ministerio de Economia v Competitividad (MEC) and Generalitat de Catalurya
(GC) 2014 SGER. 773, Marie] Colman Martinez thanks the University. Research and
Information Society Department of the Generalitat de Catalunva (FI-DGR 2013):
Miriam Martinez Huélamo would like to thank the MICTNN predoctoral progrant
Palnura Valderas-Martinez thanks the APTE predoctoral fellovwslup from the University
of Barcelona. and Sara Arranz thanks the “Sara Borrell” postdoctoral program

(CD10/00131)

Conflicr of mreres;

Dr. Estruch reports serving on the board of and receiving lecture fees from the Research
Foundattion on Wine and Nutntion (FIVIN). serving on  the TDoards
of the Beer and Health Foundation and the European Foundation for Alcohol
Research (ERAB), receiving lecture fees from Cerveceros de Espafia and
Sanofi-Aventis: and receiving grant support through his  instiution from
Novariis. Dr. Lamwela-Raventés reports serving on the board of and receiving
lecture fees from FIVIN: recetving lecture fees from Cerveceros de Espada;
and receiving lechure fees and ftravel support from PepsiCo. Nevertheless,
these foundations had no mvolvement in the smdv design the collection

analysis and inferpretation of data. the writing of the manuscript or the

Wiley-VCH

139



=R =T B P S PR S R

Anexos

424

140

Molecular Mutrition and Food Research

decision to submut the manuscript for publication The other authors declare

o conflict of mmterest.

Wiley-VCH

Page 22 of 34



Page 23 of 34

D@ =M hd =

425

426

427

428

429

430

431

432

433

434

435

436

437

438

4359

440

441

442

443

444

445

445

447

Anexos

Molecular Mutrition and Food Research

RETERENCES

[1]

[3]

4]

[]

6]

[7]

Burton-Freeman B.. Talbot. 1. Park E.. Knshnankutty. S, et al.. Protective
activity of processed tomato products on postprandial oxidation and
wnflammation: A clinical trial m healthy weight men and women. Mol MNur:

Food Res. 2012,

Sesso. HD. Wang T Ridker. PM. Bunng JE. Tomato-based food products
are related to clinically modest improvements in selected coronary biomarkers in
women. J Nuir. 2012 142 326-33.

Cuevas-Famos. D Almeds-Valdes, P Chavez-Manzanera. E . Meza-Arana.
C.E., et al., Effect of tomato consuniption on high-density lipoprotein cholesterol

level: a randomized. single-blinded. controlled clinical trial. Diaberes. Merab.

Syndr. Obes. 2013 6. 26373,

Jacques. P.F. Lvass. A Massaro. TM. Vasan E.S.. et al.. Relationship of
lveopene intake and consmmption of tomato products to wncident CVD. Br. [
Nug 2013, 110, 54551

Petyvaev. LML Lycopene Deficiency m Ageing and Cardiovascular Disease. Onid,
Mead Cell. Longev. 2016, 2016, 3218605.

Stahl W, Sies. H. Uptake of Ivcopene and its geometrical isomers is greater

from heat-processed than from unprocessed tomato juice in humans. J N,

1002 122 2161-2166.

Gartner. C.. 5tahl W, Sies. H.. Lvcopene 15 more bioavailable from tomatoes

pasta than from fresh tomatoes. 1997,

Wiley-VCH

141



000 =l N &R =

Anexos

142

448

449

450

451

452

453

454

455

456

457

458

453

460

461

462

463

464

465

466

467

468

469

470

[8]

[]

[10]

[11]

[12]

[13]

[14]

[16]

Molecular Nutrition and Food Research Page 24 of 34

Agarwal Anita; Honpglei Shen MA © Aparwal Sanjiv. and Rao. A V.. Lycopene
content of tomato products: Its stability, bioavailability and In Vivo antioxidant

properties. J. Mezd. Food 2001, 4.

Tedoue A Mallat Z Cviokines 1n atherosclerosis: pathogenic and regulatory

pathways. Phsiol. Rev. 2006. 86, 515-81.

Wilale, G.. Badimon L. Antiplatelet properties of natural products. Tascul.

Pharmacel. 2013, 59. 6773,

Fenvo, IM. Gafencn, AV, The involvement of the monocytes macrophages in
chronic inflammation associated with atherosclerosis. Tnmmmobiology 2013, 218,

1376-1384.

Lundberg, A M. Hansson G . Innate immne signals in atherosclerosis. Clin

Fmmamel. 2010, 134, 524

Miiller. L., Caris-vevrat, C.. Lowe. G.. Bohm, V.. Lycopene and Its Antioxidant
Eole in the Prevention of Cardiovascular Diseases — A Critical Review. Crir. Rev.
Food Sci. Nurr. 2015,

Hazewindus. M. Haepen GE MM, Weseler. AR Bast. A.. The anfi-

inflammatory effect of lycopene complements the antioxidant action of ascorbic

acid and o-tocopherol. Food Chem. 2012, 132, 854038,

Clinton, K. Emenhiser. C.. Scliwartz. T.. Bostwick, G.. et al. cis-trans Lycopene

isomers. carofenoids. and retinol in the human prostate. 1906, 5, 823833,

Vallverdu-Crueralt A . Martinez-Huélamo. M., Arranz-Martinez. S, Miralles E..
et al, Differences in the carotenotd content of ketchups and gazpachos through

HPLCESKLy(+) FMSMS comrelated with their antioxidant capacity. J Sci,

Wiley-VCH



Page 25 of 34

LR = B B S = PR T S B

471

472

473

474

475

476

a477

478

479

A80

481

482

483

484

485

485

487

488

489

490

491

492

493

[17]

[1%]

[19]

[20]

[21]

7]

[23]

(24

Anexos

Molecular Mutrition and Food Research

Food Agric. 2012, 92, 2043-9.

Colman-Martinez M., Martinez-Huélamo. M. Miralles. E.. Estruch B etal A
New Method to Stmmltaneously Quantify the Antioxidants : Carotenes |
Hanthophylls . and Vitammin A m Human Plasnwa. Ohid. Med. Cell. Longev. 2015,
Frohlich K Kaunfimann . Bitsch. B.. Bolun. V.. Effects of ingestion of
tonatoes, tomato juice and tomato purée on contents of bycopene isomers,
tocopherols and ascorbic acid in human plasma as well as on Ivcopene isomer
pattem. Br. J. Mur. 2007, 95, 734

Unlu. NZ_ Bohn T Francis. DM Nagaraja. HN . etal. Lycopene from heat-

mduced cis-isomer-rich tomato sauce is more bioavailable than from all- rroms-

rich tomato sauce m human subjects. Br. J. Ny, 2007, 95, 140-146.

Libby, P Radker. PA Hansson G K | Inflammation 1n Atherosclerosts: From

Pathophysiology to Practice. J dm. Coll Cardgiol 2000, 54 21202138,

Taube. A.. Schlich. R, Sell. H. Eckardt. K. et al.. Inflanmmation and metabolic
dysfunction: links to cardiovascular diseases. Am. J Pivsiol. Heart Cire. Piyvsiol
2012302 H2148-65.

Wong. BW.. Meredith A Lin D McManus, B .M., The Biological Role of

Inflammation in Atherosclerosis. Cam. S Cardiol 2012, 28, 631-641.

Blankenberg. 5. Barbaux, S.. Tiret. L., Adhezion molecules and atherosclerosis.

Athervasclerosis 2003, 170, 191-203.

Biddle, M.J. Lemnie, T A Brcker. G. V, Kopec. B_E . et al.. Lvcopene dietary
intervention: a pilot studv m patients with heart failure. J. Cardiovasc. Nurs.

20153020512

Wiley-VCH

143



[T =R R s N AR O I

Anexos

144

494

495

496

487

498

495

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

25]

2

[27]

[28]

[29]

[30]

[31]

(34

Molecular Nutrition and Food Research

Abete. 1. Perez-Comago. A - Navas-Carretero, 5. Bondia-Pons, I etal, A
tegular lycopene enriched tomato sauce consumption influences antioxidant
status of healthy voung-subjects: A crossover studyv. 7 Fimcr. Foods 2013, 5. 28—

3

4

Thies. F.. Masson. LEF .. Rudd A Vaughan N et al. Effect of a tomato-rich
diet on markers of cardiovascular disease risk in moderately overweight. disease-
free. middle-aged adults: A randomized controlled trial 4m. J Clin. Nupe 2012,
95.1013-1022.

Bhum A Monir M. Khazim K Peleg. A et al.. Tomato-rich (Mediterranean)
diet does not modify inflammatory markers. Clin. Ivestiz. Med. 2007, 20, ET0-

4

van Het Hof KH. West. CE. Weststrate. J.A . Haurvast. .G, Dietary factors

that affect the bioavailability of carctenoids. J N, 2000, 130, 303-6.

Goltz. SR, Campbell W.W.. Chitclmmroonchokchai, .. Failla, ML etal.
Meal triacviglyveerol profile modulates postprandial absorption of carotenoids m

hnmans. Mol Nur. Food Res. 2012, 56, 866-877.

Lakshnenaravana. .. Baskaran V.. Influence of olive oil on the bicavailability

of carotenotds. Evr: J Lipid Sci. Technol 2013 115 nia-na

Jacob, K. Periago. M. Béhm V., Berruezo. G.F.. Influence of lvcopene and
vitanun C from tomato juice on biomarkers of cxadatve stress and inflammation.
Br J Nugr. 2008. 99, 137-146.

Gallana. E.. Lev, K. Vascular adhesion molecules 1n atherosclerosis.

Arrerioscler. Thromb. Vasc. Biol. 2007, 27, 2292-2301.

Wiley-VCH

Page 26 of 34



Page 27 of 34

(=== IS I - PR S R

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

B3]

B4

[33]

[36]

B7]

[38]

B

[40]

Anexos

Maolecular Nutrition and Food Research

Garcia-Alonso. FI. Jorge-Vidal. V.. Ros. G Periago. M.J.. Effect of
consumption of tomato juice enriched with u-3 polyunsaturated fatty acids on the
lipid profile. antioxidant biomarker status. and cardiovascular disease risk in

healthy women Fur J MNum- 2012, 5141524

Palozza. P.. Simone. B, Catalano. A Monego. G.. ef al.. Lycopene prevention of
oxcvsterol-induced proinflammatory cvtokine cascade in mman macrophages:
inhibition of NF-+B nuclear binding and increase in PPARy expression. J Num.

Biochem. 2011, 22. 250-48.

Liv, X Qu. D._In Q. Wang. J. et al.. Effect of lycopene on the vascular
endothelial function and expression of inflanumatory agents in
hvperhomocvsteinemuc rats. Asia Pac J Clin Nurr 2007, 16, 244-248.

Ghavipour. M. Saedisomeolia. A Dhalah M., Sotoudeh. G. et al.. Tomato juice
consumption reduces svstemic inflammation in overweight and obese females.
Br. I Nar. 2013, 109 2031-3.

Hung, C-F.. Huang, T-F., Chen B-H. Shieli T-M_ et al. Lvcopene inhibits
TNF-g-induced endothelial ICAM-1 expression and monocyte-endothelial

adhesion. Bur. J. Pharmacel. 2008, 5846, 275-282.

Johnson EJ. Qin J. Knnsky, N.I. Russell R M. Ingestion by men of a
comibined dose of beta-carotene and Iycopene does not affect the absorption of

beta-carotene but improves that of Iyvcopene. J Nug 1997, 127 1833-1837.

Boileaw. A C. Merchen N.R. Wasson K., Atlanson. C A et al.. Cis-lvcopene
is more bioavailable than trans-lveopene in vitro and in vive in lvmph-cannulated

ferrets. J Num. 1999, 129 1176-1181.

Britton. G.. Structure and properties of carotenoids in relation to function. FASES

Wiley-VCH

145



LEsils = B IS B = R L B

Anexos

146

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

[41]

[#]

[+3]

[H]

[43]

[46]

[#7]

Molecular Nutrition and Food Research Page 28 of 34

L1895 8 1531-1558

Boileau. TW., Boileau. A C.. Erdman J'W., Rdman JOHNWE.
Bioavailability of all trans and cis isomers of Iveopene. Exp. Biol Mad.

fMmwood). 2002, 227

Halev. K.J_Lilly. CM._ Yang, JH. Feng Y. etal. Overexpression of eotaxin
and the CCR3 receptor in hmman atherosclerosis: using genomic technology to
identify a potential novel pathway of vascular inflammation. Cirenlarion 2000,

102.2185-9.

Tarantino. G.. Costantini. 5. Finelli. C.. Capone. T .. et al.. Carotid Intima-Media
Thickness Is Predicted by Combined Fotaxin Levels and Severitv of Hepatic
Steatosis at Ultrasonography in Obese Patients with Nonaleoholic Fatty Liver

Disease. PLofS One 2014 2. 2103610,

Yue T-L. Yue T-L. Ohlstein EH. Sung C-P.. et al. Interferon-inducible
Protein-10 Involves Vascular Smooth Muscle Cell Migration Proliferation and

Inflanmmatory Response. J Biol Chem. 1996, 271, 2428624203,

Cheng, C.. Tempel. D._ van Haperen F.. de Boer. H.C._ et al., Shear stress-
induced changes in atherosclerotic plague composition are modulated by

chemokines. J Clin. Invest. 2007, 117 61628,

Veillard. N.R.. Steffens. 5. Pelli. G.. Lu. B.. et al.. Differential influence of
chemoline receptors CCR2 and CXCR3 in development of atherosclerosis in
vive. Cireularion 2005, 112 870-38.

Heller. EA. L E.. Tager. AM. Yuan (. et al.. Chemokine CXCL10

promotes atherogenesis by modulating the local balance of effector and

regulatory T cells. Circularion 2006, 113, 2301-12.

