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1. Resumen

El tomate es la hortaliza más consumida en España (14.3 Kg/cápita/año), con una 

repercusión económica muy importante
1
. En el ámbito de la fruta/hortaliza

transformada, el tomate también es el número uno en consumo, donde la ingesta per 

cápita está cuantificada aproximadamente en 3.8 Kg/año para la salsa de tomate y 

1.5 Kg/año para el tomate natural envasado
2
.

El tomate es uno de los alimentos de origen vegetal más ampliamente utilizados y con 

muchos usos. Se consume fresco o como productos procesados (enlatados, salsas, 

zumos, kétchups, etc.)
1
. Los tomates y los productos a base de tomate son ricos en

carotenoides, vitamina C, vitamina E, folato y compuestos fenólicos. La cantidad de 

compuestos bioactivos está muy influenciada por las distintas variedades que existen, 

además de los factores agronómicos, geográficos y ambientales
3,4

. El consumo regular

de tomate se ha correlacionado con una reducción del riesgo de padecer varios tipos de 

cáncer y enfermedades cardiovasculares
5–7

. Estos efectos beneficiosos se han atribuido a

los compuestos bioactivos, particularmente a los carotenoides, licopeno y β-caroteno, y 

a los compuestos fenólicos
8–10

.

Los tomates son una buena fuente de compuestos fenólicos, como los flavonoides y los 

ácidos fenólicos, entre los que destacan la naringenina (flavanona), el 

ácido 5-cafeoilquínico (ácido hidroxicinámico) y la rutina (flavonol)
4
. La

biodisponibilidad de los compuestos fenólicos en los alimentos viene determinada por 

diferentes factores tanto del alimento como del individuo
11

. La matriz alimentaria es

uno de los factores externos que más condiciona la biodisponibilidad de los diferentes 

componentes funcionales, pero los datos publicados de los efectos del tratamiento 

térmico sobre la matriz no son consistentes
12,13

.

A pesar de que hoy en día se conoce que el procesado y la presencia de lípidos en la 

comida
14–18

 aumenta la biodisponiblilidad de los carotenoides, existe todavía poca

información sobre cómo afectan los tratamientos del alimento al contenido fenólico del 

tomate
4
, y se han realizado pocos estudios en humanos para conocer cómo afecta la

forma de administración (tomate crudo o procesado) a la absorción y la excreción de los 

compuestos fenólicos del tomate
19–21

. También se ha observado que la presencia de

ácidos grasos (matriz lipídica) aumenta la biodisponibilidad de los fenoles
22

, pero no se

Resumen
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conoce cuál sería el efecto del enriquecimiento con aceites en la biodisponibilidad de 

los polifenoles del tomate tras su administración en humanos. 

Resumen
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1. Abstract

Tomato is the most consumed vegetable in Spain (14.3 kg/capita/year), with a 

substantial economic impact
1
. In the field of transformed fruit/vegetable, tomato is also

number one in consumption, where the intake is quantified approximately in 

3.8 kg/capita/year for tomato sauce and 1.5 kg/capita/year for natural canned tomatoes
2
.

Tomatoes are one of the most widely used plant-based foods and with many 

applications. They are eaten raw or as processed products (canned, sauces, juices, 

ketchups)
1
. Tomatoes and tomato based products are rich in carotenoids, vitamin C,

vitamin E, folic acid and phenolic compounds. The amount of bioactive compounds is 

strongly influenced by the different varieties, and also agronomic, geographic and 

environmental factors
3,4

. Regular consumption of tomatoes has been correlated with a

reduced risk of developing several types of cancer and cardiovascular diseases
5-7

. These

beneficial effects are attributed to bioactive compounds, particularly carotenoids, 

lycopene and β-carotene, and phenolic compounds
8-10

.

Tomatoes are a good source of phenolic compounds such as flavonoids and phenolic 

acids, as naringenin (flavanone), 5-caffeoylquinic acid (hydroxycinnamic acid) and 

rutin (flavonol)
4
. The bioavailability of phenolic compounds depends on different

factors related to the food as well as each individual consumer
11

. The food matrix is one

of the external factors that influences the bioavailability of different functional 

components, but published data on the effects of thermal treatment are not 

consistent
12,13

.

Although it is known that processing and the presence of lipids in food increases the 

bioavailability of carotenoids
14-18

, there is still little information on how treatments

affect tomato polyphenol content
4
, and few studies have investigated the absorption and

excretion of phenolic compounds according to how raw tomato or processed are 

administered to humans
19-21

. It has also been found that fatty acids increase the

bioavailability of phenolics
22

, but little is known about the effect of oil addition in the

bioavailability of tomato polyphenols in humans.  

Abstract
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2. Hipótesis y Objetivos

Hipótesis 

El procesado de tomate y la adición de una matriz lipídica durante el tratamiento del 

fruto favorecen la extractabilidad y por lo tanto, la biodisponibilidad de los compuestos 

fenólicos contenidos en los productos. 

Objetivos 

El objetivo general de esta tesis doctoral fue verificar si la biodisponibilidad de los 

compuestos fenólicos presentes en el tomate y derivados del tomate está influenciada 

por la tipología de la ingesta y la adición de una matriz lipídica durante el procesado. 

Para poder alcanzar dicho objetivo general se plantearon los siguientes objetivos 

específicos: 

- Desarrollar y validar una metodología óptima para la identificación y cuantificación de

los polifenoles provenientes de tomate y sus subproductos a través de UHPLC-MS/MS.

- Desarrollar y validar un método analítico por HPLC-MS/MS y UHPLC-MS/MS para

identificar y cuantificar los polifenoles y metabolitos derivados del consumo de tomates

y sus subproductos en muestras de orina y plasma humano.

- Realizar un ensayo de biodisponibilidad en humanos sanos para estudiar los efectos de

la adición de diferentes matrices lipídicas (aceite de oliva virgen extra o aceite de oliva

refinado) a salsas de tomate.

- Evaluar los efectos de la tipología de la ingesta (tomate y salsa de tomate) en la

biodisponibilidad de los polifenoles en un estudio agudo de biodisponibilidad en

humanos sanos.

Hipótesis y Objetivos
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2. Hypothesis and Aims

Hypothesis 

Tomato processing and the addition of a lipid matrix during the treatment of the fruit 

favor the extractability and therefore, the bioavailability of the phenolic compounds 

contained in the products. 

Aims 

The aim of this thesis is to verify whether the bioavailability of phenolic compounds 

present in tomatoes and tomato products is influenced by the type of intake and the 

addition of a lipid matrix during processing. 

In order to achieve this aim, the following specific aims were proposed: 

- Development and validation of an optimal methodology for the identification and

quantification of polyphenols from tomato and by-products through UHPLC-MS/MS. 

- Development and validation of an analytical method by HPLC-MS/MS and

UHPLC-MS/MS to identify and quantify the polyphenol metabolites derived of the 

consumption of tomato and tomato by-products in human urine and plasma. 

- Carry out a bioavailability study in healthy humans to study the effects of adding

different lipid matrices (extra virgin olive oil or refined olive oil) to tomato sauces. 

- Evaluate the effects of the type of intake (tomato and tomato sauces) in the

bioavailability of polyphenols in a accute bioavailability study in healthy human. 

Hypothesis and Aims
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3. Introducción

3.1. Compuestos bioactivos 

Los compuestos bioactivos están presentes en pequeñas concentraciones en una gran 

variedad de frutas, hortalizas y verduras y han despertado un gran interés científico 

debido a que presentan actividades biológicas y efectos beneficiosos en la salud 

humana
23–27

. Dentro de los compuestos bioactivos se encuentran las vitaminas (vitamina

C, folato y provitamina A), los minerales (potasio, calcio y magnesio), los fitoquímicos 

(compuestos fenólicos, alcaloides, compuestos nitrogenados, compuestos órgano-

sulfurados, fitoesteroles y carotenoides) y la fibra dietética
28

. En la presente tesis

doctoral nos hemos focalizado en los fitoquímicos. 

3.1.1. Compuestos fenólicos 

Los compuestos fenólicos son metabolitos secundarios de las plantas y los compuestos 

bioactivos más abundantes de la dieta. A pesar de su extrema variedad (alrededor de 

8000 estructuras) los compuestos fenólicos poseen en común al menos un anillo 

aromático con uno o más grupos hidroxilo unidos. La diferenciación entre los 

compuestos viene dada por el número de anillos fenólicos y los grupos (azúcares, 

ácidos orgánicos o metilos) unidos a ellos. La clasificación generalmente más usada es 

la que separa los flavonoides de los no flavonoides. Los flavonoides tienen en común 

una estructura C6-C3-C6, representada por dos anillos bencénicos unidos entre sí por un 

anillo piránico. Entre los flavonoides, podemos encontrar a las flavanonas, flavonas, 

isoflavonas, flavanoles, flavonoles y antocianidinas. Los no flavonoides se clasifican 

según el número de carbonos y dentro de este grupo hallamos a los ácidos fenólicos, 

estilbenos y fenoles no carboxílicos
30,31

. En la Tabla 1, se muestra la clasificación más

aceptada de los compuestos fenólicos.  
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Tabla 1. Clasificación de los compuestos fenólicos. 

FLAVONOIDES 

Subgrupo Estructura Ejemplos 

Flavanonas 
Naringenina, hesperitina, 

eriodictiol 

Flavonas 
Apigenina, luteolina, 

tangerenina 

Isoflavonas 
Genisteína, daidzeína, 

glicetina 

Flavanoles 
Catequina, epicatequina, 

galocatequina 

Flavonoles 
Quercetina, caemferol, 

isorhamnetina 

Antocianidinas 
Delfinidina, cianidina, 

petunidina 

NO FLAVONOIDES 

Subgrupo Estructura Ejemplos 

Ácidos fenólicos 
Ácido cafeico, ácido 

homovanílico, ácido gálico 

Estilbenos 
Resveratrol, palidol, 

piceatanol 

Fenoles no carboxílicos 
Tirosol, oleuropeina, 

curcumina 
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Los compuestos fenólicos de los alimentos son comúnmente encontrados conjugados 

con azúcares y ácidos orgánicos. Los azúcares y los grupos hidroxilo incrementan la 

solubilidad de los flavonoides, mientras que los grupos metilo provocan una menor 

solubilidad, haciendo al compuesto más lipofílico
30

. Los compuestos fenólicos

intervienen en la pigmentación de las plantas, como agentes protectores contra la luz 

ultravioleta o presentan actividades anti-mutagénicas, antivirales, 

antibacterianas (bactericidas o bacteriostáticas), alguicidas, antifúngicas, insecticidas, 

estrogénicas y quelantes que sirven para proteger al organismo de los que compiten en 

su entorno biológico
30,32,33

. Los grupos hidroxilo unidos al compuesto fenólico también

son buenos donadores de hidrógeno y, por lo tanto, ayudan a eliminar las especies 

reactivas de oxígeno (ROS) del organismo rompiendo, de este modo, el ciclo de 

generación de nuevos ROS que provocan la oxidación de las células del organismo. Los 

compuestos fenólicos también inhiben la oxidación de lípidos, proteínas y ADN 

provocada por los radicales libres y modulan la actividad enzimática
30

. De esta forma,

los polifenoles pueden ayudar a la prevención de diversas enfermedades 

cardiovasculares y algunos tipos de cáncer
24,28–31,34

.

3.1.1.1. Biodisponibilidad de los compuestos fenólicos 

La biodisponibilidad se define como la fracción de nutrientes o no nutrientes que es 

disponible para realizar las funciones fisiológicas y/o de almacenaje del cuerpo 

humano
11

. Existen diversos factores que pueden afectar a la biodisponibilidad

directamente o variando el contenido fenólico en los alimentos previo a su consumo. En 

la Figura 1, se muestra un resumen de estos factores. 

- Factores intrínsecos y extrínsecos del alimento

Numerosos factores pueden influir en el contenido fenólico de las plantas, como la

genética, además de los factores agronómicos, geográficos y ambientales
3,4

. También, el

grado de madurez afecta a las concentraciones y proporciones de los diversos fenoles de

diferentes maneras: en general, las concentraciones de ácidos fenólicos disminuyen

durante la maduración, mientras que las concentraciones de antocianinas aumentan
35

.
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Figura 1. Factores que afectan la biodisponibilidad de los compuestos fenólicos. 

 

- Factores relacionados con el procesado del alimento 

En general, los tratamientos térmicos, los métodos culinarios, la deshidratación, la 

molienda, la homogeneización, la encapsulación y el almacenaje afectan al contenido 

fenólico de los alimentos, variando su biodisponibilidad y bioactividad
36,37

. Aunque el 

estudio de estos compuestos bioactivos durante los tratamientos térmicos es bastante 

amplio, no existe un consenso respecto si el nivel de fenoles aumenta o disminuye 

después de dicho tratamiento, sino que varía según el alimento o la familia de 

polifenoles que se estudie
35

. El aumento de temperatura aumenta el riesgo de 

degradación y oxidación de los polifenoles, pero puede, por otro lado, romper la 

interacción de éstos con la pared celular de la matriz del alimento facilitando su 

liberación durante la digestión
11

. Del mismo modo, los métodos culinarios también 

presentan un efecto controvertido sobre la biodisponibilidad de los                 

compuestos fenólicos. Según el método utilizado, ya sea, hervido, al vapor, frito, 

ahumado, y dependiendo del alimento estudiado, se llegan a resultados distintos. En un 

estudio llevado a cabo por Miglio et al.
38

, se vio disminuida la concentración de 

polifenoles tras el hervido de zanahorias, mientras que un incremento en el contenido de 

estos compuestos y su capacidad antioxidante se observó al cocinar al vapor brócoli. 

Los métodos de deshidratación, utilizados para aumentar la vida media del alimento y 

evitar contaminación microbiológica, producen una pérdida en la concentración de 
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polifenoles posiblemente a través de la rotura de los compartimentos celulares o vía 

degradación enzimática
11

. También se ha demostrado que tanto la molienda como la 

homogeneización ayudan a aumentar la biodisponibilidad por la alteración de la matriz 

del alimento. Estos procesos permiten obtener partículas más pequeñas aumentando el 

área de superficie ayudando al acceso de las enzimas digestivas
11,35

. Otro método de 

procesado es la encapsulación que se utiliza para la estabilización del producto, para 

aumentar su biodisponibilidad o para tener controlados los polifenoles durante la 

digestión. En concreto, se utiliza para aumentar la solubilidad de polifenoles poco 

solubles como el resveratrol o la curcumina
11

. Por último, el método de almacenaje 

también afecta al contenido fenólico y de la misma manera que ocurría con los 

tratamientos térmicos, según el alimento y compuestos fenólico estudiados, la 

concentración de los compuestos aumenta o disminuye
35

. 

 

- Factores relacionados con la matriz del alimento 

La matriz del alimento es uno de los principales factores que pueden influir en la 

biodisponibilidad de los compuestos fenólicos. La absorción de los compuestos 

fenólicos se ve alterada dependiendo del estado de la matriz del compuesto, ya sea, 

líquido o sólido. La mayoría de los alimentos en estado líquido poseen una menor 

viscosidad, pasando a través del estómago más rápidamente que los sólidos, y tienen un 

menor porcentaje de proteínas o hidratos de carbono que pueden unirse a los 

polifenoles
11

. Aunque muchos estudios han concluido que la biodisponibilidad de los 

compuestos fenólicos es mayor cuando se consumen en estado líquido, existen otros que 

proponen el estado sólido como el ideal para una mayor biodisponibilidad
11

. También 

existe variabilidad entre las diferentes matrices líquidas en las que se pueda presentar un 

alimento, variando de este modo la absorción y biodisponibilidad del fenol según en qué 

tipo de líquido se encuentre el compuesto. Por ejemplo, en un estudio en humanos se 

investigó la absorción de quercetina, catequina y resveratrol tras el consumo de vino 

blanco, zumo de uva y zumo de vegetales, presentando una absorción diferente para 

cada tipo de alimento. Lo mismo ocurrió cuando se estudió la adición de leche a café y 

té donde en el primero se observaron diferencias en las concentraciones de 

epicatequinas mientras que con el segundo no se produjo ningún cambio
11,35

.  
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- Interacciones con otros compuestos 

A parte del estado líquido o sólido, también pueden afectar otros componentes de la 

matriz como las proteínas, los hidratos de carbono, la fibra, las grasas, o los minerales, 

además de la interacción con otros compuestos bioactivos
11,35,39

. En el caso de la fibra 

dietética, estudios en los que se investiga la adición de fibra al alimento, se observa que 

disminuye la disponibilidad de los fenoles debido al atrapamiento físico y/o al 

incremento de la viscosidad y la masa
11

. Por otro lado, la grasa, contenida o 

administrada en los alimentos, ha demostrado aumentar la absorción de los fenoles más 

apolares, aunque según el polifenol estudiado aumenta el tiempo de absorción. Esto 

sería debido posiblemente a la creación de micelas que con la ayuda de las grasas del 

alimento provocarían una estabilización o solubilización de la mezcla de éstas
11,35

. En el 

caso de las proteínas, se han demostrado efectos negativos al disminuir la 

biodisponibilidad de los polifenoles en la mayoría de los estudios realizados. Las 

proteínas presentan mayor afinidad por los compuestos fenólicos con más grupos 

hidroxilo como por ejemplo los taninos, formando complejos que reducen la absorción 

de los fenoles
11

. Pocos estudios han investigado el efecto de los hidratos de carbono y 

los minerales sobre la absorción de los polifenoles. En ambos casos se observaron 

efectos adversos, provocando una disminución en la absorción de los hidratos de 

carbono, posiblemente por la inhibición de la amilasa, y de los minerales, por la 

formación de quelatos
11

. Por último, la mayoría de estudios revelan que la 

biodisponibilidad de los polifenoles es más elevada cuando son ingeridos juntamente 

con otros polifenoles que cuando se consumen solos
11

. También la presencia de algunas 

vitaminas, como por ejemplo, el ácido ascórbico, ayudan a prevenir la oxidación de 

algunos fenoles, sugiriendo una mejora en la biodisponibilidad de estos compuestos
11

.  

 

- Estructura química  

En los alimentos, la mayoría de los polifenoles se encuentran como polímeros o en 

forma glicosilada. En estas formas, la mayoría de los compuestos no pueden ser 

absorbidos y deben ser hidrolizados por enzimas intestinales o por la microbiota del 

colon antes de su absorción, dando lugar a las correspondientes agliconas. La estructura 

química específica de los polifenoles, así como el tipo de azúcar al que estén unidos, 

determinan su velocidad y el grado de absorción intestinal
35,40

. 
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- Absorción gastrointestinal 

La digestión comienza en la cavidad oral, donde encontramos el enzima amilasa. Dado 

que el tiempo que el alimento se encuentra en la boca es corto, la función de dicho 

enzima es considerada escasa. La reducción del tamaño de partícula del alimento, ayuda 

a incrementar el acceso de los enzimas en los siguientes pasos de la digestión
11

. La 

mayoría de los polifenoles parecen liberarse de la matriz durante la fase gástrica gracias 

a la digestión con la pepsina conjuntamente con los movimientos peristálticos y el bajo 

pH, los cuales ayudan a disminuir el tamaño de partícula
11

. Al pasar del estómago al 

intestino delgado, el pH se incrementa aproximadamente de 2 a 7, permitiendo activar a 

los enzimas segregados por el páncreas o la bilis y formar micelas solubles en agua
11

. 

Como se ha explicado anteriormente, la mayoría de polifenoles necesitan ser 

hidrolizados para que puedan ser absorbidos. Existen dos posibles mecanismos: por 

acción de la lactasa-floricin hidrolasa (LPH) presente en el borde del enterocito o por la 

β-glucosidasa citosólica (CBG) presente dentro del mismo
11,31,35,40,41

. Tras la 

desglicosilación por parte de la LPH, las agliconas liberadas pueden entrar en el 

enterocito por difusión pasiva, como resultado de su mayor lipofilia
11,31,35

. La CBG, en 

cambio, actúa dentro del enterocito transportando, a través del transportador de glucosa 

asociado a sodio (SGLT1), los glucósidos más polares
11,31,35

. No todos los polifenoles 

son hidrolizados en el intestino delgado, dado que los que están unidos a ramnosas, no 

se hidrolizan. Estos compuestos deben alcanzar el colon para que se produzca la 

hidrólisis a través del α-ramnosidasa secretado por la microbiota del colon a fin de ser 

absorbidos
41

.  

Los polifenoles una vez transformados en agliconas simples, en el enterocito, son 

sometidos a otras modificaciones estructurales como la metilación, sulfatación y/o 

glucuronidación, obteniéndose metabolitos de fase II
11,31,35,40,41

. Los enzimas 

encargados de metabolizar las agliconas son: catecol-O-metiltransferasa (COMT), el 

cual cataliza la transferencia de un grupo metilo de adenosilmetionina a las agliconas 

que contienen un resto difenólico, sulfotransferasas (SULT) que producen la 

transferencia de un sulfato de la fosfoadenosina-fosfosulfato a un grupo hidroxilo de las 

agliconas, y uridina-5'-difosfato glucuronosiltransferasas (UGT) que cataliza la 

transferencia del ácido glucurónico del ácido UDP-glucurónico a los compuestos 

fenólicos 
31,35,40,41

. Los polifenoles que atraviesan la membrana basolateral del 

enterocito, se introducen en el flujo sanguíneo, y a través de la vena porta llegan al 

hígado donde son sometidos a nuevas conjugaciones de metabolismo de fase II
11,31,41

. 
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Siguiendo el transporte por el flujo sanguíneo, los polifenoles pueden ser distribuidos a 

la mayoría de tejidos e incluso atraviesan la barrera hematoencefálica, la cual solo son 

capaces de traspasar los compuestos lipídicos
11

. Algunos de los fenoles conjugados, que 

no atraviesan la membrana basolateral, son transportados mediante la acción de 

transportadores otra vez hacia el lumen intestinal del intestino delgado. Al mismo 

tiempo, la conjugación de los fenoles en el hígado facilita su excreción a través de la 

bilis mediante circulación enterohepática pudiendo volver a ser absorbidos por el 

intestino delgado. Los polifenoles que no se absorben en el intestino delgado pasan 

intactos al colon, conjuntamente con los compuestos que fueron absorbidos, 

metabolizados en el hígado y excretados en la bilis o directamente excretados del 

enterocito de vuelta al intestino delgado
40

. La microbiota intestinal del colon hidroliza 

los glucósidos a agliconas y las degrada a ácidos fenólicos simples. Estos compuestos 

pueden ser absorbidos y metabolizados por el hígado antes de ser excretados por la 

orina
31,35

. Los compuestos no absorbidos son eliminados a través de las heces
41

. 

Los metabolitos de fase II varían según la naturaleza del sustrato, la dosis ingerida, la 

especie y el sexo
35

. La dosis administrada juega un papel crucial para determinar el 

primer sitio de metabolización. Las dosis altas permiten la metabolización en el hígado, 

mientras que en una ingesta más pequeña, la metabolización se produce en el enterocito, 

siendo el hígado el segundo mecanismo para la modificación de los compuestos 

fenólicos conjugados por el intestino delgado
40

. Cabe destacar que los mecanismos de 

conjugación son altamente eficaces y que en plasma las agliconas pueden encontrarse en 

muy bajas concentraciones o ausentes
35,39–41

. En la Figura 2, se presenta un esquema de 

la absorción y biotransformación de los compuestos fenólicos de la dieta. 
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3.1.1.2. Extracción y análisis de compuestos fenólicos en alimentos y muestras 

biológicas 

La identificación y cuantificación de los compuestos fenólicos en alimentos y muestras 

biológicas es una tarea difícil debido a la amplia variedad de estructuras que se 

encuentran en la naturaleza y la falta de estándares comerciales disponibles. Se han 

utilizado varios métodos, incluidos los métodos espectrofotométricos, la     

electroforesis capilar, la espectroscopia de resonancia magnética nuclear, la 

espectroscopia de infrarrojos, y las técnicas cromatográficas tales como la 

cromatografía de fluidos supercríticos, cromatografía de gases, cromatografía líquida de 

alta resolución (HPLC) y, más recientemente la cromatografía líquida de ultra alta 

resolución (UHPLC).  

Sin embargo, se requieren extractos limpios antes de que las muestras se puedan 

analizar. Existen varios métodos de extracción entre los que se incluyen la extracción 

líquido-líquido, la extracción sólido-líquido, la extracción con fluido supercrítico, y la 

extracción en fase sólida (SPE). 

Una de las técnicas más aplicadas para su determinación es el HPLC que permite el 

acoplamiento con diferentes detectores, como el ultravioleta (UV), la fluorescencia, 

índice de refracción, dispersión de la luz, electroquímica, y                        

espectrometría de masas (MS). Actualmente, la mejor herramienta de análisis para 

cuantificar y caracterizar los compuestos fenólicos es el HPLC acoplado a MS, debido a 

la detección de los compuestos a muy bajas concentraciones. 

Toda esta información referente a la extracción y análisis de los compuestos fenólicos 

en alimentos y muestras biológicas se presenta a continuación bajo el título “Improved 

Characterization of Polyphenols Using Liquid Chromatography” capítulo 14 del libro 

“Polyphenols in Plants: Isolation, Purification and Extract Preparation” (Elsevier, 

2014 – ISBN: 978-0-12-397934-6)
42

.  
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14.1 Introduction
Polyphenols are plant secondary metabolites and the most abundant dietary bioactive 
compounds. Nowadays, it is estimated that 100,000 to 200,000 secondary metabo-
lites exist (Metcalf, 1987). Despite their extreme variety, polyphenols possess a com-
mon carbon skeleton building block: the C6–C3 phenylpropanoid unit. Biosynthesis 
by this pathway leads to a wide range of plant phenols: cinnamic acids (C6–C3), 
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CHAPTER 14 Improved Characterization of Polyphenols

benzoic acids (C6–C1), flavonoids (C6–C3–C6), proanthocyanidins [(C6–C3–C6)n], 
coumarins (C6–C3), stilbenes (C6–C2–C6), lignans (C6–C3–C3–C6) and lignins 
[(C6–C3)n] (Seabra et al., 2006).

An exhaustive identification of polyphenols in food and biological samples is of 
great interest due to their health-promoting effects. Notably, they have an important 
protective role against a number of pathological disturbances, such as atherosclero-
sis, brain dysfunction, and cancer (Ignat et al., 2011). It is well known that the pro-
tective effects of polyphenols in vivo depend on their accessibility and extractability 
from food, intestinal absorption, metabolism, final biological action in the human 
body, and potential interaction with target tissues (Tulipani et al., 2012). Phenolics 
may also act as antifeedants, contributors to plant pigmentation and protective agents 
against UV light, amongst other activities (Ignat et al., 2011). Nevertheless, the lack 
of commercially available standards and the wide range of phenolic structures found 
in nature make identification of phenolic compounds a complex task.

Polyphenol extraction is a crucial step in the development of an analytical method 
sensitive enough to determine these substances at low concentrations. Several extrac-
tion methods are described in the literature (Ignat et al., 2011), but the most com-
mon are liquid–liquid extraction (Baydar et al., 2004; Vallverdú-Queralt et al., 2010), 
solid–liquid extraction (Martinez-Huelamo et al., 2012; Medina-Remon et al., 2009), 
and extraction with supercritical fluid (Palenzuela et al., 2004; Palma and Taylor, 
1999).

Diverse methods have been reported for the identification and quantification of 
phenolic compounds (Ignat et al., 2011), including spectrophotometry (Huang et al., 
2009; Medina-Remon et al., 2009), capillary electrophoresis (CE) (Herrero-Martinez 
et al., 2005), nuclear magnetic resonance spectroscopy (NMR) (Slimestad et al., 2008), 
near-infrared spectroscopy (NIR) (Chen et al., 2009), and chromatographic techniques 
like high-performance liquid chromatography (HPLC) (Martinez-Huelamo et al., 
2012; Vallverdú-Queralt et al., 2010), ultra-high-performance liquid chromatogra-
phy (UHPLC) (Epriliati et al., 2010; Gruz et al., 2008), high-speed counter-current 
chromatography (HSCCC) (Cao et al., 2009; Yanagida et al., 2006), supercritical fluid 
chromatography (SFC) (Kamangerpour et al., 2002), and gas chromatography (GC) 
(Friedman, 2004; Lu and Foo, 1998), although in this chapter we will focus only on 
liquid chromatography.

Available HPLC detectors have various limitations. Although low detection limits 
and good sensitivity are obtained by UV, fluorescence, refractive index, light scatter-
ing or electrochemical detectors, the structural information they provide lacks detail. 
The introduction of methods that combine two or more analytical techniques, such 
as HPLC-UV coupled with photodiode array detection (HPLC-UV-DAD) and HPLC 
coupled with mass spectrometry (HPLC-MS), has improved structural elucidation of 
metabolites (Marston and Hostettmann, 2009).

Nowadays, the best analytical tool to quantify and characterize phenolic com-
pounds is considered to be liquid chromatography coupled with ultraviolet-photo-
diode array detection (UV-DAD) (Chen et al., 2009; Crozier et al., 1997; Epriliati 
et al., 2010; Fang et al., 2009; Kerem et al., 2004; Liu et al., 2008; Sakakibara et al., 

262
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14.2 Sample preparation 263

2003; Sun et al., 2007; Wang et al., 2009) or mass spectrometry (MS) (Cao et al., 
2009; Chiva-Blanch et al., 2011; Cimpan and Gocan, 2002; Gruz et al., 2008; Han 
et al., 2008; Martinez-Huelamo et al., 2012; Sanchez-Rabaneda et al., 2003a; Tsao 
and Deng, 2004; Tulipani et al., 2012; Urpi-Sarda et al., 2009; Vallverdú-Queralt 
et al., 2010; Volpi and Bergonzini, 2006).

14.2 Sample preparation
14.2.1 Analyte isolation
Accurate identification and quantification of analytes greatly depends on the extrac-
tion step. The lack of a standard extraction procedure, which is due to the variability 
and complexity of phenolic chemical structures and the matrices in which they are 
found, has led to the proliferation of multiple extraction techniques and methods 
(Table 14.1).

Extraction can also ensure a more sensitive determination of phenolic compounds 
and metabolites found at very low concentrations by eliminating interfering compo-
nents, especially in biological matrices.

Liquid–liquid (LLE) and solid–liquid extraction (which may be followed by 
solid-phase extraction (SPE) to purify the extract) are the most widely used tech-
niques. Common extraction solvents are methanol, ethanol, acetone, ethyl acetate, 
and diethyl ether, containing only a small amount of acid. However, polar phenolic 
acids such as cinnamic acids cannot be extracted with pure organic solvents, and 
require alcohol–water or acetone–water mixtures.

Liquid samples are usually centrifuged and/or filtered and then the sample is 
either directly injected into the separation system or analytes are isolated using LLE 
or SPE.

Conventional methods such as boiling, heating or refluxing can be used to extract 
natural phenolic compounds from samples, but polyphenols can be lost due to hydro-
lysis, ionization and oxidation during the process (Li et al., 2005). In recent years, 
other techniques have been developed for polyphenol extraction, including ultra-
sound-assisted, microwave-assisted, supercritical fluid, and high hydrostatic pressure 
extraction (HHP) (Wang and Weller, 2006).

Supercritical fluid extraction is being increasingly used in food and pharma-
ceutical industries as it is more environmentally friendly, avoiding the use of large 
amounts of toxic solvents, as well as being rapid, automatable, and selective (Bleve 
et al., 2008; Maróstica-Junior et al., 2010). The intrinsic low viscosity and high dif-
fusivity of supercritical CO2 has permitted faster and more efficient separation, and 
relatively clean extracts. In addition, the absence of light and air during extraction 
reduces the degradation of analytes that occur in traditional extraction techniques. 
Supercritical fluids have solvating powers similar to organic solvents but with higher 
diffusivity, lower viscosity, and lower surface tension. However, the solvating power 
of a supercritical fluid needs to be controlled by temperature and pressure, or by 
adding organic modifiers such as methanol. For example, owing to the polarity of 
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anthocyanins, their extraction by the SC–CO2 method requires high pressures and 
the presence of methanol or ethanol (Bleve et al., 2008).

Ultrasound-assisted extraction is an inexpensive, simple, and efficient alternative 
to conventional extraction techniques (Wang et al., 2008b). This method extracts 
non-volatile and semi-volatile compounds from the matrix. The ultrasonic process 
facilitates contact between the sample matrix and extraction solvent. Ultrasonica-
tion is often carried out to improve phenolic compound extraction from plants; for 
example, a study with Folium eucommiae (Huang et al., 2009) found it to be more 
efficient than conventional extraction techniques.

Another promising approach for extracting phenolic compounds is microwave-
assisted extraction, which was satisfactorily used to analyze gallic acid, protocat-
echuic acid, chlorogenic acid and caffeic acid in Eucommia ulmodies (Li et al., 
2004). Zhang et al. extracted polyphenols from Camellia oleifera fruit hull using 
microwave-assisted extraction (Zhang et al., 2011), finding the optimal conditions 
to be a liquid : solid ratio of 15.33 : 1 (ml/g), extraction time of 35 min and extraction 
temperature of 76°C. The same method has also been used to extract polyphenols 
from green tea (Nkhili et al., 2009) and found to be more efficient than conventional 
heating.

Enzymatic release of phenolic compounds is also employed to extract phenolic 
compounds, for example, from grape pomace (Maier et al., 2008). Another study 
investigated the ability of three enzymes (Ultraflo L, Viscozyme L, and a-Amylase) 
to release phenolic compounds from Ipomoea batatas L. (sweet potato) stems (Min 
et al., 2006). Ferulic acid release rate was optimal when Ultraflo L (1.0%) was used, 
whereas Viscozyme L was the most effective for the release of vanillic acid and 
vanillin.

Another technique that enhances the extraction of polyphenols is HPP. Studies 
carried out by Shouqin et al. (2005) have demonstrated the benefits of hydrostatic 
pressure for the extraction of flavanols.

14.2.2 Analyte purification. Solid phase Extraction
SPE is an extraction technique used as a clean-up procedure and a pre-concentration 
step with crude plant, biological, environmental, food, and pharmaceutical samples 
(Ho et al., 2012; Kerio et al., 2012; Martinez-Huelamo et al., 2009; Navas, 2012; 
Olmos-Espejel et al., 2012).

Alkyl-bonded silica or copolymer sorbents are commonly used to extract analytes, 
reverse-phase sorbents being most chosen for polyphenols. Samples and solvents are 
usually slightly acidified to prevent ionization of phenolic compounds, which would 
lead to a weaker analyte retention in the sorbent (Navas, 2012; Vinas et al., 2011).

In a recent study, reverse-phase HLB cartridges were used to extract phenolic 
compounds and metabolites from the urine and plasma of volunteers who had con-
sumed different types of tomato sauce: without oil, or containing 5% of virgin olive 
oil or 5% of refined olive oil (Martinez-Huelamo et al., 2012). Urpi-Sardà et al. 
(2009) also used HLB cartridges to extract conjugated phenolics from urine and 
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14.3 High performance liquid chromatography (HPLC) 267

plasma after regular consumption of cocoa. SPE is essential when working with 
LC-MS in order to reduce the matrix effect, especially when analytes are found in 
low concentrations, as occurs in biological samples. However, HLB cartridges have 
also been used to determine resveratrol and piceid in beer matrices (Chiva-Blanch 
et al., 2011).

Mix-mode cation/anion exchange reverse-phase sorbents have also been applied 
to extract phenolic compounds from biological matrices due to their higher capac-
ity to clean up samples. In a study by Medina-Remon et al. (2009), HLB, MCX 
(mix-mode cation-exchange reverse-phase sorbent) and MAX (mix-mode anion-
exchange reverse-phase sorbent) were compared in the extraction of 10 representa-
tive polyphenols from urine samples, and the best recoveries were obtained with 
MAX cartridges. Vallverdú-Queralt et al. used MAX cartridges to analyze phenolic 
compounds of different tomato varieties (Vallverdú-Queralt et al., 2011e) and to 
distinguish between organic and conventional tomatoes (Vallverdú-Queralt et al., 
2012a). In a study carried out to analyze colonic microbial metabolites, MCX was 
used to extract polyphenols from urine and plasma after regular consumption of 
cocoa (Urpi-Sarda et al., 2009).

14.3 High performance liquid chromatography (HPLC)
The type of column used to separate phenolics and their glycosides is almost exclu-
sively a reverse-phase C18-bonded silica column ranging from 100 to 300 mm in 
length and with an internal diameter of 2–4.6 mm (Merken and Beecher, 2000; 
Stalikas, 2010; Tsao and Deng, 2004; Tulipani et al., 2012), although occasionally 
C8 columns are used to separate phenolic acids. Columns are maintained from 
room temperature to 40°C during the analysis but thermostated columns give more 
repeatable elution times and greater resolution, and allow the backpressure of the 
LC column to be reduced at high flow rates.

The use of a binary system is essential for the separation of structurally varied 
phenolic compounds. Gradient elution is usually performed with a solvent A, includ-
ing an aqueous acidified polar solvent or water-containing buffer, and a solvent B, 
which can be an organic solvent such as methanol or acetonitrile, pure or acidified 
(Merken and Beecher, 2000; Tsao and Deng, 2004). The volume of injection ranges 
from 1 to 100 μl, depending on the internal diameter of the column used (Merken and
Beecher, 2000).

14.3.1 Ultraviolet detection
Ultraviolet (UV) is the simplest and most commonly used HPLC detector due to 
its greater sensitivity, linearity, versatility, and reliability (Wolfender, 2009). The 
existence of conjugated double and aromatic bonds in phenolic compounds allows 
them to absorb UV or UV-VIS light (Stalikas, 2010). There are different types of 
UV detectors: fixed wavelength, multiple wavelength, or photodiode array (DAD) 
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CHAPTER 14 Improved Characterization of Polyphenols268

(Wolfender, 2009), the last one being the most frequently used to detect phenolic 
compounds.

Polyphenols absorb light at different wavelengths. Flavonoids have two char-
acteristic absorption bands: the first has a maximum in the 240 to 285nm range, 
corresponding to the A-ring, while the second band has a maximum in the 300 
to 550nm range, which is attributed to the substitution pattern and conjugation 
of the C-ring. Anthocyanins also present two absorption bands, in the regions of 
265–275 and 465–560 nm. Flavones, flavonols, and flavonols are detected at 280 
and 350 nm. UV spectra of catechins give peaks at 210, 278, and 280 nm. Flavones 
and flavonols have bands in the ranges of 240–280 nm and 300–380 nm. Flava-
nones and isoflavones are detected at 280–290 nm and 236–262 nm, respectively 
(Crozier et al., 1997; Sakakibara et al., 2003). Figure 14.1 shows the UV spectra 
of representative polyphenols.

UV detection became the preferred detector in LC analysis since it is cheap  
and robust, especially for food matrices containing high phenol concentra-
tions (Table 14.1). In a study by Bétes-Saura et al. (1996) an HPLC coupled 
with a UV-DAD detector was used to identify and quantify 30 polyphenols 
in white wines. The column used was a C18 (250 × 4 mm), with 5 μm particle
size. Flow rate was set at 1.5 ml/min and gradient elution was performed with 
glacial acetic acid in water at pH 2.65 (phase A) and 20% solvent A mixed 
with 80% acetonitrile (phase B). The chromatogram was monitored simul-
taneously at three wavelengths: 280, 320, and 365 nm. Benzoic acids, tyro-
sol, flavan-3-ols, and the oligomeric procyanidins were quantified at 280 nm, 
cinnamic acids and their tartaric esters at 320 nm and flavonols at 365 nm 
(Caporaso et al., 2011). The method was validated, providing good precision 
and linearity and low limits of detection, which varied from 0.003 mg/l for  
cis-caftaric acid to 0.051 mg/l for tyrosol.

Liu et al. (2008) developed a method to determine polyphenols in water by 
HPLC-DAD. The separation of phenolic compounds was carried out in a C18 col-
umn (150 × 4.6 mm, 5 μm). Gradient elution was performed using acetic acid/water
solution (1:99, v/v) as the aqueous mobile phase and methanol as the organic phase. 
The photodiode array detector operated between 210 and 400 nm. The method was 
validated, with recoveries between 83 and 95% and limits of detection ranging from 
0.1 to 0.3 mg/l. The developed method allowed the identification and quantification 
of seven polyphenols (chlorogenic acid, esculetin, caffeic acid, scopoletin, rutin, 
quercetin hydrate, kaempferol) in tobacco-polluted water.