Wiley-VCH



Anexos

Page 20 of 34 Maolecular Nutrition and Food Research

565 [48] Nika. T. Soela T.. Yamaguchi K. Taketam Y. et al. Elevated Concentration
566 of Interferon-Inducible Protem of 10 kD (IP-10) Is Associated With Coronary

S&7 Atherosclerosis. Jior Hearr JJ 2015, 36, 26872,

00 00 = O N L R =

10 568

13 569

Wiley-WVCH

147



(£e i = N N R r 5 o I - N FE Y O B

Anexos

570

571

572

573
574

575

148

Maolecular Nutrition and Food Research

TABLES

Table 1. Carotenoid content of the TT adnunistered to the volunteers during the trial

Concenrrarion I1D: 2 ml TJ HD: 400 mI 1]
fumael L) umol dose administered  pmol/dose adminisrered
Lutem 046 £0.04 0.0 =001 01e=002
g-carotens (.88 £0.06 0.18 £ 001 035002
[E-carotene 100+ 15 380£30 T34+£3908
wrans-lycopens 193+ 20 386308 TL3L£7.05
S-cis-lycopene 27602 0.55=0.04 1.10=0.08
13-cis-lycopene 340057 108011 21e+£020
B-cis-lvcopens 330076 166 =015 3320351
Total carotenoids 401 8.1 160
Vaht=: ar= expressed 2 mean = 50
TT: Tomatn itz
Wiley-VCH
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1
3 s76  Table 2. Plasma carotenoid concentration af baseline and after inferventions (n=28)
4
A
g Anahre Tite Concentrarion (umol/L) '
g Bazelme 0.7320.33
G y Z0 067034 s
1? Astaxanthin 71 0512027 0276
12 Z2 080049
13 Bazelme 005003
14 Z0 0.04=0.02
Lut 0.036

= e 71 0.0240.02 :
17 2 004002
18 Baszelme 033003
;g mans-fF-apo-§- 0 0.32=0.03 0.075
51 carotenal Z1 032002 o
22 73 05403
gft‘ Baselme 0.09=0.08
35 ¢ 4 i)} 010008 Wiy
26 TptoRantun Z1 0.1020.06 o
27 Z2 0.160.14
gg Baszeline nd
a0 —— 0 nd 0.001
ES J-Cis-p-carotens 71 sid i
gg 7 0.18+021
34 Bazelme nd™
35 70 0.09:0.00°
36 13-ciz-f-rarotens 1 0.001
ar Z1 010002
e i) 0.110.03"
40 Baseline nd
< i - 0.001
:g a-carotene 71 . ’
a4 L2 051043
45 Bazelme 0609041
j?, . 0 0.65£0.41 a
48 #pene 71 0,800 50 :
49 2 1.18=098
50 T =TT
51 Bazeline 1 43+1.11
52 1 Z0 0.84=0 36 0001

IFANS-LyCOopene ~ U
5 LR 71 391+1 76%
=) va) 6.6422 65*
56
57 S-cis-lvcopens Baselme 116099 < 0.001
58
55
60
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Z0 1.1320.74%
i 237=1.00
2 407177
Baseline 1076
Z0 1.1220.9¢®
13-cis-lycopens = (001
i il | 1.87£1.05"
il 4.00=2.00%
Baszeline 0.78=0.88
Z0 063076
O-cis-lycopens 71 0,800 56 0.003
2 1.84+1 26"
Bazeline 1741 600
Total cis lycopene Z0 1.71£1.46" 0.001
isomiers 71 4.77=2 60 :
ik 0.37=4 78
Baseline 3.00+2 66"
Z0 2 55187
Total Ivcopenes = (.001
' Vi 86842020
i 16.22=7.26%
Baseline 4 043 4o
Zo 4.05+3 308
Total carotenoids i 0.001
i | 10.64=4 54~
2 18.61+7 99*°

Wahi=s are sxpraszed a: mean = 50

'pvahe of the ANOVA for repeated mesasures from: the diferences hetween mterventions.

Wales with the same letter are statistically seenificant batwesn interventions (p < 0051
577

Wiley-WVCH

Page 32 of 34



Page 33 of 34

Ll =N B R 5 P R LR N B

Molecular Nutrition and Food Research

578  Table 3. Imnmine and inflammatory biomarkers measured at baseline and after

579 interventions (n=28).

Inrervennon

Anexos

Plasmanc Womarker | Baseline  Control (Z0) Low-dose (LD) High-dose (HD) pi

ICAM-1 (ngml) | 36931377 360921107 318£116% 139437 =0.001
VCAM-1 (ng/ml) | 3993=800%  30302801°  400=101* 218230 0.001
CRP (ngiml) | 13212136™  538£200° 462254 532138 gq01
IL-§ (pzml) 2002 40=17%b¢ 2316t 25 b 0.015
Eotaxim (pg/mL} 35467 1724114 13773 181112 0.172
IFN-y {pz/ml) 30480 489220 300+131 400144 0.074
CHCL10 (pgml) | 2008=1308 3397=1489  3366=1671 3606+2185 0.519

Vales are expressed as mean = 5D, Vahaes with the same Jafters are significantly different (p <0.05).
*n vakue of the ANOVA for repeated measures from the differences betwean intarverntons

580
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581  Table 4. Correlations between cis and mans-lvcopene and nflammatory molecules after

582  and before adjusting.

Pearsan's
Adpusting for Biomarker coefficient  p value
rest
CRP mrans-Lycopens -D.]?j D.':I-_ll
Total cis-Lycopenes 0157 0154
VEALL rans-Lycopens -0.687 {001
Y Total cis-Lycopenes  -0.62% 4.001
AN rr':ﬂ;':.-]'_yu:'apene D.l.ir?f (001
Total cis-Lycopenes  -0.331 0001
CRP frans-Lycopene 0414 0001
Total cis-Lycopenes  VCAM-1 rans-Lycopens -0.501 {001
ICAM-1 mrans-Lycopens -0.453 0-001
CEP Total cis-Lycopenes 0.374 0002
mans-Lycopens VCAM-1  Total cis-Lycopenes 0.336 0.003
ICAM-1  Total cis-Lycopenes 0.300 0.010

583
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Publicacion 3. Desarrollo de un método avanzado de HPLC-MS/MS para la
determinacién de carotenoides y vitaminas liposolubles en plasma humano.

Development of an advanced HPLC-MS/MS method for the determination of
carotenoids and fat soluble vitamins in human plasma. Barbora Hrvolova, Miriam
Martinez-Huélamo, Mariel Colman-Martinez, Sara Hurtado-Barroso, Rosa M.

Lamuela-Raventdés and Jifi Kalina. International Journal of Molecular Sciences. 2016;
2016: Oct; 17(10): 1719. doi: 10.3390/ijms17101719
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Abstract: The concentration of carotenoids and fat-soluble vitamins in human plasma may play a
significant role in numerous chronic diseases such as age-related macular degeneration and some
types of cancer. Although these compounds are of utmost interest for human health, methods for their
simultaneous determination are scarce. A new high pressure liquid chromatography (HPLC)-tandem
mass spectrometry (MS/MS) method for the quantification of selected carotenoids and fat-soluble
vitamins in human plasma was developed, validated, and then applied in a pilot dietary intervention
study with healthy volunteers. In 50 min, 16 analytes were separated with an excellent resolution
and suitable M5 signal intensity. The proposed HPLC-MS/MS method led to improvements in the
limits of detection (LODY) and quantification (LOCH for all analvzed compounds compared to the
maost often used HPLC-DAD methods, in some cases being more than 100-fold lower. LOD values
were between (1001 and 0.422 pg/mL and LOC) values ranged from 0003 to 1.406 pug /mL, according
to the analyte. The accuracy; precision, and stability met with the acceptance criteria of the AQAC
{Association of Official Analvtical Chemists) International. According to these results, the described
HPLC-MS5/MS method is adequately sensitive, repeatable and suitable for the large-scale analysis of
compounds in biological fluids.

Keywords: tandem mass spectrometry; carotencids; fat-soluble vitamins; human plasma; pilot
human study; high antioxidant diet

1. Introduction

A wide range of significant evidence has associated the human diet with chronic diseases in
the last decades [1-5]. Based on this evidence, many dietary recommendations and guidelines have
been formulated to prevent conditions such as age-related macular degeneration, cardiovascular
diseases, some types of cancer, osteoporosis, diabetes, and others [6,7]. Owing to their content of
bipactive compounds, notably carotenoids and fat-soluble vitamins, an increment of fruit and vegetable
consumption is recommended [8]. Carotenoids, xanthophylis and carotenes are natural fat-soluble, red,
vellow and orange pigments characterized by a wide distribution, structural diversity and numerous
physio-chemical and biological properties [4]. Particularly due to their antioxidant activity, carotenoids
have been the subject of many studies [10-14]. To date, over 700 carotenoid compounds have been
identified in various natural sources, and 40 to 50 of these are usually consumed in the human
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diet [15,16]. Since these antioxidants are synthesized only by plants, algae and fungi [%], their levels in
human blood are directly dependent on food intake.

Another group of interesting and useful compounds are fat-soluble vitamins and their metabolites
such as retinol, retinol acetate, cholecalciferol, and a-tocotriennl. These compounds also have free
radical scavenging properties that allow them to function as antioxidants [17,18]. The presence of
fat-soluble vitamins in human tissues and fluids is of vital importance for human health because
of their catalytic functions in anabolic and catabolic pathways. Both carotencids and fat-soluble
vitamins can be labeled as fat-soluble micronutrients, and their absorption from the gastrointestinal
tract depends on processes responsible for fat absorption or metabolism [19]. Anexcess or lack of these
fat-soluble micronutrients has been associated with the expression of certain diseases. Consequently,
there is an increasing demand for the analysis of these antioxidants.

Awailable methods can determine only a few representatives of the aforementioned fat-sohable
micronutrients [20-26], and few of them can be applied for the simultaneous analysis of compounds
in binlogical samples. Most use high pressure liquid chromatography (HPLC) separation coupled to
U%-Vis or diode array detection (DAD) [23-25], but with these methods it is extremely challenging
to obtain the sensitivity required for the analysis of human fluids, in which the concentration of
fat-seluble micronutnients is very low. The problem of sensitivity can be solved by usage of tandem
mass spectrometry (MS/MS) detection, although finding general innization conditions suitable for
all targeted analytes is very difficult. A few HPLC-MS5/MS methods have been described for
the simultaneous analysis of carotennids and fat-soluble vitamins but usually for no more than
10 analytes [22,25-27]. Reported here is a unigue HPLC-MS,/MS method for the simultaneous
determination of 16 carotenosids and fat-soluble vitamms in human plasma.

2 Results
2.1. HPLC-MS5/MS Method Develgpment

2.1.1. Extraction of Carotenoids and Fat-Soluble Vitamins

For the determination of cartenoids and fat-soluble vitamins in a complex matrix such as human
plasma, it was necessary to develop an efficient extraction procedure. For our purpose, a double
liquid-liquid extraction was designed. The biggest advantage of this extraction procedure is the small
amount of human plasma (200 pul) and chemicals required to obtain good quality results. A detailed
description is provided in Materials and Methods.

21.2. Optimization of Chromatographic and M5 /MS Conditions

During the development of the HPLC-MS/MS method, different variations of mobile phase
additives were compared: 0.4 g/ L ammonium acetate (AMAC), 0.7 g/L AMAC, 1 g/L AMAC, 04 g/L
AMAC + 0.1% acetic acid (AA), 0.7 g/L AMAC + 0.1% AA, 1 g/L AMAC + 0.1% AA, Table 1 shows
the dependency of the MS signal intensity for product ions using multiple reaction monitoring (MRWM)
in APC| positive mode on the use of LC solvent additives. In general, a combination of AMAC and
AA provided better results than the addition of only AMAC to the mobile phases. (0.4 g/L AMAC
+ [L1%: AA provided the best MS signal intensity for 25-hydroxycholecalciferol, retinol acetate, and
cholecalciferol; meanwhile 0.7 g/ L AMAC + 0.1% AA provided the best M5 signal intensity for most
of the analyzed analytes: retinol, cantaxanthin, cryptoxanthin, 13-Z-f-carotene, c-carotene, B-carotene,
and Y-£-fi-carotene. For lutein, the same mass signal intensities were obtained with 0.7 g/L AMAC,
04g/L AMAC 4 0.1% AA, 07 g/L AMAC + 0.1% A4 and 1 g/L AMAC + 0.1% AA. In the case of
E-B-apo-8'-carotenal, the MS signals obtained by 1 g/L AMAC, 0.4 g/L AMAC + 0.1% AA 07 g/L
AMAC + 0L1% AA, and 1 g/L AMAC 4+ (L1% AA were also comparable. For a-tocotrienol and
astaxanthin, 1 g/L AMAC provided the best M5 signal, which was 0.7 g/L AMAC for zeaxanthin, and
04 g/L AMAC for 5-Z-lycopene. The combination of (1.7 g/L AMAC 4+ 01.1% AA added to both mobile
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phases was chosen for the final data acquisition because they provided the highest MS signal intensity
for product ions of most of the analytes, including the highly problematic carotenes.

Table 1. Influence of LC solvent additives (4 g/L ammondum acetate (AMAC), 0.7 g/L AMAC, 1 g/L
AMAC, 04 g/L AMAC + 01% A4 07 /L AMAC + 01% AA, 1 /L AMAC + 0.1% AA) on MS sipnal
intensity for product ions using MEM in APCI positive mode. The fair blue represents lower intensities
of MS signal than the highest oblained intensity under described conditions. The dark blue represents

the Bighest MS signal intensity.
Iz 04 gl 0.7 gL 1gfL 04 gL AMAC 07 gL AMAC  1g/L AMAC
¥ AMAC AMAC AMAC + 1% AA +01% AA +01% AA
reginal 2,200,000 B AN 1A00,000
25-hydrowycholecaloifers] 1,700,000 1600000 1800000
retinad acetate BE0,000 S40,000 TO0 000
m-foootriencl BEODOD 48,000
A40,000

astaxanthin An,0oa
Futein 100000
zeaxanthin 1150
cantaxanthin 8,000
E-prapo-8'-carotenal 1,150,000
nthin B0
13-Z- fcamstene 108,000
Ao ADO00 & NN
Fcarotene 5350
87 -f-carotens 1440

Values represent intensities of MS sigral obtsined for each analyte under specific conditions.