Another study by Lachman et al. (2009) used HPLC-DAD to analyze anthocy-
anidins in red- and purple-fleshed potatoes from 15 cultivars. Anthocyanidins were 
determined using a reverse-phase column C18 (4 × 250 mm, 7 μm). Solvent A was
aqueous 1% (v/v) phosphoric acid, 10% (v/v) acetic acid, 5% acetonitrile (v/v), and 
solvent B was 100% HPLC grade acetonitrile at a flow rate of 1 ml/min. The quan-
tification of anthocyanidins was set at λ = 530 nm. Prior to HPLC analysis, samples
were hydrolyzed by acidic hydrolysis. The results showed that individual cultivars 
differed significantly in the relative proportion of anthocyanidins. However, the most 
abundant anthocyanidin in red- and purple-fleshed potatoes was petunidin (46.9%), 
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FIGURE 14.1

UV spectra of some polyphenols.
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CHAPTER 14 Improved Characterization of Polyphenols270

followed by malvidin (22.8%) and pelargonidin (22.1%), cyanidin (5.38%), peonidin 
(2.74%), and delphinidin (0.15%).

14.3.2 Fluorescence detection
Fluorescence detection is rarely used to analyze polyphenols since only a few exhibit 
natural fluorescence, including isoflavones without an OH group at position 5 (de Rijke 
et al., 2002) and flavonoids with an OH group at position 3 (Sengupta and Kasha, 
1979), such as catechin and methoxylated flavones (Huck and Bonn, 2001). The analy-
sis of these compounds by HPLC-fluorimetric detection is a more selective and sensi-
tive technique for complex mixtures and provides lower limits of detection (LODs) 
than UV detection. Moreover, the combination of UV detection and fluorescence 
makes it possible to distinguish between fluorescent and non-fluorescent co-eluting 
compounds, and allows a more sensitive detection of the former (Rodriguez-Delgado 
et al., 2001).

De Quirós et al. (2009) proposed a new method for the analysis of flavanol, pro-
cyanidin, hydroxycinnamate, flavonol, and stilbene derivatives in white wines based 
on HPLC-UV-fluorimetric detection. A reverse-phase (250 × 4.0 mm, 5 μm) column
was used, and the mobile phases consisted of (A) water–acetonitrile–acetic acid, 
67 : 32 : 1 v/v/v, and (B) water–acetic acid, 99 : 1 v/v at 0.8 ml/min. The identification 
and quantification of phenolic compounds was achieved by setting the UV-Vis and 
fluorimetric detectors at selected wavelengths. The fluorescence detector was set at 
λem 360 nm and λex 278 nm for (+)-catechin, (−)-epicatechin, procyanidin B1 and
procyanidin B2, and at λem 392 nm and λex 300 nm for trans-resveratrol. The UV–Vis
detector system was set at 280 nm for flavanols, procyanidins, and trans-resveratrol, 
320 nm for caftaric acid and 360 nm for flavonols. The method was fully validated, 
providing great repeatability with an RSD lower than 5%, limits of detection from 
0.02 to 0.2 μg/ml, and recoveries of 97.3%.

Another study (Ottaviani et al., 2012) used an HPLC-fluorimetric detection tech-
nique to determine epicatechin metabolites in human plasma after a dietary interven-
tion of a dairy-based cocoa drink rich in epicatechin and procyanidins. The separation 
was achieved with a C18 column (150 × 4.6 mm, 3 μm) using 4% (v/v) methanol and
42 mM sodium acetate and an acetonitrile gradient with a flow rate of 0.8 ml/min. 
The detection of (−)-epicatechin and its related metabolites was achieved following 
the traces of fluorescence at 276 nm excitation and 316 nm emission and UV absorp-
tion at 280 nm. This method demonstrated that (−)-epicatechin-3′-β-D-glucuronide,
(−)-epicatechin-3′-sulfate, and 3′-O-methyl-(−)-epicatechin-5/7-sulfate are the pre-
dominant (−)-epicatechin-related metabolites in humans, and confirmed the relevance 
of the stereochemical configuration in the context of flavanol metabolism.

Nevertheless, when working with fluorescence detection, it is necessary to take 
into account that emission spectra of polyphenols may show pH-dependence or 
might undergo solvent-dependent dual emission.

To implant fluorescence detection of phenolic compounds that do not exhibit 
natural fluorescence, derivatization with metal cations has been used. For example, 
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quercetin and kaempferol can form highly fluorescent complexes with metal cations 
such as Al (III) (Hollman et al., 1996).

14.3.3 Electrochemical detection
Electrochemical detection is another technique that can be used to analyze polyphe-
nols in food and biological matrices, since most flavonoids are electroactive due to 
the presence of phenolic groups. Electrochemical detection is a selective technique 
and can be very sensitive for compounds that are oxidized or reduced at low-voltage 
(Milbury, 2001). Most flavonoids show two values of maximum detector response: 
the first corresponds to the oxidation of phenolic substituents on the B-ring, while the 
second might be due to the other, less oxidizable, phenolic groups.

In a study by Aaby et al. (2004), the electrochemical behavior of 20 flavonoids 
and cinnamic acid derivatives was correlated with antioxidant activity measured by 
FRAP, DPPH, and ORAC assays. The aim of the work was to determine whether 
the analysis of phenolic compounds by HPLC coupled with a coulometric array 
detector could be used to predict antioxidant activity assessed by the three tests. It 
was concluded that the electrochemical response at a relatively low oxidation poten-
tial (300 mV) and the cumulative response at medium oxidation potential (400 and 
500 mV) showed considerable correlation with antioxidant activities, with the highest 
correlations being found with FRAP and DPPH assays after short reaction periods.

Another example of polyphenol analysis by electrochemical detection is given by 
Peng et al. (2005). The aim of the study was to determine phloridzin, (−)-epicatechin, 
chlorogenic acid and myricetin in apple juice and cider by capillary electrophoresis with 
electrochemical detection. The analytes were separated in 20 min in a 75cm length cap-
illary at a separation voltage of 18 kV in a 50 mmol/l borate buffer (pH 8.7). The limits 
of detection ranged from 1 × 10−7 to 5 × 10−7 g/ml for all analytes. The proposed method 
gave high recoveries of 95–98% and good reproducibility, with an RSD lower than 3.6%.

Capannesi et al. (2000) compared different techniques to evaluate the phenolic 
content of an extra-virgin olive oil with varying storage time and conditions. The 
techniques used were a disposable screen-printed sensor coupled with differential 
pulse voltammetry, and a tyrosinase-based biosensor operating in an organic solvent, 
using an amperometric oxygen probe as the transducer. Electrochemical detection 
revealed the degradation reaction of large molecules (such as oleuropein derivatives) 
into smaller ones.

Electrochemical detection has also been applied to biological samples, as 
described by Jin et al. The aim of the study was to validate and apply a method for 
the quantification of quercetin in human plasma after the ingestion of a commer-
cial canned green tea (Jin et al., 2004). The analysis was performed by an HPLC 
system coupled with electrochemical detection. A microbore octadecylsilica column 
(150 × 1.0 mm, 3 μm) was used and the mobile phase was methanol–water (4 : 6, v/v)
containing 0.5% phosphoric acid, with a flow rate of 25 μl/min. Quercetin was oxi-
dized at a detection potential of + 0.5 V versus Ag/AgCl. The method proved highly 
selective and sensitive with a detection limit of 0.33 pg.
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14.3.4 Mass spectrometry
Liquid chromatography coupled with mass spectrometry is an efficient method to 
detect and quantify phenolic compounds in plant extracts and biological fluids. The 
mass spectrometer ionizes the compounds to generate charged molecules and mol-
ecule fragments, measuring their mass-to-charge ratios (Ignat et al., 2011; Marston 
and Hostettmann, 2009; Stalikas, 2010; Wolfender, 2009). Different sources can be 
used for compound ionization: fast atom bombardment (FAB), electrospray ioniza-
tion (ESI), atmospheric pressure chemical ionization (APCI), atmospheric pressure 
photo-ionization (APPI), and matrix-assisted laser desorption ionization (MALDI). 
The detection of the compounds can be performed in positive or negative ion mode, 
the latter being more common in polyphenol analysis (Ignat et al., 2011; Magiera 
et al., 2012; Prasain et al., 2004b; Schieber et al., 2000; Sporns and Wang, 1998; Sto-
biecki, 2000). Table 14.2 shows a list of fragment ions of representative polyphenols 
and their metabolites in negative mode.

Different types of mass analyzers can be used in polyphenol analysis: single 
quadrupole (MS), triple-quadrupole (MS/MS), ion-trap mass spectrometers (MSn), 
time-of-flight (TOF), quadrupole-time-of-flight (QTOF), Fourier transform mass 
spectrometry (FTMS), and Orbitrap-based hybrid mass spectrometers (LTQ- 
Orbitrap) (Liang et al., 2012; Meda et al., 2011; Mikulic-Petkovsek et al., 2012; Van 
Der Hooft et al., 2012; Xie et al., 2011).

Quadrupoles consist of four parallel rods connected together, with voltages applied 
between one pair of rods and the other. Ions with a specific mass-to-charge ratio (m/z) 
will pass through the quadrupole when a particular voltage is applied. This enables quad-
rupoles to filter the ions en route to the detector. As well as single, triple quadrupole 
systems are also available, in which the first (Q1) and third quadrupole (Q3) work as 
filters while Q2 acts as the collision cell. The generic mode for screening in MS systems 
is the full scan, where a mass spectrum is acquired every few seconds, thus allowing the 
identification of the protonated or deprotonated molecule and consequently the calcula-
tion of the molecular weight of the substance. More sensitive modes of working in quad-
rupole systems include selected ion monitoring (SIM) in single quadrupole instruments 
and multiple reaction monitoring (MRM) mode in triple quadrupole instruments. In SIM 
experiments, the use of a fixed voltage allows the detection of a single m/z, whereas in 
MRM experiments, Q1 filters a precursor ion, and the Q2 is the collision cell, which 
produces a product ion by collision of the precursor ion with a neutral collision gas. The 
product ion is transferred into Q3 where only a specific m/z is allowed to pass.

Tandem mass spectrometry enables polyphenols to be detected and quantified 
in complex matrices through MS/MS techniques such as product ion scan, precur-
sor ion scan, and neutral loss scan. A product ion scan mass spectrum contains the 
fragment ions generated by the collision of the molecular ion. A precursor ion mass 
spectrum is obtained by limiting the fragment ion to a single ion of interest. Parent 
ions (molecular ions) are scanned to determine which of them give the target frag-
ment ion. Neutral loss mass spectra show fragment ions with a particular loss of 
mass, for example, glucoside polyphenols would have a mass loss of 162 μ, which
corresponds to a glucoside. Working in MRM mode in combination with precursor 
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Table 14.2 List of Fragment Ions of some Polyphenols and Related Metabolites 
Obtained Working in Negative-Ion ESI Mode

Compound MW [M-H]− m/z ions

3,3/4-Hydroxyphenyl propionic acid 
glucuronide

342 341 165

3,3/4-Hydroxyphenyl propionic acid sulfate 246 245 165
3/4-Hydroxyphenyl acetic acid glucuronide 328 327 151
3/4-Hydroxyphenyl acetic acid sulfate 232 231 151
3-Hydroxybenzoic 138 137 93
4-Hydroxyhippuric acid 195 194 100
4-Hydroxybenzoic 138 137 93
8-Prenylnaringenin 340 339 219, 175, 119
Apigenin-C-hexoside-hexoside 594 593 503, 473, 

383, 353
Apigenin-C-hexoside-pentoside 564 563 563, 503, 

473, 443, 353
Caffeic acid 180 179 135, 107
Caffeic acid-O-hexoside 1 342 341 179, 135
Caffeic acid glucuronide 356 355 179
Caffeic acid sulfate 230 259 179
Carboxyacteyl tryptophan 290 289 203, 159, 142
Chlorogenic acid 354 353 191
Coumaric acid glucuronide 340 339 163
Coumaric acid sulfate 244 243 163
Cryptochlorogenic acid 354 353 191, 173, 135
Dihydrocaffeic acid sulfate 262 261 181
Dihydrocaffeic acid glucuronide 358 357 181
Dihydrocaffeic acid, 
3,4- dihidroxyphenylpropionic acid

182 181 137

Dihydroxyphenyl acetic acid,  
homoprotocatechuic acid

168 167 123

Ethyl galate 198 197 169
Ferulic acid 194 193 134
Ferulic acid-O-hexoside 356 355 193, 178, 149
Ferulic acid glucuronide 370 369 193
Ferulic acid sulfate 274 273 193
Glutamylphenylalanine 294 293 164, 147, 103
Hydroferulic acid 196 195 136
Homovanillic acid 182 181 137
Hydroferulic acid 3,4-O-glucuronide 372 371 195
Hydroferulic acid 3,4-O-sulfate 276 275 195
Hydroxyphenyl acetic acid 152 151 107

Continued
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ion scan and product ion scan can be helpful in characterizing a particular compound 
found in complex mixtures. This kind of mass analyzer is the most commonly used.

An ion-trap mass spectrometer (MSn) consists of a chamber with two electrodes 
and two end pieces that trap ions with a series of electromagnetic fields. Once the 
ions are inside, another magnetic field is applied, and only selected ions remain in the 
chamber. This mass analyzer is useful for structural elucidation purposes, performing 
multiple stage MSn (Anari et al., 2004; Wolfender, 2009).

The introduction of high-resolution spectrometers like TOF, QTOF, FTMS, and 
LTQ-Orbitrap has provided increased resolution and mass accuracy. A TOF mass 

Compound MW [M-H]− m/z ions

Hydroxyphenyl propionic acid 166 165 121
Isoferulic acid 194 193 134
Isorhamnetin 316 315 301
Isorhamnetin glucuronide 492 491 315
Isorhamnetin sulfate 396 395 315
Isoxanthohumol 354 353 233, 165, 119
Kaempferol 286 285 251
Kaempferol-3-O-rutinoside 594 593 593, 285
Kaempferol-O-rutinoside-hexoside 756 755 593, 285
m-Coumaric acid 164 163 119
Naringenin 272 271 151, 119
Naringenin 4′-glucuronide 448 447 271
Naringenin 7-glucuronide 448 447 271
Naringenin-7-O-glucoside (prunin) 434 433 433, 271
Neochlorogenic acid 354 353 191, 179, 135
p-Coumaric acid 164 163 119
Phenyl acetic acid 136 135 91
Phenyl acetic glucuronide 312 311 135
Phenyl acetic sulfate 216 215 135
Phloretin-C-diglycoside 598 597 477, 387, 357, 

417
Piceid 390 389 227, 185
Quercetin 302 301 301, 151
Quercetin sulfate 382 381 301
Quercetin-3-O-glucuronide 478 477 301
Resveratrol 228 227 185, 143
Rutin 610 609 609, 300
Rutin-O-hexoside-pentoside 904 903 741, 609, 300
Taxifolin 304 303 285
Xanthohumol 354 353 233, 119

Table 14.2 List of Fragment Ions of some Polyphenols and Related Metabolites 
Obtained Working in Negative-Ion ESI Mode—cont’d
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analyzer consists of an ion source and a detector. The ions are accelerated towards 
the detector with the same amount of energy through an accelerating potential. Ions 
with different m/z reach the detector at different times, with lighter ions arriving first 
due to their greater velocity. This spectrometer permits the analysis of a wide mass 
range, supplying molecular formula information and precise ion trace extraction.

The QTOF is a hybrid configuration of the TOF spectrometer. The ions are fil-
tered in Q1, the collision takes place in Q2, and finally the product ion is determined 
by TOF. Compared to a triple quadrupole spectrometer, the QTOF offers greater 
sensitivity and accuracy when working in full scan mode, and unlike TOF equip-
ment, measures MS/MS. The QTOF spectrometer is useful for the characterization 
of molecules with a wide range of mass.

FTMS is based on the effect of a magnetic field on an ion rotating in a radiofre-
quency field. Using the magnetic field, the ions are directed to a chamber where they 
rotate, describing small orbits with minimum frequency. The application of a radio 
frequency signal excites the ions to describe spiral orbits with increasing amplitude. 
When the diameter of the orbit is equal to the distance between the two electrodes, 
the ions are detected, generating an image of power, which is a direct function of their 
m/z relationship. This image is integrated by a Fourier transformation and converted 
to a signal proportional to its intensity. The full spectrum is obtained by scanning 
a radio frequency field that varies between 8 kHz and 100 MHz. The main advan-
tages of this type of analyzer are its high precision mass measurements (0.001% and 
above) and almost unlimited resolving power.

The LTQ-Orbitrap, which combines an ion-trap analyzer with FTMS, allows MS 
and MSn analysis with an error of less than 2 ppm. LTQ-Orbitrap-MS is a good tool 
for qualitative analysis, facilitating the structural elucidation of unknown compounds 
(Peterman et al., 2006).

14.3.4.1 HPLC-MS
A liquid chromatograph coupled to a single quadrupole mass spectrometer allowed 
the identification of trans-resveratrol and cis-resveratrol (up to 10 μg/l) and trans-
piceid and cis-piceid (up to 3 μg/l) in red and white wines. Separation was performed
in a C18 (50 × 2.0 mm i.d., 5 μm) column, using a mobile phase of (A) water (0.5 ml/l
acetic acid) and (B) acetone : acetonitrile : acetic acid (70 : 30 : 0.4 ml). Flow-rate was 
set at 500 μl/min.

A large number of phenolic compounds were successfully identified in propolis 
samples from different countries using HPLC-MS. The flavonoids were separated in 
a C18 column (150 × 4.6 mm, 4 μm) with (A) 0.25% acetic acid and (B) methanol as
the mobile phase at a flow rate of 0.5 ml/min (Volpi and Bergonzini, 2006).

Anthocyanidins of 15 grape juice samples, four grape berries, and four grape 
skins were quantified using LC-MS. Separation was performed in an amide-C18 
column (250 × 4.6 mm, 5 μm) with a mobile phase of (A) 0.4% TFA (v/v) in water
and (B) 0.4% TFA (v/v) in acetonitrile at 1 ml/min. The results indicated that antho-
cyanidin concentration was higher in grape skins than the corresponding berries, and 
varied among the different grape juice samples (Xu et al., 2012).
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14.3.4.2 HPLC-MS/MS
The triple quadrupole mass spectrometer has been widely used because it provides 
higher selectivity, accuracy, and reproducibility, and better limits of detection and 
quantification, compared with a single quadrupole mass spectrometer.

A liquid chromatograph coupled to a triple quadrupole mass spectrometer 
equipped with a Turbo Ionspray source in negative-ion mode was used to study the 
levels of phenolics in different varieties of tomato (Vallverdú-Queralt et al., 2011e), 
diced tomatoes (Vallverdú-Queralt et al., 2011c), and tomato sauces (Vallverdú- 
Queralt A. et al., 2012b). It was also used to evaluate the effects of storage on phe-
nolic compounds (Vallverdú-Queralt et al., 2011a) and the effects of pulsed electric 
fields on tomato polyphenols (Vallverdú-Queralt et al., 2012c). Separation was per-
formed in a C18 column (50 × 2.0 mm i.d., 5 μm) with a flow rate of 0.4 ml/min.
Mobile phases consisted of (A) 0.1% formic acid in Milli-Q water and (B) 0.1% 
formic acid in acetonitrile. These conditions varied slightly depending on the product 
being analyzed. First, the presence of polyphenolic compounds was tested by MS/
MS experiments of precursor ion scan, neutral loss scan, and product ion scan. The 
main objective of precursor ion scan experiments is to identify compounds belong-
ing to a group of substances. In neutral loss experiments, the loss of 162 μ or 176 μ
is used to confirm the loss of glucose, or galactose and glucuronides, respectively. 
Finally, product ion scan allows the identification of aglycones by comparison of 
their MS/MS spectra with those corresponding to the standards after typical frag-
mentations. MS/MS experiments were carried out by collision-activated dissociation 
(CAD) of selected precursor ions in the collision cell of the triple quadrupole mass 
spectrometer and the mass was determined by the second analyzer of the instrument. 
MS/MS has been used to analyze phenolic compounds in cocoa (Sanchez-Rabaneda 
et al., 2003b), fennel (Parejo et al., 2004), and artichoke (Sanchez-Rabaneda et al., 
2003a). Data was collected in MRM mode for quantification purposes, tracking the 
transition of the specific parent and product ions for each compound.

HPLC-MS/MS techniques can also be applied to determine phenolic compounds 
as potential taxonomical markers in food and plant samples (Andres-Lacueva C. 
et al., 2002; De la Presa-Owens et al., 1995; Romero-Perez et al., 1996; Russo et al., 
1998; Singleton and Trousdale, 1983; Vallverdú-Queralt et al., 2011e). For instance, 
phenolic and hydroxycinnamic acids, flavonoids, total polyphenols, and hydrophilic 
antioxidant capacity can be used as chemotaxonomic tomato markers to distinguish 
between tomato varieties (Vallverdú-Queralt et al., 2011e). The polyphenolic profile 
determined by HPLC revealed a similarity within grape varieties and differences 
between varieties. Similarly, varieties of white musts (De la Presa-Owens et al., 
1995), wines (Romero-Perez et al., 1996), and sparkling wines (Parejo et al., 2004) 
have been shown to have different phenolic profiles.

Apart from food analysis, HPLC-MS/MS is widely used for biological fluid anal-
ysis due to its high sensitivity. In this way, an HPLC-MS/MS was used to identify 
and quantify phenolic compounds and metabolites from different tomato sauces in 
human plasma and urine in an intervention study (Tulipani et al., 2012). There were 
three interventions in this prospective randomized, cross-over study: tomato sauce 
elaborated without oil, and with the addition of 5% virgin olive oil or refined olive 
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oil. Chromatographic separation was achieved in a C18 (50 × 2.0 mm, 5 μm) column,
with a gradient elution of 0.1% aqueous formic acid and 0.1% formic acid in aceto-
nitrile, and a flow-rate of 0.6 ml/min. Naringenin, ferulic acid, caffeic acid, and their 
corresponding glucuronide metabolites were detected in urine after the ingestion of 
the tomato sauces, while only two of the six urinary phenolic metabolites were iden-
tified in plasma as can be seen in Figure 14.2. Polyphenol levels of between 300 and 
727 nmol/l have been detected using HPLC-MS/MS with a triple quadrupole instru-
ment, thus showing the high sensitivity and selectivity of this system in the analysis 
of polyphenols in biological samples with a simple SPE extraction and clean-up 
process.

Using a triple quadrupole mass spectrometer, Aura et al. (2002) demonstrated 
that fecal microflora can deconjugate rutin, isoquercitrin, and quercetine glucuro-
nides in vitro due to the presence of β,d-glucosidase, α,l-rhamnosidase, and β,
d-glucuronidase. Fecal samples were freeze-dried before analysis. Then, polyphe-
nol metabolites underwent liquid–liquid extraction using methanol/water (90 : 10,
v/v) and were concentrated with a rotary evaporator. Samples were filtered and
injected into the HPLC system. Chromatographic separation was performed using
a reverse-phase column (100 × 1 mm). Mobile phases consisted of (A) 10 mmol/l
ammonium acetate in water with 0.2% (v/v) acetic acid and (B) 10 mmol/l

FIGURE 14.2

MRM chromatograms of urine sample at baseline (t  =  0 h) and at 4 h after tomato sauce 
consumption.
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ammonium acetate in methanol with 0.2% (v/v) acetic acid. Methanol with 0.1% 
(v/v) ammonium hydroxide was added as a post-column solvent (30 μl/min) to
promote the desprotonation process of phenols previous to the ESI source. The 
measurements were performed in negative-ionization mode, and analyses were 
conducted in MRM. One or two fragment ions from the product ion spectra of the 
metabolites were used to identify the metabolites. This study showed that deconju-
gation and conversion of isoquercitrin and quercetin glucuronides to hydroxyphen-
ylacetic acid occurs very rapidly in in vitro colonic fermentation. In contrast, rutin 
is deglycosylated at a slower rate, suggesting that rutin would be hydrolyzed at a 
slower rate than the other substrates. Therefore, the resulting quercetin aglycone 
appeared only transiently before further metabolism.

14.3.4.3 HPLC-HRMS
High-resolution mass spectrometry (HRMS) is used for qualitative analysis. A 
widely used technique is liquid chromatography/electrospray ionization–time-of-
flight–mass spectrometry (HPLC-ESI-QTOF). QTOF technologies allow exact mass 
measurements of both MS and MS/MS ions. QTOF-MS has been used to determine 
phenolic compounds in gazpachos, ketchups, and tomato juices (Vallverdú-Queralt A. 
et al., 2011b), resulting in the identification for the first time of apigenin-C-hexoside-
hexoside and apigenin-C-hexoside-pentoside in tomato-based products. These com-
pounds were distinguished by the presence of the ion [M-H-60]− (Figure 14.3A and B),  
following the method of Han et al. (2008) which involves liquid chromatography 
coupled with electrospray ionization mass spectrometry. Vallverdú-Queralt et al. 
(2011b) reported for the first time the presence of protocatechuic acid-O-hexoside, 

FIGURE 14.3

(A) Mass spectrum of apigenin-C-hexoside-hexoside. (B) Mass spectrum of apigenin-
C-hexoside-pentoside.
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caffeic acid-O-dihexoside, apigenin-C-hexoside-hexoside and apigenin-C-hexo-
side-pentoside in tomato-based products.

Metabolomics, a combination of analytical and statistical techniques, facilitates 
sample differentiation by quantitatively and qualitatively measuring the dynamic 
range of metabolites. With the recent developments in plant metabolomic tech-
niques, it is possible to detect several metabolites simultaneously and reliably com-
pare samples for differences and similarities in a semi-automated and untargeted 
manner. Metabolomics is predicted to play a crucial role in “bridging the pheno-
type–genotype gap” and in achieving complete genome sequence annotation and 
the understanding of gene function (Hall, 2006).

Metabolomics has also been used in the quality control of medicinal plants (Kim 
et al., 2011). An ultraperformance liquid chromatography-quadrupole time-of-flight 
mass spectrometry (UPLC-QTOF MS)-based metabolomic technique was applied 
for the metabolite profiling of 60 Panax ginseng samples of 1 to 6year-old plants. 
After submitting the data for classification by various metabolite selection methods, 
the results showed variations according to the age of the samples, especially for those 
of 4 to 6year-old plants. Thus, a UPLC-QTOF MS-based metabolomics approach 
was able to quickly and accurately distinguish between P. ginseng samples according 
to their cultivation period.

HPLC-ESI-QTOF has also been used as a non-targeted strategy to differenti-
ate between organic and conventional ketchups (Vallverdú-Queralt et al., 2011d). 
Interpretation of the observed MS/MS spectra in comparison with results found in 
the literature was the main tool for putative identification of metabolites. The com-
pounds found in significantly higher (p < 0.05) amounts in organic than in conven-
tional ketchups were: caffeoylquinic and dicaffeoylquinic acids, caffeic and caffeic 
acid hexosides, kaempferol-3-O-rutinoside, ferulic-O-hexoside, naringenin-7-O-
glucoside, naringenin, rutin, and quercetin. Examination of the chromatograms in 
TOF-MS mode also suggested the presence of glutamyl phenylalanine (m/z 293) and 
N-malonyltryptophan (m/z 289).

Recently, LTQ-Orbitrap-MS has been proposed as one of the most suitable
strategies for qualitative analysis, since it routinely delivers the highest reso-
lution and mass accuracy, which are necessary to reduce analysis times and 
increase confidence in results. Due to its ability to eliminate interference in the 
initial mass selection stage and to the specificity of MS/MS measurements, this 
spectrometer facilitates qualitative analysis of nontarget compounds. Elemental 
composition assignment and exact mass measurements are essential for mole-
cule characterization. The structural elucidation of unknown compounds is easily 
accomplished by using accurate mass measurement of the product ions formed 
in MSn experiments.

Thus, accurate mass experiments have yielded the elemental composition of 
polyphenol compounds, with MSn fragment ions providing additional structural 
confirmation. The LTQ Orbitrap provides accurate mass MS and MSn spectral 
data on a chromatographic time-scale with scan cycles of 1 s (at R = 60,000) 
or less. Up to five to eight sequential fragmentation spectra can be obtained, 

Introducción

43



CHAPTER 14 Improved Characterization of Polyphenols280

depending on the concentration and ionization efficiency of the compound. 
Using multiple-stage mass spectra it is possible to generate spectral trees of the 
compounds (Sheldon et al., 2009). Van der Hooft et al. (2011) validated and 
applied an accurate mass MSn spectral tree approach to 121 polyphenolic com-
pounds of different chemical flavonoid subclasses, including isomeric forms. The 
study focused on the possibility of discriminating between positional and ste-
reoisomeric forms. Accurate mass spectra of polyphenols were obtained using 
an LTQ-Orbitrap hybrid mass spectrometer in negative and positive ionization 
mode. The accurate MSn fragmentation spectra enabled isomeric compounds to 
be differentiated. Spectral trees of 119 polyphenols (except catechin and epicate-
chin) showed unique fragments and differences in relative intensities of fragment 
ions. Thus, spectral trees constitute a potent tool for the identification of phenolic 
compounds or their metabolites. This tool could be applied to generate an MSn 
metabolite database based on MSn fragmentation and exact mass measurement.

Another study used liquid chromatography coupled with an LTQ Orbitrap to 
analyze polyphenols in tomato samples (Vallverdú-Queralt et al., 2010). A C18 
column (50 × 2.0 mm i.d, 5 μm) was used to separate the compounds. Gradient
elution was performed with water/0.1% formic acid and acetonitrile/0.1% formic 
acid at a constant flow rate of 0.4 ml/min. A total of 38 compounds were identi-
fied in the tomato samples with very good mass accuracy (< 2 mDa). The spectra 
generated for cinnamic and benzoic acids showed the deprotonated molecule 
[M-H]− and some fragments. The typical loss of CO2 was observed for gallic, 
protocatechuic, caffeic, and ferulic acids, giving [M-H-44]− as a characteristic 
ion, and loss of a methyl group [M-H-15]− was observed for ferulic acid. Fla-
vonol aglycones such as quercetin gave the deprotonated molecule [M-H]− as 
a characteristic ion and ions corresponding to retro-Diels Alder fragmentation 
in the C-ring involving 1,3 scission, as described by other authors (Gruz et al., 
2008). The LTQ-Orbitrap was crucial for the structural determination of kaemp-
ferol-O-rutinoside-hexoside and rutin-O-hexoside-pentoside, which were not 
discernible under lower-resolution conditions.

Phloridzin-C-diglycoside (m/z 759) was only identified in the LTQ-Orbitrap due 
to the lack of sensitivity of the triple quadrupole. Figure 14.4 shows the MS2 of m/z 
759 of phloridzin-C-diglycoside, displaying losses of 90 u and 120 u from m/z 759 
and 639, respectively, which confirmed the presence of two hexose units. Moreover, 
loss of H2O was observed in the product ion spectra of m/z 759, showing an ion at 
m/z 741, which displayed a loss of 120 u (m/z 621). Losses of 90 and 120 u are char-
acteristic fragment ions in the MS/MS mode of C-glycosides (Parejo et al., 2004; 
Sanchez-Rabaneda et al., 2003a).

In another study, 53 O-glycosyl-C-glycosyl flavones with O-glycosylation on 
phenolic hydroxyl or on the C-glycosyl residue, or a combination of both forms, 
were studied by liquid chromatography-UV diode array detection-electrospray 
ionization mass spectrometry ion trap in the negative mode. The study of the rela-
tive abundance of the main ions from the MS preferential fragmentation on -MS2 
and/or -MS3 events allowed the differentiation of the O-glycosylation position, 
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either on a phenolic hydroxyl or on the sugar moiety of C-glycosylation (Ferreres 
et al., 2007).

De Paepe et al. (2013) developed and validated a method to identify phenolic 
compounds in apple extracts using UHPLC coupled with an Orbitrap. An accurate 
mass spectrometry technique allowed the identification of 39 phenolic compounds in 
apples, including flavonoids, proanthocyanidins, and phenolic acids.

14.4 Ultra-high-performance liquid chromatography 
(UHPLC)
Liquid chromatographic performance has been improved by the introduction of 
UHPLC. To improve chromatographic separation, new columns with a very small 
particle packing size (1.7 μm) have been developed. Column efficiency is inversely
proportional to particle size as the Van Deemter equations prove, so columns with 
1.7μm particles provide higher resolution and better efficiency than the conventional
ones (Novakova et al., 2006). Improved mobile phase systems can operate at high 
backpressures (15000 psi), thus enhancing mobile phase viscosity and the capacity to 
dissolve analytes (Epriliati et al., 2010). Due to these high pressures, new hardware 
in LC technology has been developed. As a result of the combination of columns and 
high pressure, UHPLC has enhanced sensitivity and peak resolution, and reduced 

FIGURE 14.4

Identification of phloridzin-C-diglycoside in tomato samples. The MS2 in product ion scan 
of m/z 759 shows the characteristic fragment ions of a C-diglycoside polyphenol.
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both analysis time and costs (Gruz et al., 2008; Leandro et al., 2006; Ortega et al., 
2010; Wu et al., 2008).

14.4.1 UHPLC-UV
An ultra high pressure liquid chromatography technique was used to develop a 
new method for analyzing conjugated isoflavones in commercial soy milks (Toro-
Funes et al., 2012) using UV detection. This approach allowed the determination 
of 12 isoflavones in less than 8 min in a single run. The method was fully validated, 
with limits of detection lower than 0.05 mg/l and a limit of quantification below 
0.2 mg/l. Chromatographic separation of analytes was achieved using a C18 col-
umn (50 × 2.1 mm, 1.7 μm). Solvent A was ultrapure water with 0.1% formic acid,
and solvent B was acetonitrile with 0.1% formic acid, and the flow rate was set at 
0.6 ml/min. The quantification of isoflavones was performed at 262 nm.

Gonçalves et al. (2013) also developed a new method to analyze hydroxy-
benzoics and hydroxycinnamics acids in wine samples using UHPLC coupled 
to a photodiode array detector in 11 min. The method was validated and showed 
limits of detection of 0.01–0.2 mg/l and a limit of quantification of 0.03–0.7 mg/l. 
A C18 (100 × 2.1 mm, 1.8 μm) column was used, and the gradient elution was
performed with 0.1% formic acid and methanol as mobile phases at 0.25 ml/min.  
Before UHPLC analysis, phenolic compounds were extracted using microex-
traction by packed sorbent optimized for hydroxybenzoic and hydroxycinnamic 
acids.

Another study used UHPLC coupled with a UV detector to identify and quan-
tify 58 polypyhenols in sage tea (Zimmermann et al., 2011) within 28 min. Sepa-
ration of the phenolic compounds was carried out using a reverse-phase column 
(150 × 2.1 mm, 1.7 μm). 0.1% formic acid was used as the aqueous mobile phase,
and acetonitrile containing 0.1% formic acid as the organic mobile phase, at a flow 
rate of 0.4 ml/min. Wavelengths of the UV detector were set for quantification at 
273, 320, and 360 nm. The method was applied to characterize 16 commercial 
brands of sage tea.

14.4.2 UHPLC-MS/MS
Coupling UHPLC with electrospray ionization tandem mass spectrometry offers a 
strong alternative to conventional HPLC-MS/MS in terms of analysis time, costs, 
and improved resolution and sensitivity.

Using UHPLC-MS/MS, 17 phenolic acids were quantified in white wine, grape-
fruit juice and green tea infusion within 10 min. Separation was performed in a 
reverse-phase column C8 (2.1 × 150 mm, 1.7 μm) with a mobile phase of aqueous
7.5 mM HCOOH (A) and acetonitrile (B) at a flow rate of 250 μl/min (Gruz et al.,
2008). The validated method offered good precision and accuracy, and limits of 
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detection of 0.15–15 pmol/injection. A UHPLC-MS/MS system is also suitable for 
routine analysis in laboratories.

A UHPLC-MS/MS was used to analyze procyandins and alkaloids (caffeine 
and theobromine) in samples of cocoa nibs (Ortega et al., 2010). A high-strength 
silica separation column (100 × 2.1 mm i.d., 1.8-mm particle size) was used with 
(A) water/acetic acid (99.8/0.2, v/v) and (B) acetonitrile at a flow rate of 0.4 ml/
min. This method allowed catechin and epicatechin to be quantified separately,
which was not possible with HPLC-UV due to the coelution of the compounds.
Also, the total analysis time for a cocoa phenolic extract was reduced from 80 min
by HPLC to 12.50 min by UHPLC, and limits of detection of the procyanidin were
enhanced from 0.009–0.02 mg/ml with HPLC-MS/MS to 0.007–0.01 mg/ml with
UHPLC-MS/MS.

Twenty-six phenolic compounds, including 15 isoflavonoids, five flavones, 
four flavanones, a coumestan, and a coumarine of plant material, were analyzed 
in 17 min by UHPLC–ESI–MS/MS. The 26 compounds were separated with a C8 
column (2.1 × 150 mm, 1.7 mm), using a mobile phase of methanol (A) and 10 mM 
aqueous formic acid (B) 100% A at a flow rate of 0.2 ml/min. The validated method 
achieved good accuracy and precision, with limits of detection ranging between 
0.0001 and 10 pmol/injection. Solvent consumption and time were reduced com-
pared to conventional HPLC systems (approximately 30–70 min) (Prokudina et al., 
2012).

14.5 Conclusions
Polyphenol characterization is a difficult task due to the large number of phenolic 
compounds present in nature and the few available commercial standards.

Efficient identification and quantification involves pretreating the samples to 
avoid interference. Food and beverage samples are normally analyzed after liquid–
liquid or solid–liquid extraction, but biological samples such as plasma, urine, or 
serum usually require solid-phase extraction, since they contain far lower levels of 
compounds than food samples. Solid-phase extraction procedures are also used to 
clean up the samples by eliminating interfering compounds, thus avoiding the matrix 
effect.

Polyphenols can be identified or quantified with various analytical techniques, 
but the most commonly used are liquid chromatography coupled with UV detection, 
and liquid chromatography coupled with mass spectrometry.

The most widespread technique for analyzing polyphenols in food and plant 
samples is HPLC-UV, which also constitutes an excellent option for routine analysis 
in analytical laboratories and the food industry. In contrast, when working with bio-
logical samples, a more sensitive technique like mass spectrometry is required due 
to the complexity of the matrix and because mass spectrometry offers lower limits of 
detection than HPLC-UV (Table 14.1).
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3.2. El tomate 

3.2.1. Origen y distribución 

El tomate es un fruto originario de América, concretamente de México y Centroamérica. 

La procedencia de las primeras zonas de cultivo todavía es controversial, ya que existen 

dos hipótesis: la peruana y la mexicana. Si bien no existe una evidencia científica sobre 

ello, México presume de ser el primer país cultivador de tomate, siendo Perú el centro 

de la mayor diversidad de especies silvestres de este fruto
43–45

.

Hernán Cortés introdujo el tomate en España tras la conquista en 1521 de Tenochtitlán, 

ciudad Azteca conocida actualmente como Ciudad de México. Desde España, el tomate 

llegó a Italia, Francia, e Inglaterra. Tras la conquista del sur de América, y Filipinas, el 

tomate se distribuyó por las colonias americanas y se introdujo en Asia. A través de 

Inglaterra, el tomate llegó a América del norte y los países colonizados en Asia por este 

país
44

. Los tomates se cultivaron en gran parte de Europa como un alimento a partir del

siglo XVI, aunque en algunos países como Inglaterra y sus colonias norteamericanas se 

utilizaban como plantas ornamentales, ya que se consideraron venenosas al contener 

glicoalcaloides tóxicos
46

.

3.2.2. Descripción botánica 

El tomate (Solanum lycopersicum) pertenece a la familia de las Solanáceas, la cual 

incluye más de 98 géneros y 3000 especies originarias de la China, India, 

Centroamérica y Suramérica
43,44

. Dentro de la familia de las Solanáceas destaca el

género Solanum, con unas 1250 a 1700 especies, donde encontramos las patatas, 

berenjenas y los tomates
43,44

. Las especies del género Solanum se cultivan en zonas

cálidas o tropicales y son notables por su diversidad morfológica y ecológica. Existen 

una gran variedad de tomates que se clasifican en dos grupos según sea su destino de 

producción: tomate para consumo en fresco y tomate para la industria del procesado
1
.

Los tomates de consumo en fresco se pueden clasificar en: redondos lisos, asurcados, 

oblongos o alargados y tomates cereza o cherry
1
. En el caso del tomate destinado para

usos industriales pueden distinguirse dos tipos según el mercado de destino: tomate para 

concentrado y salsas y tomate pelado
1
. Dentro del tomate concentrado encontramos las

variedades H-9036, Incas, Odín, Perfect peel, Riel, Tenorio y UC-82, mientras que para 
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el tomate pelado las variedades son: Ercole, Gladis, Peralta, Red Spring y 

Supermarzano
1
.