An excellent separation of 16 analytes in 50 min was accomplished (Figure 1). Flow rate, which
allowed good quality resolution, was (L6 mL/min, and the most suitable injection volume was 20 pl.
The resolution and shape of individual peaks were greatly affected by the solvent used for sample
reconstitution. During preliminary experiments, methyl ferf-butyl ether (MTBE) and methanol (MeOH)
were used for reconstitution. The effects of the solvents used for reconstitution are shown in Figure 2.
Reconstitution by Me(OOH provided better separation and resolution of all analytes.
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Figure 1. Chromatogram of working standard solutions obtained by high pressure liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS) analysis.  Peaks: (1) retinol;
{2) 25-hydroxycholecalciferol; (3) retinel acetate; () a-tocotrienol; {5) cholecalciferol; {6) astaxanthing
{7) lutein; (8) zeaxanthin; (9) cantaxanthing (10) E-f-apo-®-carotenal; (11) cryptoxanthing
(12} 13-Z-f-carotene; (13) a-carotene; (14) B-carotene; (15) 9-Z-f-varotens; and (16) 5-Z-lycopene.
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Figure 2. Effect of solvent used for reconstitution of samples. (a) Chromatogram of sample reconstituted
in methyl ler-butyl ether (MTBEY; (b} chromatogram of sample reconstituted in MeOH.

Retention time (Bt) and optimal value for mass detection of declustering potential {DF), focusing

potential (FP), entrance potential {EF), cell exit potential (CXF), and quantification transitions, with
their corresponding collision energy (CE} are shown in Table 2.
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Table 2. Optimized values of declustering potential (D}, entrance potential (EP), cell exit patential
(CXP) and retention Hme (R Quantification transitions of the carotenodds and fat-soluble vitamins
with the optimal collision energy (eV).

Analyte Rtimin) DP(VI EF{V} CXP(V} Quantification Transition  CE{eV}
retined 500 5 0 15 265 — 181 14
Shydrosycholecalcifersl 645 58 10 15 363 — 365 17
retinol acetate 73 a1 0 15 329 —+ 269 16
a-tocatriencl @03 181 10 15 411 -+ 165 57
cholecalciferol 1045 & 10 15 365 — 367 24
astaanthin 1158 B4 w0 15 7 —+ 7 n
lutein 1298 10z 0 15 351 — 429 kL
zeaxanthin 14.40 £S 10 15 568 —+ 476 25
cantaxanthin 16.47 70 0 15 365 —+ 363 15
E-prapo-§'-amtenal 17.16 7 1w 15 417 —+ 325 1
crypioxanthin 2071 LY 0 15 553 —+ 535 el
13-Z-frcarotens 2503 13 0 15 536 — 444 24
a-canotene 2585 120 w 15 336 — 444 kL]
Pcarotene Az B3 10 15 537 —+ 413 28
8-~ fcamntens 2813 7S 0 15 537 —+ 413 a0
5-Z-lycopene ITAS &7 10 15 337 — 413 23

2.2, Validntion of the Method

2.2.1. Limit of Detection (LOD) and Limit of Quantification (LOGQ)

LOD and LOG were determined tor individual analytes (Table 3). The sensitivity of the developed
HPLC-M5/MS method was evaluated by these two parameters. LOD values were between (0.001 and
0422 pg/ml, and LOQ values ranged from 0.003 to 1406 pug/mL acconding to the analyte. The lowest
LOD and LOG) were established for astaxanthin, and the highest for zeaxanthin. The LOD and LOCG
values obtained demonstrate that the present HFLC-MS/ M5 method is suitable for the analysis of
carotenoids and fat-soluble vitamins in human plasma.

Table 3. Limit of detection (LODY, lmit of quantification (LOG), recovery, matrix effect, linsarity rangs
and correlation coefficlent obtaimed in samples by the HIPLC-MS/MS method.

LOD* Log® & i Come. Range * i

Anlyte ghed)  ighaty TESTIRL MEROM Ty 9
retinn] 0002 0.005 UZe+E9 I0E5=91 000510 990
E—h}'dn:x}'l:hﬂéﬂ]l:if!nll o3 M1 e2n+32 EF3+ 14 0011-5 09495
retinol acetate 0.002 0.008 WA +15 951+17 0.005-10 0.995
a-tocotrienc] 0113 0376 9WO+53  EOE3d 03765 0.992
cholecaleifernl 0.005 0018 UZH+ID  ERAEL3 001510 0905
astaxanthin 0.001 0.003 W23+26 100133 0.003-1 0.995
butisin 0.008 0008 86114  HL0£20 002610 0,992
searanthin 0az2 1.406 B63+27  BRO+32 1.406-10 0.992
cantaxanthin 0.002 0.006 WOI+35 1035280 0.006-1 0.962
E-poapo-i’-cartenal 0.003 0010 WEE+21 W04=14 000010 0954
rr}'l:'h.ncml:hm 244 a2 TME+32 QWo+23 DEI2-10 1993
15-Z-f-cartens 0.056 0167 WOE+I0  ETEE LD 0.1ET-10 0.992
a-carcienie ez 73 MM2+54 HI2ZEX39 00735 0954
B-cartene 0.041 0138 W11+33 957+53 0.135-5 0,969
G- Bcanotens 0293 04975 974 267 915 +24 D4F5-10 0.9%
5-Z-lycopene 01Ee 0.631 Whp+E2 965 +33 0.631-10 0,995

‘-’ahlﬂ-mmdnum:hlhnduddeﬁaﬁmxlﬂﬂ‘: i'u'uitnl'dﬂ:cﬁm'l:l.DQi': ]imi‘tnl'quanli.ﬁm.‘lium
Eec. & mcmuy;}-'EEd: matrix effect; Conc. range = mnmmaﬁmm'lglz{rzli: correlation coefficient.
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222 Linearity

Linearity was evaluated according to signal responses of target analytes from spiked plasma
samples at seven different concentrations and by calculating the linear regression. Calibration curves

showed linear responses ranging from (LO03 to 10 wg/ml in plasma according to the target analyte.

To obtain an adequate accuracy it was necessary to use a weighting factor for most of the analyzed
compounds. Sufficient linearity was demonstrated by the coefficient of determination (r*) values,
ranging from (L9%0 to 0.994, Linear concentration ranges of individual compounds and associated
coefficients of determination are shown in Table 3.

223 Recovery

The recoveries of analyzed carotencids and fat-soluble vitamins were between 86.1% and 104.8%.

The lowest recovery was achieved in the case of lutein and zeaxanthin. Individual recoveries
established during the method validation are presented in Table 3.

224 Accuracy and Precision

Intra- and inter-day accuracy and precision in three concentration levels with respect to calibration
curves werne studied. All the analvtes met the acceptance criteria by not exceeding 15% BSL). The highest
values of RSD% were 14% for 5-Z-ficarotene and cryptoxanthin. Obtained accuracy ranged from
B5.9% to 114.0%. Values of intra- and inter-day precision are summarized in Table 4 and values of
intra- and inter-day accuracy are shown in Table 5.

2.2 5. Matrix Effect

The final quality parameter of the validation procedure was the matrix effect. Matrix effect
values ranged from 56.%% to 1085% (Table 3). MS signal suppression was achieved for
13-2-f-carotene, cryptoxanthin, lutein, zeaxanthin, B-carotene, 9-Z-B-carotene, retinol acetate,
25-hydroxycholecalciferol, cholecalciferol, a-tocotrienaol, and 5-Z-lvcopene. MS signal enhancement
was obtained for £-B-apo-B'<carotenal, a-carotene, astaxanthin, cantaxanthin, and retinol.

2.3, Quantification of Carotencids and Fat-Soluble Vitamins i Hummn Plasma

Concentrations of carotenoids and fat-soluble vitamins found in the human plasma after a
high antioxidant intervention are shown in Table 6. In plasma samples from eight volunteers the
following carotenoids and fat-soluble vitamins were found at gquantifiable concentrations: retinol,
25-hydroxycholecalciferol, cantavanthin, f-carotene, and x-carotene.  The highest concentration
was obtained in the case of f-carotene (26341 = 18703 nM). Retinol acetate, astaxanthin,
E-f-apo-f'-carotenal, and cryptoxanthin were also detected in plasma but at concentration levels
lower than their LOC). The other targeted analytes were not detected.
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Table 6. Carotenolds and fat-soluble vitamins quantified in plasma by the HPFLC-MS/MS method.

Analyte Quantification Transition In Plasma {nM}
retingl 260 — 181 1152+ 105
25-hydrosycholecaletfend 353 — 365 1897 =325
retinal acetate 329 = 269 <L
a-tocotrienol 41— 165 nd b
cholecalelferol WS s 367 nd b
astaxanthin 597 — 147 =L0g e
Tutein 551 — 429 2602 + 138.9
zeaxanthin BaH — 476 nd. B
cantaxanmthin 565 — 363 /32 £ 124
E-B-apo-8'-carotenal 4T — 315 <L ®
eryphaxanthin 553 —+ 535 =L
13-Z-f-carotene 536 — ddd nd ®
c-carobens 536 — 4 10ke = 186
Bcarotene 537 — 413 26341 & 18703
#-Z- frantene 537 — 13 n.d. ¥
5-Z-lycopene 537 — 413 nd. b

Values are expressed as means 4 standard deviation (v = ) <LOQ * under limit of quantification;
n.d. ®: not detected.

3. Discussion
3.1, HPLC-MS5/MS Method Development

3.1.1. Extraction of Carotenoids and Fat-Soluble Vitamins

To keep costs of analytical procedures down, it is necessary to minimize the quantity of
plasma used, which entails a lower consumption of chemicals. Two hundred pl. of human plasma
was used in our experiments. In previously published work, quantities such as 200 pl [2829],
100wl [23], 800 wl [30], 1 mL [31] and 300 pL [32] of plasma have been required. Isolation of
fat-soluble micronutrients from plasma generally consists of two steps. Deproteinization by the
addition of methanol, acetonitrile [31,33] or ethanol [23,29,30,33] to plasma is required as a prior step.
Deproteinization is usually followed by extraction with hexane [29], heptane [21] or a combination
of hexane with another solvent [34]. Solvents used for extraction are very often enriched with
an antioxidant, such as tert-butylated hydroxytoluene or ascorbic acid, to protect carotenoids and
fat-soluble vitamins [29,32]. In our study, ethanol for deproteinization and n-hexane enriched with BHT
at a concentration of 100 mg /L were chosen. The designed extraction technigue is simple, repeatable,
non-time consuming and provides good recoveries (Table 3).

3.1.2. Chromatographic and M5 /M5 Conditions

Numerous HPLC-DAD methods have been designed to determine carotenoids and fat-soluble
vitamins [23-23]. However, chromatographic techniques coupled to mass detection used for the
analysis of a wide range of analytes are scarce. The available HFLC-MS or HPLC-MS/MS methods
analyze fewer analytes in comparison with the method described here [25,26,29,32 35 36]. During
the development of this method, different combinations of solvents for the preparation of mobile
phases and gradients were tested: A = B0:20 MeOH/W (v/v), B = 782002 MTBE /MeOH/W (v/v/v);
A = MeOH, B = MTBE and A = Me(QH, B = 80:20 MTBE /MeOH (v/v}. At the beginning of the study,
the total run time for an adequate separation of our analytes was 72 min with the following linear
gradient used for B (t {min), SaB): (0.0, 90); (40.0, 40); (6000, 6); (G20, 90); (72.0, 90 [24]. Before the
validation of the methed, the resulting total run time was 50 min, with the linear gradient as described
in Materials and Methods.
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LC solvent additives such as formic acid, acetic acid, propionic acid, ammonium acetate,
ammonium formate, and others are usually used in HFLC-MS and HPLC-MS /M5 analyses to enhance
the mass signal [22,25,26,35-38]. For example, Kopec et al. [25], who analvzed carotenoids, retinyl
esters, a-tocopherol and phylloguinone in chylomicron-rich fractions of human plasma, compared
the effects of adding water (no additive), formic acid, and ammonium acetate to the mobile phase,
obtaining the best results with the addition of ammonium acetate. Ammonium acetate for mass
signal enhancement was also used for the amalysis of carotennids by Meulebroek et al. [26] and
Arathi et al. [22]. Another preferred LC solvent additive for MS analysis of carotenoids is ammonium
formate [35,36]. In our preliminary experiments, all tested mobile phases were enriched with AMAC
at a concentration of 0.4 g/L. Then, the effects of the following additives and their combinations were
compared: .4 g/L AMAC, 07 g/L AMAC, 1 g/L AMAC, 0.4 g/L AMAC + (L1% AA, OF g/L AMAC
+0.1% AA 1 g/L AMAC + 0L1% AA (Table 1). Due to providing the best MS signal enhancement for
the most problematic analytes, the combination of 0.7 g/L AMAC + 0.1% AA was chosen for the final
data acquisition.

These conditions allowed us to efficiently separate 16 analytes in an acceptable time, with very
good resolution and suitable sensitivity for the analysis of biological fluids. To the best of our
knowledge, a similar HFLC-MS/MS method for the determination of a2 large number of the afore
mentioned analytes has not been previously published.

3.2, Method Validation

The proposed method was fully validated based on the criteria of the AQAC International [39].
Since few methods for the simultaneous determination of a wide range of carotenoids and fat-soluble
vitamins using HPLC-MS/MS have been published, an effective companison of our results was
limited. As in Kopec et al. [25], lutein, cryptoxanthin, c-carotene, and f-carotene were analyzed
and as in Meulebroek et al. [26], lutein, zeaxanthin, c-carotene, and fi-carotene. In comparison with
Kopec et al. [25], lower LOD and LOC) values were obtained for lutein, but the values were higher
for the other analytes. In comparison with Meulebroek et al. [26], comparable LOD and LOCY values
for lutein and a-carotene were obtained, but our values for zeaxanthin and p-carotens were higher.
The most often used method for the analysis of carotenoids and fat-soluble vitamins is HPLC coupled
to A D [23-25]. In comparison with a previous study of our group [24], LOD and LOC) values achieved
by the present HPLC-MS/MS method were lower for retinol, astaxanthin, hatein, E-ﬁ-Apu—-‘Er—camlenal,
13-Z-fi-carotene, ccarotene, and f-carotene, in some cases, more than 100-fold lower. For cryptoxantin,
zeaxantin, and Y-Z-f-carotene we obtained comparable LOD and LOCY values. Thus, our method
achieved a considerable improvement in LOD and LOC) values in relation to HFLC-DAD methods.

Another very important quality parameter is recovery. Achieved recoveries were in approxmate
agreement with those published by Lee et al. [23], Colmén-Martinez et al_ [24], and Karppi et al. [29].
Recoveries obtained during our experiments were between 86.1% and 104.8%, in comparison with
B7% to 105% reported by Lee et al. [23] for a-tocotrienol, retinol, a-carotene, p-carotene, lutein,
zeaxanthin, and canthaxanthin. Karppi et al. [29] published recoveries between §6.8% and 103%
for retinol, lutein, zeaxanthin, E-f-apo-8'-carotenal, cryptoxanthin, a-carotene, and f-carotene.
Recoveries achieved by Colman-Martinez et al. [24] ranged from 89% to 107% for retinol, astaxanthin,
lutein, E-B-apo-8'-carotenal, 13-Z-B-carotene, a-carotene, B-carotene, cryptoxantin, zeaxantin, and
Y-Z-fi-carotene. The biggest differences in recovery were for lutein and zeaxanthin, which in our case
were §6.1% and 86.2%, respectivelv. The average recovery for these compounds published in the
above-menticned studies is approximately T00%.

For the quality evaluation of our method, we also calculated the matrix effect. It is essential to
calculate this parameter for HPLC-MS/MS methods designed to determine compounds in complex
matrices such as human plasma; because the matrix can enhance or suppress the acquired MS signal.
The matrix effect calculated for each analyte is shown in Table 3. Data to compare the matrix effect was
not found.
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FPerhaps the most valuable parameters for assessing the potential application of the developed
method to real samples were intra- and inter-day precision and accuracy, which were determined
by injection of plasma extracts spiked at three different concentrations {low, medium, and high) in
5 replications. Intra-day precision ranged from 0.1 to 140 ESD% and inter-day from 0.7 to 13.1 RSD%.
Values of intra-day accuracy were between §5.9% and 114%. Inter-day accuracy was between 90.3% and
106.6%. These results are summarized in Tables 4 and 5. Kopec et al. [25] report an accuracy ranging
from %3% to 102%, and inter-day precision from 4.5 BESD % to 15 RSD % for lutein, cryptoxanthin,
a-carptene and f-carotene. The highest conformity with our analytes {11 common analytes) is tound
in the study by Colman-Martinez et al. [24], whose values ranged from 1 to 15 ESD%: for intra-day
precision; 4.4 to 15.1 RS0% for inter-day precision; and an accuracy of 90.7%—112.2%. In comparison
with Colmdn-Martinez et al. [24], the method presented here is more precise and the accuracy is
comparable. In any case, based on the intra- and inter-day precision and accuracy, our method is
repeatable and reproducible and therefore highly suitable for application to real biclogical samples
such as human plasma.

3.3 Quantification of Carotenoids and Fab-Soluble Vitemins in Husman Plasma

The plasma samples collected after a high antioxidant intervention were analyzed. As the content
of carotenoids and fat-soluble vitamins depends on alimentary intake, we could not compare our
results (concentrations in plasma before the intervention) with other results such as those published by
Colmén-Martiner at al. [24].

4. Materials and Methods

4.1. Standards, Solvents ond Reagents

Carotenoids and fat-soluble vitamin standards: E-B-apo-8'-carotenal, x-carotene, 13-Z-B-carotene,
cryptoxanthin, lutein, zeaxanthin, astaxanthin, cantaxanthin, f-carotene, 9-Z-f-carotene, retinol,
retinol acetate, 25-hydrowycholecalciferol, cholecalciferal and a-tocotrienol were purchased from
Sigma-Aldrich (5t. Louis, MO, USA). The standard of 5-Z-lvcopene was supplied by CaroteMature
GmbH (Ostermundigen, Switzerland ).

heOH of LC-MS grade, n-hexane, ethanol and MTBE of HPLC grade, synthetic plasma and
butylated hydroxytoluene (BHT) were obtained from Sigma-Aldrich. AMAC and AA of HPLC grade
were purchased from Fanreac Quimica SA (Barcelona, Spain). Ultrapure water (Milli-C)) was generated
by a Millipore system (Millipore, Bedford, MA, TSA).

Preparation of Standard Solutions

All carotenoid and fat-soluble vitamin standards were prepared at a concentration of 1 mg,/mL
of MTBE by dissolving 1 mg of each standard in 1 mL of MTBE. All standards were processed and
manipulated under dim light to protect against light-induced isomerization or possible degradation.
Individual working standards were stored in eppendorf tubes and kept in a freezer at —80 °C until
analysis. The stock solution used to spike synthetic plasma was prepared by mixing individual
warking standards at a concentration of 10 pg/mL in MeOH.

4.2, UHPLC-M5MS Methoed Development

42 1. Instrumentation

HPLC-M5/MS was carried out in an Agilent 1100 HPLC system (Agilent Technologies,
Hewlett-Packard, Waldbronn, Germany), consisting of a binary pump and an autozampler coupled
to a QTRAPL000 (AB Sciex, Foster City, CA, USA) wiple quadrupole mass spectrometer with a
DAD detector, which was operated in multiple reaction monitoring (MEM) mode. Chromatographic
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separation was performed on a reversed phase column YMC Carotenoid 5-5 pm, 250 » 4.6 mm (Waters,
Milford, MA, USA), maintained at 40 *C.

422 Chromatographic Conditions

For chromatographic separation, the following combination of mobile phases was used.

Mobile phase A consisted of MeOH, AMAC at a concentration of 0.7 g/L and (L1% of acetic acid.
Muobile phase B contained MTBE and MeCOH (80:20, v/}, AMAC at a concentration of 0.7 g/L and 0.1%
of acetic acid. The following linear gradient of A was nsed (f (min), %A (000, 90); (10.0, 75); (20.0, 50);
{250, 300; (35.0, 100; (37.0, &); (39,0, 90); (300, 90). Total run time of analysis was 30 min. The mobile
phase flow rate was 600 pl/min, and 20 pl. of the sample was injected into the UHPLC systemn.

4.2 3 MS Conditions

A triple quadrupole mass spectrometer QTRAPH00 (Sciex, Foster City, CA, USA) equipped with
AP ionization source and controlled by Analyst v.1.6.2 software (Sciex) was used for direct infusion
experiments. During the infusion experiments, the equivalent mixture {50:50, v/ ) of mobile phase
containing MeOH:W (80:20, /o) + 0.4 g/L AMAC and mobile phase confaining MTBE:MeOH:W
(78202, ofofo) + 04 g/L AMAC was used. All individual standards were injected at a concentration
of 1 pL. An atmospheric-pressure chemical ionization source was working in positive fonization mode.
After various optimization experiments, the following parameters were chosen to analyze the final
samples: curtain gas, 20 psi; source temperature, 400 *C; ion source gas 1 (GS51), 45 psi; jon source
gas 2 ((G52), 0 psi; entrance potential (EP), 10 V; collision cell exit potential (CXP), 15 V. Values of
declustering potential (DF) were individual for each standard. During the preliminary experiments, the
various combinations of precursor-product ions were obtained. The most selective combination for the
analyte with the highest M5 signal intensity was chosen for fimal acquisition data. The resulting data
acquisition was performed via MEM mode with a dwell ime of 1200 ms, with 1412 cydes, and between
10 and 14 data points on the peaks. Thi product ions were generated by collision-activated dissociation
(CAD applied to selected precursor ions in the mass spectrometer collision cell. The chosen MERM
transitions and optimal values of DF and collision energy {CE} for all 17 standards are shown in
Table 2.

424 Quality Parameters

The present method was validated according to the criteria of AOAC International [39].
The quality parameters established for the validation of the method werne accuracy, intra- and inter-day
precision, recovery, limit of detection (LODY), limit of quantification (LOQY), and linearity. LOD is the
lowest quantity of a substance that can be distinguished from the absence of that substance (a blank
value) within a stated confidence limit. The LOD is estimated from the mean of the blank, the standard
deviation of the blank and the confidence factor. The LOL was estimated from the chromatograms of
spiked blank plasma at the lowest analyte concentration tested for a signal-to-noise ratio of 3. Similarly,
the L) is the lowest concentration not onby at which the analvte can be reliably detected but at which
predefined goals for precision and accuracy are met. The LOC) is at a higher concentration than LOD.
The LOC was determined for a signal-to-noise ratio of 10.

Another quality parameter, recovery, was established by preparing internal calibration curves
{synthetic plasma was spiked before the extraction procedure) and external calibration curves (samples
were spiked after extraction procedure). Firstly, the comcentration had to be calculated by interpolation
of individual analkyvte areas obtained from the samples spiked after the extraction procedure by samples
spiked before the extraction procedure. Further, the dependency of ratio analyte concentration to
internal standard concentration om calculated concentration was plotted. Then, a linear regression was
applied. The slope multiplied by 100 corresponded to the analvte recoverw.

To determine the presence or non-presence of a plasma matrix effect, two calibration curves wers

prepared. M5/ MS areas of known amounts of standards (calibration curve prepared by dissolving
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of working mixture of standards in MeOH—{A)) were compared with those measured in a blank
plasma extract spiked, after extraction, with the same amount of the working mixture of standards (B).
The ratio (B/A = 100) was defined as the matrix effect (ME). A value of 100% indicates that there
was no matrix effect. There was signal enhancement if the value was higher than 1008 and signal
suppression if the value was lower tham 100%.

Linearity was tested by evaluating signal responses of target analvtes from spiked plasma samples
at seven different concentrations and by calculating linear regression.

Acrcuracy expresses the closeness of mean test results obtained by the developed method to the
actual concentration of the analyvte, and was determined by spiking blank plasma with three known
concentrations (low, medium, and high with respect to the calibration curve). The accuracy was
expressed as the percentage of the ratio of the mean observed concentration and the known spiked
concentration in the plasma matrix. The mean accuracy should be within £15% of the nominal value.
Precision of a method is the closeness of agreement between independent test results obtained from
homogenous test material under specified conditions of use. Intra-day precision and inter-day precision
were studied. It was decided to use five replicates per three concentration levels: low, medium, and
high in a single mun or in three different days. The precision of the developed method was evaluated by
the %R5D (percentage of relative standard deviation of intra- and inter-day repeatability). The values
determined at each concentration level should not exceed 15% of RSD.

4.3, Method Application te Real Samples: Human Dictary Interoention Study

The human plasma samples were obtained from healthy, non-s=moking male volunteers
{8 volunteers), aged between 18 and 32 years. The plasma samples in the pilot human stody
were collected after two weeks of a high antioxidant dietary intervention consisting of an increased
consumption of fruits and vegetables. Blood collection was performed in the moming at 08:00 after
fasting. Collected blood samples were immediately centrifuged at 3500 rpm for 15 min at 6 *C. Plasma
was separated and samples were stored at —80 *C until analysis. For the determination of carotenoids
and fat-soluble vitamins, 200 pul of human plasma was used. The study protocol was approved by the
Ethics Committee of Clinical Investigation of the University of Barcelona (Spain) (Institutional Review
Board [RBOGO0309Y; Approval date: 12 April 2016).

Extraction of Carotenoids and Fat-Soluble Vitamins

In preliminary experiments, liquid-liquid extraction as previously described by our group in [30]
was used for the iselation of selected carotenoids and fat soluble vitamins. For our purpose, the
following double liquid-liquid extraction method was designed. Two hundred microliters of ethanol
causing deproteinization and (L5 mL of n-hexane/BHT (100 mg/ L) were added to 200 uL of human
plasma in an eppendort tube. This step was followed by a vortexing for 1 min and centrifugation
at 2070 g for 5 min at 4 *C. The upper nonpolar hexane layver was removed from the two-phase
liquid system to another eppendorf tube. The remaining agueous plasma phase was re-extracted by
the second addition of (L5 mL of n-hexane /BHT {100 mg/ L) followed by vortexing for 1 min and
centrifugation at 2070« ¢ for 5 min at 4 *C. The upper nonpolar hexane layer was again removed.
Both nonpolar layers were combined in an eppendorf tube and evaporated to dryness by a sample
concentrator under nitrogen gas at 25 *C followed by a reconstitution with 100 pL. of MeOH. Finally, the
samples were stored in glass amber vials with inserts in an ultra-freezer at —80 *C until HPLC-MS/MS
analysis. In comparison to a previously published extraction method, we have only proportionally
changed volumes of the used solvents and we have also exchanged the solvent for reconstitution of a
sample. The same design was used to prepare internal and external calibration curves with purified
human plasma. Stock solution of synthetic plasma was prepared by dissolving the purified human
plasma in 50 mL of Mili-(} water. For this purpose, mixtures of the above-mentioned individual
working standards in methanol at 10, 5, 2.5, 1, 0.5, 0.1, 0.05, (.01 and 0 pg/mL concentrations have been
prepared. For preparation of the internal calibration curve, the following extraction procedure was
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performed on each concentration level. Two hundred microliters of ethanol was added to 200 pl. of
human plasma in an eppendorf tube. Then, the plasma sample was spiked by 100 uL of stock solution
of individual working standards. This step was followed by the addition of 0.5 mL of s-hexane/BHT
(100 mg /L) and by a vortexing for 1 min and centrifugation at 2070 g for 5 min at 4 °C. The upper

nonpolar hexane layer was removed from the two-phase liquid system to another eppendorf tube.

The remaining aqueons plasma phase was re-extracted as described above. Both nonpolar layers were
combined in an eppendorf tube and evaporated to dryness by a sample concentrator under nitrogen
gas at 25 °C, followed by a reconstitution with 100 pl. of MeOH. The processed samples were also
stored into glass amber vials with inserts in an ultra-freezer at —80 °C until HPLC-MS/MS analysis.
For preparation of external calibration curve the exact same extraction procedure was performed on
each concentration level, but in this case, removed combined nonpolar phases were spiked by 100 pL

of stock sofution of individual working standards before evaporating to dryness and reconstitution.