3.2.3. Importancia económica 

El tomate es uno de los alimentos de origen vegetal más distribuido en todo el mundo y 

de mayor valor económico. Su demanda aumenta continuamente y con ella su cultivo, 

producción y comercio. Según datos de la Organización de las Naciones Unidas para la 

Alimentación y la Agricultura (FAOSTAT) en 2013, su producción llegó a ser de 

164 millones de toneladas (Mt)
44,47

. En los últimos 20 años, Asia ha pasado a ser el

principal continente productor de tomate con un 51.2%, superando en gran medida a 

América (19%) y Europa (17.3%) (Figura 3), los cuales habían sido hasta el momento 

los mayores productores de este fruto.  

Figura 3. Producción de tomate fresco a nivel mundial. 

Los principales países de producción de tomate son: China, con 50 Mt, seguido de la 

India, EEUU, Turquía y Egipto. España se encuentra entre los 10 primeros países con 

mayor producción de tomate a nivel mundial, hallándose en noveno lugar (Figura 4)
47

.
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Figura 4. Los 10 principales países productores de tomate a nivel mundial. 

Aunque el continente asiático es el principal productor, México con 1.5 Mt, los 

Países Bajos con 0.98 Mt, y España con 0.91 Mt son los tres principales exportadores, 

según datos de la FAOSTAT del 2012
47

.

En el caso de España, en 2013, el tomate llegó a ser el quinto alimento a nivel de 

producción con 3.7 Mt, detrás de la oliva, el trigo, la uva y la leche de vaca
47

. Las

principales comunidades autónomas productoras se hallan en el sur de España, siendo 

Andalucía y Extremadura las que presentan una mayor producción (Figura 5).  

Figura 5. Principales regiones productoras de tomate en España. 
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La mayor parte del tomate producido en Extremadura se destina a la industria, igual que 

en Navarra y Zaragoza. En cambio, en Andalucía, donde destaca Almería, su cultivo se 

destina principalmente al consumo en fresco y sobre todo a la exportación. Otras 

provincias destacadas en producción de tomate fresco son Granada, Málaga, Murcia y 

Canarias. Cabe matizar que el mayor destino de las exportaciones son los Países Bajos, 

Alemania, Francia, Reino Unido y Polonia. Por lo que respecta al consumo, en España 

se ingiere una media de 14.3 kg de tomate por habitante al año. El consumo por 

regiones es heterogéneo, siendo superiores a la media nacional en Cataluña, Murcia y 

Aragón e inferiores en La Rioja, Navarra, Galicia, Asturias, Canarias y País Vasco
2
. 

 

3.2.4. Tomate procesado 

Los tomates principalmente se consumen en crudo, a pesar de que se ha observado un 

aumento significativo en su ingesta a través de productos procesados
46

. El tomate para 

procesado industrial incluye una gran variedad de usos, entre los que destacamos: 

tomate concentrado, tomate triturado, tomate en polvo, tomate pelado, enteros o dados, 

kétchup, zumos o salsas
2,36

. 

En España, el producto de tomate procesado más consumido es la salsa de tomate, 

seguida del tomate natural, tomate natural triturado, kétchup, tomate natural entero 

pelado y zumo de tomate con un 3.76, 1.53, 1.33, 0.52, 0.21 y 0.1 kg/cápita/año, 

respectivamente
1
.  

 

3.2.5. Composición y valor nutricional 

Los tomates representan una importante fuente de nutrientes, minerales y vitaminas. En 

la Tabla 2, se muestra la composición nutricional del tomate y su mayor subproducto, 

la salsa de tomate.  
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Tabla 2. Composición nutricional del tomate y salsa de tomate
1,48

.  

 

Por 100 g Por ración (245 g) 

Tomate 
Salsa de 

tomate 

Tomate Salsa de 

tomate 
Energía (Kcal) 16 24 38 59 

Proteínas (g) 0.79 1.20 1.90 2.94 

Lípidos (g) 0.25 0.30 0.60 0.74 

Saturados (g) 0.034 0.041 0.082 0.100 

Monoinsaturados (g) 0.040 0.045 0.096 0.110 

Poliinsaturados (g) 0.101 0.121 0.242 0.296 

Hidratos de carbono (g) 3.47 5.31 8.33 13.01 

Fibra (g) 1.9 1.5 4.6 3.7 

Agua (g) 94.75 91.28 227.40 223.64 

MINERALES 

Calcio (mg) 33 14 79 34 

Hierro (mg) 0.57 0.96 1.37 2.35 

Magnesio (mg) 10 15 24 37 

Zinc (mg) 0.12 0.22 0.29 0.54 

Sodio (mg) 115 474 276 1161 

Potasio (mg) 191 297 458 728 

Fósforo (mg) 17 27 41 66 

VITAMINAS 

Tiamina (mg) 0.575 0.024 1.380 0.059 

Riboflavina (mg) 0.055 0.065 0.132 0.159 

Equivalentes niacina (mg) 0.712 0.991 1.709 2.428 

Vitamina B6 (mg) 0.111 0.098 0.266 0.240 

Folatos (µg) 8 9 19 22 

Vitamina C (mg) 12.6 7 30.2 17.2 

Vitamina A: Equivalentes Retinol (µg) 20 22 48 54 

 

El agua es el principal componente de los dos productos representando un 95% del total 

en el tomate y un 91% en la salsa. Dentro de los macronutrientes, destacan los hidratos 

de carbono, con un 3.5% para el tomate, y los lípidos, con un 5.3% en la salsa. Entre los 

minerales, el potasio es el elemento encontrado con mayor proporción en el tomate, 

alcanzando 191 mg/100 g mientras que en la salsa destaca el sodio con 474 mg/100 g. 

En lo que respecta a las vitaminas, cabe destacar la vitamina A con 20 y 22 µg/100 g 

para tomate y salsa respectivamente, y la vitamina C con 12.6 mg/100 g para el tomate y 

7 mg/100 g para la salsa
1,44

. 

 

3.2.6. Efectos beneficiosos del tomate sobre la salud 

El consumo regular de tomates y sus productos se asocia a un menor riesgo de padecer 

ciertos tipos de cáncer
8,49,50

, y enfermedades cardiovasculares
5,51–55

. Existen diversos 

estudios in vitro, en animales y en humanos en los que se estudian los efectos 
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beneficiosos del tomate o sus nutrientes sobre este tipo de enfermedades. En la Tabla 3, 

se muestra una representación de los estudios realizados con tomate y sus derivados 

sobre la salud. 

 

Tabla 3. Estudios de los efectos beneficiosos del tomate y sus derivados sobre la salud. 

Sujetos Intervención Efecto en la salud Referencia 

Estudio in 

vitro 

(células 

humanas 

de cáncer 

de 

próstata) 

Células tratadas con 

concentraciones crecientes de 

licopeno (0.3-3.0 µM) durante 

la noche. 

El licopeno a las 

concentraciones estudiadas 

no afectó a la proliferación 

celular o promovió la 

necrosis, pero alteró la 

función mitocondrial y la 

apoptosis inducida en 

células de cáncer de 

próstata humano LNCaP. 

8 

Estudio in 

vitro 

(monocito

s humanos 

y células 

epiteliales 

vasculares

) 

Extractos de Kétchup 

vs compuestos bioactivos del 

kétchup (7.5 µM licopeno, 1.4 

µM α-tocoferol o 55 µM ácido 

ascórbico individuales). 

Protección en el efecto 

antiinflamatorio contra la 

quimiotaxis en los 

extractos de kétchup. 52 

Ratas 

macho 

Wistar 

Dieta hipercalórica vs dieta 

hipercalórica suplementada con 

oleorresina de tomate rica en 

licopeno (10 mg/Kg/día). 

Incremento  de 

adiponectina en el tejido 

adiposo, en plasma y en la 

expresión de mRNA. 

51 

Cerdos Sofrito (100 g/día). Preservación de la función 

endotelial coronaria y 

mejora del perfil de la 

apolipoproteína AI y 

apolipoproteína J en las 

lipoproteínas de alta 

densidad. 

53 

Ratas 

macho 

Dieta basal vs dieta basal y 2% 

de colesterol vs dieta basal y 

2% de colesterol con 20% 

tomate vs dieta basal y 2% de 

colesterol con 20% salsa de 

tomate durante 1 mes. 

Disminución de 

triglicéridos, LDL y 

colesterol total en las 

intervenciones con tomate 

y salsa, con mejores 

resultados en salsa. 

55
 

Mujeres 

de 

mediana 

edad 

sanas 

 

 

Consumo regular de tomate y 

subproductos (1.5, 1.5 a 4, 4 a 

7, 7 a 10 y >10 

porciones/semana). 

 

 

A mayor consumo de 

tomate hay una mayor 

reducción de riesgo 

cardiovascular. 

5 
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Hombres 

y mujeres 

sanos 

Zumo de tomate fortificado 

con germen de soja (300 mL 

(66 mg isoflavonas y 22 mg 

licopeno)/día/8 semanas). 

 

Gran biodisponibilidad de 

las isoflavonas y licopeno 

tras su administración. 

6 

Individuo

s con 

síndrome 

metabólic

o 

1 zumo de tomate comercial al 

día, 4 veces por semana 

durante 2 meses (2.5 mg 

licopeno/100 g zumo y 312 µg 

β-caroteno/100 g zumo). 

Reducción de las 

concentraciones séricas de 

factores de riesgo 

cardiovascular y mejora de 

la disfunción endotelial y 

el control glucémico al 

disminuir la resistencia a 

la insulina. 

54 

Individuo

s con alto 

riesgo 

cardiovas

cular 

Consumo regular de gazpacho 

(250 g/semana). 

Disminución de la presión 

arterial sistólica y 

diastólica tras la ingesta de 

gazpacho. 

56
 

Mujeres 

con 

sobrepeso 

u obesas 

330 mL/día de zumo de tomate 

vs control. 

Disminución de 

concentraciones séricas de 

IL-8 y TNF-α en el grupo 

intervención al comparar 

el tiempo basal y después 

de la intervención. 

Disminución de la 

concentración sérica de IL-

6 en el grupo de 

intervención respecto al 

grupo control. 

57
 

Pacientes 

con 

diabetes 

tipo 2 

200 g de tomate fresco/día 

durante 8 semanas. 

Disminución de la presión 

arterial sistólica y 

diastólica. Incremento en 

apoA-I al final del estudio 

en comparación con los 

valores iniciales. 

58
 

Hombres 

sanos 

200 g/día de salsa de tomate 

amarillo (0 mg de licopeno) vs 

200 g/día de salsa de tomate 

rojo (16 mg de licopeno) 

durante 1 semana. Después el 

primer grupo siguió una dieta 

suplementada con licopeno (16 

mg/día) y el segundo grupo 

recibió placebo. Se recogió el 

suero antes y después de la 

intervención y se incubó con 

células de cáncer de próstata y 

se midió la expresión génica de 

45 genes. 

El licopeno afecta a la 

expresión génica tanto al 

ser administrado en la 

salsa como en forma de 

suplemento. 

50
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La mayoría de los estudios atribuyen los efectos beneficiosos a los carotenoides, sobre 

todo al licopeno, y pocos de ellos tienen en cuenta la posible sinergia que puede existir 

entre estos compuestos y los polifenoles a la hora de actuar sobre los posibles factores 

de ciertas enfermedades crónicas. 

 

3.2.7. Compuestos fenólicos en tomates y subproductos 

Recientemente, se han publicado diversos estudios sobre el contenido polifenólico de 

diferentes variedades de tomate, salsas, kétchups, zumos o gazpachos
4
. Los principales 

grupos de flavonoides y no flavonoides encontrados en el tomate y sus derivados son: 

flavonoles, flavanonas, flavonas y ácidos fenólicos
4,59

.  

Entre los flavonoles, podemos encontrar la quercetina, caemferol y en gran medida la 

rutina, en concentraciones que oscilan entre 1 y 20 mg/100 g. Dentro de las flavanonas, 

encontramos la naringenina y su forma glicosilada y entre las flavonas destaca la 

apigenina con sus varias formas glicosiladas
4
. Entre los ácidos fenólicos destacan los 

ácidos hidroxibenzoicos como el ácido gálico o el ácido protocateico y los             

ácidos hidroxicinámicos como el ácido 5-cafeoilquínico, con concentraciones que 

oscilan entre 0.14 y 8 mg/100 g
4
. Las concentraciones de los compuestos fenólicos 

varían según la variedad de tomate, el tipo de cultivo utilizado, el procesado y el 

almacenaje
60–63

.  

 

3.2.8. Biodisponibilidad de los compuestos fenólicos del tomate 

La biodisponibilidad, como se ha comentado anteriormente, puede estar alterada por 

diversos factores: intrínsecos, extrínsecos, relacionados con el procesado, la matriz del 

alimento, la estructura química y la absorción gastrointestinal. En la bibliografía se han 

descrito diferentes estudios en los que se evalúa el cambio experimentado en los 

compuestos fenólicos del tomate teniendo en cuenta algunos de dichos 

factores
12,19,21,37,63–76

.  

 

- Factores intrínsecos y extrínsecos:  

Un factor intrínseco es el tipo de variedad de tomate. Distintas publicaciones resaltan la 

variabilidad del contenido fenólico según la variedad del tomate estudiado con 

concentraciones que pueden variar de 7 a 44 mg/Kg de quercetina o 14 a 32 mg/Kg de 

ácido 5-cafeoilquínico
68,69

.  
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Dentro de los factores extrínsecos puede influir el método de cultivo, ya sea orgánico o 

convencional. En un estudio en el que se valoró durante 3 años el contenido fenólico en 

tomates sembrados en cultivos orgánicos y convencionales, se observó que el contenido 

de algunos polifenoles era mayor en cultivos orgánicos que en convencionales, pero 

estos resultados estaban más condicionados por el año que no por las condiciones de 

cultivo
64

. Otros estudios similares evaluaron el contenido polifenólico en tomates, 

kétchups y zumos, demostrando que, en los tres productos hay más polifenoles en los 

productos procedentes del cultivo orgánico versus del convencional
65,67,66

. 

 

- Procesado del alimento 

Hay descritos en la bibliografía diversos estudios sobre el efecto del tratamiento térmico 

o mecánico que experimentan los compuestos fenólicos de los tomates al ser tratados, 

así como su almacenaje. Se estudió el perfil fenólico del efecto de diferentes 

tratamientos industriales durante el procesado de salsas de tomate y dados de tomate y 

se determinó que el tiempo de evaporación era un punto crítico que debía ser 

controlado, ya que hacía disminuir el nivel de compuestos bioactivos tanto como la 

temperatura. También se concluyó que la adición de un extracto elaborado con pieles y 

semillas, un paso utilizado normalmente durante el procesado industrial para 

incrementar el espesor, ayudaba a enriquecer el producto final con estos 

compuestos
70,77

. En otro estudio similar en el que se estudiaron tres métodos distintos de 

procesado de tomate fresco a salsa de tomate, se encontró que la naringenina era el 

compuesto fenólico más afectado durante el tratamiento y que el ácido 5-cafeoilquínico 

incrementaba su concentración durante el procesado, sugiriendo una mejora en su 

biodisponibilidad
71

. En el caso del almacenaje, se evaluaron los cambios producidos en 

el perfil fenólico de kétchups y zumos durante 3, 6 y 9 meses y de gazpachos durante 3 

meses y se observó que el nivel de polifenoles disminuía pasado este tiempo pero sin 

comportar un perjuicio al consumidor
37,63

.  

 

- Absorción gastrointestinal 

Existen varios ensayos en humanos en los que se ha estudiado la biodisponibilidad de 

los compuestos bioactivos del tomate, aunque la mayoría de ellos evalúan solamente el 

efecto en los carotenoides, sobretodo en el licopeno
12,72

. Los resultados encontrados en 

estos estudios demuestran como los carotenoides son más biodisponibles en tomates 
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procesados, ya sean zumos o salsas
12,72

, que no en el fruto fresco proporcionando así 

más efectos beneficiosos para la salud
73–76

.  

Por otro lado, se encuentra un menor número de estudios en los que evalúan el efecto de 

la administración de tomate en la biodisponibilidad de los polifenoles en seres humanos 

sanos
19,21

. En un estudio se valoró el nivel de naringenina tras la ingesta de 150 mg de 

salsa de tomate cocinada y un control el cual no contenía salsa. Tras la ingesta de la 

salsa se detectó el compuesto en el plasma de los voluntarios mientras que en los 

controles no se detectó ningún resto del compuesto
21

. Un estudio similar, del mismo 

grupo de investigación, demostró que tras la ingesta de tomates cherry sin cocinar y 

cocinados en forma de salsa, las concentraciones de naringenina y                            

ácido 5-cafeoilquínico incrementaban significativamente tras la administración de los 

tomates cocinados, pero no sin cocinar
19

.  

 

3.2.8.1. Efecto de una matriz lipídica en la biodisponibilidad de los compuestos 

fenólicos del tomate. 

Uno de los factores que afectan a la biodisponibilidad de los polifenoles es la matriz en 

la que se encuentra el alimento. Las interacciones entre los diferentes compuestos o la 

matriz en la que el compuesto esté adherido afectan mucho en la biodisponibilidad de 

los compuestos. Recientemente, se ha publicado un estudio del efecto de la adición de 

aceite de oliva virgen extra (5 y 10%) en el perfil fenólico de salsas de tomate
62

. Los 

resultados demostraron que al aumentar la concentración de aceite de oliva había un 

incremento en el nivel de polifenoles, por lo que se demuestra que la matriz del 

alimento juega un papel crucial en la accesibilidad de los compuestos fenólicos. Por lo 

que respecta a estudios llevados a cabo con tomate y el efecto de la adición de aceite de 

oliva en humanos, la bibliografía hasta el momento reporta resultados con carotenoides, 

pero no con compuestos fenólicos. Los estudios encontrados demuestran que hay un 

incremento en la concentración de los carotenoides en plasma en las intervenciones en 

que se ha adicionado aceite
78,79

.  
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4. Resultados

En esta sección, se expondrán los trabajos realizados a lo largo de esta tesis doctoral. 

Cuatro de los seis artículos están publicados en revistas del primer cuartil, el 

quinto artículo está publicado en la revista Molecules del segundo cuartil y el sexto y 

último artículo, en revisión por la revista Molecular Nutrition and Food Research. 

Previo a cada publicación hay un resumen donde se detallan brevemente los objetivos 

del estudio, sus resultados y las principales conclusiones.  
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4.1. Publicación 1. Validación de un nuevo método por 

LC-MS/MS para la detección y cuantificación de metabolitos 

fenólicos de salsas de tomate en muestras biológicas. 

Validation of a new LC-MS/MS method for the detection and 

quantification of phenolic metabolites from tomato sauce in biological 

samples. Miriam Martínez-Huélamo, Sara Tulipani, Xavier Torrado, Ramón 

Estruch and Rosa M. Lamuela-Raventós. Journal of Agricultural and Food Chemistry. 

2012, 60(18):4542-4549. 

Para una buena identificación y cuantificación de los compuestos fenólicos se necesita 

tener un método sensible y selectivo. Por ello, en esta publicación se muestra la 

optimización de un método para la determinación de 11 compuestos fenólicos derivados 

del tomate en orina y plasma humano por HPLC-MS/MS. Previo al análisis, se necesitó 

realizar una SPE para obtener unas muestras limpias para poder ser detectadas con 

mayor precisión en su posterior inyección en el sistema cromatográfico. El método fue 

completamente validado obteniéndose resultados de recuperación entre 73 y 104% en 

plasma y entre 65 y 106% en orina. La precisión varió entre 90.3 y 115% en orina y 

entre 85.7 y 115% en plasma, mientras que el coeficiente de variación de la precisión 

fue inferior al 15%. El método permitió límites de detección (LODs) y cuantificación 

(LOQs) de 0.5 a 29 y 2.0 a 90 ng mL
-1

 en orina, para la naringenina y el

ácido isoferúlico, respectivamente, y 0.5 a 30 y 2.0 a 105 ng mL
-1

en plasma, 

respectivamente, para los mismos compuestos fenólicos. Una vez validado el método, 

se realizó un estudio con 8 voluntarios sanos a los que se les suministró 250 mL de 

salsa de tomate y se les recogió orina y plasma después de la intervención. Además de 

los compuestos validados, también se buscaron los posibles metabolitos glucurónidados 

y sulfatados. Se pudieron detectar 4 compuestos en las muestras biológicas tras la 

ingesta de la salsa de tomate: naringenina, naringenina glucurónido, 

ácido ferúlico glucurónido y ácido cafeico glucurónido. 
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Validation of a New LC-MS/MS Method for the Detection
and Quantification of Phenolic Metabolites from Tomato Sauce
in Biological Samples
Miriam Martıńez-Hueĺamo,†,§ Sara Tulipani,†,# Xavier Torrado,† Ramoń Estruch,§,⊗

and Rosa M. Lamuela-Raventoś*,†,#

†Department of Nutrition and Food Science-XARTA-INSA, School of Pharmacy, University of Barcelona, Barcelona, Spain
§CIBER 06/003 Physiopathology of obesity and nutrition (CIBEROBN) and RETICS RD06/0045/0003,
Institute of Health Carlos III, Madrid, Spain
#Ingenio CONSOLIDER Program, FUN-C-FOOD (CSD2007-063), Barcelona, Spain
⊗Department of Internal Medicine, Hospital Clinic, Institute of Biomedical Investigation August Pi i Sunyer (IDIBAPS),
University of Barcelona, Barcelona, Spain

ABSTRACT: Tomato is a good source of bioactive molecules such as vitamin C, carotenoids, and phenolic compounds. Up to
now, only a few studies have evaluated the bioavailability of phenolic compounds from tomato. This paper presents the
optimization of a method for the determination of phenolics in tomato and their metabolites in human urine and plasma after
ingestion of tomato sauce. The sample preparation includes a SPE step to obtain cleaner extracts for injection in the LC-MS/MS
system. The mean recovery of analytes ranged from 73 to 104% in plasma and from 65 to 106% in urine, the accuracy was
between 90.3 and 115.0% in urine and between 85.7 and 115.0% in plasma, and the precision coefficient of variation was <15%.
The method allowed detection and quantification limits of 0.5−29 and 2.0−90 ng mL−1 in urine, respectively, and 0.5−30 and
2.0−105 ng mL−1 in plasma, respectively, for the same phenolic compounds.

KEYWORDS: tomato, phenolic metabolites, LC-MS/MS, plasma, urine

■ INTRODUCTION
Tomato (Solanum lycopersicum, formerly Lycopersicon esculentum)
is one of the most popular and extensively consumed vegetable
crops worldwide1−3 and the most exported vegetable from
Spain (880630 tons annually, according to FAO data). Tomato
fruit is widely consumed either fresh or after processing into
various products.4,5

Phenolic compounds found in tomato sauce belong to the
class of phenolic acids, including hydroxycinnamic acids and their
ester conjugates (mono- and dicaffeoylquinic acids, glucosides
of caffeic, ferulic, dihydroferulic, and coumaric acids), with
chlorogenic acid being the most abundant phenolic acid.6,7

Tomato products also have a high content of the flavanone
naringenin, which has been reported as the most abundant
compound in tomato sauce.6 In addition, recent results from our
group show that rutin is a major flavonoid present in tomato
products.8,9

There is today a growing awareness that the health effects
derived from phenolic compound consumption depend on
their bioavailability (absorption, distribution, metabolism, and
elimination), a factor that is also influenced by their chemical
structure.10−14 Once ingested through food, phenolics are
absorbed and then subjected to phase I (hydrolysis) and phase
II (conjugation) metabolism in the small intestine and liver,
which produces a series of water-soluble conjugate metabolites
(methyl, glucuronide, and sulfate derivatives) that may pass
into the bloodstream, accumulate in tissues, and then be
excreted in urine.15

For the determination of phenolics and their metabolites in
human urine and plasma, it is necessary to ensure an efficient
and reproducible extraction in the sample treatment process.
Optimization of this step is key to obtaining a method of
analysis sensitive enough to determine these substances at low
concentration. One of the most widely used techniques for the
preconcentration and cleanup of analytical samples is solid-
phase extraction (SPE). Tandem mass spectrometry coupled to
liquid chromatography (LC-MS/MS) has been demonstrated to
be highly suitable for the analysis of phenolic metabolites11,16−18

due to its high sensitivity, allowing lower detection limits and
adequate selectivity versus interfering substances of the matrix,
compared to LC with UV or electrochemical detection.
Previous studies by our group have established that the

tomato sauce-making process (for instance, the addition or not
of an oil matrix during sauce preparation) may affect the phase
II metabolism of tomato phenolics and consequently the
urinary excretion and plasma bioavailability. We here present
the optimization of a new simple and rapid method for the
determination of phenolic compounds and their metabolites in
urine and human plasma and additionally report a screening of
the occurring conjugated metabolites, which were identified by
MS/MS experiments.
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■ EXPERIMENTAL PROCEDURES
Reagents and Materials. Phenolic standards caffeic acid,

chlorogenic acid, dihydrocaffeic acid, ferulic acid, hippuric acid,
isoferulic acid, and quercetin were purchased from Sigma-Aldrich
(St. Louis, MO, USA); 3-hydroxyphenylpropionic acid, 4-hydrox-
yphenylpropionic acid, naringenin, and ethyl gallate (internal standard
(IS)) were from Extrasynthes̀e (Genay, France); and 4-hydroxyhippu-
ric acid was from Phytolab (Vestenbergsgreuth, Germany).
All reagents were of HPLC grade: acetonitrile (MeCN), methanol

(MeOH), and formic acid (HCOOH) were purchased from Scharlau
Chemie S.A. (Barcelona, Spain); hydrochloric acid 37% (HCl) and
orthophosphoric acid 85% (H3PO4) were supplied by Panreac
Quimica SA (Barcelona, Spain). Human plasma was purchased from
Sigma-Aldrich. Ultrapure water was generated by a Millipore System
(Bedford, MA, USA).
The SPE cartridges used in this study were Oasis HLB 96-Well

Plate 30 μm (30 mg) supplied by Waters (Milford, MA, USA).
Subjects and Study Design. Eight volunteers aged between

27 and 46 years (33 ± 5.9 years) and with a mean body mass index of
23 ± 0.93 kg/m2 were selected. On the day of intervention, baseline
blood and urine samples were collected from the subjects, who then
consumed 250 mL of tomato sauce. Blood and urine samples were
collected after the ingestion of the sauce. Blood was immediately
centrifuged at 1500g for 20 min at 4 °C and stored at −80 °C until
analysis. The urine bottles were stored at 4 °C and, immediately after
the participants had started to collect the next fraction, the amount of
urine in each fraction was measured, acidified with 0.2 M HCl, and
stored at −80 °C until analysis. The study protocol was approved
by the Ethics Committee of Clinical Investigation of the University
of Barcelona (Spain), and the clinical trial was registered at the
International Standard Randomized Controlled Trial Number
(ISRCTN20409295). Informed consent was obtained from all
participants.
Preparation of Standard and Stock Solutions. Individual stock

solutions of caffeic acid, chlorogenic acid, dihydrocaffeic acid,
dihydrophenylpropionic acid, ethyl gallate, ferulic acid, hippuric acid,
isoferulic acid, naringenin, quercetin, and 4-hydroxyhippuric acid were
prepared at a concentration of 1 mg mL−1 in 80% methanol.
The working solution, used to spike plasma and urine samples, was

prepared by mixing the individual standard solutions and diluting it
with H2O. A solution of ethyl gallate at a concentration of 400 ng mL−1

was used as the internal standard. All standard solutions were stored
at −80 °C.
Synthetic human urine was prepared by dissolving 0.65 g/L of

CaCl2·2H2O, 0.65 g/L MgCl2·H2O, 4.6 g/L NaCl, 2.3 g/L Na2SO4,
0.65 g/L Na3C6H5O7·2H2O, 2.8 g/L KH2PO4, 1.6 g/L KCl, 1.0 g/L
NH4Cl, 25 g/L urea, and 1.1 g/L creatinine in Milli-Q water.
Instrumentation. LC-ESI-MS/MS. An HP Agilent Technolo-

gies 1100 LC system equipped with an autosampler and a column
oven set to 30 °C and coupled to an API 3000 triple-quadrupole
mass spectrometer (PE Sciex) with a turbo ion spray source was
used to identify and quantify the corresponding phenolic meta-
bolites. Chromatographic separation was achieved on a Luna C18
(50 × 2.0 mm (5 μm)) from Phenomenex (Torrance, CA, USA)
using a precolumn Phenomenex security guard C18 (4 × 3 mm
i.d.).6 The system was controlled by Analyst v. 1.4.2 software
supplied by Applied Biosystems (Foster City, CA, USA).
Procedures. Extraction of Phenolic Compounds from the

Tomato Sauce. For the extraction of phenolic compounds from
the tomato sauce, 5 mL of 80% ethanol acidified with 0.1%
HCOOH was added to 0.5 g of sample. The mixture was
vortexed for 1 min and then sonicated for 5 min on an ice bath
to prevent degradation of the compounds. After centrifugation
at 900g for 20 min at 4 °C, the supernatant was collected,
another 5 mL of the acidified 80% ethanol solution was added
to the pellet, and the extraction procedure was repeated. Both
supernatants were combined and concentrated to dryness on a
sample concentrator (Techne, Duxford, Cambridge, U.K.) at
room temperature under a stream of nitrogen gas. The samples

were redissolved in 2 mL of H2O (0.1%HCOOH). After filtration
of the aqueous extracts with 4 mm 0.45 μm PTFE syringe filters
(Waters Corp.), 20 μL of the resulting filtrate was injected into
the LC-MS/MS system, in triplicate.6,8

Sample Preparation Method for Plasma and Urine. On the day of
the analysis, synthetic urine and plasma samples were defrosted on ice
in the dark. For the preparation of the calibration curves, the samples
were spiked with increasing concentrations for each phenolic standard.
The IS, ethyl gallate, was added at a level of 400 ng mL−1. Twenty-five
microliters of H3PO4 was added to 2 mL of plasma and 17 μL of HCl
to 2 mL of urine, which gave the samples a pH of 2. Before SPE, urine
samples were centrifuged at 15000g for 4 min at 4 °C.

Solid-Phase Extraction. Solutions of 1.5 M HCOOH, 5% MeOH,
MeOH (0.1% HCOOH), and H2O (0.1% HCOOH) were prepared to
be used in the SPE.

HLB plate activation was achieved by adding 2 mL of MeOH and
2 mL of 1.5 M HCOOH, consecutively. After the sample loading into
the 96-well plate (2 mL), sample cleanup was performed with 2 mL of
1.5 M HCOOH followed by 2 mL of 5% MeOH solution. Phenolic
compounds were then eluted with 2 mL of MeOH acidified with 0.1%
HCOOH (v/v). The elution fraction obtained was evaporated to
dryness by a sample concentrator (Techne) at room temperature
under a stream of nitrogen. Two hundred microliters of water acidified
with 0.1% HCOOH (v/v) was added to dissolve the residue to be
injected into the LC system.

Chromatographic Conditions. The mobile phase used in LC-MS/
MS for the tomato sauce and biological samples was water (A) and
MeCN (B) with 0.1% HCOOH in both solvents. For the tomato sauce
an increasing linear gradient (v/v) of B was used (t (min), %B), as
follows: (0, 5), (10, 18), (13, 100), (14, 100), and (15, 5), followed by a
5 min re-equilibration step, at a constant flow rate of 400 μL min−1. The
flow rate for the biological samples was 0.6 mL min−1, and the gradient
used (t (min), % B) was (0, 5), (2, 25), (10, 90), (11, 100), and (12,
100), followed by a 5 min re-equilibration step. Twenty microliter
aliquots of the extracts were injected in the LC-MS/MS system.

LC-ESI-MS/MS Parameters. The LC-ESI-MS/MS conditions were
optimized by direct injection of 50:50 (v/v) water (0.1% HCOOH)/
MeCN (0.1% HCOOH) of each phenolic standard individually at a
concentration of 1 μg mL−1 into the mass spectrometer using a model
syringe pump (Harvard Apparatus, Holliston, MA, USA) at a constant
flow rate of 5 μL min−1. The turbo ion spray source was in negative
mode with the following settings: capillary voltage, −4500 V; nebulizer
gas (N2), 10 (arbitrary units); curtain gas (N2), 12 (arbitrary units);
drying gas (N2) was heated to 400 °C and introduced at a flow rate of
4500 mL min−1. Table 1 shows the declustering potential (DP),
focusing potential (FP), and entrance potential (EP) optimized to
detect phenolics with the highest signals.

Full-scan data were acquired by scanning from m/z 100 to 800 in
profile mode using a cycle time of 1 s. Multiple reaction monitoring
(MRM) experiments in the negative ionization mode were performed
using a dwell time of 154 ms. The ions in MRM mode were produced
by collision-activated dissociation (CAD) of selected precursor ions in
the collision cell of the triple quadrupole and analyzed with the second
analyzer of the instrument.14,19,20 The optimum collision-activated
dissociation (N2) was 4 (arbitrary units). Two transitions were
followed for each phenolic compound; one was used for quantification
and the other for identification. Table 1 shows these transitions with
their optimum collision energy.

To identify the phenolic metabolites, we carried out different experi-
ments such as product ion scan (PIS), neutral loss (NL), and
precursor ion scan (PrIS). Only PIS experiments were successfully
used for identification purposes due to the lower concentration of the
phenolic metabolites investigated and, consequently, the need for
greater sensitivity. The PIS experiments were carried out using a cycle
time of 2 s.

Quality Parameters. The quality parameters established for the
correct validation of the method were recovery, selectivity, limit of
detection, limit of quantification, linearity, accuracy, and preci-
sion.11,19,21
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■ RESULTS AND DISCUSSION

Chromatographic Separation and Ion Mass Detec-
tion. The best compromise between keeping chromatographic
run times as short as possible and allowing a convenient
resolution of plasma and urine sample extracts was found to be
a C18 column applying a gradient elution from 5 to 100% in
organic component using LC-MS/MS. Peak resolution was
higher than 1.5 except for the separation of hippuric acid,
dihydrocaffeic acid, and chlorogenic acid. Peak width was

acceptable for all of the compounds, ranging between 5.2 and
13.2 s. The multistep gradient elution yielded an optimum
separation of the 11 phenolic compounds in <12 min using
LC-MS/MS. Figure 1 shows spiked blank plasma at a level
16 times the LOQ.
The coupling of LC with MS is a powerful tool for the

identification and quantification of analytes in biological
samples.11,16,17 Optimization of the methods was achieved by
selecting the best ionization mode and mass spectrometer
parameters. MRM mode exhibited the highest selectivity and
sensitivity using LC-ESI-MS/MS.

Method Validation. The described method was fully
validated by the criteria of the AOAC International: recovery,
selectivity, limit of detection, limit of quantification, linearity,
accuracy, and precision.21

Recovery. The recovery is the detector response obtained
from an amount of the analyte added to and extracted from the
biological matrix, compared to the detector response obtained
for the same concentration of the pure authentic standard. The
recovery obtained is illustrated in Tables 3 and 4. The results
showed comparable values of recovery in fortified urine and
plasma samples, with values being >95% in urine, except for
4-hydroxyhippuric acid and quercetin, which had recoveries of
75 and 65%, respectively, and values >96% in plasma, except
for 4-hydroxyhippuric acid, which had 73% recovery. The
recoveries of quercetin and 4-hydroxyhippuric acid obtained in
the extraction were in agreement with the results of previous
studies.11,22

Selectivity. Selectivity is the ability of an analytical method
to differentiate and quantify the analytes in the presence of
other components in the sample. To ascertain selectivity, six

Figure 1. Separation of the 11 phenolics by LC-MS/MS. Peaks: (1) 4-
hydroxyhippuric acid; (2) hippuric acid; (3) dihydrocaffeic acid; (4)
chlorogenic acid; (5) caffeic acid; (6) ethyl gallate (IS); (7) 3- and 4-
hydroxyphenylpropionic acid; (8) ferulic acid; (9) isoferulic acid; (10)
quercetin; (11) naringenin.

Table 1. Declustering Potential (DP), Focusing Potential (FP), and Entrance Potential (EP) Optimizeda

DP (V) FP (V) EP (V)
quantification
transition

collision energy
(V)

identification
transition

collision energy
(V)

caffeic acid −40 −170 −11 179 → 135 −20 179 → 107 −30
chlorogenic acid −40 −180 −11 353 → 191 −20 353 → 179 −30
dihydrocaffeic acid −40 −170 −11 181 → 137 −20 181 → 121 −30
3- and 4-hydroxyphenylpropionic acid −30 −200 −10 165 → 121 −20
ethyl gallate (IS) −60 −200 −10 197 → 169 −25 197 → 124 −30
ferulic acid −50 −220 −11 193 → 134 −20 193 → 178 −20
hippuric acid −40 −170 −10 178 → 134 −20
isoferulic acid −40 −170 −11 193 → 178 −20 193 → 134 −20
naringenin −50 −190 −11 271 → 151 −30 271 → 119 −40
quercetin −50 −210 −11 301 → 151 −30 301 → 179 −30
4-hydroxyhippuric acid −40 −170 −10 194 → 100 −20 194 → 150 −30
aQuantification and identification transitions with the optimum collision energy.

Table 2. Contents of the Quantified Phenolic Acids, Flavanones, and Flavonols in the Administered Sauce

compound LOD (ng mL−1) LOQ (ng mL−1) concn range (ng mL−1) linear fit sauce (μg/g FWa)

protocatechuic acid 8.01 30.4 30−400 0.996 129.2 ± 6.7
3-caffeoylquinic acid 23.9 75.8 75−1600 0.997 60.3 ± 1.1
5-caffeoylquinic acid 23.9 75.8 75−1600 0.997 814.3 ± 15.0
4-caffeoylquinic acid 23.9 75.8 75−1600 0.997 213.7 ± 6.9
dicaffeoylquinic acid 23.9 75.8 75−1600 0.997 54.3 ± 5.1
caffeic acid glucoside II 9.15 40.2 40−800 0.991 437.1 ± 9.4
caffeic acid glucoside IV 9.15 40.2 40−800 0.991 150.7 ± 1.3
caffeic acid glucoside II 9.15 40.2 40−800 0.991 6.1 ± 0.1
ferulic acid glucoside 18.0 50.2 50−2000 0.997 238.8 ± 12.2
naringenin 6.05 28.4 30−2000 0.992 1347 ± 63.6

aFW, fresh weight.
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plasma and urine samples of six volunteers were analyzed at 3 h
after ingestion of tomato sauce.
Under the chromatographic and MS/MS conditions used for

the assay, analytes were well resolved with resolutions >1.5 for
almost all of the compounds, and no interferences from matrix
components at the mass transition and retention time of the
analytes were observed in plasma and urine, compared with
standards dissolved in water.
Limit of Detection (LOD) and Limit of Quantification

(LOQ). The LOD was estimated for a signal-to-noise ratio of 3
from the chromatograms of spiked blank plasma and urine
samples at the lowest analyte concentration tested. Similarly,
the LOQ was determined for a signal-to-noise ratio of 10.
Spiked plasma and urine samples at five different concentration
levels were prepared in triplicate to establish the LOD and
LOQ in the different mass spectrometric systems. Tables 3 and 4
present the LOD and LOQ obtained. These data indicated
considerable differences in sensitivity between polyphenols
but not variation in the biosamples. Hippuric acid and isoferulic
acid presented higher LOD and LOQ than the other compounds
in both plasma and urine. The concentrations obtained were
in agreement with previous methodology described in the
literature,11,23 and for some compounds such as caffeic acid,
chlorogenic acid, and quercetin, the limits were lower than
previously reported values.24

Linearity. Linearity refers to the response of an instrument
to the concentration of an analyte. In our case the response held
a linear relationship with the analyte concentration. Linearity
was tested by assessing signal responses of target analytes from
plasma and urine samples spiked at a concentration ranging
from the LOQ for each analyte to 52 μg mL−1, depending on
the LOQ of the phenolic compound. Spiked plasma and urine
samples at eight different concentrations were prepared in
duplicate. Calibration curves were constructed using the internal
standard method (analyte/internal standard peak area ratio
versus concentration of analyte/internal standard ratio), using
400 ng mL−1 of the internal standard. All calibration data are
presented in Tables 3 and 4. The analytical procedure was linear
over the concentration range tested with the correlation
coefficient exceeding 0.990 for all compounds in plasma and
urine samples, demonstrating the excellent linearity of the curves.
Accuracy and Precision. Accuracy is the closeness of

agreement between the measured value and the accepted “true”
or reference value. Experiments were evaluated by repetitively
spiking the matrix with known levels of analyte standards. The
accuracy of the method was expressed as (mean observed
concentration/added concentration) × 100. The accuracy of the
method was acceptable at each concentration level: in plasma,
85.7−114.3% for the low, 97.1−115.0% for the medium, and
98.4−103.0% for the high concentration levels; and in urine
90.3−106.4% for the low, 97.2−115.0% for the medium, and
98.4−109.1% for the high concentration levels.
Precision expresses the closeness of agreement among a series

of measurements obtained from multiple testing of a homo-
geneous test sample under the method’s established conditions.
Precision was determined by independently processing 18
spiked plasma and urine samples at three different levels on
three different days (six samples per day and level). The
corresponding results of intra- and interday precision varia-
bilities, summarized in Tables 3 and 4, show the good precision
of the proposed method, with RSD values lower than 15%.
Analysis of Tomato Sauce. The most abundant type of

phenolic compounds found in the studied tomato sauce were

phenolic acids, particularly hydroxycinnamic acids and their
ester conjugates (mono- and dicaffeoylquinic acids, caffeic acid
glucoside, and ferulic acid glucoside), with chlorogenic acid
being the most abundant, as previously described by Vallverdu-́
Queralt et al. The most abundant phenolic compound in the
sample was the flavanone naringenin, confirming the high
content previously reported in tomato and tomato products.6

Table 2 shows the contents of the quantified phenolic acids,
flavanones, and flavonols in the administered sauce.