All samples were manipulated under dim light during the all procedure steps in order to avoid
oxidation and /or isomerization of the binactive compounds.

5. Conclusions

A unique HPLC-MS/MS method for the simultaneous guantification of 16 carotenoids and
fat-soluble vitamins in human plasma was designed and fully validated. Good quality values of LOD,
LO), recovery, linearity, matrix effect, accuracy, and precision were obtained by the proposed method.
According to our knowledge, no similar HPLC-MS/MS method for the determination of such a large
number of analytes has been previously published. In the future, considering the excellent validation
results obtained, this method could be used in various applied dinical studies or investigations.
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Abbreviations

MeOH Mlethanol

MTBE Methyl-lert-butyl ether

BHT Butylated hydroxy toluene
AMAC Ammonbum acetabe

AA Acetic ackd

w Water

CAD Collision-activated dissociation
DP Declustering potental

APCL Atmospheric pressure chemical
EFP Entrance patential

CE Collision

HPLC-MS/MS High performance liquid chromatography coupled o mass spectrometry in tandem mode
LOD Limit of detection

L) Limit of quantification

MIRM DMultiple reaction monitoring
ME Muatrix effect

M5 Mass spectrometry

CXP Cell exit potential

RsD Relative standard deviation
RT Retention time
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ABSTRACT

Tomato, one of the most consumed fruits, is rich in beneficial biomolecules such as
carotenoids, polyphenols, vitamin C and tocopherol, which may decrease the risk of
developing chronic degenerative diseases. Eight different Serbian genotypes were
analyzed for the quantification of polyphenol, carotenoid, and vitamin C content, as
well as the evaluation of antioxidant capacity. Among the eight genotypes tested, S606,
S616 and S612 showed higher levels of carotenoids, especially lycopene. These three
genotypes, as well as S364, also showed a higher phenolic content, with rutin
predominating, whilst S606 and S615 presented the highest levels of ascorbic acid.
Their content of antioxidant compounds suggested that genotypes S606 and S615 have
the best antioxidant capacity, which was confirmed by their greater efficiency in
neutralizing DPPH and ABTS radicals, as well as high reducing power. The results
obtained in the present study could be of considerable interest for breeding programs

wishing to select tomato genotypes with high antioxidant and nutritional properties.
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Introduction

Eating a healthy diet, and knowing how to recognize and choose a high quality food are
currently topics of great interest. The nutritional quality and many sensorial properties
of fruits and vegetables are conditioned by their content of vitamins, minerals, dietary
fiber, carbohydrates, proteins and antioxidant phytochemicals (carotenoids, polyphenols
and other compounds), which have been associated with the prevention and decreased
risk of different diseases. The analysis of biomolecules in plant food, whose levels
depend on a number of intrinsic (genus, species, cultivars) and extrinsic (agronomic,
environmental, handling, storage) factors (Carbonell-Capella et al., 2014), is therefore
very important for an assessment of both sensory qualities and health benefits for the

consumer.

Although tomato (Lycopersicum esculentum L.) is a seasonal fruit, it can be found in
markets and supermarkets throughout the year, because its production is carried out in
greenhouses. It is one of the most consumed fruits in Europe, especially in the
Mediterranean area, both fresh and in tomato-based products (Ilahy et al., 2011).
Tomato contains a high amount of bioactive compounds, notably phenolics, carotenoids
and other antioxidants (Raffo et al., 2006), the content depending on the variety,
growing conditions, and ripeness stage, among other factors (Dominguez et al., 2012).
Tomato fruit ripening is a complex process characterized by various morphological,
physiological, biochemical and molecular transformations (synthesis and storage of
polyphenols and other compounds), which determine the nutritional quality and

antioxidant potential at each stage.

Consumers tend to choose tomatoes on the basis of their visual and functional
properties, and may consider fruit with an attractive appearance to be healthier. In the
commercialization of tomato production, the most profitable and high-yielding cultivars
and hybrids are given predominance, while other cultivars, which might have a higher
nutritional value, and be an important source of genes for breeding, are disregarded. In
order to increase the nutritional value and the content of bioactive compounds, today a
range of cultivars and varieties are being produced. Therefore, the aim of this study was

to investigate the phytochemical profiles of both traditional and new tomato cultivars.

Considering phytochemical characteristics of new fruits cultivars, traditional breeding

of yield, market life, and consumer taste.
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There are many studies related to the phytochemical analysis and antioxidant properties
of tomato from different origins (Frusciante et al., 2007; Garcia-Valverde et al., 2013;
Kaur et al., 2013; Kotikova et al., 2011; Lenucci et al., 2006; Singh et al., 2015), but to
date no reports have been published on Serbian varieties. In Serbia there is a strong
consumer demand for traditional fruits and vegetables. The aim of Serbian farmers and
breeders is to obtain cultivars with a high content of nutrients and bioactive compounds,
and provide food that is both tasty and healthy. For this study, eight tomato cultivars
with different color, morphology and sensorial characteristics that are attractive for
consumers were selected. The phytochemical profile as well as antioxidant properties of

these eight Serbian tomato varieties were determined for the first time.
Material and methods

For the purposes of existing breeding programs and the preservation of traditional
cultivars, the Institute of Field and Vegetable Crops in Novi Sad, Serbia (IFVCNS) has
established a collection of over 400 different tomato accessions. Eight accessions
(genotypes) significantly different in morphological and organoleptic characteristics
were chosen for the quantification of polyphenols and carotenoids, determination of
vitamin C content, as well as evaluation of antioxidant capacity (Table 1) (Figure 1).
The trial was conducted in Rimski Sancevi (45°39'58.02"N 19°04'51.16"E), Serbia in
2015. On March 30”‘, seeds were sown indoors on a surface of moist compost, covered
with a thin covering of vermiculite, and watered with a solution of copper-based
fungicide. On April 5™, indoor seedlings with a pair of true leaves each were pricked out
into larger individual containers. Two weeks before planting out, young tomato plants
were hardened off and gradually acclimatized to the harsher outdoor conditions. On
June 2", seedlings were manually transplanted outdoors in a randomized block design
with three replicates. Each plot was a single 5 m row that bedded 11 plants. Rows were
spaced 140 cm apart and within-row spacing was 50 cm. Management of soil, and pest
and disease control was carried out according to standard procedures. Tomatoes at the
fruit maturity stage were hand-harvested randomly in September 2015, from the middle

of 10 plants of each of the eight genotypes.
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Table 1. Morphological characteristics and description of eight Serbian tomato

genotypes
Accessio  Predominant  Fruit Exterior Intensity ~ Fruit Taste  Uses
n N° fruit shape size color of of blossom
mature exterior end shape
fruit color

S 364 Plum- 5-8 Red Dark Indented Not Processin
shaped cm sweet g

S 590 Slightly 8-10  Pink Light Flat Sweet Fresh/Pro
flattened cm cessing

S 606 Plum- 3-5 Orange Dark Flat and Sweet Fresh
shaped cm pointed

S 607 Plum- 3-5 Red Intermed  Flat Very  Fresh
shaped cm iate sweet

S 608 High <3cm Yellow  Intermed Flat Very  Fresh
rounded iate sweet

S 612 Heart- >10 Pink Light Pointed  Very  Fresh
shaped cm sweet

S 615 Rounded 8-10  Yellow  Intermed Flat Very  Fresh

cm iate sweet

S 616 Long- 5-8 Red Dark Indented Not Processin

oblong cm sweet g

Preparation of plant material

Sampled fruits of each genotype were cut into small pieces and sequentially
homogenized in a domestic blender for 2 min. The homogenized fruits were introduced
into jars and then lyophilized for 48 hours . The samples were kept at room temperature

in a dark and dry place.
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Extraction

Tomatoes were extracted by liquid-liquid extraction for the analysis of both polyphenols
and carotenoids, and analyzed by UHPLC-MS/MS in the case of polyphenols (Di Lecce
et al., 2013) and HPLC-UYV for carotenoids (Colman-Martinez et al., 2016; Vallverdu-
Queralt et al., 2012).

For the extraction of polyphenols, 0.2 g of dry tomatoes was weighed and homogenized
with 5 mL of ethanol:Milli-Q water (0.1% formic acid) (80:20). The homogenate was
sonicated for 5 min and centrifuged at 4000 rpm for 20 min at 4 °C. The supernatant
was collected, and the extraction procedure was repeated. Both supernatants were
combined and the portion of ethanol was evaporated to dryness on a sample
concentrator (Techne, Duxford, Cambridge, U.K.) at room temperature under a stream
of nitrogen gas. The residues were reconstituted with up to 2 mL of water containing
0.1% formic acid, filtered through 0.22 pum polytetrafluoroethylene (PTFE) syringe
filters (Waters Corporation, United States), and injected into a UHPLC-MS/MS
system.

Carotenoid extraction consisted of a double liquid-liquid extraction with 5 mL of
ethanol/hexane (4:3 v/v) for each extraction. The homogenate was sonicated for 5 min
and centrifuged at 2140 X g for 15 min at 4 °C. The two supernatants were combined
and evaporated under nitrogen flow. Finally, the residue was reconstituted with MTBE
up to 1 mL and filtered through a 0.45 um PTFE filter (Waters, Milford, MA, USA) into
an insert-amber vial for HPLC-UV analysis.

Extractions were performed in triplicate and quantified with the corresponding
commercial standards. When standards were not available, the compounds were
quantified based on the free form of the corresponding metabolite.

For evaluation of antioxidant activity and determination of total phenol and vitamin C
content, 0.5 g of lyophilized tomato samples were weighed, homogenized with 5 mL of
80% ethanol (v/v) and then added to the flask and sonicated continuously for 15 min on

an ultrasonicator. The extraction was repeated twice.
HPLC-UYV separation of carotenoids

Chromatographic separation was carried out in an HP 1100HPLC system (Hewlett-
Packard, Waldbronn, Germany), consisting of a quaternary pump and an autosampler
coupled to a diode array detector DAD G1315B. Chromatographic separation was

performed on a YMC Carotenoid column, 250 mm % 4.6 mm (Waters, Milford, MA)
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connected to a precolumn YMC Guard Cartridge Carotenoid 20 X 4.0 mm i.d. The DAD
detector was adjusted at 450 nm for carotenoid detection. The system was controlled by
Agilent ChemStation Software. The mobile phase used was Milli-Q water (A),
methanol (B), and MTBE (C) with the following linear gradient for B (¢t (min), %B):
(0.0, 90); (40.0, 40); (60.0,6); (62.0, 90); (72.0, 90). Solvent A was used isocratically at
4%. The separation was achieved at a flow rate of 0.6 mL/min. Twenty microliters of

the samples were injected in the HPLC-UV system (Colman-Martinez et al., 2016).
UHPLC-MS/MS separation of polyphenols

The UHPLC analysis was performed using an Acquity UHPLC chromatograph
equipped with a Waters binary pump system (Milford, MA, USA). The mobile phase
used was water (A) and MeCN (B) with 0.1% formic acid in both solvents. An
increasing linear gradient of B was used (t (min), %B), as follows: (0.0, 20); (0.5, 20);
(1.5, 30); (2.00, 30); (2.5, 50); (3.0, 100); (3.5, 100); (3.7, 20) and (4.5, 20). The mobile-
phase flow rate was 400 pL min™, and 10 uL of the sample was injected into the
UHPLC system. The column was maintained at 30 °C while the autosampler was

thermostated at 4 °C.

The UHPLC system was coupled to an API 3000 triple-quadrupole mass spectrometer
(Sciex, Foster City, CA, USA) with a Turbo Ion Spray source in negative-ion mode to
obtain MS/MS data. TurbolonSpray source settings were as follows: capillary voltage —
3500 V; nebulizer gas (N2) 10 (arbitrary units); curtain gas (N2) 12 (arbitrary units);
collision gas (N2) 4 (arbitrary units); entrance potential 10 V; drying gas (N2) heated to
400 °C and introduced at a flow rate of 8000 cm’® min'. The phenolic compounds
present in tomatoes were detected and quantified by using the multiple reaction
monitoring mode (MRM), tracking the transition of the parent and product ion specific
to each compound. The system was controlled by Analyst v.1.4.2 software supplied by

Sciex (Foster City, CA, USA).
Total phenol content

The total phenolic content was determined according to a previously reported method
(Fukumoto & Mazza, 2000), customized for 96-well microplates. Thirty microliters of
each extract or standard solution, except in a blank probe, when only the solvent was

used, was added to 150 pL of 0.1 mol/L Folin-Ciocalteu (FC) reagent and mixed with
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120 pL of sodium carbonate (7.5%) after 10 min. The mixture was incubated in the dark
at room temperature (2 h). The absorbance of the resulting solution was measured at
760 nm. The phenolic concentration was determined by comparison with the standard
calibration curve of gallic acid, and results were presented as a mean value of triplicate
tests. The total phenol value was expressed as milligrams of gallic acid equivalents
(GAE) per gram of dry material (dm) calculated according to the standard calibration

curve (linear regression).
Ascorbic acid content

Ascorbic acid was determined according to the method of Klein and Perry (1982)
modified for 96-well microplates. The samples were re-extracted with meta-phosphoric
acid (0.1 g/mL) to obtain final concentrations of 50, 70 and 100 mg/mL. The mixture
was stirred and left for 45 min at room temperature. Further, the samples (30 uL) were
mixed with 2,6-dichlorindophenol and the absorbance was measured within 20 min at
515 nm against a blank. The ascorbic acid content was calculated on the basis of the
calibration curve of standard L-ascorbic acid (ranging from 0-320 pg/mL). All
measurements were performed in triplicate and the results were expressed as mg of

ascorbic acid (AA) per g of dry material (dm).

Reduction of the DPPH radical

The DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) free radical method 1is an
antioxidant assay based on electron-transfer that produces a violet solution. This free
radical, stable at room temperature, is reduced in the presence of an antioxidant
molecule, giving rise to a colorless ethanol solution. The DPPH assay provides an easy
and rapid way to evaluate antioxidants by spectrophotometry. Plant extracts were tested
for their scavenging effect on the DPPH radical according to Sanchez-Moreno et al.
(1998). Ten microliters of the examined extract solutions was added to 100 pL of 90
umol/L. DPPH solution in methanol and the mixture was diluted with 190 pL of
methanol. In the control, the exact amount of the extract was substituted with solvent,
and in the blank probe, only methanol (290 pL) and extract (10 puL) were mixed. After 1
h, measurements of absorbance were done at 515 nm. Results were expressed as
milligrams of Trolox equivalents (TE) per gram of dm of extract calculated according to

the standard calibration curve.
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ABTS assay

The ABTS assay was performed by a modified previously described procedure (Arnao
et al., 2001). Spectrophotometric determination of the scavenging activity of tomato
samples was based on transformation of the blue-green solution of radical cation
ABTS"" to its neutral colorless form (ABTS ). ABTS"" is generated by the persulfate
oxidation of 2,2-azinobis (3-ethylbenzoline-6-sulfonic acid)-(ABTS 2'). An ABTS™
radical cation was produced by reacting 7 mM ABTS stock solution with 2.45 mM
potassium persulphate. The mixture was allowed to stand in the dark at room
temperature for 16 h before use. Trolox (ImM) was prepared in methanol as an
antioxidant standard. The stock solution was diluted in 95 % ethanol on the day of use.
Ten microliters of different concentrations of the extracts were added to 290 uL ABTS
solution until a final volume of 300uL. After five minutes, the absorbance was read at
734 nm. The results were expressed as Trolox equivalants (TEAC- trolox equivalent

antioxidant capacity) per g of dm (TEAC/g dm).

Statistical Analysis

For linear regression analysis, Origin software version 8.0 was used. All the results
were expressed as the mean + SD of three different trials. A comparison of the group
means and the significance between the groups were verified by one-way ANOVA

followed by Tukey's post hoc test. Statistical significance was set at p<0.05.

Results and discussion

The chemical composition of tomatoes can be affected by many factors, such as the
cultivar or variety, environmental factors (light, temperature, air composition, mineral
nutrition, etc.), cultivation and storage methods (Garcia-Valverde et al., 2013). Among
the different tomato varieties tested, considerable differences were found in contents of
carotenoids, polyphenols, or vitamin C. The health benefits of tomato and tomato-based

products may be due to synergistic interactions of these bioactive compounds.

Quantitative determination of carotenoids

Carotenoids are responsible for the color of many fruits and vegetables, and their

concentration depends on the activity of different enzymes and also genetic expression
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(Guzman et al., 2010). Several epidemiological studies have provided evidence for the
protective effect of carotenoids from tomato, such as a decreasing risk of different
degenerative diseases and some types of cancer (Tanaka et al., 2012). The carotenoid

content of eight Serbian tomato varieties is shown in Table 2.

Table 2. Quantification of carotenoids in eight Serbian tomato genotypes

Content of carotenoids in eight tomato genotypes (mg/100g dm)

Compound Sample
S364 S616 S500 S606 8615 5608 S612 8607

Lutein 1194006 1712004  129+002:  4584003= 146+0044 107£003f  201+0.02b 0.86+0.042
Zeaxanthin nd.* nd. nd. 0.13£201°  130%1.13= nd nd nd.
trans-fi-Apo-8’-

nd. nd. 0.8543.03b  720+197= nd. nd. nd. nd.
carotenal
Criptoxanthin nd nd. 136+0.14b 139241 74: 1374014 nd. nd nd
15¢is-B-Carotene a.d. 4.88+1.588  0.99+0.12¢ nd. 0.91+0.084 ad. 10.1540.32= 1.57+1 44¢
13 cis -p-Carotene nd nd. 168+114c  533%022> nd. 057#223¢  1136+0.11= 162+0.01¢
a-Carotene n.d. 7.79+3.11= nd nd nd. nd. nd. nd.
B-Carotene nd 18.73£0.04=  §26:0.07¢ 189642048 45620164 67120214  88.17£0.06 48740224
9- cis-p-Carotene nd 5.58+0.13¢ nd. 8564016  2.00+0.15f 4744011 132540162 7.05+0.08¢
All-trans-Lycopene nd 2074240328 952040414  160.64£022¢ 1.08+0.03¢ nd. 339.53+2.00¢ 91,6240 30¢
5- cis -Lycopene 2.3640.07¢ 261040294  10.5840.28°  61.9310.05> 0.98£0.02* 629510092 38.80%0.11¢ 9.9140.06¢

“n.d.-not detected; § Data are means = SD of three measurements (n=3). Values with different letters in the same row are significantly different (p<0.05).

These data demonstrate that the concentration of carotenoids can vary considerably
according to the genotype, which may affect their biosynthesis (Kaur et al., 2013). The
most abundant carotenoid in almost all the varieties of tomato samples was lycopene.
Tomato is considered the best dietary source of lycopene, which is one of the most
beneficial carotenoids for human health. Agarwal, S.; Rao, A. V. Tomato lycopene and
its role in human health and chronic diseases. Can. Med. Assoc. J. 2000, 163, 739- 744.
The highest levels of lycopene (mg/100g) were detected in varieties S606, S616 and
S612 (160.64, 207.42, 339.53), which are of variable color and shape. Lycopene was
not found in S364 and S608.
Numerous studies have reported that dietary intake of foods rich in lycopene results in a
decreased incidence of certain cancers, including prostate, lung, and colon cancers, as
well as coronary heart diseases and macular degeneration (Dillingham & Rao, 2009).
The health benefits of tomato are due to its antioxidant and anti-inflammatory activity,
as well as the improvement of the plasma lipid profile, which are associated with the
intake of lycopene, f-carotene and other carotenoids (Siddiqui et al., 2014). Lycopene
occurs in various geometrical configurations, being mainly all-frans in tomato fruits.
Thermal processing causes some loss of lycopene in tomato and tomato-based foods.
Therefore, dehydrated tomatoes have poor lycopene stability (Gomez-Romero et al.,
2007).

181



Anexos

An isomer of lycopene, 5-Z-lycopene, was detected in all the tested samples, with the
highest level in S606 and S615. The other dominant carotenoid detected was fS-carotene,
which is nutritionally important because of its provitamin A activity (Fernandez). In this
study, concentrations of f-carotene in tomato were in the range of 4.57-189.64 mg/100g
dm. S606 and S612 contained the highest amount of this compound (189.64; 88.17
mg/100g dm), which was much lower in the other samples. S612 had the highest
content of the f-carotene isomers 15-Z-f-carotene and 13-Z-f-carotene. Interestingly, o-
carotene was only detected in the “roller” tomato variety S606. Criptoxanthin was found
only in S590, S606 and S615, with the highest content in S606 (13.92 mg/100g dm).

Lutein was found in all varieties, with the highest level detected in S606 (4.58 mg/100g
dm) and similar amounts in the rest. As can be observed in Table 2, S606 had the
highest level of total carotenoids, which is in accordance with its morphological and
sensorial characteristics. This variety has an intense orange color with an unusual
elongated shape. Therefore, it could be very attractive for both growers selecting high
nutrient cultivars, and for consumers interested in a healthy diet. In general, the
carotenoid content in Serbian varieties was found to be higher than those previously
reported for tomato samples from other origins, for example, Taiwan (lycopene: 1.2-8.9
mg/100 g fw) (Chang et al., 2006), Italy, St. Marzano, (lycopene: 1.86-14.62 mg/100 g
fw; lutein: 0.08-0.34 mg/100 g fw; f-carotene: 0.11-1.07 mg/100 g fw), Northern India
(Iycopene: 4.98-30 mg/100 g; p-carotene: 1.80-12.01 ug/g)(Kaur et al., 2013), Tunisia
(Iycopene: 3.90-19.40 ug/g) (Ilahy et al., 2011) and India (West Bengal) (lycopene: 8-
23 mg/100g fw; p-carotene: 0.8- 3.10 mg/100g) (Siddiqui et al., 2014). Some of the
values were very similar to those obtained from Spanish varieties (lycopene: 94-141

mg/g fw; lutein: 76 mg/g fw) (Garcia-Valverde et al., 2013).

Quantification of selected phenols in tomato samples

Dietary phenols are potentially beneficial for health because they may protect the body
against major degenerative diseases, aging and some cancers. Phenolic content in fruits
and vegetables depends primarily on genetic control, as well as environmental factors
(Barros et al., 2012). All the samples tested in the present study were found to be a good
source of flavonoids. Predominant phenolic compounds were selected to investigate the

differences between the eight varieties of tomato, as shown in Table 3.
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Table 3.Quantification of individual phenolic compounds in eight Serbian tomato

genotypes
| iContent of selected phenolics (ug/100gdm)
Compound | s364 5616 S 590 S 606 [ se615 | s608 S 612 S 607
Caffeic acid R
S 482904010  31536+0.36: 339074059  32074+025¢ 68854631 57632033k  166.09:061= 215.07+0.80¢
Caffeic acid .
osaes 15.182036¢  32.05:009¢ 694120106  3099:0.06:  7167£0.012¢ na* 6.78£0.12¢  40.68£0.01¢

Chlorogenicacid 114 440043: 94795001f 562065113+ 97472023011 1405920628  S790:0.12¢ 4881003t 110.80£0.05¢
Coumaric acid

hexosidel 34.24+022b 24464029  34.44+0.03% 20.44%0.304 61.44+0.31= nd 13.03£0.09¢ 5.37+0.24f

Coumaric acid

hexoside T 96.62+0.39>  70.55+026° 96.75+0.15b 69.4110.35¢ 103.99+0.58= 22.18%0.50=  5528+050: 52.93%0.81¢
Criptochlorogenic

acid 59.46+£0.37¢ 142.58+035= 56.48%0.26° 115.48+0.16¢ 119.55+0.23b 10.22+0.14s 454440107  46.13£0.30F
Dicaffeoylquinic

acid 25.64£040¢  16.6610.22f  36.60+0.31F 21.9510.08¢= 62.30+0.32= 5.5240.24% 10.8310.158  26.6910.22¢
Eerulic acid 292264037 269.18+£0.50f 3912140162 276.9310.362 326.3240.62> 54.38+0.10F 287.74%153¢ 129.07+0.25¢
Ferulic acid

hexoside 2263240.35f 59267+£027= 565.22+2.04*  49823+0.89¢ 25328+038: 282.58+0.73¢ 1558610208 223.66+20¢

HNaringenin 10.19+0.18f  49.85+0.26¢ 8.9510.13¢ 60.46+0.17¢ 153.5440.23¢ 182.17£0.31=  7.49£0.29k 154.49+0270
Naringenin

glucoside 5.83+0.07= 47954010 6.82+0.21F 54.1940.434 116.89+0.11c  284.23+0.17=  2.70+0.28¢ 134.91+0.100
Neochlorogenic

acid 584109 nd. 5.92+0.07 3.49+0.064 6.41£0.20° 1.4240.07= nd 72620172

pCoumarieacid  guc50i0 050 1878740147 7404£115° 1880120088  464250.16> 73.70£0.39F 2552140.15 115384023¢

Protocatechuic

acid 16.60+0.322 11.16+0.08¢  15.27+0.06% 10.76+0.12¢ 7.54+0.33¢F 2384022k 13.08+0.09¢ 3.702021¢
Quercetin 29.41£0.21¢  2230+0.15f  31.16%0.19¢ 24.8010.10 30.96+0.02¢ 37.40£0.07%  65.06£0.10= 28394040
Rutin

619.36+0.4f 75146+024¢ 359.98+0.58= 861.34+0.34b 1424.30+0.72¢ 766.28+0.13¢ 183.44+0.10® 718.13+0.20°
*n.d.-not detected: { Data are means = SD of three measurements (n=3). Values with different letters (a.b.c.d.e. f, g, h)in the same row are significantly different (p<0.05).

The differences in content of hydroxycinnamoylquinic acid derivatives and flavonoids
and their derivatives were quite pronounced among the eight varieties. Rutin was the
most abundant polyphenol in almost all samples, ranging from 359.98 to 1424.30
ng/100g dm, with the highest level detected in S615. All the varieties are a good source
of phenolic acids (ug/100g dm) and the major acids determined were caffeic acid,
ranging from 57.63 to 688.54, followed by chlorogenic acid (48.81-562.06), p-coumaric
acid (73.70-646.50), ferulic acid (54.38-391.21) and its glycoside ferulic acid hexoside
(155.86-592.67). The other phenolic acid derivatives were detected in similar amounts
to phenolic acids in all the samples. Protocatechuic acid was found in lower levels and
was similar in all the varieties. The samples with the highest levels of individual
phenolic acids were S615, S590 and S364.

The highest content of the flavanone naringenin (ug/100 g dm) was found in S608
(182.17 png/100 g dm) followed by S615 (153.54 png/100 g dm) and S607 (154.49
png/100 g dm). Similar levels of naringenin glucoside were also detected. The content of
the flavonol quercetin was markedly higher in S612 (65.06 ug/100g dm) in comparison
with the other samples, such as those reported by Kaur et al. (2013).

It is difficult to compare the results of polyphenol quantification in this study with those
reported in the literature, considering that many factors can affect the phenolic content
of tomato, including genetic variability, country of origin, environmental conditions and

storage methods. Most studies indicate that phenolic acids (caffeic acid, ferulic acid,
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coumaric acid) and their derivatives, and the flavonoid rutin are the most abundant
polyphenols in tomato. The content of phenolic acids (ferulic acid <1 pg/lg fw) and
flavonoids determined here was lower than those reported in other studies (Barros et al.,
2012; Garcia-Valverde et al., 2013). Also, some authors have reported higher levels of
polyphenols compared with this study (Gomez-Romero et al., 2010; Li et al., 2012;
Vallverdid-Queralt et al., 2011).

Antioxidative activity

The evaluation of antioxidant activity is of great importance in the field of agricultural
and food science and technology. Antioxidant activity of tomato fruits has been reported
to be mostly caused by the content of polyphenols, carotenoids and vitamin C (Pinela et

al., 2012).