Analysis of Plasma and Urine Samples. The developed
method was applied to determine the concentration of the
studied phenolics and identify their metabolites in plasma and
urine samples after human consumption of nutritionally regular
doses of tomato sauce. Phenolic compounds in plasma and
urine were identified and quantified by comparing their MRM
transition, retention time, and product ion scan with those of
authentic standards.11 The phenolic metabolites were identified
by a product ion scan, neutral loss, or precursor ion scan in the
absence of standards.
The MRM allowed 22 transitions to be monitored (Table 5),

corresponding to 11 standard phenolic compounds and their

expected metabolites. A chromatogram of urine sample at 4 h
after the administration of tomato sauce is shown in Figure 2.
Naringenin was detected in urine and plasma, although at very
low concentrations. Naringenin was confirmed by the presence
of a peak in the transition 271 → 151, at the same retention
time as the standard. The compound appeared to a lower extent
than its glucuronide metabolite, confirming its rapid metabo-
lism, and was rapidly excreted after ingestion.
Naringenin glucuronide, caffeic acid glucuronide, and ferulic

acid glucuronide were confirmed by the presence of peaks in
transitions 447 → 271, 355 → 179, and 369 → 193, res-
pectively. To ensure the identity of the conjugated metabolites,
PIS was applied as a second experiment. The PIS of naringenin
glucuronide shows two characteristic ions, m/z 271 belonging to
the aglycone naringenin and m/z 176 belonging to the
glucuronyl unit. Another fragmentation ion at m/z 113 is
typical of the fragmentation of the glucuronide unit.6,14 Caffeic

Table 5. Transitions of Phenolic Compounds and Their
Metabolites in Plasma and Urine Samples

compound

MRM
transitions
(m/z, amu) compound

MRM
transitions
(m/z, amu)

caffeic acid 179 →135 hippuric acid 178 → 134
caffeic acid glucuronide 355 → 179 hydroferulic acid 195 → 136
caffeic acid sulfate 259 → 179 hydroferulic acid

glucuronide
371 → 195

chlorogenic acid 353 → 191 hydroferulic acid
sulfate

275 → 195

dihydrocaffeic acid 181 → 137 isoferulic acid 193 → 178
dihydrocaffeic acid
glucuronide

357 → 181 naringenin 271 → 151

dihydrocaffeic acid sulfate 261 → 181 naringenin
glucuronide

447 → 271

3- and 4-
hydroxyphenylpropionic
acid

165 → 121 quercetin 301 → 151

ferulic acid 193 → 134 quercetin
glucuronide

477 → 301

ferulic acid glucuronide 369 → 193 quercetin sulfate 381 → 301
ferulic acid sulfate 273 → 193 4-hydroxyhippuric

acid
194 → 100
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acid glucuronide and ferulic acid glucuronide were also
confirmed by PIS by the presence of m/z 176 amu, cor-
responding to the glucuronide unit, and by the ions cor-
responding to the aglycone at m/z 179 for caffeic acid and at
m/z 193 for ferulic acid.6 Figure 3 shows the PIS of naringenin

glucuronide, caffeic acid glucuronide, and ferulic acid glucuro-
nide. Ferulic acid glucuronide presented a slower rate of appearance
in plasma, which corresponds with the longer and more complex
metabolism leading to this compound.6 On the other hand, the
metabolite remained detectable in plasma for a longer period than
the other compounds.
We have developed and validated a new LC-MS/MS

procedure that determines tomato phenolics and their
metabolites in biological samples with an extraction method
capable of simultaneously analyzing a high number of samples.
To our knowledge, this is the first reported method for the
rapid detection and quantification of tomato sauce phenolics
and their metabolites in plasma and urine. The procedure offers
excellent selectivity and sensitivity. The use of LC-MS/MS
to obtain the fragmentation patterns of the phenolics and
phenolic metabolites led to a confident assignment of their
structural classes. This method can be applied in future clinical
and epidemiological studies with a high number of subjects to
identify the real active compounds of tomato sauce and,
consequently, to study their physiological effects in animal and
human populations.
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Figure 2. Chromatogram of urine sample at 4 h after the administration of tomato sauce.

Figure 3. PIS of (A) naringenin glucuronide, (B) caffeic acid
glucuronide, and (C) ferulic acid glucuronide.
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■ ABBREVIATIONS USED
MeCN, acetonitrile; CVD, cardiovascular disease; CAD,
collision-activated dissociation; CE, collision energy; DP,
declustering potential; FP, focusing potential; HCOOH, formic
acid; FS, full scan; HCl, hydrochloric acid 37%; IS, internal
standard; LOD, limit of detection; LOQ, limit of quantification;
MeOH, methanol; MRM, multiple reaction monitoring; NL,
neutral loss; H3PO4, orthophosphoric acid 85%; PrIS, precursor
ion scan; PIS, product ion scan; RSD, relative standard
deviation; SPE, solid-phase extraction; SEM, standard error;
LC-MS/MS, tandem mass spectrometry coupled to liquid
chromatography; H2O, water.
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Santos-Buelga, C.; Sacanella, E. Epicatechin, procyanidins, and
phenolic microbial metabolites after cocoa intake in humans and
rats. Anal. Bioanal. Chem. 2009, 394, 1545−1556.
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pharmacokinetics of grapefruit flavanones in beagles. Br. J. Nutr. 2007,
98, 86−92.
(24) Ito, H.; Gonthier, M. P.; Manach, C.; Morand, C.; Mennen, L.;
Remesy, C.; Scalbert, A. Polyphenol levels in human urine after intake
of six different polyphenol-rich beverages. Br. J. Nutr. 2005, 94, 500−
509.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf205266h | J. Agric. Food Chem. 2012, 60, 4542−45494549

Resultados

80



4.2. Publicación 2. Efectos de una matriz lipídica sobre la 

exposición plasmática y la excreción urinaria de compuestos 

fenólicos de salsas de tomate: Evidencia de un estudio piloto 

humano. 

Oil matrix effects on plasma exposure and urinary excretion of 

phenolic compounds from tomato sauces: Evidence from a human pilot 

study. Sara Tulipani, Miriam Martínez-Huélamo, María Rotchés-Ribalta, Ramón 

Estruch, Elvira Escribano-Ferrer, Cristina Andrés-Lacueva, Montserrat Illán and 

Rosa M. Lamuela-Raventós. Food Chemistry. 2012, 130(3):581-590. 

Los efectos protectores atribuidos a los compuestos fenólicos sobre la salud dependen 

de su bioaccesibilidad desde la matriz del alimento y su consecuente biodisponibilidad. 

En esta publicación, hemos llevado a cabo un estudio piloto, prospectivo, aleatorizado, 

cruzado, abierto y controlado con 5 varones sanos, a los cuales se les administró 100 g 

de salsa de tomate sin aceite (OF), una segunda elaborada con aceite de oliva virgen 

extra (VOOE) y una tercera realizada con aceite de oliva refinado (ROOE) para estudiar 

la biodisponibilidad de los compuestos fenólicos según la matriz lipídica añadida. La 

salsa fue elaborada en el Campus de la Alimentación de Torribera de la Universidad de 

Barcelona a partir de tomates comerciales (liso rojo rama). 

Los voluntarios no debían tener antecedentes de enfermedades cardiovasculares, ni 

alteraciones homeostáticas ni ninguna otra enfermedad relevante para ser incluidos en el 

estudio. Se excluyeron los voluntarios hipertensos, dislipidémicos, fumadores, con 

alergias o intolerancia al tomate y con dificultad para cambiar los hábitos alimentarios. 

El esquema del diseño del estudio se detalla en la Tabla 4. 
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Tabla 4. Esquema del diseño del estudio. 

Día -3 Dieta sin tomate 

Día -2 

Dieta sin tomate 

No suplementos vitamínicos 

No medicamentos 

Día -1 

Dieta exenta de polifenoles 

No suplementos vitamínicos 

No medicamentos 

Estar en ayuno las 10-12 horas previas al día 0 

Día 0: Estudio 

t = 0 h Extracción de sangre 

Recogida de orina 

Intervención: 100 g de salsa de tomate con aceite de oliva refinado, 

salsa de tomate sin aceite de oliva refinado y salsa de tomate con 

aceite de oliva virgen extra. 

t = 15 min Extracción de sangre 

t = 30 min Extracción de sangre 

t = 1 h Extracción de sangre 

t = 2 h Extracción de sangre 

t = 3 h Extracción de sangre 

t = 4 h Extracción de sangre 

Recogida de orina 

t = 5 h Extracción de sangre 

t = 6 h Extracción de sangre 

t = 8 h Extracción de sangre 

Recogida de orina 

t = 12 h Extracción de sangre 

Recogida de orina 

Día 1 
t = 24 h Extracción de sangre 

Recogida de orina 

Los tres días previos al estudio, a los sujetos se les restringió el consumo de tomate, 

igual que el consumo de suplementos vitamínicos y medicamentos. El día anterior al 

estudio, así como el día del estudio, los voluntarios no podían ingerir alimentos que 

tuvieran polifenoles (Tabla 5) y se les solicitó que siguieran los menús propuestos en la 

Tabla 6. 

Tabla 5. Alimentos y bebidas a restringir para seguir la dieta exenta de polifenoles. 

Alimentos a restringir Bebidas a restringir 

Frutas, verduras, hortalizas, mermeladas, ajo, 

aceitunas, aceite de oliva, frutos secos, 

patatas, miel, legumbres, soja y derivados, 

setas, chocolate y productos que la contengan. 

Té, infusiones, café, cerveza, vino, cava, 

sidra, batidos de cacao, zumos de frutas, 

batidos de frutas, gazpachos, leche de soja, 

colas, naranjadas y limonadas y otras bebidas 

refrescantes con frutas. 
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Tabla 6. Propuesta de menú suministrada a los voluntarios para las dietas exentas en 

polifenoles. 

Desayuno - Lácteos sin chocolate, ni frutas ni café. 

- Cereales, bollería o galletas no integrales y sin frutas ni chocolate. 

Media mañana - Lácteos. 

- Bocadillo con embutido pero sin tomate ni aceite de oliva. 

- Bollería sin chocolate o frutas. 

Comida - Pasta carbonara, arroz tres delicias. 

- Carne o pescado a la plancha, hervido o al horno. (Recordar no utilizar 

aceite). 

- Postre lácteo. 

Merienda - Lácteos. 

- Bocadillo con embutido pero sin tomate ni aceite de oliva. 

- Bollería sin chocolate o frutas. 

Cena - Sopa de caldo de pollo, carne o pescado pero realizado sin verduras. 

- Tortilla francesa, huevos escaldados. 

- Sepia o calamares a la plancha. 

- Postre lácteo. 

Las salsas se analizaron por HPLC-MS/MS tras una extracción líquido-líquido previa y 

las muestras de plasma y orina recogidas durante el estudio se sometieron a extracción 

en fase sólida (SPE), seguido del análisis por HPLC-MS/MS. El compuesto mayoritario 

en las tres salsas fue la flavanona naringenina. También se encontraron ácidos fenólicos, 

mayoritariamente, ácidos hidroxicinámicos como el ácido 5-cafeoilquínico, y como 

flavonol se detectó la rutina. No existieron diferencias entre los tres tipos de salsas por 

lo que la adición de los diferentes aceites al producto parece ser que no aumenta la 

extractabilidad de los compuestos. En cambio, sí que se observaron diferencias entre el 

tomate fresco utilizado para la elaboración de las salsas y las salsas. La diferencia 

fundamental vino marcada por la flavanona naringenina donde su concentración fue 

muy superior en las salsas respecto al tomate. Este hecho demuestra que el tratamiento 

térmico y mecánico libera al compuesto de la matriz del alimento y lo hace más 

bioaccesible.   

Seis compuestos fenólicos, tres agliconas (naringenina, ácido ferúlico y ácido cafeico) y 

sus correspondientes metabolitos glucurónidos, fueron identificados y cuantificados en 

orina después de la ingesta de las salsas de tomate. Dos de los seis metabolitos urinarios 

fenólicos también se cuantificaron en muestras de plasma (naringenina glucurónido y 

ácido ferúlico glucurónido). Sólo tras la ingesta de las salsas de tomate enriquecidas con 

aceite, el metabolito naringenina glucurónido mostró un perfil bifásico en plasma, lo 

que sugiere que la matriz lipídica añadida a la salsa puede estimular la aparición de una 
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reabsorción por vía enterohepática aumentando, de este modo, la vida media plasmática 

del compuesto. 
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a b s t r a c t

The health-promoting effects attributable to dietary phenolic compounds strongly depend on their bio-
accesibility from the food matrix and their consequent bioavailability. We carried out a pilot randomized
controlled cross-over study to evaluate the effect of addition of an oil matrix during tomato sauce pro-
cessing, on the bioavailability of tomato phenolics. Healthy subjects consumed a single dose of tomato
sauce elaborated without oil (OO-F) and with the addition of 5% virgin olive oil (VOO-E) or refined olive
oil (ROO-E). Plasma and urine samples were subjected to solid-phase extraction, followed by HPLC–MS/
MS analysis. Six phenolic compounds, three aglycones (naringenin, ferulic and caffeic acids) and their cor-
responding glucuronide metabolites, were identified and quantified in urine after the ingestion of the
tomato sauces. Two of the six phenolic urinary metabolites were also quantified in plasma samples. Only
after ingestion of the oil-enriched tomato sauces, did the glucuronide metabolites of naringenin show a
bi-phasic profile of absorption in plasma, suggesting that the lipid matrix added to the sauce may stim-
ulate the occurrence of re-absorption events by enterohepatic circulation, potentially enhancing the
apparent plasma half-life of the flavanone prior to excretion. The interindividual response variability
observed underlies the need for further large-scale investigations.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The Mediterranen diet is an example of a dietary regime asso-
ciated with a reported low incidence of cancers, CVD, and an
overall reduction in mortality (Chrysohoou, Panagiotakos, Pitsa-
vos, Das, & Stefanadis, 2004; Estruch et al., 2006; Knoops
et al., 2006). The health-promoting effects of this diet have been
mainly attributed to the high consumption of the typical fruit
and vegetables of the Mediterranean basin (i.e. leafy green veg-
etables and tomatoes). Tomato (Lycopersicon esculentum Mill.,
Solanaceae) and tomato processed products (sauce, paste, puree
and juice) are typical components, besides being a dietary staple
for humans in many other parts of the world. Another major
characteristic of the Mediterranean diet is a high consumption
of olive oil as the main source of monounsaturated fatty acids,
which has long been reported to exhibit numerous biological
functions beneficial for the state of health (Cicerale, Lucas, &
Keast, 2010). The combination of tomatoes with olive oil, in food
preparation, is a typical daily habit, and tomato sauce, the most

0308-8146/$ - see front matter � 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.foodchem.2011.07.078

Abbreviations: ALA, aldehydic form of ligstroside aglycone; ALA ox, aldehydic
form of ligstroside aglycone oxidized; AOA, aldehydic form of oleuropein aglycone;
AOA ox, aldehydic form of oleuropein aglycone oxidized; AUClast, area under the
plasma concentration-versus-time curve from time 0 until the last detectable
concentration; CVD, cardiovascular disease; CAD, collision-activated dissociation;
CE, collision energy; DP, declustering potential; 3,4-DHPEA, hydroxytyrosol or 3,4-
dihydroxyphenylethanol; 3,4-DHPEA-Ac, hydroxytyrosol-acetate; 3,4-DHPEA-EDA,
hydroxytyrosol-elenolic acid di-aldehyde; DLA, dialdehydic form of ligstroside
aglycone; DOA, dialdehydic form of oleuropein aglycone linked to 3,4-DHPEA-EDA
oxidized; FP, focusing potential; FS, full scan; p-HPEA, tyrosol or p-hydroxypheny-
lethanol; p-HPEA-EDA, tyrosol–elenolic acid di-aldehyde; LOD, limit of detection;
Cmax, maximum plasma concentration; MRT, mean residence time; MI, molecular
ion; NL, neutral loss; OO-F, olive oil-free tomato sauce; PFD, polyphenol-free diet;
PrIS, precursor ion scan; PIS, product ion scan; ROO-E, refined olive oil-enriched;
SPE, solid-phase extraction; SEM, standard error; Tmax, time to reach the maximum
plasma concentration; TFD, tomato-free diet; Q1, the maximum excreted amount
in the 24 h urine collection; VOO-E, virgin olive oil-enriched.
⇑ Corresponding author at: Department of Nutrition and Food Science-CeRTA,

Faculty of Pharmacy, University of Barcelona, Av. Joan XXIII s/n, 08028 Barcelona,
Spain. Tel.: +34 934024508; fax: +34 934035931.

E-mail address: lamuela@ub.edu (R.M. Lamuela-Raventós).

Food Chemistry 130 (2012) 581–590

Contents lists available at ScienceDirect

Food Chemistry

journal homepage: www.elsevier .com/locate / foodchem

Resultados

85 

http://dx.doi.org/10.1016/j.foodchem.2011.07.078
mailto:lamuela@ub.edu
http://dx.doi.org/10.1016/j.foodchem.2011.07.078
http://www.sciencedirect.com/science/journal/03088146
http://www.elsevier.com/locate/foodchem


extensively consumed tomato product worldwide, is commonly
elaborated and commercialized, both as an oil-free and oil-en-
riched product. The protective effects of a regular consumption
of raw tomatoes and tomato sauce (Giovannucci, 1999) have
long been attributed to the most pronounced bioactives in toma-
to, such as lycopene and other carotenoids (Agarwal & Rao,
2000). Recently, the high content of phenolic compounds such
as flavonoids and hydroxycinnamic acids in tomato has been
gaining interest because of the multiple biological effects they
seem to express, ranging from free radical-scavenging, metal
chelation, inhibition of cellular proliferation, and modulation of
enzymatic activity and signal transduction pathways (Crozier,
Jaganath, & Clifford, 2009). The flavanone, naringenin (40,5,7-tri-
hydroxyflavanone) and the hydroxycinnamate, chlorogenic acid
(5-caffeoylquinic acid) (Slimestad, Fossen, & Verheul, 2008; Val-
lverdú-Queralt, Jáuregui, Medina-Remón, Andrés-Lacueva, &
Lamuela-Raventós, 2010) are among the most abundant pheno-
lics in tomato, and the most extensively studied.

It is known that the extent of the protective effect of the pheno-
lic compounds in vivo strongly depends on their bioaccesibility and
their consequent exposition in the organism, on their intestinal
absorption and presystemic metabolism, up to their systemic dis-
tribution and potential interaction with target tissues. In turn,
the food matrix, in which the phenolic compounds are contained,
is one of the most important factors governing the in vivo bioavail-
ability of these compounds. It plays a crucial role in determining
their accessibility and extractability from food, and thus their
absorption, metabolism and their final biological action in the hu-
man body (Ortuño et al., 2010).

Despite growing knowledge of the effects of the thermic and
mechanical treatments involved in tomato sauce processing on
carotenoid and vitamin bioavailability (Graziani et al., 2003;
Unlu et al., 2007), little is known about the changes in the
polyphenol/flavonoid content of tomatoes after their processing
to tomato sauce (Bugianesi et al., 2004; Vallverdú-Queralt,
Medina-Remón, Andrés-Lacueva, & Lamuela-Raventós, 2011).
Furthermore, as the combination of tomatoes and tomato prod-
ucts with a lipid matrix has been reported to favour the extract-
ability and bioaccessibility of tomato carotenoids (Fielding,
Rowley, Cooper & O’Dea, 2005; Graziani et al., 2003), recent
investigations have also shown that the fat content in a meal
may enhance the bioavailability of the flavonol quercetin, due
to a better solubility of the relatively lipophilic flavonoid in
the intestinal tract in the presence of fat (Lesser, Cermak, &
Wolffram, 2004). The typical addition of oil, during tomato sauce
processing, may influence the bioavailability of the phenolics
contained in tomato by modifying their bioaccessibility from
the food matrix, modulating the gastric emptying and/or the
intestinal and hepatic metabolism of the absorbed phenolic com-
pounds. However, few studies have yet investigated the absorp-
tion and excretion of phenolic compounds from raw tomatoes
and tomato sauces, and even less information is currently avail-
able on the impact of tomato–olive oil combination, during pro-
cessing, on the bioaccessibility and human absorption of the
phenolic compounds contained in the sauce (Capanoglu, Beek-
wilder, Boyacioglu, Hall, & de Vos, 2008; Graziani et al., 2003).

The aim of the present study was to investigate whether the
absorption and metabolism of the tomato phenolics is influ-
enced by the addition of a lipid matrix during tomato sauce pro-
cessing, and eventually by the oil typology. For these purposes,
we carried out a randomized controlled cross-over study, admin-
istering (to human volunteers) a single dose of tomato sauce
without oil (OO-F) and tomato sauces elaborated with the addi-
tion of virgin olive oil (VOO-E) or refined olive oil (ROO-E) dur-
ing processing.

2. Materials and methods

2.1. Standards and reagents

Chlorogenic acid, caffeic acid, ferulic acid, isoferulic acid, p-
hydroxybenzoic acid, protocatechuic acid, m- and p-coumaric
acids, gallic acid, naringenin-7-O-glucoside, naringin (naringenin-
7-O-rhamnoglucoside), quercetin, rutin (quercetin-7-O-rutino-
side), kaempferol and blank human plasma were purchased from
Sigma–Aldrich (St. Louis, MO, USA). Naringenin (40,5,7-trihydroxyf-
lavanone), the internal standard ethylgallate (IS, added to sample
before extraction) and the external standard taxifolin (ES, added
to sample after extraction) were purchased from Extrasynthese
(Genay, France). HPLC-grade methanol, acetonitrile and formic acid
were purchased from Scharlau Chemie S. A. (Barcelona, Spain), and
o-phosphoric acid (85%) and hydrochloric acid (37%) from Panreac
Quimica SA (Barcelona, Spain). Ultrapure water (Milli-Q) was ob-
tained from a Millipore system (Millipore, Bedford, MA, USA).

2.2. Tomato sauce material

A commercial tomato (L. esculentum L.) variety, suitable for to-
mato sauce elaboration, was used for the study. Virgin and refined
olive oils were kindly furnished by Juan Ballester Rosés company
(S.A., Tortosa, Spain). The OO-F, VOO-E and ROO-E tomato sauces
were processed at Torribera campus, University of Barcelona (UB,
Barcelona, Spain) by a standardized industrial scale-like making
process. Fruits were washed, chopped in a breaker unit and
weighed. The VOO and the ROO were rapidly heated up to 110 �C
before adding the chopped tomatoes (5% of oil, w/w), and the mix-
ture was cooked at 99 �C for 90 min. The chopped tomatoes were
crushed into pulp, which was then separated from seeds and skin,
cooled down, aliquotted and stored in vacuum bags at �20 �C until
the day of the test. Approximately 1000 g of fresh tomatoes yielded
500 g of tomato sauce. Five percent of water was added to the final
OO-F tomato sauce product, in order to standardize the amount of
tomato compounds ingested by each intervention.

2.3. Preparation of extracts

For the extraction of phenolic compounds from the starting raw
tomatoes and the tomato sauces, 5 ml of 80% ethanol in ultrapure
water (v/v), acidified with 0.1% formic acid, were added to 0.5 g of
sample. The mixture was vortexed for 1 min and then sonicated for
5 min on ice. After centrifugation at 900g for 20 min at 4 �C, the
supernatant was collected; a further 5 ml of the acidified 80% eth-
anol/water solution were added to the pellet, and the extraction
procedure repeated. The two supernatants were combined, and
the ethanolic component was evaporated to dryness by a sample
concentrator (Techne, Duxford, Cambridge, UK) at room tempera-
ture under a stream of nitrogen gas. After filtration of the acqueous
extracts (�2 ml) with 4 mm, 0.45 lm PTFE syringe filters (Waters
Corporation, USA), 50 ll of the resulting filtrate were injected into
the LC/MS/MS system, in triplicate.

2.4. Subjects and study design

A total of five healthy men, aged between 25 and 36
(BMI = 25 ± 1.2 kg/m2), volunteered for this randomised crossover
dietary study. The study was explained to subjects through verbal
and written instructions, and written informed consent was ob-
tained before participation. Only male subjects were recruited, in
order to reduce anthropometric variables and the menstrual cycle
phase-related variability in premenopausal women, putatively
affecting the absorption, metabolism and excretion of tomato
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phenolics. Subjects were non-smokers, had no history of cardiovas-
cular, hepatic or renal disease and had not adhered to any special
diets at least 4 weeks prior to participating in the study. To avoid
any acute peak in the plasma phenolic concentration and to stan-
dardize the baseline point, subjects were asked to follow a toma-
to-free diet (TFD) during the 3 days preceding the dietary
intervention, and a low-polyphenol diet (LPD) during the 24 h
immediately preceding the test. A list of acceptable and nonaccept-
able foods was provided to the subjects, together with two stand-
ardised polyphenol-free dinners to be consumed in the evening
before the test, and on the day of the test, respectively. On the
day of each intervention, the subjects were asked to fill in a 24 h
food record to assess their compliance with the recommended
LPD. No significant differences were observed in total energy or
macronutrient and micronutrient intakes during the 24 h before
the interventions, calculated using Food Processor software (data
not shown).

Using a computer-generated randomisation number sheet, each
volunteer was assigned to receive (in consecutive experiments) the
OO-F, the VOO-E and the ROO-E tomato sauce interventions. Be-
tween the interventions, after a ‘‘washout’’ period of a minimum
3 days on their usual diet, the subjects repeated the 3 day TFD
and the 1 day LPD before being subjected to the following test.

On the day of the intervention, the overnight-fasted subjects
had an intravenous catheter inserted, and a baseline blood sample
(5 ml) was collected. Then, subjects consumed 100 g of one of the
three interventions (OO-F, VOO-E and ROO-E tomato sauces) with-
in a space of 5 min, and refrained from consuming other foods for
the following 6 h. A standardized phenolic-free lunch was distrib-
uted to the volunteers 6 h after the ingestion of the test sauces.
Blood samples (5 ml) were collected into lithium heparin tubes
at 15, 30 min and 1, 2, 3, 4, 5, 6, 8, 12 and 24 h after the ingestion
of the tomato sauces, and immediately centrifuged at 1500g for
20 min at 4 �C. All plasma samples were subsequently aliquotted
and stored in Eppendorf tubes at �80 �C prior to analysis. Urine
was collected in plastic bottles 10–20 min before consumption of
the tomato sauces (baseline, 0 h) and the 24 h-urine after the
ingestion of the interventions was collected in four separate frac-
tions (0–4, 4–8, 8–12 and 12–24 h), the participants being in-
structed to empty their bladders before a new fraction was
collected. The urine bottles were stored at 4 �C and, immediately
after the participants had started, to collect the next fraction; the
amount of urine in each fraction was measured, acidified with
0.2 M HCl and stored at�80 �C prior to analysis. The study protocol
was approved by the Ethics Committee of Clinical Investigation of
the University of Barcelona (Spain), and the clinical trial was regis-
tered with the International Standard Randomized Controlled Trial
Number (ISRCTN20409295). Informed consent was obtained from
all participants.

2.5. Plasma and urine extraction procedure for tomato phenolic
metabolites

Tomato sauce phenolic metabolites in plasma and urine were
extracted by a solid-phase extraction (SPE) procedure, previously
described and optimized by our work group (Mata-Bilbao et al.,
2007), using a Waters Oasis HLB 96-well plate of 30 lm (30 mg)
(Waters Oasis, Milford, MA, USA).

On the day of the analysis, the samples were defrosted on ice in
the dark. Prior to SPE, urine samples (1 ml) were centrifuged at
15,000g for 4 min, at 4 �C, while plasma (1 ml) was acidified by
adding 25 ll of o-phosphoric acid, to break down protein–polyphe-
nol interactions and reach the optimum pH for phenolic retention
in the solid-phase during the extraction procedure (Mata-Bilbao
et al., 2007). One millilitre aliquots of plasma and urine samples
were spiked with 100 ll of 2nM ethyl gallate as internal standard.

After 2 min of vortex-mixing, samples were diluted 1:1 (v/v) with
water. Plate activation was achieved by consecutively adding
1 ml of methanol and 1 ml of 1.5 M formic acid in water. After
the sample loading into the 96-well plate, sample clean-up was
performed with 1 ml of 1.5 M formic acid in water, followed by
1 ml of 5% methanol aqueous solution (v/v). Phenolic metabolites
were then eluted with 1 ml of methanol acidified with 0.1% formic
acid (v/v). The eluted fraction was evaporated to dryness by a sam-
ple concentrator (Techne, Duxford, Cambridge, UK), at room tem-
perature under a stream of nitrogen gas, and reconstituted with
100 ll of water containing 0.1% formic acid and IS2 (500 ppb).
The 96-well plate was then vortexed for 5 min and the reconsti-
tuted extracts transferred into a 96-well plate suitable for LC–
MS/MS analysis.

For calibration, a standard mixture of commercially available
naringenin, chlorogenic acid, caffeic acid, ferulic acid and quercetin
was serially diluted, in both water and blank human plasma (Sig-
ma–Aldrich, USA) (1–500 ppb). The standard solutions were trea-
ted exactly in the same way as the samples and subjected to the
extraction procedure; therefore, the results could be read directly
from the standard curve and no corrections due to the recovery
losses had to be made.

Standard preparation and sample treatments were performed in
a dark room with a red safety light to avoid oxidation of the
analytes.

2.6. LC–MS/MS analysis

The native phenolic compounds present in raw tomatoes and in
OO-F, VOO-E and ROO-E tomato sauces, as well as the correspond-
ing phenolic metabolites putatively expected in urine and plasma
samples, were identified and quantified by LC–MS/MS analysis.

Liquid chromatography separations were performed on an HP
Agilent Technologies 1100 LC system (Waldbronn, Germany)
equipped with a quaternary pump and a refrigerated autosampler.
Coupled to the HPLC system, an Applied Biosystems API 3000 triple
quadrupole mass spectrometer (PE Sciex, Concord, Ontario, Can-
ada), equipped with a TurboIon spray source, was used in negative
mode, to obtain mass spectrometry (MS) and MS/MS data. Turbo-
Ion spray source settings were as follows: capillary voltage,
�4000 V; nebulizer gas (N2), 10 (arbitrary units); curtain gas
(N2), 12 (arbitrary units); collision gas (N2), 10 (arbitrary units);
entrance potential, 10 V; drying gas (N2), heated to 400 �C and
introduced at a flow rate of 8000 cm3/min. The system was con-
trolled by the software analyst v. 1.4.2 supplied by Applied Biosys-
tems (Foster City, CA, USA).

For both the analysis of the plant and the biological sample ex-
tracts, Phenomenex (Torrance, CA, USA) Luna C18 (50 � 2.0 mm
i.d., 5 lm) and Phenomenex securityguard C18 (4 � 3 mm i.d.) col-
umns were used at 30 �C, with a sample injection volume of 50 ll.
Gradient elution was performed with a binary system consisting of
[A] 0.1% acqueous formic acid and [B] 0.1% formic acid in acetoni-
trile. An increasing linear gradient (v/v) of [B] was used
[t(min), %B], as follows: (a) (0, 5), (10, 18), (13, 100), (14, 100) and
(15, 5), followed by a 5 min re-equilibration step, at a constant
flow-rate of 400 ll/min; (b) (0, 5), (2, 25), (10, 90), (11, 100) and
(12, 100), followed by a 5 min re-equilibration step, at a constant
flow-rate of 600 ll/min, respectively, for the analysis of the toma-
to/tomato sauce extracts and the plasma/urine extracts.

Prior to the HPLC–MS/MS analysis of the samples, direct infu-
sion experiments were carried out with each individual standard
compound available. Briefly, a 50:50 (v/v) [A, B] solution of each
standard compound (10 lg/ml) was injected into the mass spec-
trometer, using a model syringe pump (Harvard Apparatus, Hollis-
ton, MA, USA), at a constant flow rate of 5 ll/min, and manual
tuning was performed in negative mode. For each standard com-
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pound, the molecular ion (MI) [M�H]� and the most abundant
fragment ions (m/z) were easily detected, and the optimal focusing
potential (FP), declustering potential (DP) and collision energy (CE)
for the MI fragmentation were noted.

Phenolic compounds were identified by (a) chromatographic
retention times, (b) full scan (FS) data, and (c) MS/MS experiments.
In the plant extracts, the identity of the phenolic compounds was
confirmed by combining product ion scan (PIS), neutral loss (NL),
and precursor ion scan (PrIS) MS/MS experiments. In plasma and
urine samples, due to the lower concentration of the phenolic
metabolites investigated and consequently the need for greatest
sensitivity, only PIS experiments were successfully used for identi-
fication purposes.

The PIS experiments were carried out at optimal and at double
the CE values suggested by the direct infusion experiments in order
to confirm the fragmentation pattern of each metabolite, using a
cycle time of 2 s. MS/MS product ions were produced by colli-
sion-activated dissociation (CAD) of the selected precursor ions
in the collision cell of the triple-quadrupole mass spectrometer,
and the mass analysed using the second analyser of the
instrument.

In parallel, the phenolic compounds in tomatoes/tomato sauce
extracts, and the metabolites putatively expected in the biological
fluids were quantified by multiple reaction monitoring (MRM),
using suitable transitions (Jaganath, Mullen, Edwards, & Crozier,
2006). Phenolic standard curves were constructed with the stan-
dard solutions previously described, and conjugated metabolites
of the available standard phenolic compounds were quantified
using the calibration curves of the corresponding native unconju-
gated molecules.

The mean recovery of analytes ranged from 96% to 100% in plas-
ma and 65–104% in urine, and the limit of detection (LOD) varied
between 0.7 and 30 ng/ml, in plasma and urine. Precision met
acceptance criteria (<8% RSD in plasma and <7% RSD in urine).

2.7. Calculation of pharmacokinetic parameters

The pharmacokinetic parameters were calculated by a non-
compartmental analysis, using the WinNonlin Professional soft-
ware version 2.0 (Pharsight Corporation, California, USA). For each
phenolic metabolite detected and quantified, the maximum
plasma concentration (Cmax) and the time to reach it (Tmax) were

Table 1
List of the phenolic compounds identified in the three tomato sauces in study.

Peak
number

Compound Rt
(min)

Molecular
Formula

Ions full scan MS MS/MS experiments Comparison with
standard

[M�H]� Fragments PIS NL PrIS

1 Protocatechuic acid 2.08 C7H6O4 153 109 – – – Yes
2 3-Caffeoylquinic acid 2.94 C16H18O9 353 191, 179, 135 353 162 – No
3 Caffeic hexose II 3.27 C15H18O9 341 179, 135 341 162 179 No
4 Caffeic hexose IV 4.19 C15H18O9 341 281, 251, 221, 179, 161,

135
341 162 179 No

5 Homovanillic hexose 1 4.51 C15H20O9 343 181, 137, 121 343 162 – No
6 Ferulic hexose 4.75 C16H20O9 355 193, 149, 134 355 – 193 No
7 Caffeic hexose II 4.94 C15H18O9 341 179, 135 341 162 179 No
8 Homovanillic hexose 2 5.04 C15H20O9 343 181, 1371 343 162 – No
9 Coumaric hexose 5.25 C15H18O8 325 163, 119 – 162 – No

10 5-Caffeoylquinic acid 5.38 C16H18O9 353 191, 179, 161 353 162 – Yes
11 3,4-Dihydroferulic hexose 5.77 C16H22O9 357 195 , 135, 151 357 162 – No
12 4-Caffeoylquinic acid 6.15 C16H18O9 353 191, 179, 173, 155, 135 353 162 179 No
13 Quercetin dihexose deoxyhexose 7.08 C33H40O21 771 609, 300 771 – – No
14 Rutin 11.40 C27H30O16 609 301 609 – – Yes
15 Naringenin chalcone 30 ,50-di-C-

hexose
12.09 C27H34O15 597 477, 417, 387, 357 597 – – No

16 Dicaffeoylquinic acid 13.20 C25H24O12 515 353, 179, 173 515,
353

162 353 No

17 Naringenin 13.87 C15H12O5 271 151, 107, 119 – – – Yes

Table 2
Quantification of the main identified phenolic compounds in the raw tomatoes and in OO-F, VOO-E and ROO-E tomato sauces in study. Values are means ± SEM. In each row,
different letters correspond to significantly different concentrations (p < 0.05).

Compound Rt (min) MRM (m/z) Raw Fruit (lg/g FWA) OO-F sauce (lg/g FWA) ROO-E sauce (lg/g FWA) VOO-E sauce (lg/g FWA)

Protocateichuic acid 153 ? 109 – 129 ± 6.7 144 ± 5.6 128 ± 14.4
3-Caffeoylquinic acid 2.94 353 ? 191 4.3 ± 0.6b 60.3 ± 1.1a 61.2 ± 2.1a 59.8 ± 6.4a
5-Caffeoylquinic acid 5.38 353 ? 191 234 ± 46.1c 814 ± 15.0a 552 ± 21.8b 652 ± 34.9b
4-Caffeoylquinic acid 6.15 353 ? 191 149 ± 0.5 c 214 ± 6.9a 178 ± 0.3b 197 ± 21.8a,b
Dicaffeoylquinic acid 13.20 515 ? 353 36.0 ± 7.9 54.3 ± 5.1 61.1 ± 1.4 48.4 ± 8.5
Caffeic hexose II 3.27 341 ? 179 235 ± 44.9b 437 ± 9.4a 280 ± 4.0b 287 ± 34.0b
Caffeic hexose IV 4.19 341 ? 179 98.1 ± 15.0b 151 ± 1.3a 106 ± 4.2b 107 ± 12.2b
Caffeic hexose II 4.94 341 ? 179 5.5 ± 0.8 6.1 ± 0.1 7.4 ± 2.9 7.7 ± 0.7
Ferulic -hexose 4.75 355 ? 193 104 ± 15.1b 239 ± 12.2a 242 ± 45.6a 157 ± 2.9a,b

Total phenolic acids orally administered (mg)B 210.45 163.27 164.36
Naringenin 13.87 271 ? 151 164 ± 12.1 b 1347 ± 63.6a 1296 ± 212a 1305 ± 238a

Total flavanones orally administered (mg)B 134.7 129.6 130.5
Rutin 11.40 609 ? 301 1.40 ± 0.19 c 3.01 ± 0.04a 2.16 ± 0.04b 2.23 ± 0.30b

Total flavonols orally administered (mg)B 0.301 0.216 0.223

A FW: fresh weight.
B Corresponding to the dose orally administered (100 g) to the subjects.
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Fig. 1. MRM trace chromatograms of naringenin-7-O-glucuronide (M1) and naringenin-40-O-glucuronide (M2) in urine at baseline (0 h) (A), at 4 h (B) and in plasma at 1 h (C)
after tomato sauce consumption. and product ion spectra of M1 or M2 in urine (D). MRM trace chromatograms of (iso)ferulic glucuronide (M3) in urine at baseline (0 h) (E), at
4 h (F) and in plasma at 2 h (G) after tomato sauce consumption, and corresponding product ion spectra of M3 in urine (H).
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taken directly from the observed data. The area under the plasma
concentration-versus-time curve from time 0 until the last detect-
able concentration (AUClast) was calculated using the linear trape-
zoidal method. The mean residence time (MRTlast) was estimated
by means of the ratio AUMC/AUC, where AUMC is the first moment
curve. The Cmax-to-AUClast ratio and the maximum excreted
amount in the 24 h urine collection (Q1) were also calculated for
each metabolite.

2.8. Statistical analysis

The statistical analysis of all data was performed using SPSS
software (Version 17.0, Japan Inc., Tokyo, Japan). Differences at
p < 0.05 were considered statistically significant. The phenolic
composition of the three tomato sauces was subjected to one-
way ANOVA analysis of variance for mean comparison. Data are re-
ported as means ± standard deviation (SD). For each phenolic
metabolite quantified in plasma and urine samples, the pharmaco-
kinetic indices obtained, following the three dietary interventions,
were compared and subjected to statistical analysis. All data are
expressed as means ± standard error (SEM). Cmax, AUClast, MRTlast

and Cmax/AUC values were log-transformed and subjected to one-
way ANOVA analysis of variance, while Tmax data were compared
by a non-parametric Kruskal–Wallis test.

3. Results and discussion

3.1. Phenolic composition of tomatoes and tomato sauces

The phenolic compounds identified in tomatoes and tomato
sauces administered to the subjects are listed in Table 1, and the
contents of the main quantified phenolic acids, flavanones and
flavonols are listed in Table 2. Phenolic acids were the most abun-
dant phenolic compounds found in all extracts, particularly
hydroxycinnamic acids and their ester conjugates (mono- and di-
caffeoylquinic acids, caffeic hexoses, ferulic and dihydroferulic
hexoses, coumaric hexose). Chlorogenic acid (5-caffeoylquinic
acid) was the most abundant phenolic acid in all three tomato
sauces (Slimestad et al., 2008), while the flavanone naringenin
(40,5,7-trihydroxyflavanone) was the most abundant phenolic com-
pound in all the samples, confirming its high content in tomato and
tomato products.

When comparing the phenolic profile of the raw tomato fruits
and the final tomato sauces, no qualitative differences were ob-
served among them. However, from a quantitative point of view,
the phenolic composition of the raw tomatoes significantly differed
from the sauces in their lower contents of chlorogenic (5-caffeoyl-
quinic acid) and neochlorogenic acids (3-caffeoylquinic acid), rutin
(the major quercetin-glycoside in tomato), and especially in the 8-
fold lower concentration of naringenin (Table 2). These data con-
firmed that heat and mechanical treatments, during the tomato
sauce-making process) may induce biochemical changes in the
food matrix, positively affecting the bioaccessibility of phenolics
from the processed products. In addition, these findings seem to
confirm that, as for carotenoids, naringenin bioaccessibility is par-
ticularly limited by interactions with the food matrix and im-
proved by mechanical and heat treatments. Data on tomato fruit
physiology are consistent with this consideration, since naringenin
is trapped in the cutin matrix of the membrane of the ripe fruit
where it strongly interacts with the insoluble polyesters of tomato
fibre (Laguna, Casado, & Heredia, 1999). Mechanical and heat treat-
ments may provide the energy necessary to break the interactions,
potentially improving naringenin bioaccessibility in vivo.

When comparing the phenolic content of the tomato sauces,
however, a quite homogeneous composition was observed among

the three processed products (Table 2). The addition of olive oil
during processing, did not seem to increase the extractability and
accessibility of the tomato phenolic compounds. On the contrary,
the OO-F tomato sauce revealed itself to be significantly richer in
chlorogenic acid and caffeic hexose derivatives than the oil-enriched
sauces, suggesting that the tomato-olive oil combination, during
sauce elaboration, may not necesarily increase the phenolic content
of the final product. For completeness, the oils added to the sauces
were analyzed for their phenolic contents. The extraction and char-
acterization of the phenolic fraction were achieved by HPLC with a
diode array detector, as previously described (Boselli, Di Lecce,
Strabbioli, Pieralisi, & Frega, 2009). As expected, no detectable phe-
nolic compounds were observed in the ROO. In VOO, the phenylethyl
alcohols typical of olive oil, p-HPEA (tyrosol), 3,4-DHPEA (hydroxy-
tyrosol) and its acetate derivative (3,4-DHPEA-Ac), the flavones lute-
olin and apigenin, the aldehyde vanillin and eight secoiridoids,
exclusively present in VOO and extra-VOO (3,4-DHPEA-EDA, DOA,
p-HPEA-EDA, DLA, AOA, AOA ox, ALA, ALA ox), were present in the
range of concentrations usually observed in VOO (0.9–22 ppm)
(Boselli et al., 2009) (data not shown) . As expected, none of the phe-
nolic compounds observed in the tomatoes/tomato sauces were
identified in the olive oils added to the sauce.

3.2. Identification of phase II phenolic metabolites in human plasma
and urine

In total 134.7, 129.6 and 130.5 mg of flavanones (naringenin),
210.5, 163.3 and 164.4 mg of phenolic acids (predominantly caf-
feoylquinic acids) and 0.30, 0.21 and 0.22 mg of flavonols (rutin)
were orally administered to the subjects through the 100 g dose
of OO-F, VOO-E and ROO-E, respectively (Table 2). The presence
of the most abundant phenolic compounds identified in the tomato
sauces (naringenin, caffeoylquinic acids, caffeic acid, ferulic acid
and rutin) and their most probably expected phase II conjugated
forms (with methyl, glucuronic acid and sulfate groups) were
investigated in both biological fluids.

With regard to the flavanone naringenin, the unconjugated na-
tive compound was detected only in urine samples. By contrast,
two mass signals at m/z 447 ? 271 were detected in both plasma
and urine samples, indicating the presence of two partially co-elut-
ing glucuronide (+176 amu) derivatives of naringenin (M1 and M2,
Fig. 1A–C). These two metabolites were confirmed to be two iso-
meric naringenin glucuronides by their MS fragmentation patterns
(MS2 ions at m/z 271, 175 and 113), as shown in Fig. 1D. It is
known that naringenin has three possible sites for conjugation:
7-,40- and 5-OH, with the 5-OH being the least reactive due to its
low acidity (Zhang & Brodbelt, 2004). In view of the identification
of naringenin-7-O-glucuronide and naringenin-40-O-glucuronide in
rat urine after the administration of naringenin chalcone from to-
mato skin extracts, and considering that the 7-O-glucuronide
elutes from a reversed phase HPLC column before its 40-isomer
(Davis, Needs, Kroon, & Brodbelt, 2006), M1 was tentatively identi-
fied as naringenin-7-O-glucuronide and M2 as naringenin-4’-O-
glucuronide. Nevertheless, the quantification of naringenin glucu-
ronides was expressed as the sum of M1 and M2 in LC/MS/MS.

No mass signals from chrologenic acid (m/z 353 ? 191) were de-
tected in either plasma or urine samples, indicating the virtual ab-
sence of unmetabolized caffeoylquinic acids in the fluids. These
findings are in keeping with previous studies on the urinary recovery
of chlorogenic acid in humans and rats (Cremin, Kasim-Karakas, &
Waterhouse, 2001), which failed to detect the native compound in
urine after an acute dose, suggesting that it may undergo a more
complete metabolism than the unesterified hydroxycinnamates. In
fact, the gut microflora of animals and humans seem to be able to
hydrolyze chlorogenic acid into caffeic acid and quinic acid (Plumb
et al., 1999); thus, a combination of phase II conjugated metabolites
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of caffeic and ferulic acids (i.e. glucuronides and/or sulfates) would
be identified in biological fluids after administration of chlorogenic
acid (Azuma et al., 2000). In line with these findings, free caffeic (m/z
179 ? 135) and ferulic (m/z 193 ? 134) acids were clearly detected
in urine samples after the ingestion of the tomato sauces, and peaks
identification was confirmed by co-chromatography and fragmen-
tation data with respect to the commercial standards. A mass signal
at m/z 369 ? 193 (Fig. 1E–G) and one at m/z 355 ? 179 were also de-
tected, both indicating the loss of a glucuronide unit (�176 amu)
within the two molecules. The respective MS fragmentation pattern
confirmed their identification as glucuronide derivatives of
(iso)ferulic acid (Fig. 1H) and caffeic acid, respectively. Besides,
being possible metabolites of the caffeoylquinic acids present in
the sauces, these compounds may also originate from the metabo-
lism of caffeic or ferulic hexoses originally contained in the tomato
sauces (Stalmach et al., 2009). The mass signal for the ferulic glucu-
ronide was also observed in plasma, and the metabolite peak was
consistent with that found in urine. By contrast, the virtual absence
of free naringenin, ferulic and caffeic acids and caffeic glucuronide in
plasma samples might indicate that these compounds should be
present at concentrations below the limit of detection of the instru-
ment, probably because of their extensive first-pass metabolism via
phase II conjugation, and their quick excretion via the kidney.

Rutin (quercetin-3-O-rutinoside) was the only flavonol found in
the tomato sauces administered. As recently described (Jaganath
et al., 2006), rutin is extensively metabolised and made bioavail-
able. Following the release of the aglycone, quercetin would in fact
undergo glucuronidation and methylation, with quercetin-3-glu-
curonide and its methylated form isorhamnetin-3-glucuronide
appearing in the circulatory and the excretory system. Further
phase II metabolism could also occur in the liver and/or kidneys,
resulting in the formation of quercetin-40-glucuronide, quercetin-

30-glucuronide and combined conjugated forms, such as quercetin
diglucuronide and methylquercetin diglucuronide. In the present
study, all the above-cited phase II metabolites of rutin were inves-
tigated in plasma and urine of the subjects, but no mass signals
from flavonols were detected after consumption of the three toma-
to sauces. The virtual absence of these compounds, expected
mainly in urine samples, may be explained by the much lower
amount of rutin ingested by the subjects in our study (an average
of 246 lg among the three tomato sauces administered) compared
to the previous investigation (176 lmoles, corresponding to
107.4 mg of rutin), which probably compromised the possibility
of observing any metabolite peaks above the limit of detection of
the HPLC–MS system. Additionally, it is known that derivatives
containing rhamnose, such as rutinosides, are absorbed �10 times
less than are glucosides in the small intestine but, once transferred
to the large intestine, they are degraded by the rhamnosidases of
the intestinal microbiota (Manach et al., 1997). For these reasons,
future research will include the study of the phenolic metabolites
putatively originating from the intestinal microbiota, in order to
fully evaluate the bioavailability of tomato and tomato sauce phen-
olics after oral ingestion.

Finally, no evidence of sulfation was detected in the present
investigation. These findings confirmed previous observations that
glucuronidation is the preferential conjugation for naringenin and
rutin, although, until now, it has not been reported for the metab-
olism of chlorogenic, caffeic and ferulic acids.

3.3. Pharmacokinetics of naringenin glucuronides after ingestion of the
three tomato sauces

The mean plasma concentration-versus-time curves for naringe-
nin (A) and ferulic (B) glucuronides from the three tomato sauces

Fig. 2. Plasma naringenin (A) and ferulic (B) glucuronide concentrations in healthy subjects (n = 5) after single dose ingestions of OO-F, VOO-E and ROO-E tomato sauces.
Values are means ± SEM.

S. Tulipani et al. / Food Chemistry 130 (2012) 581–590 587

Resultados

91 



are shown in Fig. 2. The pharmacokinetic parameters for the two
metabolites encountered in plasma are shown in Table 3.

None of the subjects had measurable concentrations of glucuro-
nide metabolites of naringenin before ingestion of the sauces. By
contrast, the two naringenin glucuronides identified already ap-
peared in plasma 15 min after consumption (Fig. 2A), and their
plasma levels decreased below the LOD within 12 h. The short Tmax

for naringenin glucuronides (Table 3) confirmed the rapid intesti-
nal absorption and metabolism of naringenin to these phase II con-
jugates (Bredsdorff et al., 2010), and stressed the importance of an
early collection of plasma samples during acute consumption stud-
ies, in order not to subestimate the plasma pharmacokinetics of
these metabolites. When comparing the pharmacokinetic parame-
ters obtained with the three interventions, higher Cmax and AUClast

values were observed after the ingestion of the sauce without olive
oil. However, the differences were not supported by the statistical
analysis (p > 0.05, see Table 3). The absence of statistical signifi-
cance in the differences observed among the three interventions
was probably influenced by the great interindividual variability ob-
served in the Cmax and AUClast values among the subjects (see SEM

in Table 3). Also the apparent delay in the Tmax, observed after the
ingestion of VOO-E sauce, was only ascribed to two of the five sub-
jects, resulting without statistical significance.

Interestingly, when comparing the plasma concentration-ver-
sus-time curves of the naringenin glucuronides in respect to the
intervention administered, a typical biphasic absorption profile
was only observed following the ingestion of the oil-enriched to-
mato sauces, with a first peak at 30 min and a second one at 4–
5 h (Fig. 2A, see the arrows). These findings may suggest the occur-
rence of re-absorption events by enterohepatic circulation, specif-
ically stimulated by the tomato–oil combination. It is known that
polyphenols undergo repeated recycling through the digestive sys-
tem, because of the enterohepatic and enteric recycling, which af-
ford their apparent plasma half-life much longer than would be
predicted from their intrinsic clearance value. A longer half-life
may facilitate the pharmacological functions of polyphenols, since
conjugated types may still be good bioactive compounds and tar-
get tissues often possess hydrolases (e.g. b-glucosidase or sulfat-
ases) that can reconvert conjugates back to parent compounds. A
recent dispositional study (Xu et al., 2006) revealed that large

Table 3
Pharmacokinetic indices for naringenin and ferulic glucuronides after single ingestion (100 g) of OO-F, VOO-E and ROO-E tomato sauces by healthy subjects (n = 5). Values are
means ± SEM.

Cmax (nmol/l) Tmax (min) AUClast (nmol/x min) MRT (min) Cmax-to-AUClast (ratio)

Naringenin glucuronide OO-F Sauce 446 ± 48.8 30.0 ± 0.0 43559 ± 5630 99.6 ± 16.3 0.0105 ± 0.0011
VOO-E Sauce 398 ± 86.8 45.0 ± 7.7 37649 ± 6794 91.7 ± 12.7 0.0106 ± 0.0013
ROO-E Sauce 299 ± 30.1 30.0 ± 0.0 32009 ± 6705 106 ± 12.5 0.0113 ± 0.0025

Ferulic glucuronide OO-F Sauce 580 ± 85.4 72.0 ± 12.0 118949 ± 26786 158 ± 10.6 0.0056 ± 0.0008
VOO-E Sauce 727 ± 165 75.0 ± 13.4 197702 ± 53354 218 ± 56.6 0.0056 ± 0.0019
ROO-E Sauce 544 ± 101 84.0 ± 14.7 96531 ± 20455 149 ± 14.0 0.0061 ± 0.0008

Fig. 3. Cumulative urinary excretion curves of healthy subjects (n = 5) for naringenin (A), naringenin glucuronides, (B) ferulic acid (C), ferulic glucuronide (D), caffeic acid (E)
and caffeic glucuronide (F) after single dose ingestions of OO-F (black line), VOO-E (grey line) and ROO-E (black dashed line) tomato sauces. Values are means ± SEM.
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amounts of one of the naringenin glucuronides (putatively M2) are
found in the bile, suggesting that both intestine and liver organs
are important contributors to the naringenin first pass metabolism.
However, to our knowledge, no literature data are currently avail-
able on the extent and mechanisms of hepatic biotransformation of
naringenin, particularly in the presence of a lipid matrix in the
meal.

3.4. Pharmacokinetics of ferulic glucuronide after ingestion of the three
tomato sauces

Higher Cmax, Tmax, AUClast and MRT were observed for the ferulic
glucuronide in respect to the naringenin glucuronides in plasma.
The higher Tmax and lower Cmax-to-AUClast ratio confirmed the
slower rate of appearance in plasma of ferulic glucuronide
(Fig. 2B), which is in agreement with the longer and more complex
metabolism leading to the compound. On the other hand, the
metabolite remains detectable in plasma for a longer period
(MRT 2.5 h, in respect to 1.5 h of the naringenin glucuronide).
When comparing the kinetic behaviour of ferulic glucuronide
dependently on the sauce administered, apparently higher Cmax,
AUClast and MRT were observed after the ingestion of VOO-E toma-
to sauce (Table 3). However, the differences were not statistically
significant since, as for the plasma kinetics of naringenin glucuron-
ides, high interindividual variations in the Cmax and AUClast were
remarkable. The Cmax-to-AUClast ratio index did not reveal relevant
variations among the three interventions, confirming no significant
differences in the rate of appearance of ferulic glucuronide.

3.5. Urinary excretion of phenolic metabolites after ingestion of the
three tomato sauces

The cumulative urinary excretion curves for the phenolic
metabolites detected in urine are shown in Fig. 3. With the excep-
tions of ferulic acid and ferulic glucuronide (Fig. 3C and D), the
phenolic compounds were mainly excreted into the 0- to 4 h uri-
nary fraction collected after ingestion of the three tomato sauces
(ranging from 54% excretion of ferulic acid derivatives up to 91%,
for naringenin and naringenin glucuronides). The parent com-
pound, naringenin, that was not observed in plasma after the to-
mato sauce ingestions, appeared in the 24 h urine to an
extremely lower extent (Q1 = 37 nmoles) in respect to its glucuro-
nide metabolites (Q1 = 2628 nmoles), confirming the rapid metab-
olism of the compound, and was rapidly excreted after ingestion
(Fig. 3A and B). The free ferulic acid, not detected in plasma after
the three interventions, was also excreted to a lesser extent than
its glucuronide metabolite (Fig. 3C and D). However, both the free
acid and its phase II conjugate showed slower urinary excretions
than did the flavanone compounds (Fig. 3C and D), in keeping with
the slower metabolism of ferulic acid and the longer plasma resi-
dence time of the glucuronide conjugate (Fig. 2B). Finally, both free
caffeic acid and its glucuronide metabolite, not detected in plasma
samples, appeared in urine at very low concentrations and were al-
most completely excreted within the first fraction of urine col-
lected after ingestion (0–4 h). When comparing the mean urinary
excretion curves, once again, no statistically different excretive
behaviour was observed in respect to the intervention
administered.

4. Conclusions

The present study confirmed that the flavanone naringenin and
hydroxycinnamates, such as chlorogenic acid, caffeic and ferulic
acid derivatives, are among the most abundant phenolics in tomato
sauces. The phenolic content of the sauces in this study signifi-

cantly differed from the starting raw tomatoes in the higher con-
tent of caffeoylquinic acid, rutin, but particularly in the 8-fold
higher concentration of naringenin. These data confirmed how
heat and/or mechanical treatments, during tomato sauce process-
ing, may increase the phenolic compositions of the processed
products.

Six phenolic compounds, namely three aglycones (naringenin,
ferulic and caffeic acids) and their corresponding monoglucuronide
metabolites, were detected in urine after the single ingestion of all
three tomato sauces, reaching the maximum rate of excretion
within 4 h from the intervention. Only two of the six urinary phe-
nolic metabolites were also identified in plasma. The naringenin
glucuronides rapidly appeared in plasma 15 min after consump-
tion, while higher Cmax, Tmax, AUClast and MRT were observed for
the ferulic glucuronide, confirming the slower metabolism and uri-
nary excretion of ferulic acid.

The pharmacokinetics of the naringenin glucuronides after
ingestion of the oil-enriched tomato sauces let us to hypothesize
that the lipid matrix in the sauces may stimulate the occurrence
of re-absorption events by enterohepatic circulation, thus poten-
tially affecting the apparent plasma half-life of these compounds.
Nevertheless, the great interindividual response variability ob-
served underlies the need for further large-scale investigations ide-
ally involving a larger number of subjects, to confirm the
hypothesis formulated through the present work.
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4.3. Publicación 3. El proceso de fabricación de la salsa de 

tomate afecta a la bioaccesibilidad y la biodisponibilidad de 

los compuestos fenólicos del tomate: un estudio 

farmacocinético. 

The tomato sauce making process affects the bioaccessibility and 

bioavailability of tomato phenolics: A pharmacokinetic study. Miriam 

Martínez-Huélamo, Sara Tulipani, Ramón Estruch, Elvira Escribano, Montserrat Illán, 

Dolores Corella and Rosa M. Lamuela-Raventós. Food Chemistry. 2015, 173(15):864-

872. 

De entre todos los productos procesados de tomate, la salsa es la más consumida en 

todo el mundo; sin embargo, muy poco se sabe sobre cómo el proceso de fabricación 

puede afectar la composición fenólica y la biodisponibilidad después de su consumo. En 

el presente trabajo, hemos llevado a cabo un estudio piloto, prospectivo, aleatorizado, 

cruzado, abierto y controlado con 8 voluntarios sanos donde se les suministró 250 g de 

salsa de tomate sin aceite (OF), una segunda elaborada con aceite de oliva refinado 

(ROOE) y una tercera de 500 g de tomate fresco por cada 70 Kg de peso del voluntario. 

La salsa fue elaborada a partir de tomates frescos (liso rojo rama) comerciales en el 

Campus de Torribera de la Universidad de Barcelona.  

La principal novedad con el estudio anterior fue la introducción de tomate fresco en el 

ensayo para estudiar el efecto que tendría el procesado de tomate a salsa sobre la 

biodisponibilidad de los compuestos fenólicos y, a la vez, estudiar el efecto de la 

adición de una matriz lipídica. Otro punto distintivo, fue la dosis de las intervenciones 

que se suministró según el peso del voluntario, así como incluir en el estudio 

indistintamente hombres como mujeres. El diseño del estudio se muestra a continuación 

(Tabla 7): 
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Tabla 7. Diseño del estudio. 

Día -3 Dieta sin tomate 

Día -2 

Dieta sin tomate 

No suplementos vitamínicos 

No medicamentos 

Día -1 

Dieta exenta de polifenoles 

No suplementos vitamínicos 

No medicamentos 

Estar en ayuno las 10-12 horas previas al día 0 

Día 0: Estudio 

t = 0 h Extracción de sangre 

Recogida de orina 

Intervención: 250 g de salsa de tomate con aceite de oliva refinado, 

salsa de tomate sin aceite de oliva refinado y 500 g de tomate fresco 

por cada 70 Kg de peso del voluntario. 

t = 15 min Extracción de sangre 

t = 30 min Extracción de sangre 

t = 1 h Extracción de sangre 

t = 2 h Extracción de sangre 

t = 3 h Extracción de sangre 

t = 4 h Extracción de sangre 

Recogida de orina 

t = 6 h Extracción de sangre 

t = 8 h Extracción de sangre 

Recogida de orina 

t = 12 h Recogida de orina 

Día 1 
t = 24 h Extracción de sangre 

Recogida de orina 

Los resultados al analizar las salsas y el tomate demuestran cómo no existen diferencias 

entre los dos tipos de salsas pero sí con el tomate obteniéndose concentraciones 

superiores en las salsas para la naringeina y la rutina. Este hecho vuelve a demostrar 

como el tratamiento mecánico ayuda a la liberación de ciertos compuestos fenólicos de 

la matriz del alimento, pero la adición de una matriz lipídica no parece ayudar a que 

estos sean más bioaccesibles. 

Se analizaron los niveles de los compuestos fenólicos del tomate y sus metabolitos en 

plasma y orina después del consumo agudo de las salsas y el tomate por HPLC-MS/MS.  

Once y cuatro metabolitos fenólicos fueron encontrados en las muestras de orina y 

plasma, respectivamente. Se estudió tanto la diferencia entre intervenciones de todos los 

voluntarios, como la diferencia entre intervenciones de voluntarios de diferente sexo. 

No se observaron diferencias significativas en este último estudio en ninguna de las dos 

muestras biológicas. Los compuestos fenólicos naringenina, ácido cafeico y 

ácido ferúlico, se encontraron intactos en las muestras, así como sus metabolitos de fase 
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II. Las concentraciones en plasma y la excreción urinaria de la naringenina glucurónido

fueron significativamente mayores después del consumo de la salsa de tomate en 

comparación con las observadas tras el consumo de tomate fresco. También se encontró 

un comportamiento bifásico en el caso de la naringenina glucurónido y naringenina tras 

las intervenciones con salsas, mientras que en el tomate fresco dicho comportamiento 

no se manifestó. Los resultados sugieren que los tratamientos mecánicos y térmicos 

durante la elaboración de la salsa de tomate pueden ayudar a liberar estos compuestos 

fenólicos, potencialmente bioactivos, de la matriz del alimento con más eficacia que la 

adición de un componente lipídico aumentando así su biodisponibilidad.
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a b s t r a c t

Tomato sauce is the most commonly consumed processed tomato product worldwide, but very little is
known about how the manufacturing process may affect the phenolic composition and bioavailability
after consumption. In a prospective randomised, cross-over intervention study, we analysed the plasma
and urinary levels of tomato phenolic compounds and their metabolites after acute consumption of raw
tomatoes and tomato sauce, enriched or not with refined olive oil during production.

Respectively, eleven and four phenolic metabolites were found in urine and plasma samples. The
plasma concentration and urinary excretion of naringenin glucuronide were both significantly higher
after the consumption of tomato sauce than raw tomatoes. The results suggest that the mechanical
and thermal treatments during tomato sauce manufacture may help to deliver these potentially bioactive
phenolics from the food matrix more effectively than the addition of an oil component, thus increasing
their bioavailability.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

It is generally recognised that part of the health-promoting
effects of the Mediterranean diet may be attributed to the high
content of phytochemical constituents in fruit and vegetables,
which are among the food items at the bottom of the Mediterra-
nean diet pyramid (Estruch et al., 2013). Phytochemical phenolic
compounds have recently attracted increasing attention (Scoditti

et al., 2012) and epidemiologic data have shown an inverse associ-
ation between the risk of overall mortality or cardiovascular dis-
eases and the consumption of polyphenol-rich foods (Cassidy
et al., 2013).

Several in vitro and human intervention studies have been car-
ried out to unveil the mechanisms of action underlying the health-
promoting properties of polyphenols, which include the induction
of antioxidant defenses (Wan et al., 2001), blood pressure lowering
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full scan; HCl, hydrochloric acid; HPLC–ESI-QqQ-MS/MS, high performance liquid chromatography coupled to tandem mass spectrometry; IS, internal standard; LPD, low
polyphenol diet; Qu1, maximum excreted amount in the 24 h urine collection; Cmax, maximum plasma concentration; MRTlast, mean residence time; MRM, multiple reaction
monitoring; NL, neutral loss; N2, nitrogen; OF, olive oil-free tomato sauce; PFD, polyphenol-free diet; PTFE, polytetrafluoroethylene; PrIS, precursor ion scan; PIS, product ion
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effects (Desch et al., 2010), the improvement of endothelial function
(Widlansky et al., 2007), the inhibition of platelet aggregation and
LDL oxidation, and the modulation of inflammatory response (Zhu
et al., 2013).

Tomatoes (Solanum lycopersicum, formerly Lycopersicum escu-
lentum) are one of the key components of the Mediterranean diet,
and their regular consumption has been consistently associated
with a lower risk of several types of cancer and coronary heart dis-
ease (Paran, Novack, Nir Engelhard, & Hazan-Halevy, 2009). Toma-
toes are widely consumed both as fresh fruit and as processed
products. Tomato sauce is the most commonly consumed tomato
product worldwide and particularly in Spain, where it represents
40.8% of all sauce consumption.

The processing of raw tomatoes into tomato sauces involves sev-
eral thermal and mechanical treatments and may include the addi-
tion of a lipid matrix (commonly up to 5% of olive oil) during
production (oil-enriched versus oil-free sauce) (Chanforan, Loonis,
Mora, Caris-Veyrat, & Dufour, 2012). All these steps may affect the
final phenolic composition of the end product. The addition of a lipid
matrix during tomato sauce preparation, as well as the simultaneous
consumption of fats and triglycerides, have been reported to favour
the extractability and bioavailability of tomato carotenoids
(Fielding, Rowley, Cooper, & O’Dea, 2005). The combined intake of
tomato and a lipid component may increase the absorption of fat-sol-
uble compounds, since dietary fat is important for micelle formation
in the small intestine, thus contributing to the solubilisation of fat-
soluble compounds in the bile salts and their incorporation into the
micelles (Hornero-Méndez & Mínguez-Mosquera, 2007). However,
to date few studies have investigated the absorption and excretion
of phenolic compounds from raw tomatoes and tomato sauces
(Tulipani et al., 2012), and even less is known about the impact of a
tomato-olive oil combination during processing on the phenolic bio-
availability and bioefficacy in humans.

The working hypothesis of the present study was that domestic
or industrial-scale processing in tomato sauce production may pro-
duce changes in phenolic extractability due to the disruption of the
plant cell wall and thus result in an easier release of bound polyphe-
nolic and flavonoid compounds (van het Hof, West, Weststrate, &
Hautvast, 2000). As already hypothesised for tomato carotenoids,
the addition of oil during tomato sauce processing may also influ-
ence the bioavailability of the relatively lipophilic phenolics in
tomato, by modifying their bioaccessibility from the food matrix,
and modulating the gastric emptying or hepatic metabolism of
the absorbed phenolic compounds. The aim of the present study
was to investigate whether the human bioavailability of the pheno-
lic compounds found in tomatoes is influenced by the sauce making
process and the addition of refined olive oil during manufacture.

2. Materials and methods

2.1. Standards and reagents

Caffeic acid, chlorogenic acid, dihydrocaffeic acid, ferulic acid,
gallic acid, isoferulic acid, kaempferol, m-coumaric acid, naringe-
nin-7-O-glucoside, p-coumaric acid, p-hydroxybenzoic acid, proto-
catechuic acid, quercetin, rutin and human plasma were purchased
from Sigma–Aldrich (St. Louis, MO, USA); and naringenin and eth-
ylgallate (internal standard (IS)) from Extrasynthese (Genay,
France). HPLC-grade ethanol, acetonitrile, methanol and formic
acid were purchased from Scharlau Chemie S.A. (Barcelona, Spain),
while hydrochloric acid 37% (HCl) and o-phosphoric acid 85% were
supplied by Panreac Quimica S.A. (Barcelona, Spain). Ultrapure
water (Milli-Q) was obtained from a Millipore system (Millipore,
Bedford, MA, USA).

2.2. Tomato and tomato sauce

Commercial tomatoes, ‘‘liso rojo rama’’ variety, used for both
the elaboration of the two sauces to the intervention of raw
tomato, were purchased from a local market (Barcelona, Spain).
Refined olive oil was kindly furnished by Juan Ballester Rosés Com-
pany S.A. (Tortosa, Spain). To ensure that the refined olive oil added
did not introduce any phenolic compounds to the sauce, a liquid–
liquid extraction was used and the extract was analysed by HPLC
with a diode array detector (Boselli, Di Lecce, Strabbioli, Pieralisi,
& Frega, 2009) obtaining a polyphenol-free profile. Raw tomato
sauce (‘‘oil-free’’: OF) and a refined olive oil-enriched tomato sauce
(ROOE) were processed at the Torribera Campus, University of
Barcelona (Santa Coloma de Gramanet, Spain) by a standardised
industrial scale-like manufacturing process, as previously
described by Tulipani et al. (2012). Briefly, tomatoes were cleaned,
cleaved, mixed and weighted. For the elaboration of ROOE sauce,
5% of oil was added and the same amount of water was aggregated
to obtain the OF sauce. The mixture was cooked for 60 min at 99 �C
and finally crushed. The obtained sauces were vacuum-packed and
stored in the freezer at �20 �C until the day of the study when
were thawed in the refrigerator and administered at room temper-
ature. Considering that 1000 g of fresh tomatoes yielded approxi-
mately 500 g of tomato sauce, 3.5 g of sauce per kg of body
weight (BW) (3.5 g kg�1 BW) and 7 g kg�1 BW of raw tomatoes
were administered to each volunteer across the three interven-
tions, to standardise the intake.

2.3. Phenolic extraction of the dietary interventions

0.5 g of raw tomato or tomato sauce was weighed and 5 mL of
80% ethanol acidified with 0.1% formic acid was added to the sam-
ples. The mixture was vortexed for 1 min and then sonicated for
5 min on ice to prevent the degradation of the phenolic com-
pounds. After centrifugation at 4000 rpm for 20 min at 4 �C, the
supernatant was collected and another 5 mL of the acidified 80%
ethanol solution was added to the pellet, and the extraction proce-
dure repeated. Both supernatants were combined, and the etha-
nolic component was evaporated to dryness by a sample
concentrator (Techne, Duxford, Cambridge, UK) at room tempera-
ture under a stream of nitrogen gas. 400 ng mL�1 of ethylgallate
(IS) was added to the aqueous extracts (2 mL), which were filtered
with 4 mm 0.45 lm polytetrafluoroethylene (PTFE) syringe filters
(Waters Corporation, USA), and injected (20 lL) in triplicate into
the high performance liquid chromatography coupled to tandem
mass spectrometry (HPLC–ESI-QqQ-MS/MS) (Vallverdú-Queralt,
Jáuregui, Medina-Remón, & Lamuela-Raventós, 2012).

2.4. Subjects and study design

Eight healthy nonsmoking subjects (50% women, 27–46 years,
BMI = 23 ± 0.93 kg m�2) with no history of cardiovascular, hepatic
or renal disease and no adherence to any special diets at least dur-
ing the 4 weeks prior to the trial, were recruited for the random-
ised crossover dietary study. The study was explained to
participants through verbal and written instructions, and written
informed consent was obtained before participation. To standard-
ise the baseline point, subjects were asked to follow a tomato-free
diet (TFD) during the 3 days preceding the dietary intervention,
and a low polyphenol diet (LPD) in the 24 h immediately preceding
the test. The subjects were provided with a list of acceptable and
unacceptable foods, together with two standardised low polyphe-
nol meals for the evening preceding the test, and the day of the
test. On the day of each intervention, all the subjects consumed
together a standardised lunch, and were asked to fill in a 24-h food
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record to assess their compliance with the dietary recommenda-
tions. Total energy, macronutrient and micronutrient contents of
the LPD were calculated using Food Processor software.

Each volunteer received the tomato, OF and ROOE sauce inter-
ventions in a randomly assigned order and separated by a 3-day
washout period (usual diet) followed by a 3-day TFD and 1-day
LPD.

On the day of the intervention, the overnight fasted subjects
had an intravenous catheter inserted, and a baseline blood sample
(5 mL) was collected. Subjects then consumed, in turn, one of the
three interventions within a space of 5–10 min, and refrained from
consuming other foods for the following 6 h. Blood samples (5 mL)
were collected into lithium heparin tubes at 15 and 30 min and 1,
2, 3, 4, 6, 8 and 24 h after the ingestion of the tomato sauces, and
immediately centrifuged at 1500 g for 20 min at 4 �C. All plasma
samples were subsequently aliquoted and stored in eppendorf
tubes at �80 �C until analysis. Urine was collected in separate frac-
tions at baseline (0 h) and during 24 h after the dietary interven-
tions (‘‘0–4’’, ‘‘4–8’’, ‘‘8–12’’ and ‘‘12–24’’ h collection periods).
The urine bottles were stored at 4 �C, and immediately after the
participants had started to collect the next fraction, the amount
of urine in each fraction was measured, acidified with 0.2 M HCl
and stored at �80 �C until analysis. The study protocol was
approved by the Ethics Committee of Clinical Investigation of the
University of Barcelona (Spain), and the clinical trial was registered
at the International Standard Randomised Controlled Trial Number
(ISRCTN20409295). Informed consent was obtained from all
participants.

2.5. Extraction of tomato phenolic metabolites from plasma and urine

Plasma and urine were subjected to the solid-phase extraction
(SPE) procedure previously described by our working group using
Waters Oasis HLB 96-well plate 30 lm (30 mg) (Waters Oasis, Mil-
ford, MA, USA) (Martínez-Huélamo, Tulipani, Torrado, Estruch, &
Lamuela-Raventós, 2012; Tulipani et al., 2012).

Briefly, on the day of the analysis, the samples were defrosted
on ice in the dark. Prior to SPE, urine samples were centrifuged
at 15,000 g for 4 min at 4 �C, while plasma samples were acidified
by adding o-phosphoric acid (2.5%) to break possible polyphenol-
plasmatic protein linkages and reach the optimum pH for phenolic
retention in the solid-phase during the extraction procedure. Then,
400 ng mL�1 of ethylgallate (IS) was added to the samples, and
after 2 min of vortex-mixing, the samples were diluted 1:1 (v/v)
with water. Plate activation was achieved by consecutively adding
2 mL of methanol and 2 mL of 1.5 M formic acid. After loading into
the 96-well plate, sample clean-up was performed with 2 mL of
1.5 M formic acid followed by 2 mL of 5% methanol solution. Phe-
nolic metabolites were then eluted with 2 mL methanol acidified
with 0.1% formic acid. The eluted fraction was evaporated to dry-
ness by a sample concentrator (Techne, Duxford, Cambridge, UK)
at room temperature under a stream of nitrogen gas, and reconsti-
tuted with 200 lL of 0.1% formic acid. The 96-wellplate was then
vortexed for 5 min and 20 lL of the reconstituted extracts was
injected into the LC–MS system.

For the preparation of the calibration curves, synthetic urine
and commercial human plasma were spiked with an increasing
concentration of a mixture of 8 phenolic standards (1–
500 ng mL�1), before being processed and subjected to the extrac-
tion procedure exactly in the same way as the samples.

2.6. HPLC–ESI-QqQ-MS/MS analysis of food and biological samples

The identification and quantification of the phenolic com-
pounds present in tomato, OF and ROOE sauces and the corre-
sponding phenolic metabolites expected in urine and plasma

samples were carried out by HPLC–ESI-QqQ-MS/MS analysis. The
system used was an HP Agilent Technologies 1100 equipped with
a refrigerated auto sampler and a column oven set to 30 �C, cou-
pled to an API 3000 triple-quadrupole mass spectrometer (PE Sciex,
Concord, Ontario, Canada) with a TurboIon spray source used in
negative mode. Chromatographic separation was achieved on a
Luna C18 (50 � 2.0 mm, 5 lm) from Phenomenex (Torrance, CA,
USA) using a precolumn Phenomenex security guard C18

(4 � 3 mm i.d.). The system was controlled by Analyst v. 1.4.2 soft-
ware supplied by Applied Biosystems (Foster City, CA, USA). The
chromatographic conditions were set as described in our previous
publications (Martínez-Huélamo et al., 2012; Vallverdú-Queralt
et al., 2012).

A direct infusion experiment was carried out with each individ-
ual standard compound available (1 lg mL�1 at a constant flow
rate of 5 lL min�1). TurboIon spray source settings were as fol-
lows: capillary voltage, �4000 V; nebuliser gas (N2), 10 (arbitrary
units); curtain gas (N2), 12 (arbitrary units); drying gas (N2) heated
to 400 �C and introduced at a flow rate of 8000 cm3 min�1. The
declustering potential, focusing potential and entrance potential
were optimised for each standard. Multiple reaction monitoring
experiment was used for the quantification of the compounds
(Martínez-Huélamo et al., 2012).

Compounds lacking the corresponding commercial standard
(i.e. sulphate and glucuronide derivatives) were tentatively identi-
fied by full scan (FS), product ion scan (PIS), neutral loss (NL) and
precursor ion scan (PrIS) experiments, and the calibration curves
of the corresponding native unconjugated molecules were used
for quantification.

The PrIS experiment is able to identify compounds belonging
to a group of substances. NL allows identification with losses of
80 m/z and 176 m/z corresponding to sulphates and glucuronides,
respectively. Finally, PIS permits the identification of aglycones
by comparison of the MS/MS spectra with those corresponding to
the standards after typical fragmentations.

To confirm the fragmentation pattern of each metabolite, PIS
experiments were carried out at optimal and double collision
energy values than suggested by the direct infusion experiments,
using a cycle time of 2 s. MS/MS product ions were produced by
collision-activated dissociation (CAD) of the selected precursor
ions in the collision cell of the triple-quadrupole mass spectrome-
ter, and mass analysed using the second analyser of the
instrument.

2.7. Pharmacokinetic analysis

WinNonlin Professional software version 3.3 (Pharsight Corpo-
ration, USA) was used to determine the pharmacokinetic parame-
ters by a non-compartmental analysis. The maximum plasma
concentration (Cmax) and the time needed to reach it (tmax) were
obtained directly from the experimental plasma concentration
time data for each phenolic compound and phase II metabolite
found in the samples. The linear trapezoidal method was used to
calculate the area under the plasma concentration-versus-time
curve from time 0 until the last detectable concentration (AUClast).
The mean residence time (MRTlast) was estimated by means of the
ratio AUMC/AUC, where AUMC was the first moment curve. The
Cmax/AUClast and cumulative amounts of phenolic compounds
excreted in urine (Qu1) were also calculated.

2.8. Statistical analysis

SPSS software (Version 19.0, Japan Inc., Tokyo, Japan) was used
to compare the energy and nutrient intake of the 24 h preceding
the interventions; the phenolic composition of the three dietary
interventions; the pharmacokinetic parameters after the interven-
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tions, and the differences between men and women in the pharma-
cokinetic parameters within the same intervention and inter-inter-
ventions. All the results were subjected to a normality test prior to
the statistical analysis and then to one-way analysis of variance
(ANOVA) with the Bonferroni post hoc test in the case of homoge-
neity of variances and T3 Dunnett when the variances were not
homogenous. The results were reported as mean ± standard error
(SEM). Differences at p < 0.05 were considered statistically
significant.