Table 4. Total phenolics and vitamin C content and antioxidant capacities of eight

Serbian tomato varieties

S364 S616 S590 S606 S615 S608 S612 S607
Total phenolics 7.18+1.56°  10.022097¢ 6.30+0.48  14.73£1.53* 36.19+5.35* 11.80=1.30c 491+236°  9.80+0.84¢
(mg GAEg! of dm)
Vitamin C 14452037 21.81x058 3185x079 68.54+2.18: 43.40x036> 29442038 152£071f 20522042¢
(mg AA g'! of dm)
DPPH
(mg TEAC g! 9.00£0.01c  5.78+£0.22¢  2.66x0.18° 48.57£0.50: 15.82x02% 6.08=0.073 7.55=0.12¢ 5.17=0.04=
of dm)
ABTS
(mg TEAC g! 15132136  8.50+0092f 597211k 12652+047= 2341+188 11022201 14.11£075¢ 6.552021=
of dm)
Reducing
power
(mg EAA 17.82+0.11¢ 2039+1.07= 17.16x053f 84370212 2387x0.11* 2291=x003* 1042+004s 19.10=002¢

-1

of dm)
Data are means =of three measurements. In each, different letters mean significant differences (p<20.03); dm-drv material, GAE-gallic acid equivalent;
EAA-equivalents ascorbic acid |

Content

activity

Antioxidant

Thus, besides the assessment of the polyphenol and carotenoid profiles of the Serbian
tomato varieties, the aim of the present study was to determine the antioxidant capacity
and quantify total phenolics and vitamin C. Differences observed in the phytochemical
content and antioxidant activity can be primarily related to the genotype.

A high total phenolic content was observed in all samples, but the highest level was
found in S615 (36.19 mg GAE/g dm). The values found in the present study are higher
than those previously reported by Chang and Liu, 2007 (0.34- 0.39 mg GAE/g dm),
Dvila-Avia et al., 2012 (0.17-0.20 mg GAE/g dm); Garcia-Valverde et al., 2013 (1.86-
5.58 GEA/kg dm), and Ilahy et al., 2011 (1.29-4.01 mg GAE/g dm), but some values
are very similar to those obtained by Li et al., 2012 (4.89-9.97 mg GAE/g dm). These
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results were in accordance with the phenolic contents quantified by the UPLC-MS/MS
technique, which were highest in S606, S615 and S608.

As a strong antioxidant, ascorbic acid is one of the most important bioactive molecules
in tomato fruits, playing an important role in disease prevention (Kaur et al., 2013). The
content of ascorbic acid in the samples (1.52-68.54 mg AA/g dm) was similar to
previously reported results (2.20-85.00 mg AA/100g dm) (Garcia-Valverde et al., 2013;
Kotikova et al., 2011; Pinela et al., 2012; Toor and Savage, 2005). Only in one study
which reported on varieties from Italy (Lenucci et al., 2006) some values can be
compared with ours. All the samples tested in the present study are a rich source of
vitamin C, especially S606, which may be useful data for the promotion of these
agricultural products in terms of nutrition.

In accordance with the data presented above, the tomato varieties showed a high
antioxidant potential measured by radical scavenging capacity against DPPH and ABTS
radicals as well as reducing power (FRAP). The samples with the highest antioxidant
capacity were S606 and S615, which could be linked with the higher content of
carotenoids, flavonoids and vitamin C found in these varieties. These bioactive
compounds, which may act independently or synergistically, are responsible for the

health benefits of tomato fruits.

Conclusion

Antioxidant content and activity varied significantly among samples. The varieties
S606, S615 and S608 are of particular interest for tomato breeding, as their genotypes
could be a source of increased polyphenol, carotenoid, and vitamin C content. Although
with completely different morphological and organoleptic characteristics, these three
varieties showed similarities in the levels of bioactive molecules and therefore
antioxidant potential. Interesting data were obtained for S364, since only two of twelve
carotenoids were quantified in this sample, yet it showed a good antioxidant capacity,
due to a high level of polyphenols and vitamin C.

Overall, the results obtained in the present study can serve as the basis for increasing the
breeding, cultivation, and marketing of nutritionally superior varieties of tomato as a

healthy alternative for consumers worldwide, not only in Serbia.
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Figure 1. Morphological characteristics of eight Serbian tomato genotypes
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Comunicacion 1. Poster.
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BACKGROUND AND OBJECTIVES

Carotenoids, xanthophylls and carotenes, are natural fat-soluble, red, yellow and orange pigments characterized by a wide
distribution, structural diversity and numerous physio-chemical and biological properties. Another group of interesting and

useful compounds are fat-soluble vitamins and their metabolites such as retinol,

and a- pA

retinol acetate, cholecalciferol,

tocotrienol. These compounds have free radical scavenging properties that allow them to function as antioxidants. 4

for all targeted analytes is very difficult.

Available methods can determine only a few representatives of the aforementioned fat-soluble micronutrients, and

few of them can be applied for the simultaneous analysis of compounds in biological samples. Most use HPLC

separation coupled to UV-VIS or DAD detection, but with these methods it is extremely challenging to obtain the sensitivity
required for the analysis of human fluids, in which the concentration of fat-soluble micronutrients is very low. The problem of
sensitivity can be solved by usage of tandem mass spectrometry detection, although finding general ionization conditions suitable

The aim of this research was to develop and validate a new HPLC-MS/MS method for the quantification of selected carotenoids and fat-soluble vitamins

in human plasma.

METHODOLOGY

EXTRACTION OF CAROTENOIDS AND VITAMINS

VALIDATION METHOD PARAMETERS _5

I

\ Accuracy INTERNATIONAL
Centrifugation
5p = 2070x 0 - Intraday
. = y
' ' ' enin - Interday Linearity
. «goC
Extraction
200 pL plasma + 200 pL EtOH + APPLICATION METHOD
0.5 mL Hexane (BHT) ————— e Recovery
*Vortex 1 min Precision
- Intraday
. - Interda
o Matrix Effect ¥
i Evaporation Plasma .
Analysis + Under N, flow 2 weeks in the Sensitivity e ot st
«Column: YMC Carotenoid (C30) % withHigh ~ morning LoD -
«Injectionvolume: 20 pL R T Antioxidant at08:00 -
2 econstitution Diet after Lo
«Flow: 0,6 mL/min + 100 L MeOH 8 Volunteers fasting - LoQ

(18-32years)

RESULTS

Table 1. Limit of detection (LOD), limit of quantification (LOQ), recovery, matrix effect, linearity range, interday and intraday precision,

interday and intraday

in the study with high antioxidant diet by the HPLC-MS/MS method.

5 T F=====x i
. Matrix  Linearity y y ,
Anaiyte Transition LOD  LOQ Recovery & ¥ Range ';i - H r:,; 1 ‘
MRM (nM)  (nM) (%) (%) (ng/mL) (% RSD) (% RSD) (%) (%) | (am) | f 3
retinol 260 »181 7.0 175 103 +9 109 £ 9 17.5-34909 6.7 115 Tor4 toska l msEar | |
12001
:5- . 383 365 7.5 27.5 92%3 87 +1  27.5-12480 3.3 L5 102+3 105+6 \| 190 £33 |
ydroxycholecalciferol i 0 | o
retinol acetate 329 269 6.1 24.4 103 £ 2 95 +2  24.4-30442 13 111 105 £1 106 7 \I <t0Q* | " I |
a-tocotrienol 411 >165 266.1 8854 99 %5 90 +3 885.4-11774  10.4 9.5 104+4 1083 nd® | 0 |
cholecalciferol 385 »367 13.0 468 103+3 90 £1  46.8-25098 2.0 12.7 103+1 104+7 § ndb | Il
astaxanthin 597 >147 1.7 5.0 102+3 100 +3  5.0-1675 8.8 10.3 103+3 105+6 | <toQ® | ™™ 2 8 I |4
lutein 551 >429 141 49.2 86+ 1 91 2 49.2-17579 4.1 12.1 106 2 109 +6 | 260 + 139 | 3 0 | N ks 16
zeaxanthin 568 >476 741.8 2471.5 86 2 87 £3 2471.5-17578 5.5 10.8 107 +5 113+2 | nd.® I e | | e k.
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=: under limit of quantification; n.d. b: not detected by HPLC-MS/MS analysis. Peaks: (1) retinol; (2) 25—
hydroxycholecalciferol; (3) retinol acetate; (4) a-tocotrienol; (S) l
| cholecaiciferol; (6) astaxanthin; (7) lutein; (8) zeaxanthin; (9)
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CONCLUSIONS

—
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A unique HPLC-MS/MS method for the simultaneous quantification
of 16 carotenoids and fat-soluble vitamins in human plasma was
designed and fully validated. Good quality values of LOD, LOQ,
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obtained by the proposed method. According to our knowledge, no
similar HPLC-MS/MS method for the determination of such a large
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Biodisponibilidad de los carotenoides del sofrito en varones tras una
dieta rica en alimentos con componentes anfioxidantes

Sara Hurtado-Barroesa!Z, Miriam Martinez-Huélamo', Mariel Colmin-Martinez!, Jose Fernando Rinaldi Alvarenga', Rosa Maria Lamuela-Raventas!?
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INTRODUCCION

OBJETIVO
é Evaluar la biodisponibilidad de los carotenoides del sofrito tras una dieta rica en antioxidantes

DISENOD DEL ESTUDIO RESULTADOS
Carotenoides
={armenos = Xaninfils * E licopens 5 el
i ; carote noide mayoritario en
Fog el plasma anres y despuis
"'“-—*i/ de ls ingesta de sofrito,
=5 raclomes " aleanzando sn miximo a
diarias/2semanas 1} - las 5 horas después de la
— ingesta.

Estudin piloto = A las 5 horas, ¢l licopene
22 varomnes representa el 73% de los
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Comunicacion 4. Poster.

Titulo: “Polifenoles y carotenoides del zumo de tomate en plasma y orina, tras 4
semanas de intervencion”

Autores: Miriam Martinez-Huélamo; Mariel Colman-Martinez; Palmira Valderas-

Martinez; Sara Arranz-Martinez; Dolores Corella; Ramoén Estruch; Rosa M. Lamuela-
Raventos.

Congreso: XI Congreso de Dieta Mediterranea, Barcelona, Espana, 2016
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POLIFENOLES Y CAROTENOIDES DEL ZUMO DE TOMATE, EN PLASMA Y
ORINA, TRAS 4 SEMANAS DE INTERVENCION

Miriam Martinez-Huélamo?2, Mariel Colman-Martinez!, Palmira Valderas-Martinez23, Sara Arranz-Martinez23, Dolores
Corella24, Ramén Estruch?3, Rosa Maria Lamuela-Raventési-2

! Departamento de Nutricién, Ciencias de la Alimentacién y Gastronomia, Facultad de Farmacia y Ciencias de la Alimentacién, Universidad de Barcelona, Espaiia.
2CIBER 06/003 Fisiopatologia de la obesidad y nutricion (CIBERobn), Instituto de Salud Carlos III, Madrid, Espafia.
*Departmento de Medicina Interna, Hospital Clinic, Instituto de Investigaciones Biomédicas August Pii Sunyer (IDIBAPS), Universidad de Barcelona, Espafia.
9Departmento de Medicina Preventiva y Salud Plblica, Universidad de Valencia, Espafia.
&
El objetivo de este trabajo fue estudiar la
correlacion entre el consumo durante 4

semanas de diferentes dosis de zumo de

tomate con 5% de aceite de oliva refinado y

las concentraciones de compuestos fenélicos y
carotenoides en orina y plasma de 34
participantes sanos, pero con alto riesgo L s
cardiovascular.

OBJETIVO DISENO DEL ESTUDIO

Abierto, randomizado,

Alto riesgo cardiovascular i
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CONCLUSIONES

<

Existe un claro efecto dosis/respuesta de los carotenoides en plasma
tras la ingesta crénica de zumo de tomate. Sin embargo, estos efectos
no son tan evidentes en los compuestos fendlicos, no cbservandose
variaciones en plasma y en orina, a excepcién de la naringenina-O-
glucurénido, pero sin diferencias significativas.
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Comunicacion 5. Poster.

Titulo: “Effect of the irrigation, the cultivation method and the olive variety on the
phenolic content of olive oils”
Autores: Mariel Colman-Martinez; Paola Quifer-Rada; Ruth Martinez-Las Heras;

Raquel Callején-Fernandez; Brigida Jiménez; Rosa M. Lamuela-Raventés.
Congreso: 7th International Conference on Polyphenols and Health (ICPH), Tours,
Francia, 2015
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) Effect of the irrigation, the cultivation method

. Colman-Martinez’, P. Quifer-Rada'?, R. Martinez-Las Heras?,
R. Callejon-Fernandez?, B. Jiménez®, R. Lamuela-Raventos'?

Nutrition and Food Science Department, School of Pharmacy, University of Barcelona, Barcelona, Spai
*CIBER Physiopathology of obesity and nutrition (CIBERabn), Institute of Health Carlos 11, Madrid, Spain
*Institute of Food Engineering for Development, Universitat Politécnica de Valencia, Spain

“Nutrition and Faod Science, Toxicology and Forensic Medicine Department, School of Pharmacy, University of Sevilla, Sevilla, Spain
finstitute for Agricultural and Fisheries Research and Training. Ministry of Agriculture and Fisheries. Junta de Andalucia, Crdoba, Spain

Results

Olive oil is considered one of the healthiest dietary fats due to its fatty acids
profile and its rich phenolic composition. Nevertheless, the nutritional
quality of the olive oils is affected by agronomic and technological factors,
the variety of olive, the geographical area of production, the harvest period
and the extraction process, as well as the climatic conditions prevailing in
the production year. Irrigation positively influences the composition and
organoleptic characteristics of olive oil. The aim of this work was to study
the phenolic profile of oils produced with two different types of olives
harvested in Andalucia, Spain, Hojiblanca and Picual, and to determine
whether there are differences in the phenolic content of these cils according
ta the type of irrigation received and the cultivation method (conventional or
organic).
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Comunicacion 6. Poster.