3. Results and discussion

3.1. Phenolic composition of the dietary interventions

Table 1 shows the phenolic compounds quantified in the toma-
toes and tomato sauces administered to the volunteers. The quan-
tified compounds were divided into phenolic acids, flavanones and
flavonols. The flavanone naringenin and the flavonol rutin were the
major phenolic compounds in the sauces, whereas their levels
were much lower in the raw tomatoes. Phenolic acids were the sec-
ond most abundant phenolics administered, principally 5-caffeoyl-
quinic acid, followed by 4-caffeoylquinic acid and caffeic acid
hexose.

When qualitatively comparing the phenolic profile, no differ-
ences were observed among the three interventions, except for
the appearance of naringenin-7-O-glucoside in the two sauces,
which was not detected in the raw fruits.

In terms of quantification, however, flavonoids were more
highly concentrated in the sauces. The greatest increase was
observed in the flavanone naringenin (7-fold higher in sauces than
raw tomatoes). Sauces also showed significantly higher levels of
the flavonol rutin (2-fold higher than in raw tomatoes), proto-
catechuic acid (almost 4-fold higher) and 3-caffeoylquinic acid
(4-fold higher). In contrast, 5-caffeoylquinic acid and dicaffeoylqui-
nic acid were more concentrated in raw fruits than in the pro-
cessed products. The enhanced bioaccessibility of polyphenols in
sauces was in agreement with previous observations, confirming
that processing treatments may positively affect the level of poly-
phenols in sauces or other tomato products (Dewanto, Wu, Adom,
& Liu, 2002). The probable explanation for this increase is the
release of phenolics from the tomato matrix during the treatment
through cell wall and cell membrane disruption (Chanforan et al.,
2012).

No qualitative and quantitative differences were observed
between the two sauces, except for 5-caffeoylquinic acid,

4-caffeoylquinic acid, caffeic acid hexose and naringenin, whose
values were slightly higher in the ROOE tomato sauce. As expected,
there was no increase in phenolic compounds with the addition of
an oil matrix to the sauce.

3.2. Phenolic metabolites in plasma and urine

The volunteers filled in a 24-h food frequency questionnaire to
guarantee compliance with the recommended LPD. As shown in
Table 2, no significant differences were observed in the total
energy, protein, carbohydrate, dietary fibre, total fat, cholesterol,
vitamin, mineral and total polyphenol intake in the 24 h before
the three interventions. In terms of phenolic intake, the serving
of tomatoes, and OF and ROOE sauces respectively furnished
3822.2 lg, 1650.5 lg, and 1782.7 lg of phenolic acids, 251.6 lg,
868.1 lg, and 1011.3 lg of flavanones, and 1269.1 lg, 1487.6 lg,
and 1230.9 lg of flavonols. The tomato phenolic metabolites ana-
lysed in plasma and urine are listed in Table 3, including a total
of 19 transitions corresponding to the most likely detectable
metabolites in biosamples, following the intervention ingestion.

Four phenolic compounds and metabolites were identified in
plasma (Table 4) and eleven in urine (Table 5). In the present study,
higher levels of metabolites were found in the biological fluids
than in the previous human pilot study (Tulipani et al., 2012). This
increase could be attributed to the effect of greater homogeneity of
dose/weight, as in the previous study the intervention was 100 g
per volunteer regardless of weight.

Naringenin, naringenin glucuronide, ferulic acid, ferulic acid
glucuronide, caffeic acid, caffeic acid glucuronide, dihydroferulic
acid, dihydroferulic acid glucuronide, dihydroferulic acid sulphate,
chlorogenic acid, and dihydrocaffeic acid were identified in urine.
In the previous study (Tulipani et al., 2012), only naringenin, ferulic
acid and caffeic acid metabolites were quantified, while here we
observed considerably more metabolites since we also looked for
compounds arising from the microbiota metabolism.

Fig. 1 shows the product ion scan of the main metabolites found
in urine. Naringenin glucuronide (Fig. 1A) was confirmed by a PIS
experiment with the loss of 176 m/z corresponding to the glucuro-
nide unit (Rubió et al., 2012), obtaining an ion at 271 m/z (naringe-
nin) and an ion at 113 m/z, characteristic of the fragmentation of
the glucuronyl molecule (Tulipani et al., 2012). The ferulic acid glu-
curonide fragmentation (Fig. 1B) confirmed the loss of the glucuro-
nide unit and its corresponding ions at 175 m/z and 113 m/z, and
the presence of ferulic acid with an ion at 193 m/z. Another com-
pound identified was caffeic acid glucuronide (Fig. 1C). In this case,

Table 1
Compounds identified and quantified in the raw tomatoes and in the two tomato sauces administered to the subjects.

Compound Raw tomatoes (ng/g FW) OF sauce (ng/g FW) ROOE sauce (ng/g FW)

3-Caffeoylquinic acid 113.3 ± 5.9b 443.8 ± 5.8a 419.6 ± 121.0a,b

5-Caffeoylquinic acid 2424.2 ± 98.0a 1575.9 ± 48.3b 1744.7 ± 65.2b

4-Caffeoylquinic acid 1495.4 ± 2.2 1197.3 ± 46.7 1356.5 ± 64.4
Dicaffeoylquinic acid 429.4 ± 15.9a 174.2 ± 5.9b 177.3 ± 9.8b

Caffeic acid 796.6 ± 11.2 762.6 ± 30.9 740.7 ± 21.4
Caffeic acid hexose 1286.3 ± 50.0 1401.4 ± 31.0 1749.8 ± 84.5
Caffeic acid hexose II 568.9 ± 27.3 459.6 ± 16.8 422.2 ± 10.0
Ferulic acid hexose 488.8 ± 25.0 441.1 ± 21.6 435.7 ± 7.6
Protocatechuic acid 41.4 ± 1.0b 146.1 ± 3.0a 154.4 ± 3.8a

Quantified phenolic acids orally administrated (lg)A 3822.2 1650.5 1782.7
Naringenin 503.2 ± 32.1b 3386.6 ± 122.3a 3823.7 ± 216.7a

Naringenin-7-O-glucoside n.db 215.9 ± 6.6a 221.3 ± 13.3a

Quantified flavanones orally administrated (lg)A 251.6 868.1 1011.3
Rutin 2538.1 ± 125.2b 5950.5 ± 302.6a 4923.7 ± 247.4a

Quantified flavonols orally administrated (lg)A 1269.1 1487.6 1230.9

Results expressed as mean ± SEM.
Values in a row with different letters are significantly different (p < 0.05).

A Corresponding to the single dose administrated to the subjects 500 g (tomato) 250 g sauces.
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an ion at 179 m/z, corresponding to caffeic acid, was encountered,
as well as the typical fragment of a glucuronide unit (175 m/z and
113 m/z ions). Finally, two metabolites of dihydroferulic acid were
identified in urine samples: dihydroferulic acid glucuronide
(Fig. 1D) and dihydroferulic acid sulphate (Fig. 1E). As in the above
compounds, the glucuronide unit of dihydroferulic acid glucuro-
nide was identified with the presence of ions at 175 m/z and
113 m/z. The mass spectrum also showed the presence of dihydrof-
erulic acid with an ion at 195 m/z. Finally, dihydroferulic acid sul-
phate was confirmed with the loss of 80 m/z (Rubió et al., 2012),
obtaining dihydroferulic acid (195 m/z). The presence of an ion at

136 m/z confirmed the presence of dihydroferulic acid, being char-
acteristic of the fragmentation pattern of this compound.

3.3. Pharmacokinetics in plasma after the three interventions

Table 4 shows the pharmacokinetic parameters of naringenin,
naringenin glucuronide, caffeic acid glucuronide, and ferulic acid
glucuronide detected in plasma after the three dietary
interventions.

No statistically significant differences among interventions
were observed in the pharmacokinetic parameters for caffeic acid

Table 2
Energy and nutrient intake of the 24 h preceding the interventions.

Intervention

Raw tomato OF ROOE pA

Energy (kcal) 1797.6 ± 183.5 1874.5 ± 120.1 1933.8 ± 134.8 0.825
Protein (g) 101.1 ± 22.9 85.7 ± 9.8 116.1 ± 47.4 0.487
Carbohydrates (g) 199.2 ± 32.6 235.9 ± 19.1 194.7 ± 10.6 0.433
Dietary fibre (g) 12.8 ± 3.4 18.8 ± 2.9 7.5 ± 1.0 0.150
Total fat (g) 64.7 ± 8.5 65.2 ± 6.5 74.3 ± 9.0 0.666

Saturated 26.8 ± 3.7 28.9 ± 2.8 31.1 ± 4.2 0.703
Monounsaturated 20.1 ± 3.7 18.6 ± 2.0 24.7 ± 3.9 0.429
Polyunsaturated 9.2 ± 1.8 8.0 ± 1.1 9.8 ± 0.9 0.662
Trans fatty acids (g) 0.9 ± 0.2 0.7 ± 0.2 0.7 ± 0.2 0.785

Cholesterol (mg) 461.6 ± 139.7 257.4 ± 36.6 465.6 ± 87.8 0.256
Pro-vitamin A (RE) 313.5 ± 101.8 289.9 ± 41.5 311.2 ± 58.6 0.969
Vitamin A (RE) 449.9 ± 119.0 431.1 ± 81.2 452.2 ± 61.0 0.985
Vitamin B1 (mg) 1.7 ± 0.2 1.8 ± 0.2 2.3 ± 0.4 0.218
Vitamin B2 (mg) 1.9 ± 0.3 1.7 ± 0.2 2.2 ± 0.3 0.423
Vitamin B3 (mg) 22.8 ± 7.7 18.4 ± 2.0 23.3 ± 3.5 0.770
Vitamin B6 (mg) 1.2 ± 0.4 1.0 ± 0.1 1.2 ± 0.2 0.807
Vitamin B12 (lg) 5.3 ± 1.3 5.7 ± 2.1 4.1 ± 0.6 0.778
Vitamin C (mg) 3.4 ± 0.7 2.9 ± 0.7 3.7 ± 1.0 0.737
Vitamin E (mg) 4.9 ± 0.5 5.2 ± 0.9 6.0 ± 0.4 0.573
Folate (lg) 285.0 ± 44.5 277.0 ± 45.0 312.5 ± 54.8 0.875
Calcium (mg) 971.1 ± 181.9 1013.0 ± 177.0 1059.4 ± 143.9 0.942
Magnesium (mg) 242.2 ± 35.6 286.6 ± 27.4 209.3 ± 13.6 0.210
Phosphorus (mg) 1522.3 ± 188.8 1551.6 ± 159.1 1565.8 ± 140.7 0.983
Potassium (mg) 1658.2 ± 167.8 1630.9 ± 153.5 1795.5 ± 236.9 0.810
Selenium (lg) 103.5 ± 18.0 106.4 ± 13.6 134.9 ± 17.9 0.393
Sodium (mg) 2196.1 ± 257.2 2096.3 ± 220.3 2496.5 ± 368.0 0.602
Zinc (mg) 11.0 ± 1.6 10.6 ± 1.0 13.3 ± 2.2 0.483
Polyphenols (mg) 25.2 ± 6.4 30.3 ± 4.8 16.9 ± 4.5 0.273

Results expressed as mean ± SEM.
A Data analysed by one-way analysis of variance (ANOVA) for mean comparisons.

Table 3
Tomato phenolic metabolites searched in plasma and urine.

MRM (m/z) DP (V) FP (V) EP (V) CE (V)

Caffeic acid 179 ? 135 (107) �50 �220 �10 �25
Caffeic acid glucuronide 355 ? 179 �50 �220 �10 �25
Dihydrocaffeic acid 181 ? 137 (119) �50 �220 �10 �25
Dihydrocaffeic acid glucuronide 357 ? 181 (175, 137, 113) �50 �220 �10 �25
Dihydrocaffeic acid sulphate 261 ? 181 (137, 119) �50 �220 �10 �25
Chlorogenic acid 353 ? 191 (179) �50 �220 �10 �25
Ferulic acid 193 ? 134 �60 �200 �10 �20
Ferulic acid glucuronide 369 ? 193 �60 �200 �10 �20
Dihydroferulic acid 195 ? 136 (151, 177, 135, 123, 119) �60 �200 �10 �20
Dihydroferulic acid glucuronide 371 ? 195 (175, 113) �60 �200 �10 �20
Dihydroferulic acid sulphate 275 ? 195 (177, 151, 136, 135, 123, 119) �60 �200 �10 �20
Naringenin 271 ? 151 (119) �80 �200 �10 �25
Naringenin glucuronide 447 ? 271 �30 �200 �10 �25
Kaempferol 285 ? 151 (257) �90 �200 �10 �25
Kaempferol glucuronide 461 ? 285 �90 �200 �10 �25
Quercetin 301 ? 151 (179) �60 �200 �10 �30
Methylquercetin 315 ? 301 �30 �200 �10 �30
Quercetin glucuronide 477 ? 301 �30 �200 �10 �30
Ethylgallate (IS) 197 ? 169 (124) �60 �200 �10 �25

MRM (multiple reaction monitoring); DP (declustering potential); FP (focusing potential); EP (entrance potential); CE (collision energy).
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glucuronide and ferulic acid glucuronide, while significant differ-
ences were observed for naringenin and naringenin glucuronide
in almost all the parameters.

In plasma, naringenin concentration was below the limit of
detection in each volunteer after the tomato intervention (n.d.),
while it was detectable and quantificable after intake of both
sauces. When comparing pharmacokinetic parameters of naringe-
nin in tomato and the two sauces (with and without oil), signifi-
cant differences were found in Cmax, tmax, AUClast, and MRTlast, but
not in Cmax/AUClast. This result was partially in accordance with

(Bugianesi et al., 2004), who previously evaluated the effect of
domestic cooking on the bioavailability of antioxidant molecules
in humans after the administration of a test meal containing cherry
tomatoes. Since naringenin strongly interacts with insoluble poly-
esters, which are constituents of tomato peel fibre (Hunt & Baker,
1980), mechanical and thermal processing could facilitate the
release of the compound from the matrix and thus increase its bio-
accessibility (Bugianesi et al., 2004). These results also agree with
the values shown in Table 1.

One of the most abundant derived metabolites found in plasma
was naringenin glucuronide. When comparing naringenin glucuro-
nide and naringenin, independently of the intervention, the glucu-
ronide form was clearly more prevalent than the aglycone. These
findings may suggest a rapid absorption of naringenin (tmax

18.8 ± 3.8 min OF, 45.0 ± 8.7 min ROOE) and a high first-pass
metabolism to this phase II conjugate (Ma et al., 2006). Significant
differences in Cmax and AUClast of naringenin glucuronide were
found between raw tomatoes and sauces, once again corroborating
the influence of mechanical and thermal processing in the higher
absorption of polyphenols found in tomato skin, such as naringenin
(Bugianesi et al., 2004). Moreover, the slower rate of appearance of
this metabolite in plasma after ingestion of raw tomatoes com-
pared to sauces (tmax, Cmax/AUClast) suggests a slower rate of
absorption of naringenin from the former.

Fig. 2 shows the mean plasma concentration versus time of
naringenin (A) and naringenin glucuronide (B). Both compounds
presented a biphasic profile in the sauce intervention (OF and
ROOE), but not in tomato, probably due to low plasma levels. Ma
et al. (2006) describe that glucuronidation takes place both in the
intestine wall and the liver, catalysed by the enzyme UDP-glucur-
onosyl transferase. The glucuronide form excreted in the intestine
could be re-absorbed by enterohepatic circulation (Ma et al., 2006).
In the case of naringenin, the biphasic profile appeared more sig-
nificant in the ROOE sauce. Since naringenin is a relatively lipo-
philic compound (log partition coefficient 2.52–2.84) (Chabane,
Ahmad, Peluso, Muller, & Ubeaud-Séquier, 2009), the co-presence
of a fat matrix in the small intestine may increase its bioavailability
by favouring its solubilisation – a previous step to its absorption by
passive diffusion- and absorption through the intestinal epithe-
lium. However, in our study this possibility was not reflected in
the pharmacokinetic parameters (Cmax, AUClast), probably due to
the low amount of oil added and low number of volunteers.

3.4. Phenolic metabolites in urine after the three interventions

Table 5 presents the maximum amount excreted in the 24 h urine
collection (Qu1) of the eleven phenolic compounds and metabolites

Table 5
Qu1 in urine after the three interventions.

Compound Intervention Qu1 (nmol)

Naringenin Tomato 9.0 ± 1.4
OF 141.1 ± 38.6
ROOE 107.4 ± 20.3

Naringenin glucuronide Tomato 490.5 ± 116.5b

OF 5127.3 ± 1331.5a

ROOE 4063.9 ± 1427.0a,b

Caffeic acid Tomato 379.7 ± 122.1
OF 144.5 ± 50.7
ROOE 195.7 ± 46.3

Caffeic acid glucuronide Tomato 269.0 ± 89.7
OF 223.3 ± 90.9
ROOE 118.8 ± 20.2

Ferulic acid Tomato 2055.3 ± 1124.9
OF 1106.2 ± 705.2
ROOE 1413.7 ± 673.0

Ferulic acid glucuronide Tomato 25008.6 ± 9778.3
OF 26580.9 ± 10911.7
ROOE 8272.2 ± 2170.3

Chlorogenic acid Tomato 66.8 ± 26.2
OF 62.6 ± 20.3
ROOE 20.2 ± 7.2

Dihydrocaffeic acid Tomato 893.8 ± 152.8
OF 1277.3 ± 496.0
ROOE 997.3 ± 347.6

Dihydroferulic acid Tomato 8878.2 ± 2902.2
OF 7447.1 ± 1953.0
ROOE 5103.6 ± 1654.4

Dihydroferulic acid glucuronide Tomato 15316.2 ± 4007.5
OF 13174.1 ± 3691.8
ROOE 9838.3 ± 2422.3

Dihydroferulic acid sulphate Tomato 194149.3 ± 90537.3a

OF 133132.0 ± 50062.6a,b

ROOE 78169.2 ± 34516.4b

Results expressed as mean ± SEM.
Values in a column with different letters are significantly different (p < 0.05).

Table 4
Pharmacokinetic parameters in plasma after the three interventions.

Compound Intervention Cmax (nmol/L) tmax (min) AUClast (nmol/L x min) MRTlast (min) Cmax/AUClast

Naringenin Tomato n.db n.db n.db n.db n.d
OF 11.9 ± 2.7a 18.8 ± 3.8a 979 ± 360a,b 62.4 ± 13.9a 0.0157 ± 0.0039
ROOE 12.8 ± 3.1a 45.0 ± 8.7a 1459 ± 159a 58.5 ± 11.0a 0.0140 ± 0.0048

Naringenin glucuronide Tomato 17.4 ± 3.8b 130.0 ± 60.8 5330 ± 1105b 221.7 ± 16.4a 0.0033 ± 0.0001c

OF 427.9 ± 59.0a 38.6 ± 5.5 49,783 ± 7843a 102.5 ± 5.7c 0.0085 ± 0.0002a

ROOE 353.1 ± 55.3a 54.0 ± 6.0 58,642 ± 12,126a 147.5 ± 15.5b 0.0059 ± 0.0006b

Caffeic acid glucuronide Tomato 6.2 ± 1.5 100.0 ± 40.0 1141 ± 56 160.9 ± 26.1 0.0056 ± 0.0017
OF 5.0 ± 2.7 150.0 ± 30.0 835 ± 138 162.6 ± 48.1 0.0056 ± 0.0023
ROOE 4.1 ± 0.5 90.0 ± 30.0 689 ± 122.8 139.6 ± 2.6 0.0060 ± 0.0003

Ferulic acid glucuronide Tomato 389.0 ± 82.6 183.7 ± 67.7 134,631 ± 32,101 276.2 ± 47.6 0.0034 ± 0.0004
OF 343.9 ± 77.6 180.0 ± 66.1 184,139 ± 34,258 453.7 ± 83.3 0.0024 ± 0.0006
ROOE 351.5 ± 72.0 385.0 ± 220.5 139,145 ± 46,811 351.6 ± 100.2 0.0041 ± 0.0014

Results expressed as mean ± SEM.
Values in a column with different letters are significantly different (p < 0.05).
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identified after the three interventions. Only 2 compounds showed
significant differences among the three interventions, namely
naringenin glucuronide, and dihydroferulic acid sulphate.

Naringenin glucuronide presented a higher Qu1 after intake of
ROOE and OF sauces than raw tomatoes, while the reverse was
observed with dihydroferulic acid sulphate. The urinary data were
in agreement with the plasma results, confirming the influence of

mechanical and thermal processing in the bioavailability of tomato
phenolic metabolites. The Qu1 of naringenin glucuronide after
sauce intake was also higher than that of naringenin, which sup-
ports the rapid metabolism and excretion of this compound after
ingestion.

Chlorogenic acid, found in the plasma of only one volunteer, was
excreted unchanged in urine at levels indicative of its absorption

Fig. 1. Product ion scan of the main metabolites found in urine: naringenin glucuronide (A), ferulic acid glucuronide (B), caffeic acid glucuronide (C), dihydroferulic acid
glucuronide (D), and dihydroferulic acid sulphate (E).
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after oral administration, which is indicative of its absorption after
oral administration. (Lafay, Gil-Izquierdo, et al., 2006; Lafay,
Morand, Manach, Besson, & Scalbert, 2006) described its absorp-
tion in rats in the intestine (8%) and stomach (16.3%), probably
favoured in the latter by the presence of a greater percentage of
the un-ionised compound at the acidic pH of the stomach. Absence
of chlorogenic acid in the plasma of almost all the volunteers could
be explained by a too rapid transit in the organism of the fraction
of dose absorbed. (Olthof, Hollman, & Katan, 2001) described
absorption of 33 ± 17% of chlorogenic acid in humans after oral
ingestion of 2.8 mmol. Taking this percentage as a reference, and
considering the mean administered dose was 1922.7 nmol, a small

part of the dose absorbed was excreted in urine intact (60 nmol,
approximately) and the rest extensively metabolised to caffeic
acid, probably in the colon due to microbiota activity (Lafay, Gil-
Izquierdo, et al., 2006). The fraction of unabsorbed chlorogenic acid
will remain in the intestinal lumen and could provide local biolog-
ical effects in the intestine.

Ferulic acid, despite having a partition coefficient unfavourable
to its permeability through the intestinal epithelium (P = 0.375 at
pH 3 and P = 0.489 at pH 10, (Sohn & Oh, 2003)), presented oral
absorption, judging by the levels excreted in urine. Due to its low
molecular weight (194 g mol�1) and high hydrophilicity, the mech-
anism of absorption was probably the paracellular pathway
described for other active ingredients with similar characteristics
(Rowland & Tozer, 2011). These results are in agreement with
Zhao, Egashira, & Sanada, 2004 (Zhao et al., 2004), who showed a
percentage of absorption of 74 ± 11% in rat stomach, and (Poquet,
Clifford, & Williamson, 2008), the permeation of free ferulic acid
by passive diffusion in an in vitro model of colonic epithelium.
Moreover, since the contribution of ferulic acid to the organism
from the administered raw tomato and tomato sauces could arise
from different sources (ferulic acid hexose, ferulic acid, chlorogenic
acid and caffeic acid metabolism), this could result in quite high
and variable plasma levels of ferulic acid glucuronide (see AUClast,
Table 4). The variability could also be attributed to the influence of
the intestinal microbiota in the hydrolysis of ferulic acid hexose
and metabolism of chlorogenic acid to caffeic acid and conversion
to ferulic acid.

Regarding caffeic acid, its low molecular weight (180 g mol�1)
and partition coefficient (logP = 1.2) facilitate its absorption by pas-
sive diffusion through the membrane. (Olthof et al., 2001) described
an absorption percentage of 95 ± 4% in humans. In our study we
found caffeic acid excreted in urine but none in plasma. The amounts
were higher than those of chlorogenic acid, reflecting the greater
percentage absorbed, but low considering the amount administered,
thus suggesting a high intestinal and/or hepatic first-pass effect.

High amounts of microbiota metabolites (dihydrocaffeic acid,
dihydroferulic acid) were excreted in urine, probably due to the
unabsorbed chlorogenic acid in the stomach.

Finally, potential gender-dependent differences in Qu1 for urine
and Cmax, AUClast and Cmax/AUClast for plasma of naringenin and
naringenin glucuronide were tested, within the same intervention
and inter-interventions (Table 6). No significant gender-dependent
differences were found within the same intervention in either
plasma or urine.

Analysing men (n = 4) and women (n = 4) separately, more sig-
nificant differences among interventions in flavanone bioavailabil-
ity in plasma were observed in men than in women. In male
volunteers, significant differences were observed in Cmax, AUClast

Fig. 2. Mean plasma concentration versus time of naringenin (A) and naringenin
glucuronide (B) from the three interventions.

Table 6
Pharmacokinetic parameters in plasma (Cmax, AUClast and Cmax/AUClast) and in urine (Qu1) after the three interventions differentiating men and women.

Compound Intervention Cmax (nmol/L) AUClast (nmol/L x min) Cmax/AUClast Qu1 (nmol)

Men Naringenin Tomato n.db n.d n.d 7.6 ± 0.0
OF 9.8 ± 2.4a,b 704.6 ± 328.1 0.0176 ± 0.0049 230.4 ± 87.5
ROOE 9.8 ± 1.0a 1626.5 ± 299.9 0.0133 ± 0.0067 167.4 ± 0.0

Naringenin glucuronide Tomato 19.9 ± 4.9b 6185.2 ± 1210.5b 0.0032 ± 0.0002b 314.7 ± 172.2
OF 460.5 ± 72.1a 53104.6 ± 9363.5a,b 0.0088 ± 0.0002a 7788.0 ± 1832.8
ROOE 438.0 ± 28.4a 75945.5 ± 10638.4a 0.0061 ± 0.0011a,b 8294.5 ± 0.0

Women Naringenin Tomato n.d n.d n.d 10.4 ± 0.0
OF 18.1 ± 0.0 1803.6 ± 0.0 0.0100 ± 0.0000 96.4 ± 21.2
ROOE 22.0 ± 0.0 1290.5 ± 76.1 0.0161 ± 0.0000 87.4 ± 4.9

Naringenin glucuronide Tomato 12.4 ± 0.0 3618.4 ± 0.0 0.0034 ± 0.0000 607.7 ± 134.9b

OF 384.5 ± 111.0 45353.5 ± 15428.2 0.0081 ± 0.0003 3796.9 ± 1450.1a,b

ROOE 225.8 ± 131.3 32685.6 ± 2827.5 0.0057 ± 0.0003 2653.7 ± 308.6a

Results expressed as mean ± SEM.
Values in a column with different letters are significantly different (p < 0.05).
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and Cmax/AUClast for naringenin glucuronide when comparing
tomato with sauce intake, and for naringenin when comparing
tomato and ROOE sauce. In the case of urine, naringenin glucuro-
nide presented differences between tomato and ROOE sauce in
women, while no differences were found in men. The observed
sex-dependent differences may derive from both physiological
(differences in body weight, body composition, steroidic hor-
mones, and gastric motility) and molecular causes (differences in
the activity or expression of transporters or enzymes involved in
biotransformation) (Erlund, 2004). Therefore, further large-scale
investigations are required to confirm these preliminary results.

The maximum excreted amount of administered naringenin
and derivative compounds in the 24 h urine collection per dose
was calculated. 912.1 ± 58.2 nmols of naringenin and naringenin
glucoside in 500 g of tomato; 3185.3 ± 114.4 nmols in 250 g of
OF sauce; and 3583.6 ± 203.5 nmols in 250 g of ROOE sauce were
ingested by the volunteers. The Qu1/dose obtained in the tomato
intervention was 0.55, more than doubling in the sauces: 1.65 for
OF and 1.16 for ROOE. Again, the results showed that mechanical
and thermal treatments increased the bioavailability of the flava-
none naringenin, although there were not significant differences
probably due to the large interpersonal variability.

4. Conclusions

In conclusion, the present study confirmed that the mechanical
and thermal treatments, as well as the addition of an oil matrix,
during tomato sauce processing may increase the bioaccessibility,
extractability and bioavailability of phenolics from tomato.

The flavanone naringenin and rutin were the major phenolic
compounds in raw tomatoes and tomato sauces, followed by 5-caf-
feoylquinic acid, 4-caffeoylquinic acid and caffeic acid hexose. The
addition of an oil matrix to the sauce (ROOE) did not result in sig-
nificant differences, although the concentration of naringenin and
5-caffeoylquinic acid was greater in ROOE than OF.

Respectively, eleven and four phenolic compounds were quanti-
fied in urine and plasma samples after each intervention. No signif-
icant gender-dependent differences were observed within the same
intervention in either plasma or urine. Naringenin, caffeic acid,
ferulic acid and chlorogenic acid were absorbed in an intact form
and were also extensively biotransformed into phase II metabolites.

In plasma and urine, the levels of naringenin glucuronide in
sauces were higher than in raw tomato, confirming that food treat-
ment increases the bioavailability of some phenolic compounds.
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4.4. Publicación 4. Desarrollo de un método por 

UHPLC-QqQ-MS para el análisis de compuestos fenólicos en 

tomates Cherry, salsa de tomate y zumo de tomate.

Set up of a UHPLC-QqQ-MS method for the analysis of phenolic 

compounds in cherry tomatoes, tomato sauce and tomato juice. 

Giuseppe Di Lecce, Miriam Martínez-Huélamo, Sara Tulipani, Anna Vallverdú-

Queralt and Rosa M. Lamuela-Raventós. Journal of Agricultural and Food Chemistry. 

2013, 61(35):8373-8380. 

HPLC acoplado a UV o MS es la técnica más habitual para la caracterización de los 

compuestos fenólicos tanto en alimentos como muestras biológicas. En los últimos 

años, el UHPLC está ganando relevancia en el análisis de este tipo de muestras, ya que 

presenta una óptima resolución, sensibilidad y menor tiempo de análisis. Por este 

motivo se decidió validar un método de extracción líquido-líquido para la determinación 

de compuestos fenólicos de tomates cherry, zumos y salsas de tomate analizados 

mediante UHPLC-QqQ-MS. Las principales ventajas del método proporcionan: una alta 

recuperación de los analitos (90.1 a 115%), bajos LODs (0.008-0.167 mg L
-1

) y LOQs

(0.01-0,83 mg L
-1

), buena exactitud (85.6 a 115%) y precisión (<15%). La detección de

los compuestos fenólicos varió de acuerdo a la naturaleza fisicoquímica de los extractos, 

a pesar de presentar en los tres alimentos un efecto matriz mínimo. Entre los 

compuestos fenólicos que se detectaron por separado se incluyen derivados de 

ácidos hidroxibenzoicos, ácidos hidroxicinámicos, flavonoles y flavanonas. La 

posibilidad de transferir fácilmente un método existente de HPLC a uno más rápido en 

UHPLC resulta muy atractiva, y con pequeñas modificaciones, la metodología descrita 

se puede aplicar a la caracterización fenólica de una amplia gama de alimentos. 
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Setup of a UHPLC−QqQ-MS Method for the Analysis of Phenolic
Compounds in Cherry Tomatoes, Tomato Sauce, and Tomato Juice
Giuseppe Di Lecce,† Miriam Martínez-Hueĺamo,†,‡ Sara Tulipani,†,§,∥ Anna Vallverdu-́Queralt,†,‡

and Rosa M. Lamuela-Raventoś*,†,‡

†Nutrition and Food Science Department, XaRTA, INSA, Pharmacy School, University of Barcelona, Barcelona, Spain
‡CIBER Fisiopatología de la Obesidad y la Nutricioń (CIBEROBN) and RETICS RD06/0045/0003, Instituto de Salud Carlos III,
Spain
§Ingenio-CONSOLIDER program, FUN-C-FOOD, Barcelona, Spain
∥Research Laboratory, Endocrinology and Nutrition Service, Virgen de la Victoria Clinical Hospital, IMABIS Foundation, Malaga,
Spain

ABSTRACT: The setup of a novel, rapid, and sensitive UHPLC−QqQ-MS method was described for the determination of
phenolic compounds in tomatoes and tomato-based products (tomato sauce and juice). Phenolic compounds including
hydroxybenzoic and hydroxycinnamic acid derivatives, flavonols, and flavanones were detected, separated, and quantified in a 3
min chromatographic run. The main advantages of the method include high analyte recovery (90.1−115%), low limit of
detection (0.008−0.167 mg L−1) and quantification (0.01−0.83 mg L−1), good accuracy (85.6−115%), and precision (<15%).
The detection of the phenolic compounds varied according to the physicochemical nature of the extracts, but generally low
matrix-dependent suppression/enhancement effects were observed in all three matrices. The possibility to transfer easily the
existing HPLC to the fast UHPLC methods is very attractive, and with minor modifications, the methodology described may be
applied to the phenolic characterization of a broad range of plant and food matrices.

KEYWORDS: tomato, tomato sauce, tomato juice, phenolic compounds, UHPLC−QqQ-MS, matrix effects

■ INTRODUCTION

Tomato (Lycopersicon esculentum Mill. Solanaceae) is one of the
most eaten foodstuffs in Mediterranean countries such as Spain
and Italy. The extensive use of tomatoes and their processed
products (fried or raw canned tomatoes, tomato sauce, tomato
paste, tomato juice) as ingredients in prepared foods such as
pizza, pasta, snacks, and a variety of vegetable dishes makes
their consumption continuous grow worldwide.1 Overwhelm-
ing evidence from nutritional studies indicates that regular
consumption of raw tomatoes and tomato-based products is
consistently associated with a reduction in the incidence of
chronic-degenerative diseases.2,3 Together with the most
extensively studied bioactive compounds contained in tomato
such as vitamins (vitamin C, folates) or carotenoids, the health-
promoting effects of its (poly)phenolic constituents is attracting
interest, including a potential role in lowering risk of
cardiovascular diseases, metabolic alterations, and neuro-
degeneration, as well as in inhibiting cellular proliferation,
modulating enzymatic activities, or signal transduction path-
ways.4−11

Phenolic acids are the most representative phenolic
compounds found in tomato and processed products, including
hydroxybenzoic (C6−C1) and hydroxycinnamic acids (C6−
C3) and their ester conjugates, with chlorogenic acid being one
of the most abundant.12,13 A high content of the chalcone and
flavanone forms of naringenin (reported as the most abundant
phenolic compound in tomato sauce) and the flavonol rutin has
also been described in tomato-based products.13−16 Also more
complex phenolic constituents have been described,16−18

although quantification may be difficult due to the absence of
pure reference standard.
High-performance liquid chromatography (HPLC) is the

most commonly used technique for the characterization of the
phenolic composition of several food matrices, generally
coupled to photo diode array19,20 or mass spectrometry
detection.18−22 Over the past few years, there has been great
interest in developing ultra-HPLC (UHPLC) approaches to
speed up and increase the resolving power of the analytical
separation process. The UHPLC technology arises from the use
of small particle size results in higher plate numbers, as well as
faster separations, in accordance with the Van Deemter
theory.23 These effects are due to the fact that (a) the
chromatographic efficiency is directly proportional to the ratio
of column length and particle diameter, and (b) the mobile
phase linear velocity is inversely proportional to the particle
diameter.24,25 Coupled to triple quadrupole mass spectrometry
(UHPLC−QqQ-MS) it may offer a powerful tool for the quick
and quantitative screening of a large number of phytochemical
compounds through multiple reaction monitoring
(MRM),16,26,27 thus there is an interest in transferring previous
methods performed in conventional HPLC conditions to
UHPLC methods. However, it is crucial to verify the efficiency
of the new chromatographic methods and evaluate the possible
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matrix effects which may increase the level of random
errors.28,29 In the present work, the setup, validation, and
application of a novel, rapid, and sensitive UHPLC−QqQ-MS
method for the analysis of phenolic compounds (hydrox-
ybenzoic and hydroxycinnamic acid derivatives, flavonols, and
flavanones) in tomato fruits, tomato sauce, and tomato juice is
reported.

■ MATERIALS AND METHODS
Standards and Solvents. The standards were handled without

exposure to light. Protocatechuic acid, 3- and 4-hydroxybenzoic acid,
chlorogenic acid (5-caffeoylquinic acid), gallic acid, caffeic acid, ferulic
acid, o-, m-, and p-coumaric acids, naringenin-7-O-glucoside, naringin
(naringenin-7-O-rhamnoglucoside), and rutin (quercetin-3-O-rhamno-
syl-glucoside) were purchased from Sigma-Aldrich (St. Louis, MO,
United States). Naringenin (4′,5,7-trihydroxyflavanone), and kaemp-
ferol-3-O-glucoside were supplied by Extrasynthese (Genay, France).
HPLC-grade acetonitrile, formic acid, and ethanol were purchased
from ScharlauChemie S. A. (Barcelona, Spain), while ultrapure water
(Milli-Q) was obtained from a Millipore system (Millipore, Bedford,
MA, United States).
Commercial Samples. Unprocessed tomato fruits and commer-

cial tomato products were purchased from a local market (Barcelona,
Spain). Cherry-type tomatoes were selected to represent the
commonly consumed unprocessed tomatoes,30 whereas tomato
sauce and juice were chosen as representative tomato processed
products due to their wide consumption worldwide and the different
physicochemical properties of the final products (thus matrix effects),
as a consequence of the different manufacturing process (i.e., tomato
juice contains about 90% of water and is an intermediate product in
the making process of the sauce).31

Preparation of Standard and Stock Solutions. Individual stock
solutions of the standard phenolic compounds (protocatechuic, 4-
hydroxybenzoic, chlorogenic, caffeic, ferulic and o-coumaric acid,
naringenin-7-O-glucoside, naringenin, and rutin) were prepared at a
concentration of 1 mg mL−1 in 80% methanol. A phenolic pool
obtained by mixing the individual standard solutions with acidified
water (0.1% formic acid) was used as working solution to spike the
cherry tomatoes, tomato sauce, and juice extracts. A solution of ethyl
gallate at a final concentration of 400 ng mL−1 was prepared in
acidified water (0.1% formic acid) and used as an internal standard
(IS) to check for the extraction efficiency. All standard solutions were
stored at −80 °C.
Sample Extraction. Sample extraction was performed in a

darkroom with a red safety light as previously described by our
research group,32,33 with some modifications. Aliquots of cherry
tomatoes, tomato juice, and tomato sauce (0.3 g each) were
homogenized with a blender over an ice bed with 3 mL of 80%
ethanol in acidified Milli-Q water (0.1% formic acid), after the addition
of the IS and, eventually, of the phenolic standard pool. The
homogenate was sonicated for 5 min and centrifuged at 900g for 20
min at 4 °C. The supernatant was collected, and the extraction

procedure was repeated. Both supernatants were combined and
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 up to 1.2 mL of water contained 0.1%
formic acid, filtered thought a 0.22 μm polytetrafluoroethylene
(PTFE) syringe filters (Waters Corporation, United States), and
injected into a UHPLC−QqQ system.

UHPLC System. The UHPLC system consisted of an Acquity
UHPLC equipped with a Waters binary pump system (Milford, MA,
United States), and a Waters BEH C18 column (50 mm × 2.1 mm)
packed with 1.7 μm particles. The samples were injected into a 10 μL
loop, with a mobile-phase flow rate of 400 μL min−1. Gradient elution
was carried out with a solvent system of water/formic acid (99.9:0.1 v/
v) as mobile phase A and acetonitrile/formic acid (99.9:0.1 v/v) as
mobile phase B; the total run time was 3 min, and the gradient elution
was as follows: 0.0−1.1 min, B 5−18%; 1.1−1.8 min, B 18−50%; 1.8−
2.4 min, B 50−74%; 2.4−2.5 min, B 74−100%; 2.5−2.7 min, B 100−
5%; 2.7−3.0 min, B 5%. All the solvents were filtered through 0.22 μm
PTFE filters (Waters Corporation, Milford, MA, United States) prior
to use. The column was maintained at 30 °C while the autosampler
was thermostated at 4 °C. The system was controlled by Analyst v.
1.4.2 software supplied by Applied Biosystems (Foster City, CA,
United States).

Mass Spectrometry Conditions. The UHPLC was coupled
online with an API 3000 (ABSciex, Concord, Ontario, Canada) triple
quadrupole mass spectrometer equipped with a TurboIonSpray source
in negative-ion mode to obtain MS/MS data. TurboIonSpray 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); focusing potential −200 V; entrance potential
10 V; drying gas (N2) heated to 400 °C and introduced to a flow rate
of 8000 cm3 min−1. The declustering potential (DP), collision energy
(CE), and focusing potential (FP) were optimized for each compound
by infusion experiments of individual standard solutions (10 μg μL−1)
dissolved in a 50:50 (v/v) mobile phase at a constant flow rate of 5 μL
min−1, using a model syringe pump (Harvard Apparatus, Holliston,
MA, United States). Full-scan data acquisition was performed scanning
from m/z 100 to 800 in profile mode and using a cycle time of 2 s with
a step size of 0.1 u and a pause between each scan of 0.002 s; dwell
time was set at 0.016 s. To confirm the identity of some compounds,
neutral loss scan and product ion scan experiments were carried out.
MS/MS product ions were produced by collision-activated dissocia-
tion (CAD) of selected precursor ions in the collision cell of the QqQ
mass spectrometer and mass analyzed using the instrument’s second
analyzer. Additional experimental conditions for MS/MS included
collision energy (depending on the compound), CAD gas (nitrogen)
at 6 (arbitrary units), and scan range, as necessary for the precursor
selected. Neutral loss scan of 162 u was done by scanning within the
m/z range from 200 to 800 u, and product ion scan experiments were
carried out by scanning within 300 and 800 u. In all the experiments,
both quadrupoles (Q1 and Q3) were operated at unit resolution.

The phenolic compounds present in cherry tomatoes and in the
tomato-based products were detected and quantified by using the

Table 1. Phenolic Compounds Analyzed in Cherry Tomatoes, Tomato Sauce, and Tomato Juicea

compounds tR (min) [M − H]−1 m/z ions DP (V) CE (V) FP (V) quantification transition

protocatechuic acid 0.61 ± 0.005 153 109 −40 −20 −150 153 → 109
4-hydroxybenzoic acid 0.83 ± 0.003 137 93 −40 −20 −200 137 → 93
chlorogenic acid 0.90 ± 0.010 353 191, 179 −50 −20 −180 353 → 191
caffeic acid 1.16 ± 0.006 179 135 −40 −20 −170 179 → 135
o-coumaric acid 1.53 ± 0.040 163 119 −40 −25 −150 163 → 119
ethyl gallate (IS) 1.61 ± 0.007 197 169 −60 −25 −200 197 → 169
rutin 1.68 ± 0.005 609 300 −60 −50 −230 609 → 300
ferulic acid 1.73 ± 0.010 193 178, 149, 134 −40 −20 −170 193 → 134
naringenin-7-O-glucoside 1.96 ± 0.009 433 271 −50 −30 −280 433 → 271
naringenin 2.13 ± 0.010 271 177, 151, 119 −50 −30 −190 271 → 151

atR, retention time; DP, declustering potential; CE, collision energy; FP, focusing potential.
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multiple reaction monitoring mode (MRM), tracking the transition of
parent and product ions specific to each compound (Table 1).
Method Validation. Quantitative analysis was performed by

means of the standard-addition method.34 In this way, besides
estimating the unknown amount of polyphenols occurring in the
extracts, it was possible to evaluate sensitivity and linear dynamic range
in the different matrices. Recoveries, precision, limits of detection
(LODs), and limits of quantitation (LOQs) were calculated after
having determined the natural levels of each phenolic compound in
the each tomato-based product.
For calibration curve preparation (seven points in duplicate) six of

the seven aliquots of tomato, juice, and sauce samples were spiked with
different concentrations (50%, 100%, 150%, 250%, 300%, and 400%)
of the phenolic standard pool prior to extraction, while the remaining
nonspiked aliquot was added with the corresponding volume of Milli-
Q water, to maintain the same dilution factor across the samples.
The sensitivity of the method was evaluated by determining the

LODs and LOQs. The LOD was calculated as the quantity of analyte
able to produce a chromatographic peak three times higher than the
noise of the baseline in a chromatogram (S/N = 3) of a nonspiked
sample, after having estimated the endogenous amount. The LOQ was
set at ten times higher than the noise of the baseline in a
chromatogram (S/N = 10). Five replicates were carried out for
LOD and LOQ determination.
For analyte recoveries, seven-point calibration curves (0%, 50%,

100%, 150%, 250%, 300%, and 400%) were prepared by spiking
tomato and tomato based products (tomato juice and tomato sauce)
after and before extraction. Analyte recoveries were determined by
subtracting the response obtained from the analyte added and
extracted from the matrix, compared to the detector response
obtained for the same concentration of the standard added after the
extraction. To assess intraday precision and accuracy, six replicates of
cherry tomato, tomato sauce, and tomato juice extracts spiked at three
different concentration levels (50%, 150%, 300%) were prepared,
extracted, and analyzed by UHPLC−QqQ-MS. The procedure was
repeated on three different days to determine interday precision.
Spiked samples used to assess intra- and interday precision were
prepared daily. Accuracy was calculated as the ratio of the mean

observed concentration and the known spiked concentration in the
matrix and was expressed as [(mean observed concentration)/(added
concentration)] × 100. Precision is expressed as the relative standard
deviation (% RSD) of all determinations.

Finally, suppression/enhancement effects were also evaluated by
calculating the ratio of the peak area of the analytes recorded for the
sample spiked with the standards after extraction and the peak area of
analytes recorded for the standard solution (expressed in percentage).
The described method was fully validated following the criteria of the
AOAC International for method validation.34

Statistics. The concentration of the phenolic compounds
quantified in the extracts was expressed as mean ± SD (μg g−1

FW). One-way analysis of variance for mean comparison (SPSS
software, Version 17.0 Japan Inc., Tokyo, Japan) was used to assess the
observed differences in phenolic content among technical replicates
and food matrices. Differences were considered to be statistically
significant when the p-value was <0.05.

■ RESULTS AND DISCUSSION

Until now, HPLC−MS/MS-based methods have been mainly
used to study the levels of phenolics in different varieties of
tomato,35 diced tomatoes, and tomato sauces.36 It was also used
to evaluate the effects of storage on phenolic compounds36 and
the effects of pulsed electric fields on tomato polyphenols.37

The method presented and validated in this work allows
quantification of the main phenolic compounds present in
tomatoes and tomato-based products (hydroxybenzoic and
hydroxycinnamic acid derivatives, flavonols, and flavanones) in
a total run time of 3.0 min (Figure 1), thus proposing a useful
alternative to conventional HPLC−MS/MS profiling in terms
of analysis time, costs, and improved resolution and
sensitivity.1,38,39

A preliminary screening of the main phenolic compounds
present in the dietary matrices in the study was assessed (data
not shown). Then, the optimization of the method achieved the
best chromatographic (gradient, flow rate, injection volume,

Figure 1. UHPLC chromatogram of spiked and with internal standard tomato juice extract. Peaks: (1) protocatechuic acid, (2) 4-hydroxybenzoic
acid, (3) chlorogenic acid, (4) caffeic acid, (5) o-coumaric acid, (IS) ethyl gallate, (6) rutin, (7) ferulic acid, and (8) naringenin.
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etc.) and MS conditions parameters (ESI mode, DP, CE, FP,
MRM quantitative transition, cycle time, dwell time) for the
targeted compounds that were selected during the method
optimization phase (Table 1). Finally, the performance
validation of the method was carried out by evaluating the
quality parameters established for the method validation:
linearity, LODs, LOQs, recovery, selectivity, accuracy,
precision, and matrix effect (Table 2 and Table 3).
Validation parameters. Linearity and Limits of

Detection and Quantification. The linearity of the method
was evaluated by analyzing six calibration standards in duplicate
over the nominal concentration range (Table 2). A good
linearity was obtained, and all correlation coefficients exceeded
0.99. Slopes, which are representative of the method sensitivity,
resulted very similar in the different matrices; this suggests that
the applied extraction procedure cleaned up the extracts from
the various matrices analogously, producing a comparable
matrix effect.
The LOD and LOQ values obtained showed a wide range of

sensitivity among the different analytes (Table 2). LODs
ranged from 0.008 mg L−1 to 0.129 mg L−1 in cherry tomato,
0.020 to 0.154 mg L−1 in tomato sauce, and 0.012 to 0.167 mg
L−1 in tomato juice. The LOQs varied between 0.02 and 0.98
mg L−1 in cherry tomato, 0.10 and 0.83 mg L−1 in sauce, and
0.01 and 0.65 mg L−1 in juice. The sensitivity of this method
represents a significant improvement for most of the analytes
when compared to published LC−MS methods in tomatoes
and tomato-based products.14,40,41 Goḿez-Romero et al.40

reported LODs between 0.03 and 1.50 mg L−1 and Vallverdu-́
Queralt et al.41 higher than 0.0475 mg L−1. The LOD and LOQ
obtained are in agreement with data recently proposed in the

analysis of low molecular weight polyphenols in several
vegetables.42 Thus, this method offers a strong alternative to
conventional HPLC−MS/MS in terms of improved resolution
and sensitivity.

Recovery, Accuracy, Precision, and Matrix Effects. The
results showed comparable levels of recovery in spiked cherry
tomato, and tomato sauce and juice extracts, obtaining values
higher than 95% except for caffeic acid, which had recoveries
between 90.1 and 94.5% in cherry tomato and juice extracts,
respectively. On the other hand, high values of recovery were
obtained for protocatechuic acid in tomato sauce extracts (113
± 8.4) and ferulic acid in cherry tomato (110 ± 1.9) and juice
extracts (115 ± 14), respectively (Table 2). Recovery values
resulted independent by the applied fortification level. These
values are similar to those reported by other authors in
tomatoes and tomatoes based products.13,41

The precision of the method, expressed as % RSD, met
acceptance criteria, since % RSD was lower than 15% at each
tested concentration level for intra- and interday precision.
These results are in agreement with those reported in a study
carried out by Vallverdu-́Queralt et al., who reported levels of %
RSD lower than 15% in raw tomatoes.41 The accuracy of
phenolic compounds for tomatoes, tomato sauce, and tomato
juice ranged between 85.6% and 113%, between 82.8% and
115%, and between 86% and 113%, respectively. These values
were acceptable for the low, medium, and high concentration
levels (Table 3).
In the evaluation of matrix effects, values lower than 100%

indicate that matrix-dependent signal suppression occurs, while
values higher than 100% indicate matrix-dependent signal
enhancement.43 The eventual suppression and enhancement

Table 2. Validation Parametersa

compounds regression eq linear fit concn range (mg L−1) LODs (mg L−1) LOQs (mg L−1) recovery (%)

Cherry Tomato
protocatechuic acid y = 2.1437x + 0.2930 0.9926 0.04−0.40 0.008 0.020 98.10 ± 7.60
chlorogenic acid y = 1.0833x + 1.6091 0.9957 1.50−12.00 0.045 0.140 99.10 ± 8.70
caffeic acid y = 3.1861x + 4.3740 0.9935 0.50−4.00 0.098 0.390 90.10 ± 3.90
o-coumaric acid y = 0.9943x + 1.9596 0.9901 0.50−4.00 0.034 0.300 96.50 ± 9.80
rutin y = 0.1001x + 12.998 0.9901 14.00−210.00 0.122 0.980 98.60 ± 12.00
ferulic acid y = 0.0311x + 0.0724 0.9907 0.80−6.40 0.129 0.460 110.00 ± 1.90
naringenin-7-O-glucoside y = 2.4943x + 0.1338 0.9928 0.10−10.00 0.010 0.080 99.40 ± 10.00
naringenin y = 0.4051x + 23.568 0.9902 12.4−99.20 0.072 0.590 97.80 ± 4.10

Tomato Sauce
protocatechuic acid y = 1.0273x + 0.5232 0.9944 0.12−0.96 0.027 0.100 113.00 ± 8.40
chlorogenic acid y = 0.6282x + 3.7147 0.9926 3.80−30.40 0.078 0.260 95.90 ± 13.00
caffeic acid y = 1.7994x + 5.2278 0.9918 0.70−5.60 0.056 0.180 101.00 ± 6.60
o-coumaric acid y = 1.0255x + 0.8993 0.9938 0.50−4.00 0.020 0.300 95.30 ± 14.00
rutin y = 0.0820x + 9.3400 0.9908 11.50 −192.00 0.150 0.830 108.00 ± 12.00
naringenin-7-O-glucoside y = 0.6687x + 3.3727 0.9940 1.40−11.20 0.085 0.580 99.20 ± 10.00
naringenin y = 0.2047x + 26.325 0.9915 20.00−220.00 0.154 0.640 105.50 ± 13.00

Tomato Juice
protocatechuic acid y = 2.2568x + 0.1449 0.9927 0.20−1.80 0.021 0.120 98.20 ± 3.20
4-hydroxybenzoic acid y = 0.5833x + 2.5876 0.9972 0.30−2.40 0.083 0.260 100.00 ± 6.10
chlorogenic acid y = 0.6934x + 0.0605 0.9900 0.08−0.80 0.031 0.050 101.00 ± 5.60
caffeic acid y = 2.5983x + 4.3194 0.9951 0.40−3.20 0.167 0.310 101.00 ± 6.30
o-coumaric acid y = 0.2520x + 0.1709 0.9922 0.50−10.00 0.087 0.340 99.30 ± 6.20
rutin y = 0.2766x + 1.0627 0.9952 1.50−12.00 0.136 0.650 101.00 ± 0.20
ferulic acid y = 0.0345x + 0.0847 0.9971 1.50−12.00 0.108 0.490 104.00 ± 8.60
naringenin y = 0.8636x + 3.7910 0.9915 1.20−9.60 0.012 0.110 91.40 ± 10.00

aRegression equation, linear fit, concentration range, limits of detection (LODs) and quantification (LOQs), and recovery (%) in cherry tomatoes,
sauce, and juice extracts.
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effects are generally matrix, analyte, LC−MS/MS method, and
ion source dependent.43 The sources of these effects are so
extremely diverse that they cannot be attributed to only one
cause, while depending on a synergic effect of all the analytical
conditions involved. However, especially in the analysis of
complex dietary matrices, matrix components of the extracts
may play a relevant role in causing either ion suppression or
enhancement effects, in a variable extent depending of the
compound elution and physical-chemical properties. As a
consequence, the evaluation of matrix effects in the analysis of
food item composition is essential for method assessment. And
the generalized use of the external standard calibration plot
often gives biased results. In our study, the data obtained did
not seem to fit a common rule for all compounds. However, as
shown in Table 4, no significant matrix-dependent suppres-
sion/enhancement effects were generally observed in the three
matrices under the proposed LC−MS conditions (ratio
between 91.4% and 104%).
Phenolic Composition of the Three Dietary Matrices.

The application of the method has allowed the analysis of main
phenolic compounds belonging to the hydroxycinnamic acid,
flavonol, and flavanone classes. The reported UHPLC−QqQ
method could be successfully applied to the phenolic
characterization of similar matrices, with minor modifications
(gradient elution, flow rate, total chromatographic runtime).
The results obtained of the screening of phenolic compounds
(hydroxycinnamic acids, flavonols, flavanones, and their
derivatives) are schemed in Table 4.
Chromatographic peaks obtained for each run were drawn by

data points ranging between 11 (naringenin-7-glucoside) and
14 (chlorogenic acid). The quantitative determination of the
target phenolic compounds was carried out selecting the MRM
transitions corresponding to the most abundant phenolics in
cherry tomato and tomato-based products and was expressed as
mean values ± SD of fresh weight (FW) (Table 4). Other
principal compounds such as chalconaringenin and quercetin 3-
O-(2″-O-beta-apiofuranosyl-6″-O-alpha-rhamnopyranosyl)-
beta-glucopyranoside have been found previously in other types
of tomato and tomato based-products, but in this study, these
last two compounds were not identified and the setup of
validation method was performed only for the main and more
representative compounds detected in all extracts.
Statistically significant differences in the content of phenolic

compounds were found in cherry tomato and tomato-based
products.
Hydroxycinnamic Acids. The spectra generated for

hydroxycinnamic acids showed the deprotonated molecule

[M − H]−, together with additional identifying fragments. A
typical loss of CO2 was observed for protocatechuic, caffeic,
ferulic, and o-coumaric acids, giving [M − H − 44]− as a
characteristic ion; ferulic acid was also identified by the loss of a
methyl group [M − H − 15]−.
In the product ion spectra, chlorogenic acid (m/z 353) gave

a fragment at m/z 191 [M − H − 162]− corresponding to
quinic acid. Furthermore, neutral loss experiment of 162 unit
confirmed the loss of a caffeic acid [179 − H2O]

− unit from the
chlorogenic acid.41 The confirmation of chlorogenic acid was
performed by matching reference compound.

Flavonols and Flavanones. The peak with mass signals at
m/z 609 was attributed to rutin. The product ion scan of m/z
609 showed peaks corresponding to produce a loss of the
rutinoside unit, [M − H − 308]−,while the peak at m/z 271
was ascribed to naringenin, that gave as a characteristic ion (m/
z 151) corresponding to retro-Diels−Alder fragmentation in
the C-ring involving 1,3 scission.
The main phenolic compound in all the samples was rutin,

followed by naringenin (Table 4). Naringenin (45%) is
reported to be the main flavonoid in tomatoes, followed by
quercetin (39%), myricetin (10%), and kaempferol (5%).41

Other studies report rutin as the major flavonoid in several
tomato cultivars.14,41 In this study, rutin was found at different
concentrations ranging from 6.15 μg g−1 FW (tomato juice) to
182 μg g−1 FW and 208 μg g−1 FW (tomato sauce and raw
tomatoes, respectively). The same pattern was observed for
naringenin (7.04 μg g−1 concentration in tomato juice while
93.1 and 206 μg g−1 FW respectively in raw fruit and tomato
sauce).
Regarding the family of phenolic acids, chlorogenic acid was

the main phenolic acid ranging from 0.30 μg g−1 (tomato juice)
to 9.46 μg g−1 (tomato sauce). The differences in other
compounds, such as caffeic or ferulic acid, between tomato-
based products were less pronounced.
Cherry tomato and sauce extracts showed a higher content of

phenolic compounds than tomato juice extracts. Cherry
tomatoes showed the highest amount of rutin and o-coumaric
acid, while the content of caffeic, chlorogenic, naringenin-7-O-
glucoside, and protocatechuic acid was higher in tomato sauce.
The differences in concentration among these tomato-based
products may be due to technological processes or due to the
high content of water in tomato juice.
As mentioned above, tomato juice is an intermediate product

in the processing of tomato paste which contains a higher
quantity of water and, thus, the content of phenolic compounds
could decrease. Otherwise, thermal processing of tomatoes to

Table 4. Phenolic Content and Matrix Effect in Cherry Tomato, Sauce, and Juice Extractsa

content (μg g−1 FW) suppression/enhancement effect (%)

compound cherry sauce juice cherry sauce juice

protocatechuic acid 0.29 a ± 0.00 0.81 a ± 0.00 0.50 a ± 0.00 101.00 a ± 6.70 95.70 a ± 6.30 98.20 a ± 3.20
4-hydroxybenzoic acid 1.48 ± 0.10 100.00 ± 6.10
chlorogenic acid 2.38 b ± 0.20 9.46 a ± 0.80 0.30 b ± 0.00 99.10 a ± 5.30 92.30 b ± 7.00 101.00 a ± 5.60
caffeic acid 2.20 b ± 0.10 4.65 a ± 0.30 2.66 b ± 0.10 100.00 a ± 13.00 96.40 a ± 2.60 101.00 a ± 6.30
o-coumaric acid 3.15 b ± 0.20 1.40 b ± 0.00 7.10 a ± 0.50 101.00 a ± 5.00 101.00 a ± 7.90 99.30 a ± 6.20
rutin 208.00 a ± 13.00 182.00 a ± 9.10 6.15 b ± 0.30 100.00 a ± 9.40 95.30 a ± 10.50 101.00 a ± 0.20
ferulic acid 3.72 a ± 0.10 3.93 a ± 0.20 96.10 b ± 0.10 104.00 a ± 8.60
naringenin-7-O-glucoside nq ±0.00 8.08 a ± 0.50 101.00 a ± 3.30 91.50 b ± 12.00
naringenin 93.10 a ± 5.70 206.00 a ± 14.00 7.04 b ± 0.50 99.90 a ± 7.50 93.80 b ± 14.00 91.40 b ± 10.00

aData are the mean ± standard deviation (n = 3) for each matrix. Different letters in the rows represent significant differences in concentration
(columns 2−4) or matrix effect (columns 5−7) observed among matrices (p < 0.05); nq = detected compound although below the LOQ.
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obtained paste involved a number of heating stages which could
be expected to have an effect on heat-labile and oxidizable
compounds or increasing the bioavailability for certain
compounds. The effect of thermal treatment on phenolic
compounds is a controversial issue in the literature, with some
studies suggesting exposure to heat results in a considerable
loss of hydrophilic antioxidants. Crozier et al. found that
cooking involving boiling, microwaving, and frying reduced the
quercetin content of tomatoes.44 Similarly, Capanoglu et al.
found that rutin decreased after samples were treated in a three-
effect evaporator unit, which included heat treatment up to 80
°C.45 In contrast, other studies have reported an increase in
total phenolic content as a result of processing. In experiments
carried out by Chang et al., two tomato varieties were air-dried
at 80 °C for 2 h and then at 60 °C for 6 h. Analyses showed
that the total flavonoid and total phenolic content increased in
comparison with fresh tomatoes.46 Processing also increased
the phenolic content in diced tomatoes,36 and in tomato paste
production.47

To the best of our knowledge, this paper describes for the
first time an easy, fast, and sensitive UHPLC−QqQ-MS
method to identify and quantify the most abundant phenolic
compounds present in cherry tomato, tomato sauce, and
tomato juice extracts under the same conditions. The
UHPLC−QqQ-MS method was completely validated and
provided a sensitive analysis for phenol detection, showing
satisfactory data for all the parameters tested. Good results were
obtained with respect to linearity and recovery as well as
precision. The often neglected matrix effects were also taken
into account, since each matrix can have a variable influence on
analyte determination and consequently on the quality of the
results. No significant matrix effects (91.4% < %ME < 104%)
were observed in tomatoes, tomato sauces and tomato juices
under these chromatographic conditions.
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Lacuev́a, C.; Lamuela-Raventoś, R. M. Improved characterization of
tomato polyphenols using liquid chromatography/electrospray ioniza-
tion linear ion trap quadrupole Orbitrap mass spectrometry and liquid
chromatography/electrospray ionization tandem mass spectrometry.
Rapid Commun. Mass Spectrom. 2010, 24, 2986−2992.
(19) Sun, J. Q.; Liang, F.; Bin, Y.; Li, P.; Duan, C. Q. Screening non-
colored phenolics in red wines using liquid chromatography/
ultraviolet and mass spectrometry/mass spectrometry libraries.
Molecules 2007, 12, 679−693.
(20) Kerem, Z.; Bravdo, B.; Shoseyov, O.; Tugendhaft, Y. Rapid
liquid chromatography−ultraviolet determination of organic acids and
phenolic compounds in red wine and must. J. Chromatogr., A 2004,
1052, 211−215.
(21) Sanchez-Rabaneda, F.; Jauregui, O.; Casals, I.; Andreś-Lacueva,
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4.5. Publicación 5. Método sensible y rápido por UHPLC-

MS/MS para el análisis de compuestos fenólicos de tomate en 

muestras biológicas humanas. 

Sensitive and rapid UHPLC-MS/MS for the analysis of tomato 

phenolics in human biological samples. Miriam Martínez-Huélamo, Sara 

Tulipani, Olga Jáuregui, Palmira Valderas-Martinez, Anna Vallverdú-Queralt, Ramón 

Estruch, Xavier Torrado and Rosa M. Lamuela-Raventós.
 

Molecules. 2015, 

20:20409-20425.

Con la previsión en un futuro de analizar una gran cantidad de muestras biológicas, se 

optimizó y validó un método por UHPLC-MS/MS para la cuantificación de compuestos 

fenólicos de tomate en fluidos humanos. UHPLC mejora la separación cromatográfica 

utilizando columnas de tamaño de partícula muy pequeña (1.7 μm), proporcionando una 

mayor resolución y una mejor eficacia que los métodos cromatográficos 

convencionales. Este tipo de columnas también ofrecen compatibilidad en condiciones 

de alta presión (hasta 15.000 psi), que a su vez aumentan la viscosidad de la fase móvil 

y la capacidad para disolver los analitos. A mayor resolución del pico y tiempos de 

ejecución más cortos se traduce en costes de análisis más bajos y, por lo tanto, es más 

ecológico al reducir la generación de residuos químicos potencialmente peligrosos. Tras 

la validación, el método fue aplicado a un estudio de intervención dietético con 8 

voluntarios sanos. La validación resultó en un aumento de 5 veces en la velocidad (3.5 

minutos de tiempo de análisis), aumentó 7 veces en sensibilidad y 2 veces en eficacia 

(50% de reducción de anchura de pico) en comparación con el anterior método por 

HPLC-MS/MS (publicación 1). Se mejoraron los LODs y LOQs para todos los 

compuestos fenólicos estudiados en general. Las recuperaciones oscilaron entre 68% y 

100% en orina y 61% y 100% en plasma. La exactitud, la precisión intra e interdiaria, y 

la estabilidad cumplieron con los criterios de aceptación de la AOAC Internacional. 

Debido a las mejoras en los métodos de análisis, los metabolitos fenólicos detectados en 

plasma y orina en el estudio piloto de intervención se triplicaron respecto a la 

metodología por HPLC-MS/MS. En comparación con los métodos tradicionales, que 

requieren tiempos de análisis más largos, la metodología propuesta es adecuada para el 
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análisis de compuestos fenólicos en un gran número de muestras de plasma y orina en 

un marco de tiempo reducido. 
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Abstract: An UHPLC-MS/MS method for the quantification of tomato phenolic metabolites in
human fluids was optimized and validated, and then applied in a pilot dietary intervention study
with healthy volunteers. A 5-fold gain in speed (3.5 min of total run); 7-fold increase in MS
sensitivity and 2-fold greater efficiency (50% peak width reduction) were observed when comparing
the proposed method with the reference-quality HPLC-MS/MS system, whose assay performance
has been previously documented. The UHPLC-MS/MS method led to an overall improvement in
the limits of detection (LOD) and quantification (LOQ) for all the phenolic compounds studied. The
recoveries ranged between 68% and 100% in urine and 61% and 100% in plasma. The accuracy; intra-
and interday precision; and stability met with the acceptance criteria of the AOAC International
norms. Due to the improvements in the analytical method; the total phenolic metabolites detected
in plasma and urine in the pilot intervention study were 3 times higher than those detected by
HPLC-MS/MS. Comparing with traditional methods; which require longer time of analysis; the
methodology described is suitable for the analysis of phenolic compounds in a large number of
plasma and urine samples in a reduced time frame.

Keywords: polyphenol metabolites; validation; tomato; sauce; microbiota; metabolites; biosamples;
blood; urine

1. Introduction

Tomato (Solanum lycopersicum) is a food very rich in bioactive compounds such as vitamins
or carotenoids and it contains a variety of phenolic compounds [1]. Phenolics play an important
protective role in human health, decreasing mortality [2], cardiovascular disease [3], and DNA
oxidation [4], and counteracting age-related cognitive decline [5]. The most important phenolics
described in tomato and tomato by-products belong to hydroxycinnamic acids, flavanones and
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flavonols, specifically, naringenin, rutin or 5-caffeoylquinic acid [6,7]. After ingestion, polyphenols
are metabolized in the small intestine and liver producing a series of metabolites (methyl,
glucuronide, and sulfate), which may pass into the blood stream, accumulate in tissues, and then
excreted in urine [8].

An exhaustive identification of polyphenols in food and biological samples is of great interest
due to their health-promoting effects. Although a wide range of methods have been reported for the
detection of phenolic compounds in food, beverages, or biological samples (i.e., spectrophotometry,
capillary electrophoresis, near-infrared spectroscopy, HPLC-UV-DAD) [9–12], liquid chromatography
coupled to mass spectrometry (LC-MS) [13–18] is the most commonly used technique due to its high
sensitivity and selectivity.

In particular, ultra-high performance liquid chromatography (UHPLC) enhances
chromatographic separation by using columns packed with smaller particles (1.7 µm), which
provides higher resolution and better efficiency than conventional chromatography [19]. It also
offers compatibility with high back-pressure operating conditions (up to 15,000 psi), which in turn
increases mobile phase viscosity and the capacity to dissolve analytes [12]. The resulting higher peak
resolution and shorter run times translates into lower analytical costs, and is more “environmentally
friendly” in terms of reduced generation of hazardous chemical waste [20].

The aim of this work was to improve the efficiency and resolution of the HPLC-ESI-QqQ
MS/MS method validated previously by our research group [21] for the detection and
quantification of 5 hydroxycinnamic acids, 4 hydroxyphenylacetic acids, 2 hydroxybenzoic acids,
1 hydroxyphenylpropionic acid, 1 flavanone and 2 flavonols. Thus a new UHPLC-MS/MS-driven
method was developed which involved the optimization of the main LC (column, elution solvents
and gradients) and MS operating conditions (declustering potential (DP), focusing potential (FP) and
collision energy (CE)), followed by its application in a pilot tomato sauce dietary intervention study.

2. Results

2.1. UHPLC-MS/MS Method Development

Table 1 shows the LOD and LOQ obtained for each compound when the study of the
optimum mobile phase was achieved. Homovanillic acid, phenylacetic acid, quercetin and
quercetin-3-O-glucuronide up to 100 ng/mL were not detected using 0.1% and 0.05% formic acid,
whereas 0.025% formic acid allowed the detection and quantification of all the target compounds.
H2O (0.025% formic acid)/MeCN (0.025% formic acid) improved the LOD of 3-hydroxyphenylacetic
acid, dihydrocaffeic acid, ferulic acid, and above all isoferulic acid.

Declustering potential (DP), focusing potential (FP), entrance potential (EP), quantification and
confirmation transitions with their corresponding collision energy (CE) were shown in Table 2
obtaining the optimum value for the mass conditions.

The flow rate, which allowed a correct resolution of the compounds, was achieved with
600 µL/min of H2O (0.025% formic acid)/MeCN (0.025% formic acid) and the best volume injection
was obtained with 10 µL.

Comparing a standard mix in the HPLC-MS/MS (Figure 1A) and UHPLC-MS/MS (Figure 1B)
systems, the latter provided adequate resolution in less time. The UHPLC equipment allowed the
quantification of 16 phenolic compounds in 3.5 min in comparison with 12 min needed for the
HPLC analysis.
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Figure 1. Chromatograms of standards solution obtained by HPLC-MS/MS (A) and UHPLC-MS/MS 
(B) analysis. Chromatograms of urine at 6 h (C), plasma at 1 h (D) and tomato sauce (E). Peaks: (1)  
4-hydroxyhippuric acid; (2) hippuric acid; (3) dihydrocaffeic acid; (4) 5-caffeoylquinic acid; (5) caffeic 
acid; (6) ethylgallate (IS); (7) 3-(3-hydroxyphenyl)propionic acid; (8) ferulic acid; (9) isoferulic acid; 
(10) quercetin; (11) naringenin; (12) 3,4-dihydroxyphenylacetic acid; (13) homovanillic acid; (14)  
3-hydroxyphenylacetic acid; (15) phenylacetic acid; (16) quercetin-3-O-glucuronide; (17) ferulic acid 
glucuronide; (18) caffeic acid sulfate; (19) ferulic acid sulfate; (20) naringenin glucuronide; (21) caffeic 
acid hexoside; (22) homovanillic acid hexoside; (23) rutin; (24) hydroxybenzoic acid.  

2.2. Validation Parameters 

2.2.1. Limits of Detection (LOD) and Quantification (LOQ) 

The sensitivity of the method was evaluated by determining the LOD and LOQ. There were no 
differences in LOD and LOQ values between the two biosamples (urine and plasma) (Table 3). 
Nevertheless, the results showed a wide range of sensitivity according to the analyte. LOD were 
established between 0.5 and 62.5 ng/mL in urine and 0.3 and 44.1 ng/mL in plasma. In the case of 
LOQ, values ranged from 1.8 to 203.4 ng/mL in urine and 1.6 to 145.8 ng/mL in plasma. The most 
notable improvement was for 4-hydroxyhippuric acid and isoferulic acid, whose LOD decreased 
25-fold and 15-fold in urine and 11-fold and 9-fold in plasma, respectively if HPLC and UHPLC 
were compared. The LOD for ferulic and hippuric acids also decreased, particularly in plasma, but 
to a lesser extent. 
 

Figure 1. Chromatograms of standards solution obtained by HPLC-MS/MS (A) and UHPLC-MS/MS
(B) analysis. Chromatograms of urine at 6 h (C), plasma at 1 h (D) and tomato sauce (E). Peaks:
(1) 4-hydroxyhippuric acid; (2) hippuric acid; (3) dihydrocaffeic acid; (4) 5-caffeoylquinic acid; (5)
caffeic acid; (6) ethylgallate (IS); (7) 3-(3-hydroxyphenyl)propionic acid; (8) ferulic acid; (9) isoferulic
acid; (10) quercetin; (11) naringenin; (12) 3,4-dihydroxyphenylacetic acid; (13) homovanillic acid; (14)
3-hydroxyphenylacetic acid; (15) phenylacetic acid; (16) quercetin-3-O-glucuronide; (17) ferulic acid
glucuronide; (18) caffeic acid sulfate; (19) ferulic acid sulfate; (20) naringenin glucuronide; (21) caffeic
acid hexoside; (22) homovanillic acid hexoside; (23) rutin; (24) hydroxybenzoic acid.

2.2. Validation Parameters

2.2.1. Limits of Detection (LOD) and Quantification (LOQ)

The sensitivity of the method was evaluated by determining the LOD and LOQ. There were
no differences in LOD and LOQ values between the two biosamples (urine and plasma) (Table 3).
Nevertheless, the results showed a wide range of sensitivity according to the analyte. LOD were
established between 0.5 and 62.5 ng/mL in urine and 0.3 and 44.1 ng/mL in plasma. In the case
of LOQ, values ranged from 1.8 to 203.4 ng/mL in urine and 1.6 to 145.8 ng/mL in plasma. The
most notable improvement was for 4-hydroxyhippuric acid and isoferulic acid, whose LOD decreased
25-fold and 15-fold in urine and 11-fold and 9-fold in plasma, respectively if HPLC and UHPLC were
compared. The LOD for ferulic and hippuric acids also decreased, particularly in plasma, but to a
lesser extent.
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2.2.2. Linearity

Calibration curves showed linear responses between LOQ and 576 times LOQ for each analyte,
establishing ranges from 2 ng/mL to 116,929 ng/mL in urine, and 2 ng/mL to 84,096 ng/mL in
plasma. A weighting factor was necessary for almost all the phenolic compounds studied to achieve
accuracy between 85%–115%. The correlation coefficient (r2) between 0.990 and 0.999 for plasma
and 0.991 and 0.999 for urine demonstrate an adequate linearity, similarly of those obtained in the
HPLC-MS/MS validation [21].

2.2.3. Recovery

Table 3 shows the recoveries obtained with UHPLC system and the previous HPLC method
validation. In the HPLC system, the recovery of the compounds studied ranged from 65% to
106% in urine and 73% to 104% in plasma. The lowest recovery in urine was for quercetin, and
4-hydroxyhippuric acid in plasma. In the case of UHPLC, there was little variation between the
two biological matrices, with recoveries greater than 85% except for 3,4-dihydroxyphenylacetic
acid and 4-hydroxyhippuric acid (78% in urine and 69% in plasma, and 68% in urine and 61% in
plasma, respectively).

2.2.4. Accuracy and Precision

Intra- and interday accuracy and precision were studied by injection of plasma and urine extracts
spiked at three different concentrations: low (3-fold the LOQ), medium (48-fold the LOQ), and high
(288-fold the LOQ). The accuracy obtained was between 91.3% and 113.9% in urine, and 99.0%
and 114.8% in plasma, thereby meeting with the AOAC acceptance criteria. Phenylacetic acid was
the phenolic acid in urine with both the highest intra- and interday accuracy. In plasma, the top
percentage was given by homovanillic acid. Intra- and interday precision studies gave the same
results as for accuracy. No polyphenol in urine or plasma samples exceeded the 15% RSD set by the
AOAC. The highest values were 3.6% RSD in urine, corresponding to 4-hydroxyhippuric acid, and
13.5% RSD in plasma, to quercetin.

2.2.5. Stability

The processed sample stability refers to the variation of concentration, since the SPE is performed
until the samples are in the autosampler, in this case about 24 h. The results show a reduction in
concentration ranging between 3.0% for caffeic acid and 12.9% for phenylacetic acid in urine, and
2.8% for homovanillic acid and 13.3% for quercetin in plasma, but without significant differences
between the biological samples and standards. For the freeze/thaw stability, three freeze-thaw cycles
were assessed for a mix of the standards used for the validation in plasma and urine samples.
Similar results were obtained, with a reduction ranging from 3.1% for dihydrocaffeic acid to 12.6%
for quercetin in urine, and 3.8% for 3-hydroxyphenylacetic acid to 9.1% for quercetin in plasma.

2.3. Phenolic Quantification in Tomato Sauce and Biological Samples

Figure 2 shows the concentration of the phenolic compounds in the tomato sauce administered
to the eight volunteers. The main polyphenols present in the tomato sauce were from two classes:
flavonoid and phenolic acids, the latter represented by a wider range of compounds (mono-, di- and
tricaffeoylquinic acids, caffeic acid and two hexosides, ferulic acid hexoside, two coumaric acid
hexosides, protocatechuic acid, and homovanillic acid hexoside). Homovanillic acid hexoside was
the predominant polyphenol in the sauce (0.140 ˘ 0.005 mg/g FW) highlighting above the rest
of compounds. Flavanones and flavonols were also found in the tomato sauce being naringenin
and rutin the compounds with higher concentration, 6.650 ˘ 0.003 and 5.390 ˘ 0.015 µg/g
FW, respectively.
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Figure 2. Quantification of phenolic compounds from tomato sauce administered to the volunteers 
by UHPLC-MS/MS analysis. Values are mean ± standard deviation (µg/g FW). Diccaffeoylquinic acid 
was expressed as ng/g FW and homovanillic acid hexoside as mg/g FW.  

Table 4 shows the concentration of phenolic compounds found in plasma and urine after the 
tomato sauce intervention. Twelve phenolic compounds were quantified in plasma and twenty-eight 
in urine by UHPLC-MS/MS. The concentration ranged between 2.7 to 183 ng/mL in plasma for 
5-caffeoylquinic acid and caffeic acid sulfate, respectively, and between 17.0 to 33188 ng/mL for 
5-caffeoylquinic acid and 4-hydroxyhippuric acid, respectively. A great variety of metabolites 
belonging to microbiota were quantified in urine at high concentrations as 16,425 ng/mL for 
3-hydroxyphenylacetic acid sulfate or 225,696 ng/mL for ferulic acid sulfate. 

Table 4. Phenolic compounds and metabolites quantified in urine and plasma by UHPLC-MS/MS. 

Compounds 
Product Ions in MS2

Experiments 
Urine (ng/mL) Plasma (ng/mL) 

Caffeic acid * 179,135,107 206 (4.0–822) n.d. a 
Caffeic acid glucuronide (CA) 355,179,135,175,113 54.9 (2.0–975) 6.4 (3.0–12.1) 

Caffeic acid sulfate (CA) 259,179,135 1396 (10.2–42286) 183 (15.3–862) 
5-Caffeoylquinic acid * 353,191,179 17.0 (7.2–53.6) 2.7 (2.0–3.5) 
Dihydrocaffeic acid * 181,137,59 194.7 (30.1–1031.9) n.d. a 

Dihydrocaffeic acid glucuronide (DHCA) 357,181,137,175,113 2127 (23–10071) n.d. a 
Dihydrocaffeic acid sulfate (DHCA) 261,181,137 2775 (52–9424) n.d. a 

3,4-Dihydroxyphenylacetic acid * 167,123 1095 (33.9–2249) n.d. a 
Ferulic acid * 193,134,175 453 (31–2139) 8.1 (6.5–40.3) 

Ferulic acid glucuronide (FA) 369,193,134,175,113 2852 (110–69495) 53.5 (6.7–1881) 
Ferulic acid sulfate (FA) 273,193,134 22569 (713–536479) 95.5 (24.5–316) 

Homovanillic acid * 181,137 4050 (1073–9387) n.d. a 
4-Hydroxyhippuric acid * 194,100 33188 (691–214695) n.d. a 

3-Hydroxyphenylacetic acid * 151,107 739 (244–1291) n.d. a 
3-Hydroxyphenylacetic acid glucuronide (3-HPAA) 327,151,107,175,113 295 (11.0–1608) n.d. a 

3-Hydroxyphenylacetic acid sulfate (3-HPAA ) 231,151,107 16425 (175–352967) n.d. a 
3-(3-Hydroxyphenyl)propionic acid * 165,121 1402 (188–4007) n.d. a 

  

Figure 2. Quantification of phenolic compounds from tomato sauce administered to the volunteers by
UHPLC-MS/MS analysis. Values are mean ˘ standard deviation (µg/g FW). Diccaffeoylquinic acid
was expressed as ng/g FW and homovanillic acid hexoside as mg/g FW.

Table 4 shows the concentration of phenolic compounds found in plasma and urine after the
tomato sauce intervention. Twelve phenolic compounds were quantified in plasma and twenty-eight
in urine by UHPLC-MS/MS. The concentration ranged between 2.7 to 183 ng/mL in plasma for
5-caffeoylquinic acid and caffeic acid sulfate, respectively, and between 17.0 to 33,188 ng/mL
for 5-caffeoylquinic acid and 4-hydroxyhippuric acid, respectively. A great variety of metabolites
belonging to microbiota were quantified in urine at high concentrations as 16,425 ng/mL for
3-hydroxyphenylacetic acid sulfate or 225,696 ng/mL for ferulic acid sulfate.