Titulo: “Development of new biomarkers for nutritional epidemiology”
Autores: Anna Tresserra-Rimbau; Paola Quifer-Rada; Miriam Martinez-Huélamo;
Anna Creus-Cuadros; Gemma Sasot-Flix; Mariel Colman-Martinez; Xiaohui Guo;

Rosa M. Lamuela-Raventés.
Congreso: Biomarkers and Health Claims on Food: BIOCLAIMS Meeting with
stakeholders, Palma de Mallorca, Esparia, 2015
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DEVELOPMENT OF NEW BIOMARKERS FOR NUTRITIONAL EPIDEMIOLOGY |

polyphenol intake, whilz isaxanthohumeol, a new biomarker developed by our group, is used to accurately measure beer consumption. Cther
examples are tartaric acd quantification in urine for wine consumption and lycopene and beta-car in plasma for ton products. Itis
/| necessary, however, to further investigate naw biomarkers for other key foods.
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Comunicacion 7. Poster.

Titulo: “A new method for simultaneous identification of carotenoids, xantophylls and
fat soluble vitamins in human plasma samples”

Autores: Mariel Colman-Martinez; Miriam Martinez-Huélamo; Rosa M. Lamuela-

Raventos.
Congreso: 22nd Young Research Fellow Meeting, Paris, Francia, 2015
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A NEW METHOD FOR SIMULTANEOUS IDENTIFICATION OF CAROTENOIDS, XANTHOPHYLLS
AND FAT SOLUBLE VITAMINS IN HUMAN PLASMA SAMPLES

Mariel Colman-Martinez!, Miriam Marti Huélamo'~ and Rosa M.
Lamuela-Raventds

!Nutrition and Food Science Department, a joan XX,

INTRODUCTION

Epidemiologic studies have shown that oxidative stress plays an essential role in the
cardiovascular diseases (1-3) and it has been suggested that antioxidants plays a protective role against these chronic di by defending against oxidative d (4).
There is an increasing interest in the analysis of carotenoids and some fat soluble vitamins due to their antioxidant properties and their relationship with the development
of chronic diseases. The characterization and quantification of carotenoids and fat-soluble vitamins in the human plasma is essential for best interpretation of epidemiologic
studies linking diet and health. High-performance liquid chromatography (HPLC) is the most used technique for the identification and quantification of carotenoids and fat-
soluble vitamins.

The aim of this word was validate a method for the identification of mainly carotenoids, xantophylls and fat soluble vitamins in human plasma, capable of be useful for
dietary habit studies and for antioxidants status investigations.

h

of many deg ive diseases, such as cancer, diabetes and

MATERIALSANDMETHOD ___ RESULTS

Extraction of carotenoids and fat soluble vitamins The HPLC method was P g a sensitive analysis for carotenoids,
xantophylls and fat soluble vitamins detection and showing satisfactary data for all the

parameters tested.

[al validatad "

Table 1. Method validation correlation coefficients (R2), limit of detection
(LOD), limit of quantification (LOQ), recovery and accuracy.

st st . ‘ R | LOD(g/ml) LOQ(ug/ml) Recovery(¥) RSD(%) = Accuracy (%)
Syl { | 0,9905 02 07 % 34

0,5504 05 17 18

0.9947 06 20 50

0998 01 03 6,5

0,3508 04 13 91

Validation Method parameters i . 0991 01 03 52

300 ot ThBE

-Sensitivity: 09914 02 07 33
LoD= 3*s/N 0,905 02 07 35
ol aiN 0 13 83 2

-Accuracy S s - -

-Recoveries kL 09938 04 13 3 52

-Precision: RSD=SD/X*100 —_——— 053 05 17 46

CONCLUSIONS 0% 0 07 2
0w 0 07 38

The HPLC method was completely validated, showing a sensitive analy
for carotenoids, xantophylls and fat soluble vitamins detection in plasma 09904 01 03 33

samples.
Due to the good results obtained in all parameters tested, this method REFERENCES

can be applied to dietary habits studies and/or antioxidants status (1) Valke M. et al. Mol Cell. Biochem. 266 (2004) 37-56.
investigations. (2) Vokurkova M. et al. Future Cardiol. 3(1) (2007) 53-63.

(3) Halliwell B. et al. Free Radic. Biol. Med. 4 (2013) 488-613.

(4) Mc. Call MR. et al. Free Rad. Biol. Med. 26 (1999) 1034-1053.
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Comunicacion 8. Poster.

Titulo: “Screening the polyphenolic metabolic differences between wine and
dealcoholized wine in plasma by high resolution mass spectrometry”
Autores: Anna Creus-Cuadros; Paola Quifer-Rada; Xiaohui Guo; Mariel Colman-

Martinez; Mercé Mercader-Marti; Rosa M. Lamuela-Raventés.
Congreso: 22nd Young Research Fellow Meeting, Paris, Francia, 2015
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SCREENING THE POLYPHENOLIC METABOLIC DIFFERENCES BETWEEN WINE AND
DEALCOHOLIZED WINE IN PLASMA BY HIGH RESOLUTION MASS SPECTROMETRY

Anna Creus-Cuadros', Paola Quifer-Rada'?, Guo Xiaohui', Mariel Colma , Mercé Marti*, Rosa M. Lamuela-Raventés'2

'Nutrition and Food Science Department, XeRTA, INSA. Pharmacy School, University of Barcelona, Av. Joan XXIll s/n Barcelons, Spain
?CIBER Fisiopatologia de la obesidad y nutricion (ciberobn) and RETICS RDOB/0045/0003. Institute of Health Carlos I, Spain
“Miguel Torres, Vilafranca del Penedes, Spain

Introduction

Red wine is a rich source of Its intake is iated with beneficial effects on health, such as cardi lar disease pri ion. Up to now, nnlv a few sludles
have focused on the bioavailability of polyphenols considering the matrix of wine, such as alcohol. there is no if aleohol i | 1} ilability by
improving polyphenol’s solubility or increases the elimination as a result of the diuretic effect. The aim of this study was to analyze the phenolic profile and their metabolites in plasma
after an acute intervention of wine and dealcoholized wine (DW) in order to test if the alcohol present in the wine matrix affected phenolic absorption and metabolism.

Liquid chromatography coupled to high resalutmn mass spectrometry was used for an accurate
identification of polypt Is and polypk bolites in plasma at Oh, 2h and 4h after an
acute consumption of wine and dealcoholized wine.

To analyze the phenolic profile and their metabolites in plasma after an acute
of wine and dealcoholized wine (DW) in order to test if the
alcohol present in the wine matrix affects the phenolic absorption and

metabolism.
y design
Phase Il metabolism
¢ fﬂ

AFTER AN OVERNIGHT
FAST

[DEALCOHOLIZED
; Urine excretion M
Feces. /

J

Table2. Tabie oniy shows phencic metaboliies that were different between RO and DRW.
morverzions
Tablet. Totis shows ta Total Polyphenad concaniration §
7t ol T ket sl [= PLASMA AFTER INTERVENTION Dealcoholized wine had lower concentration of
Pouw:;r:g"l;‘lguwclgn\nouc e polyphenols than Wine.
polyph meq GA/L = m’ = o 67 and 66 phenolic compounds were identified in
“ seae2  isap sa M TR T | HYDROKYBENZOIC AGIDS. wine and dealcoholized wine, respectively. Syringic
’ . = g Ptm:hublddghmﬁdn o v v acid was only identified in wine sample.
ﬁ 21799 1145 53 (ERER -hydroryhippur = \; v v o 50and 49 pol were identified in
12 i i .
ms\ﬂ‘lﬂﬂw plasma after wine and DW, respectively.
Vanillic acid sulfate 1 v v v ?
Vmﬂlicaﬂdsulhlal v v v o Plasma polyphenols remained longer after the DW
Galllcacld ethyl ester® v v v intervention (at least 2h), possibly due to the diuretic
PHENYLACETIC ACIDS P v effect of the ethanal.
Homavanillic acid sulfate. v
Homoprotocatechuic acid * v VT
‘Homovanillicacid® v
CYNNAMIC ACIDS
Dihydrocaffeic acid sulfate. v v v
Caffeicacid® v
Ferulic acid 4-O-glucuronide ) v
p-coumaric acid * v v v
arcaumaric auid* v References
STILBENES
trans-resveratrol-4-O-glucuronide® v 1. Tresserra-imbay, A, et al. 2013
e E | v v N —
FLAVONOLS .
3. Chiva-Blanch, G. ef ol. 2012
SRt 3‘,’“‘?“*’ :, v Vi 4. Chiow, Y5, et of. 2014,
FLAVANOLS 5. Queipo-Ortulo, M. 1, et al 2012
Epicatachin® W 6 Ortuto 1 etal 2010,
(Epilcatechin sulfate. v v v 7. Manach, etal 2004
taxifolln® v
Metabolites of benzoic acids, hydroxycinnamic acid, sfiloenes, flavanes, flavonols and their derivatives were idenified; including metabolites derived from
the microbiota metabolism such as propionic acids, acids, acids and Also, several conjugated
metabolites of the phase Il metabolism were identified such as and sulfated For example acid was observed in POLYPHENOD
wine and s conjugated form protocatechuic-O-glucoside acid was dentfied in plasma. In additon, thyl- di-
and Irisulfated and sulfated conjugated f during the phese | metabolism were alsc idenfified J RESEM
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Comunicacion 9. Comunicacion Oral.

Titulo: “La variedad de oliva, el estrés y el cultivo ecolégico condicionan los niveles de
polifenoles del aceite de oliva virgen”
Autores: Paola Quifer-Rada; Ruth Martinez-Las Heras; Mariel Colman-Martinez;

Raquel Callején-Fernandez; Brigida Jiménez; Rosa M. Lamuela-Raventés.
Congreso: | Workshop Anual INSA-UB. El universo del aceite de oliva, Barcelona,
Espana, 2015
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Comunicacion 10. Pdster.

Titulo: “Use of high resolution mass spectrometry tools for the screening of the
polyphenolic metabolic differences between wine and dealcoholized wine”
Autores: Anna Creus-Cuadros; Paola Quifer-Rada; Xiaohui Guo; Mariel Colman-

Martinez; Mercé Mercader-Marti; Rosa M. Lamuela-Raventés.
Congreso: Jornada Teécnica sobre la Recerca en Enologia i Viticultura en Catalunya,
Tarragona, Espafa, 2015

209



Anexos

N

oo
[ -1

Bl UNIVERSITAT DE BARCELONA

POLYPHENOL)

RESEARCH

iberobn

Anna Creus-Cuadros', Paola Quifer-Rada’?, Guo Xiaohui', Mariel Colman-Martinez’,

?CIBER Fisiopatologia de la obesidad y nutricion (ciberobn) and RETICS RD06/0045/0003. Institute of Health Carlos lll, Spain
Miguel Torres, Vilafranca del Penedés, Spain

TORRES
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Introduction

have focused on the bioavailability of polyphenols considering the matrix of wine, such as alcohol. N day

Red wine is a rich source of polyphenols. Its moderate intake is associated with beneficial effects on health, such as cardiovascular disease prevention. Up to now, only a few studies
, there is no cc

if alcohol increases polyphenols bicavailability by

improving polyphenol’s solubility or increases the elimination as a result of the diuretic effect. The aim of this study was to analyze the phenolic profile and their metabolites in plasma
after an acute intervention of wine and dealcoholized wine (DW) in order to test if the alcohol present in the wine matrix affected phenalic absorption and metabolism.

To analyze the phenolic profile and their metabolites in plasma after an acute
intervention of wine and dealcoholized wine (DW) in order to test if the
alcohol present in the wine matrix affects the phenolic absorption and
metabolism.

Liquid chromatography coupled to high resolution mass spectrometry was used for an accurate
identification of polyphenals and polyphenolic metabolites in plasma at Oh, 2h and 4h after an
acute consumption of wine and dealcoholized wine.

\

Phase Il metabolism
Metilation
~ Glucuronidation

Urine excretion

AFTER AN OVERNIGHT
FAST T

Table2. Tabie anly shows phenoic metabolites that were different beteen RD and DRW
interventions.

Table1. Tabie shows the Tolil Polyphenol concentration §
inwine and DW expressed in equivalents of Galc acid -=

PLASMA AFTER INTERVENTION
POLYPHENOLIC METABOLIC EALCOHOLIS
DIFFERENCES

polyphenal:

I

HYDROXYBENZOIC ACIDS
Protocatechuic acid glucoside
4-hydroxyhippuric acid *
Syringic acid v
Vanillic acid sulfate 1
Vanillicacid sulfate 2
Gallicacid ethyl ester*
PHENYLACETIC ACIDS
Homovanillic acid sulfate
Homoprotecatechuic acid *
'Homovanillicacid*
CYNNAMIC ACIDS
Dihydrocaffeic acid sulfate
Caffeicacid*
Ferulic acid 4-O-glucuronide
p-coumaric acid *
o-coumaric acid*
STILBENES
trans-resveratrol-4-0-glucuronide®
trans-resveratrol*
FLAVONOLS
kaempferol-3-glucoside™
kaempferol*
FLAVANOLS
Epicatechin®
(Epilcatechin sulfate v v
taxifolin® v
Metabolites of benzoic acids. hydroxycinnamic acid, stibenes, flavones, flavonals and their derivatives were identified; including metabolites derived from
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the microbiota metabolism such as propionic acids, aclds. acids and . Also, several
metabolites of the phase |1 metabolism were ldenlrl’ ied such as and sulfated For examule pr acid was observed in
wine and its form profc ide acid was identified in plasma. In addition, i = , di-
and trisulfated and sulfated-glucuronidated fi rred during the phase || metahallsmwem a\so Idennﬂed

210

Conclusions

Dealcoholized wine had
polyphenols than Wine.

o 67 and 66 phenolic compounds were identified in
wine and dealcoholized wine, respectively. Syringic
acid was only identified in wine sample.

50 and 49 polyphenolic metabolites were identified in
plasma after wine and DW, respectively.

Plasma polyphenols remained longer after the DW
intervention (at least 2h), possibly due to the diuretic
effect of the ethanol.
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