Table 4. Phenolic compounds and metabolites quantified in urine and plasma by UHPLC-MS/MS.

Compounds Product Ions in MS2

Experiments Urine (ng/mL) Plasma (ng/mL)

Caffeic acid * 179,135,107 206 (4.0–822) n.d. a

Caffeic acid glucuronide (CA) 355,179,135,175,113 54.9 (2.0–975) 6.4 (3.0–12.1)
Caffeic acid sulfate (CA) 259,179,135 1396 (10.2–42,286) 183 (15.3–862)
5-Caffeoylquinic acid * 353,191,179 17.0 (7.2–53.6) 2.7 (2.0–3.5)
Dihydrocaffeic acid * 181,137,59 194.7 (30.1–1031.9) n.d. a

Dihydrocaffeic acid glucuronide
(DHCA) 357,181,137,175,113 2127 (23–10,071) n.d. a

Dihydrocaffeic acid sulfate (DHCA) 261,181,137 2775 (52–9424) n.d. a

3,4-Dihydroxyphenylacetic acid * 167,123 1095 (33.9–2249) n.d. a

Ferulic acid * 193,134,175 453 (31–2139) 8.1 (6.5–40.3)
Ferulic acid glucuronide (FA) 369,193,134,175,113 2852 (110–69,495) 53.5 (6.7–1881)
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Table 4. Cont.

Compounds Product Ions in MS2

Experiments Urine (ng/mL) Plasma (ng/mL)

Ferulic acid sulfate (FA) 273,193,134 22,569 (713–536,479) 95.5 (24.5–316)
Homovanillic acid * 181,137 4050 (1073–9387) n.d. a

4-Hydroxyhippuric acid * 194,100 33,188 (691–214,695) n.d. a

3-Hydroxyphenylacetic acid * 151,107 739 (244–1291) n.d. a

3-Hydroxyphenylacetic acid
glucuronide (3-HPAA) 327,151,107,175,113 295 (11.0–1608) n.d. a

3-Hydroxyphenylacetic acid sulfate
(3-HPAA) 231,151,107 16,425 (175–352,967) n.d. a

3-(3-Hydroxyphenyl)propionic acid * 165,121 1402 (188–4007) n.d. a

3-(3-Hydroxyphenyl)propionic acid
glucuronide (3-(3-HPPA)) 341,165,121,175,113 258 (15.3–4914) n.d. a

3-(3-Hydroxyphenyl)propionic acid
sulfate (3-(3-HPPA)) 245,165,121 3156 (27.6–145,199) n.d. a

Isoferulic acid * 193,134,175 1156 (247–3427) 108 (10.6–494)
Naringenin * 271,151,119 39.1 (6.9–400) 11.7 (2.0–52.6)

Naringenin glucuronide (N) 854 (214–1558.5) 73.4 (2.0–830)
Phenylacetic acid * 135,91 1129 (297–6667) n.d. a

Phenylacetic acid glucuronide (PAA) 311,135,91,175,113 318 (206–431) n.d. a

Phenylacetic acid sulfate (PAA) 215,135,91 1378 (110–26,708) n.d. a

Quercetin * 301,151,179 70.8 (9.1–417) 99.0 (23.7–331)
Quercetin glucuronide * 477,301,151,175,113 14.4 (11.9–101) 20.9 (14.3–63.4)

Quercetin sulfate (Q) 381,301,151 32.0 (11.9–489.8) 3.8 (3.5–4.2)

Values are median (minimum-maximum values); *: commercial standard; n.d. a: not detected; CA: Caffeic
Acid; DHCA: Dihydrocaffeic Acid; FA: Ferulic Acid; 3-HPAA: 3-Hydroxyphenylacetic acid; 3-(3-HPPA):
3-(3-Hydroxyphenyl)propionic acid; N: Naringenin; PAA: Phenylacetic acid; Q: Quercetin.

3. Discussion

3.1. UHPLC-MS/MS Method Development

Before the validation of the method, different mobile phases were tested to obtain the best
detection and separation of the compounds (Table 1). Between the three phases studied, 0.1%, 0.05%
and 0.025% of formic acid, the mobile phase with less formic acid achieved the best results confirming
that low-pH conditions created by high acid concentrations (up to 0.1%) decrease the negative-ion ESI
response by damaging the formation of the deprotonated analyte [22].

After the election of the mobile phase, several experiments with 50:50 (v/v) of (0.025% formic
acid)/MeCN (0.025% formic acid) were achieved to obtain the optimum DP, FP, EP, CE and the
quantification and confirmation transitions which are shown in Table 2. The results were similar
as those obtained in a previous validation method developed in HPLC-MS/MS [21].

Different linear gradient were proved to attain a good separation and resolution of the analytes.
The best results obtained for the conditions were described in the chromatographic separation section
with a total time run of 3.5 min. Diverse flow rates, 400, 600 and 800 µL/min, and injection volumes,
2, 5 and 10 µL were also studied to obtain a good separation and detection of the analytes. The
optimum flow rate was achieved in 600 µL/min, as in the HPLC-MS/MS method. 10 µL was
demonstrated to be the best injection volume to obtain the greatest detected peak height. The injection
volume was halved regarding to the HPLC-MS/MS method allowing more volume sample if various
injections were needed.

The time-saving and decrease in the total consumption of mobile phase implies a reduction in
analysis cost [20,23]. Compared with HPLC-MS/MS [21], the UHPLC-MS/MS method offered a
5-fold decrease in retention time (RT), up to 7-fold increase in detected peak height, and a 2-fold
decrease in peak width thereby enhancing the sensitivity of the method.
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3.2. Validation Parameters

The AOAC International criteria were consulted as to the validation of the method [24]. A
great improvement in terms of LOD and LOQ was achieved using UHPLC compared with HPLC
for almost all the studied phenolic compounds, in both plasma and urine (Table 3). In comparison
with our work, Rubió et al. [25] obtained higher LOD (1–240 ng/mL) and LOQ (3.3–801.5 ng/mL) in
the validation of an UHPLC-MS/MS system to detect plasma phenolic metabolites. In particular, our
method performed better for caffeic acid, with a LOD of 0.7 ng/mL compared to 64.9 in the study
of Rubió et al. [25]. 3,4-Dihydroxyphenylacetic acid and 3-(3-hydroxyphenyl)propionic acid followed
the same trend as caffeic acid, with lower values in our study (1.6 and 2.4 ng/mL, respectively),
compared to the data of Rubió et al. [25] (15.1 and 38.2 ng/mL, respectively). Another study, carried
out by Magiera et al. [16] to determine polyphenols and their metabolites in human urine by UHPLC
coupled to a 4000 Q TRAP triple quadrupole linear ion trap mass spectrometer, obtained a LOQ
for 3,4-dihydroxyphenylacetic acid comparable to our results, while other metabolites, for example,
caffeic acid, presented lower values (1 ng/mL) in comparison with our data (2.0 ng/mL). Lastly,
Oliveira et al. [26] reported the validation of a method that detected 11 phenolic acids in plasma,
urine and liver by an UHPLC system coupled to a single-quadrupole mass spectrometer. The LOQ
for caffeic, ferulic and 5-caffeoylquinic acids were 38, 52 and 52 ng/mL, respectively, in plasma, and
50, 96 and 48 ng/mL, respectively, in urine. Our study achieved a greater improvement in LOD in
comparison with Oliveira et al. [26].

Recovery results were similar to those reported by Rubió et al. [25], who found levels of 77%
for quercetin and 3,4-dihydroxyphenylacetic acid, and 98% for naringenin. Our data are also in
agreement with Magiera et al. [16], who reported recoveries between 91% and 100% for caffeic, ferulic,
and 3-hydroxyphenylacetic acids and naringenin. In another study on phenolic microbial metabolites
in humans and rats, the mean recovery of analytes ranged from 87% to 109% [27]. Our results are
therefore in agreement with the reported literature data.

Respect to accuracy and precision, a possible matrix effect may explain the higher values for
quercetin and 4-hydroxyhippuric acid, as peaks with good symmetry were obtained without tailing,
as can be seen in Figure 1. The proposed method therefore demonstrated good accuracy and precision
in both urine and plasma samples. The results were similar to those obtained by HPLC-MS/MS,
confirming that the method is applicable for the determination of phenolic compounds in both types
of biological samples. The high accuracy for homovanillic acid and phenylacetic acid, although still
within the limits established by the AOAC, may be due to their similar elution times, since they
practically co-eluted.

Finally, quercetin seems to be the phenolic compound most affected in terms of stability, either
in freeze/thaw or post-preparative studies. Ramešová et al. [28] reported that quercetin was
potentially affected by exposure to atmospheric oxygen conditions. Their study confirmed
the presence of four decomposition products by HPLC-DAD and HPLC-MS: 2-(31,41-
dihydroxybenzoyl)-2,4,6-trihydroxybenzofuran-3(2H)-one, 2-(3,4-dihydroxyphenyl)-2-oxoacetic
acid, 2,4,6-trihydroxybenzoic acid and 3,4-dihydroxybenzoic acid [28]. Although there was a
decrease in the stability of some polyphenols, there were no significant differences in either two
stability studies.

3.3. Phenolic Quantification in Tomato Sauce and Biological Samples

Three classes of polyphenols were quantified: 13 phenolic acids (three caffeoylquinic acids
and two derivatives; caffeic acid and two hexosides; one ferulic acid hexoside; two coumaric acid
hexosides; protocatechuic acid; and homovanillic acid hexoside), two flavanones (naringenin and
naringenin glucoside), and two flavonols (quercetin and rutin). Most of the polyphenols belong to
phenolic acids, being the homovanillic acid hexoside the major one in the tomato sauce. Naringenin
and rutin were the most abundant phenolic compounds preceding homovanillic acid hexoside.
Other authors have also described those as the three major polyphenols in tomato and tomato
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by-products [6,29–31]. Ferulic acid hexoside, caffeic acid hexoside I and 5-caffeoylquinic acid were
also present at high concentration, similarly to those obtained by Minoggio et al. [32] between 300 and
5800 ng/g FW. The validated method was successfully applied for the analysis of human plasma and
urine samples from the intervention study. The biological samples were screened for the phenolic
compounds previously analyzed in the validation study, identifying and quantifying the analytes
by comparing their MRM transition, RT, and product ion scan with those of the standards. Phase
II metabolites (glucuronide and sulfate conjugates) were also monitored to shed more light on the
metabolism of the target compounds. In the absence of standards, the phenolic metabolites were
identified by PIS, NL or PrIS (Table 4). Samples over the calibration curve were diluted and reinjected
in the UHPLC-MS/MS system. Polyphenols, when reached the intestine, are transformed in a wide
variety of phenolic metabolites [33,34], that are absorbed by the gut, circulated in the blood and
metabolized in the liver to glucuronides or sulfates metabolites [35]. Table 4 confirmed a great
metabolism of the phenolic compounds described in the tomato sauce as 12 phenolic compounds
were quantified in plasma and 28 in urine. Both, plasma and urine metabolites tripled the compounds
determined by HPLC-MS/MS [36]. Notably, isoferulic acid, caffeic acid sulfate, ferulic acid sulfate,
dihydrocaffeic acid metabolites and quercetin and its metabolites (glucuronide and sulfate), none of
which were identified by HPLC-MS/MS in either plasma or urine, were detected by UHPLC-MS/MS.

We can therefore report an efficient performance by the validated UHPLC method, as it allowed
the identification of phenolic compounds or metabolites undetected by the HPLC system, due to the
improvement in the limits of detection and quantification for almost all compounds.

4. Experimental Section

4.1. Chemicals

Caffeic acid, 5-caffeoylquinic acid, dihydrocaffeic acid, 3,4-dihydroxyphenylacetic acid,
ethylgallate (internal standard (IS)), ferulic acid, hippuric acid, homovanillic acid,
3-hydroxyphenylacetic acid, 3-hydroxybenzoic acid, isoferulic acid, naringenin, naringenin
glucoside, p-coumaric acid, protocatechuic acid, quercetin-3-O-glucuronide and rutin were
purchased from Extrasynthese (Genay, France); 3-(3-hydroxyphenyl)propionic acid, human
plasma, phenylacetic acid and quercetin were supplied by Sigma-Aldrich (St Louis, MO, USA);
and 4-hydroxyhippuric acid was purchased from PhytoLab GmbH & Co. KG. (Vestenbergsgreuth,
Germany). The purity of all standards was superior at 90%. All reagents were of HPLC grade:
ethanol (EtOH), acetonitrile (MeCN), methanol (MeOH), and o-phosphoric acid 85% were purchased
from Panreac Quimica S.A. (Barcelona, Spain); and formic acid was from Scharlau Chemie S.A.
(Barcelona, Spain). Ultrapure water (Milli-Q) was obtained from a Millipore system (Millipore,
Bedford, MA, USA).

4.2. Method Development

4.2.1. UHPLC Column

For the development of a faster chromatographic method, smaller particles and inner column
diameters are needed [37,38]. A Waters BEH C18 column (50 mm ˆ 2.1 mm) packed with 1.7 µm
particles using an Acquity UPLC BEH C18 VanGuard pre-column 1.7 µm (2.1 mm ˆ 5 mm) was
selected for the development of the UHPLC method instead of the Luna C18 (50 mm ˆ 2.0 mm) of
5 µm used for the analysis in the HPLC method [21].

4.2.2. Mobile Phase

The method validated in the HPLC-MS/MS system was adjusted to be used in the UHPLC
equipment. To obtain a better separation and resolution of the analytes, an aqueous mix of
15 commercial phenolic compounds (100 ng/mL final concentration) were analyzed, using the
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following mobile phase combinations: (1) [A] H2O (0.1% formic acid)/[B] MeCN (0.1% formic acid);
(2) [A] H2O (0.05% formic acid)/[B] MeCN (0.05% formic acid); and (3) [A] H2O (0.025% formic
acid)/[B] MeCN (0.025% formic acid).

4.2.3. MS Conditions

An API 3000 triple-quadrupole mass spectrometer (Sciex, Framingham, MA, USA) with a turbo
ion spray source controlled by Analyst v.1.4.2 software supplied by Sciex (Framingham, MA, USA,
version 1.4.2) was used for infusion experiments. 50:50 (v/v) of water (0.025% formic acid)/MeCN
(0.025% formic acid) was employed for infusion experiments, injecting each phenolic standard
individually at a concentration of 1 µg/mL. The Turbo Ion spray source was used in negative mode
with the following settings: capillary voltage, ´3500 V; nebulizer gas (N2), 10 (arbitrary units); curtain
gas (N2), 12 (arbitrary units); drying gas (N2) was heated to 400 ˝C and introduced at a flow rate of
5000 cm3/min. Table 2 shows the optimal DP, FP, and EP to enhance the ESI detection of the target
phenolics. Multiple reaction monitoring (MRM) experiments in the negative ionization mode were
performed using a dwell time of 30 ms, with 434 cycles and between 10 to 14 data points on the
chromatographic peaks. The ions in MRM mode were produced by collision-activated dissociation
(CAD) of selected precursor ions in the collision cell of the triple quadrupole and analyzed with the
second analyzer of the instrument. The optimum collision-activated dissociation (N2) was 4 (arbitrary
units). The transition chosen for the quantification and confirmation are shown in Table 2 with its
appropriate CE.

4.2.4. Flow Rate and Volume of Injection

Once obtained the best mobile phase and the optimum mass conditions for each analyte, several
flow rates, 400, 600 and 800 µL/min, were studied at the same time that the volume of injection
comparing 2, 5 and 10 µL to enhance the separation and detection of the analytes.

4.2.5. Chromatographic Separation

The final mobile phase used was water (A) and MeCN (B) with 0.025% formic acid in both
solvents. An increasing linear gradient of B was used (t (min), %B), as follows: (0.0, 5); (2.0, 25);
(2.5, 90); (2.65, 100); (2.8, 100); (2.9, 5), and (3.5, 5). The mobile-phase flow rate for the biological
samples was 600 µL/min, and 10 µL of the sample was injected into the UHPLC system.

4.3. Quality Parameters

The method was validated following the criteria of AOAC International [24]. The quality
parameters established were LOD, LOQ, linearity, recovery, accuracy, precision, and stability.

LOD is the smallest quantity of analyte that can be shown to be significantly greater than the
measurement error of the blank at a prescribed level of confidence. The LOD was estimated from
the chromatograms of spiked blank plasma and urine samples at the lowest analyte concentration
tested for a signal-to-noise ratio of 3. Similarly, LOQ, the smallest amount of analyte in a test sample
that can be quantitatively determined with suitable precision and accuracy, was determined for a
signal-to-noise ratio of 10. Spiked plasma and urine samples at five different concentration levels,
ranged between 0.05 and 300 ng/mL, were prepared in triplicate in order to establish the LOD and
LOQ in the different mass spectrometric systems.

The IS method was used for the preparation of the calibration curves using eight different
concentrations within the range of the LOQ for each analyte to 576 times the LOQ. In order to
obtain the most reliable calibration curve, a 1/x or 1/(x ˆ x) weighting factor, or none, was
applied, according to the analyte. The calculated standard concentration was established within
15% deviation from the nominal value except at the LOQ concentration, for which the maximum
acceptable deviation was set at 20%.
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Recovery was assessed by preparing eight-point calibration curves (pre-extracted spiked
samples) and eight-point external curves (post-extracted spiked samples). To calculate recovery,
concentration must first be computed by interpolating areas obtained from the post-extracted spiked
samples into the pre-extracted spiked calibration curve. Then, the ratio analyte concentration/IS
concentration was plotted against the calculated concentration explained above and a linear
regression model was applied. The slope of the linear regression multiplied by 100 represents the
analyte recovery.

Accuracy was determined by spiking blank urine and plasma with three known concentrations:
low (3-fold the LOQ), medium (48-fold the LOQ), and high (288-fold the LOQ), with respect to the
calibration curves, in five replicates. The results were expressed as the percentage of the ratio of the
mean concentration observed and the known spiked concentration in the biological matrices. The
mean value should be within 15% of the nominal value. Intra- and interday precision was assessed
using five determinations per three concentration levels (low (3-fold the LOQ), medium (48-fold the
LOQ), and high (288-fold the LOQ)) in a single analytical run or on three different days, respectively.
The precision determined at each concentration level should not exceed 15% of the relative standard
deviation (RSD).

The chemical stability of an analyte in a given matrix under specific conditions for given time
intervals is assessed in several ways. Stability evaluations should cover the expected sample handling
and storage conditions during the length of the study. The factors studied in this method were
freeze-thaw cycle stability and processed sample stability.

4.4. Method Application: Pilot Dietary Intervention Study

4.4.1. Biological Material

The optimized method was applied to a small-scale prospective single-arm intervention study
conducted in eight volunteers aged between 19 and 38 years (28 ˘ 6.9 years) with a mean body mass
index of 23 ˘ 3.73 kg/m2. On the day of intervention, the volunteers consumed 250 mL of tomato
sauce per 70 kg of body weight. Blood was collected 1 h and urine 3–6 h after the consumption of the
intervention and stored at ´80 ˝C until analysis.

Commercial tomatoes (Lycopersicum esculentum L.) were used for the elaboration of the tomato
sauce at the Torribera Campus, University of Barcelona (Santa Coloma de Gramanet, Barcelona)
following a standardized making process [36].

The study protocol was approved by the Ethics Committee of Clinical Investigation of the
University of Barcelona (Spain), and the clinical trial was registered at the International Standard
Randomized Controlled Trial Number (ISRCTN20409295). Informed consent was obtained from
all participants.

4.4.2. Phenolics of Tomato Sauce and Biological Samples Extraction

A liquid-liquid extraction with ethanol/H2O (0.1% formic acid) (80/20, v/v) was used to extract
the phenolic compounds from the tomato sauce, as previously described by Di Lecce et al. [7]. Briefly,
tomato sauce (0.3 g) was weighed and ethanol/H2O (0.1% formic acid) (80/20, v/v, 3 mL) added.
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 ethanol phase evaporated under a stream of nitrogen gas. The residues were
reconstituted up to 1.2 mL with water containing 0.1% formic acid, filtered thought a 0.22 µm
polytetrafluoroethylene (PTFE) syringe filters (Waters Corporation, Mildfore, MA, USA), and injected
into the UHPLC-MS/MS system. Extractions were performed in triplicate and quantified with the
corresponding commercial standards. When standards were not available, as in the case of di-,
tricaffeoylquinics and the hexoside isomers, the compounds were quantified based on the free form
of the corresponding metabolite.
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Phenolic compounds were extracted from both plasma and urine samples by solid phase
extraction (SPE) as previously described by our research group with minor modifications [21].
Prior to the SPE, plasma and urine samples were acidified with o-phosphoric acid and formic acid,
respectively, and urine samples were centrifuged at 11,884 rpm for 4 min at 4 ˝C. Then, MeOH (1 mL)
and 1.5 M formic acid (1 mL) was added to activate the HLB plate 30 µm (30 mg). Plasma or urine
sample (1 mL), previously acidified and spiked with ethyl gallate (IS), was loaded into the 96-well
plate for clean-up with 1.5 M formic acid (1 mL) and 5% MeOH solution (1 mL). The elution was
achieved with MeOH (1 mL) acidified with 0.1% formic acid. The elution fraction obtained was
evaporated to dryness by a sample concentrator (Techne, Staffordshire, UK) at room temperature
under a stream of nitrogen. 100 µL of water acidified with 0.1% formic acid was added to dissolve
the residue and filtered through a 0.22 µm polytetrafluoroethylene (PTFE) syringe filters (Waters
Corporation).

5. Conclusions

We have validated an UHPLC-MS/MS method to determine tomato phenolics and their
metabolites in biological samples with a previous solid phase extraction capable of analyzing a high
number of samples in a short period of time. To our knowledge, this is the first method reported
for the rapid detection and quantification of tomato sauce phenolics and their microbiota-derived
metabolites in plasma and urine samples. The method offers excellent sensitivity, reproducibility and
recovery. This procedure, due to its rapidity and simplicity, can be applied in future clinical and
epidemiological studies with a high number of blood and urine samples.
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4.6. Publicación 6. La biodisponibilidad de los polifenoles del 

tomate se ve reforzada por el procesado y la adición de grasa: 

evidencia de un ensayo de alimentación aleatorizado. 

Bioavailability of tomato polyphenols is enhanced by processing and 

fat addition: evidence from a randomized feeding trial. Miriam Martínez-

Huélamo, Anna Vallverdú-Queralt, Giuseppe Di Lecce, Palmira Valderas-Martínez, 

Sara Tulipani, Olga Jáuregui, Elvira Escribano,
 
Ramón Estruch, Montse Illan and Rosa 

M. Lamuela-Raventós. Molecular Nutrition and Food Research (2015). En revisión.

El tomate contiene una variedad de compuestos fenólicos que han sido asociados a 

propiedades beneficiosas en la salud. Sin embargo, el efecto del procesado y la adición 

de aceite durante la preparación de salsas de tomate en su biodisponibilidad todavía no 

están claros. Los estudios de intervención en humanos presentan una gran variabilidad 

interindividual, por lo que se necesita un elevado número de individuos para obtener 

resultados relevantes. Por este motivo, se decidió realizar un ensayo controlado, abierto, 

aleatorizado y cruzado con cuarenta individuos sanos para analizar en plasma y orina 

los niveles de los compuestos fenólicos de tomate y sus metabolitos después del 

consumo de tomate y salsas de tomate, con y sin la presencia de aceite de oliva refinado 

durante su producción. Las salsas, como en los estudios anteriores, fueron elaboradas a 

partir de tomate comercial (liso rojo rama) en el Campus de Torribera de la Universidad 

de Barcelona. Los voluntarios no debían tener antecedentes de enfermedades 

cardiovasculares, ni alteraciones homeostáticas ni enfermedades relevantes para ser 

incluidos en el estudio. Se excluyeron los voluntarios hipertensos, dislipidémicos, 

fumadores, con alergias o intolerancia al tomate y con dificultad para cambiar los 

hábitos alimentarios. El diseño del estudio, muy similar al de la publicación 4, se 

muestra en la Tabla 8. 
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Tabla 8. Diseño del estudio 

Día -3 Dieta sin tomate 

Día -2 

Dieta sin tomate 

No suplementos vitamínicos 

No medicamentos 

Día -1 

Dieta exenta de polifenoles 

No suplementos vitamínicos 

No medicamentos 

Estar en ayuno las 10-12 horas previas al día 0 

Día 0: Estudio 

t = 0 h Extracción de sangre 

Recogida de orina 

Intervención: 250 g de salsa de tomate con aceite de oliva 

refinado, salsa de tomate sin aceite de oliva refinado y 500 g 

de tomate fresco por cada 70 Kg de peso del voluntario. 

t = 15 min Extracción de sangre 

t = 30 min Extracción de sangre 

t = 1 h Extracción de sangre 

t = 2 h Extracción de sangre 

t = 3 h Extracción de sangre  

t = 4 h Extracción de sangre 

Recogida de orina 

t = 6 h Extracción de sangre  

t = 8 h Extracción de sangre 

Recogida de orina 

 t = 12 h Recogida de orina 

Día 1 
t = 24 h Extracción de sangre 

Recogida de orina 

 

Una vez recogidas las muestras biológicas se analizaron por el método previamente 

validado por UHPLC-MS/MS (publicación 5) así como las salsas y el tomate 

analizados también por UHPLC-MS/MS validado anteriormente (publicación 4). 

Los resultados, tras el análisis de las intervenciones, confirman lo demostrado en 

previas publicaciones. Los principales compuestos fenólicos encontrados pertenecen a 

los ácidos fenólicos, flavanonas y flavonoles, siendo el ácido homovanílico hexósido, la 

naringenia y rutina los mayoritarios respectivamente. No existen diferencias entre las 

salsas pero sí entre salsas y tomate, presentando una concentración superior en 

diferentes compuestos, sobre todo la naringenina y la rutina en las salsas, gracias a la 

liberación de estos compuestos de la matriz del alimento mediante el tratamiento 

mecánico.   

Se encontraron diez compuestos fenólicos en el plasma y noventa y tres metabolitos en 

orina. La adición de aceite de oliva refinado a la salsa de tomate se tradujo con una 
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mejora en la biodisponibilidad de flavanonas, flavanoles y algunos metabolitos de los 

ácidos hidroxicinámicos mediante el aumento de su vida media plasmática y 

posiblemente la estimulación de su reabsorción por circulación enterohepática. Una 

amplia variedad de metabolitos microbianos intestinales también se detectaron después 

de las tres intervenciones, entre los que destacan las flavanonas, 

ácidos hidroxicinámicos, flavonoles, ácidos hidroxifenilpropiónicos, 

ácidos hidroxifenilacéticos y ácidos hidroxibenzoicos. Las flavanonas y flavonoles 

presentaron mayor biodisponibilidad después de la ingesta de la salsa de tomate con 

aceite de oliva, lo que sugiere que el tratamiento realizado al tomate fresco mejoró la 

absorción de la aglicona aumentando así su bioaccesibilidad. 

En conclusión, el tratamiento mecánico y la adición de una matriz lipídica a las salsas 

de tomate implica un incremento en la biodisponibilidad de los compuestos fenólicos 

naringenina y quercetina contenidos en el fruto, favoreciendo de esta forma los efectos 

beneficiosos de los compuestos sobre las células y tejidos, impidiendo el desarrollo de 

enfermedades crónicas. Sería necesario desarrollar un mayor número de investigaciones 

en el que se evaluara el efecto matriz más extensamente en otras frutas y hortalizas. 
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ABBREVIATIONS USED 

Concentration-versus-time curve from time 0 until the last detectable concentration 

(AUClast); mean body mass index (BMI); body weight (BW); caffeic acid (CA); 

maximum plasma concentration (Cmax); m, o, p-coumaric acids (CouA); 5-

caffeoylquinic acid (5-CQA); dihydrocaffeic acid (DHCA); 3,4-dihydroxyphenylacetic 

acid (DHPAA); declustering potential (DP); entrance potential (EP); ethanol (EtOH); 

ferulic acid (FA); focusing potential (FP); glucuronides (G); hippuric acid (HA); 3-

hydroxybenzoic acid (3-HBA); 4-hydroxybenzoic acid (4-HBA); hydroferulic acid 

(HFA); 4-hydroxyhippuric acid (4-HHA); 3-hydroxyphenylacetic acid (3-HPAA); high 

performance liquid chromatography coupled to Orbitrap mass spectrometry (HPLC-

Orbitrap); 3-(3-hydroxyphenyl)propionic acid (3-(3HPPA)); 3-(4-

hydroxyphenyl)propionic acid (3-(4HPPA)); homovanillic acid (HVA); isoferulic acid 

(IFA); isorhamnetin (IR); ethylgallate (internal standard (IS)); acetonitrile (MeCN); 

methanol (MeOH); Ultrapure water (Milli-Q); mean residence time (MRTlast); mass 

spectrometry (MS); naringenin (N); naringenin-7-O-glucuronide (NG); naringenin-7-O-

glucoside (N7Glu); tomato sauce without refined olive oil (oil free: OF); protocatechuic 

acid (PA); phenylacetic acid (PAA); polytetrafluoroethylene (PTFE); quercetin (Q); 

quercetin-3-O-glucuronide (Q G); cumulative amounts of compounds excreted in urine 

(Qu∞); rutin (R); tomato sauce enriched with refined olive oil (ROOE); retention time 
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(rt); sulfates (S); standard deviation (SD); solid-phase extraction (SPE); time needed to 

reach the maximum plasma concentration (tmax); and ultra-high performance liquid 

chromatography coupled to tandem mass spectrometry (UHPLC-MS/MS). 

Keywords: bioavailability; microbiota metabolites; naringenin; olive oil; tomato sauce. 
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Abstract 

Scope: Tomato contains a variety of phenolics associated with health-promoting 

properties. However, the effects of processing and the addition of oil during tomato 

sauce preparation on microbial metabolism of phenolics in the small intestine are still 

unclear. 

Methods and results: An open, controlled, randomized and crossover feeding trial with 

forty healthy volunteers was carried out to analyze the metabolites in plasma and urine 

after the consumption of tomato and tomato sauces, with (ROOE) and without refined 

olive oil (oil-free: OF). Ten phenolics in plasma and ninety-three metabolites in urine 

were quantified. Processing tomatoes into sauce enhanced the bioavailability of 

flavanones, flavanols and some hydroxycinnamic acids, as reflected by the increase in 

the area under the plasma vs. time curve. An increase in their plasma half-life was also 

observed, particularly after ingestion of ROOE, possibly favored by enterohepatic 

circulation. A wide variety of gut microbial metabolites were also detected, namely 

flavanones, hydroxycinnamic acids, flavonols, hydroxyphenylpropanoic acids, 

hydroxyphenylacetic acids, and hydroxybenzoic acids. 

Conclusions: Flavanones and flavonols in ROOE presented higher bioavailability, 

suggesting that the processing undergone by the raw tomato improved their absorption. 
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1. Introduction

Tomatoes, one of the most commonly consumed agricultural commodities, are rich in 

bioactive compounds like fibre, polyphenols, glycoalkaloids, vitamins C and E, and 

carotenoids[1–4]. The consumption of polyphenols is related to a decrease in 

cardiovascular events and mortality[5], but they have to reach the target tissues at an 

effective concentration to exert a protective effect[6]. The bioavailability of some 

flavonoids is impaired by their low water solubility, low absorption, rapid excretion, 

and/or extensive metabolism [6–9] by enzymes and gut microbiota. 

There is only scant information available on the impact of mechanical and thermal 

treatments during tomato sauce processing on the bioavailability of tomato phenolics 

after consumption[10]. In previous work, our research group has shown that the 

processing can enhance the bioavilability of some phenolic compounds, so we decided 

to perform a new study, this time with a significantly higher number of volunteers and 

targeting an extensive number (19) of previously unstudied phenolics of microbial 

origin. The starting hypothesis was that the more lipophilic phenolics, such as flavonols 

and flavanones, would benefit from the mechanical and/or thermal treatments during 

tomato sauce processing, particularly from the addition of a lipid emulsifier (refined 

olive oil). In contrast, more hydrophilic compounds, such as hydroxycinnamic acids, 

would not increase their availability and potential bioefficacy. To verify the hypothesis, 

in an open, controlled, randomized and crossover feeding trial with forty healthy 

volunteers, phenolic metabolites were quantified by UHPLC-ESI-QqQ-MS/MS and 

identified by HPLC-Orbitrap to investigate if the processing of tomatoes, with or 

without the addition of olive oil, influences phenolic bioavailability and the metabolic 

profile. 
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2. Materials and Methods

2.1. Standards and Reagents 

Phenolic standards were purchased from Extrasynthèse(Genay, France), Sigma-

Aldrich(St Louis, MO, USA), PhytoLab GmbH & Co. KG.(Vestenbergsgreuth, 

Deutschland) and Cayman Chemical Company (Michigan, USA). Reagents were 

supplied by Panreac Quimica S.A. (Barcelona, Spain) and Scharlau Chemie S.A. 

(Barcelona, Spain). More details are given in the Supporting Information. 

2.2.Tomato interventions 

Commercial tomatoes were used for the tomato intervention and the tomato sauces were 

prepared following a standardized manufacturing process[10]. In the tomato sauce 

preparation, 5% of refined olive oil (ROOE), or an equivalent amount of water (oil free: 

OF) were added. 

2.3. Volunteers 

Forty volunteers with a mean age of 28±11years and BMI 23.3±3.8kg/m
2 

completed the

study. All participants reported no cardiovascular, hepatic or renal disease, were non-

smokers and were not receiving any nutritional supplements. The study was explained 

to participants through verbal and written instructions, and written informed consent 

was obtained before participation. 

2.4. Study design 

The study was an open, controlled, randomized and crossover feeding trial. Three days 

before the intervention, the volunteers were asked not to consume tomatoes or tomato 

derivatives, while polyphenol consumption was avoided 24h before as well as during 

the day of the study. After 8 hours of fasting, volunteers randomly consumed: 500g of 

tomato/70kg BW and 250g of OF or ROOE/70kg BW. Blood samples were collected 

before the intervention (0h), and after the consumption of tomato or tomato sauces at: 
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15min, 30min, 1h, 2h, 3h, 4h, 6h, and 24h. Samples were collected in plasma EDTA 

tubes, centrifuged at 1500g for 20min at 4ºC and stored at –80ºC until the analysis. 

Urine samples were also collected at: 0h, 0-3h, 3-6h, 6-12h, and 12-24h. After 

measuring the volume of urine excreted, samples were stored in eppendorfs at –80ºC 

until the analysis. 

The study protocol was approved by the Ethics Committee of Clinical Investigation of 

the UB, and the clinical trial was registered at the International Standard Randomized 

Controlled Trial Number (ISRCTN20409295). 

2.5. Extraction and analysis of tomato, tomato sauces and biological samples 

Tomato and tomato sauces administered in the study were extracted by a liquid-liquid 

extraction and analyzed by UHPLC-MS/MS, as reported before[11]. Plasma and urine 

samples were extracted by a solid-phase extraction (SPE) validated by our working 

group using a Waters Oasis HLB 96-well plate 30µm (30mg) (Waters Oasis, Milford, 

MA, USA) and analyzed by UHPLC-MS/MS and UHPLC-LTQ-Orbitrap[12]. More 

details of the chromatographic separation and mass conditions are given in the 

Supporting Information. 

2.6. Pharmacokinetic analysis 

Pharmacokinetic parameters were determined by a non-compartmental analysis using 

WinNonlin Professional software version 3.3 (Pharsight Corporation, USA). The 

maximum plasma concentration (Cmax) and the time needed to reach it (tmax) were 

obtained directly from the individual maximum values and corresponding time. The 

area under the plasma concentration-versus-time curve from time 0 until the last 

detectable concentration (AUClast) was calculated by the linear trapezoidal method. The 

mean residence time (MRTlast) was estimated by means of the AUMC/AUC ratio, where 

AUMC was the first moment curve. The quotient Cmax/AUClast and maximum 
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cumulative amounts of phenolic compounds excreted in urine (Qu∞) were also 

calculated. 

2.7. Statistical Analysis 

Statistical analysis was performed using the SPSS software (Version 19.0, Japan Inc., 

Tokyo, Japan). Data are expressed as means±SD. Differences were considered 

significant at p<0,05. The tests applied are explained in the Supporting Information. 

3. Results and discussion

3.1. Phenolic compounds of tomato and tomato sauces 

Table 1 summarizes the 14 phenolic compounds quantified in the three interventions. 

According to the literature, naringenin (N), rutin (R) and 5-caffeoylquinic acid (5CQA) 

are the major flavonoids in tomato fruit[2, 13–15]. In our investigation, homovanillic 

acid (HVA) hexoside (H), followed by N and R, were the dominant polyphenols 

quantified in the three interventions. N content was within 4788 and 7483ng/g FW, and 

R within 2216 and 5389ng/g FW, which closely matches the data of other studies[16, 

17]. In contrast, few investigations have identified HVA-H as a predominant phenolic 

compound in tomato[1, 4], unlike in our analysis, where it was quantified  at levels 

between 93537 and 138340ng/g FW. Besides HVA-H, other phenolic acids found at a 

high percentage in the three interventions were 5CQA, caffeic acid (CA)-H-I and ferulic 

acid (FA)-H, with maximum values of 1075 and 1572ng/g FW for 5CQA and CA-H, 

respectively, in raw tomatoes, and 3091ng/g FW for FA-H in OF. The 5CQA 

concentration fell within the range reported by Minoggio et al.[18], who obtained 

values between 300 and 5800ng/g FW in tomato. 

The processing of tomato into sauces resulted in a quantitative but not qualitative 

change in the polyphenolic content, with the exception of FA, which appeared only in 

raw tomato, and protocatechuic acid (PA), which was found only in tomato sauce. 
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HVA-H, N and R concentrations were higher in the tomato sauces than tomato, but 

without significant differences (p>0.05), and the opposite pattern was observed for 

5CQA, 4CQA and coumaric acid (CouA)-H-I. Similarly, Capanoglu et al.[3] described 

an increase of N and R when tomatoes were processed into paste. This increase, which 

occurred after the fruit was cut, could be induced by the production of enzymes 

involved in the regeneration of antioxidant compounds[3]. The use of refined olive oil 

in tomato sauce preparation slightly enhanced the concentration of phenolic compounds 

in ROOE but without significant differences (p>0.05), as reported by Vallverdú-Queralt 

et al.[19]. 

3.2. Identification of phenolic metabolites in human plasma and urine 

In order to obtain a correct identification of phenolic metabolites, especially those 

lacking a corresponding commercial standard, a UHPLC-LTQ-Orbitrap was used. 

Table 2 shows the fragmentation of the targeted compounds (mass errors<1.8mDa). 

Figure 1 shows the mass spectra of 3-(4-hydroxyphenylpropionic acid)  (HPPA) sulfate 

(S), m/z 245.0119 (A) and dihydrocaffeic acid (DHCA) glucuronide (G), m/z 357.0821 

(B), as the main fragments. CA-G (m/z 355.0665) and CA-S (m/z 258.9912) were 

confirmed by the loss of the glucuronide or sulfate unit, CA appearing with an ion at 

179 and 135m/z. The ions at 311 and 215m/z in CA-G and CA-S, respectively, were due 

to the loss of CO2 [M-H-44]
-
[20]. This typical loss was also found in CouA-S (m/z

242.9963), with the appearance of an ion at 199m/z as well as 163 and 119m/z, 

corresponding to CouA and its fragmentation. FA-G (m/z 369.0821) and FA-S (m/z 

273.0069) were confirmed mainly by the presence of 193 and 134m/z, corresponding to 

FA. The fragmentation of the glucuronide group was confirmed by the characteristic 

presence of 175 m/z and 113m/z [21, 22]. The mass spectrum of hydroferulic acid 

(HFA)-G (m/z 371.0978) and -S (m/z 275.0225) showed the presence of ions at 195 and 
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136 corresponding to the fragmentation of the resulting acid. The 175 and 113m/z in the 

HFA-G spectrum confirmed the presence of the G unit. The same was observed for 3-

(4-HPPA)-G (m/z 341.0872) and 3-(4-HPPA)-S (m/z 245.0119), with fragments at 165 

and 121m/z in both mass spectra corresponding to 3-(4-HPPA) and its fragmentation 

after the loss of the G and S units, respectively. Finally, 181 and 137m/z corroborated 

the presence of DHCA in the mass spectrum of DHCA-G (m/z 357.0821), and 187 and 

151m/z were attributed to 3-hydroxyphenylacetic acid (3-HPAA) in the case of 3-

HPAA-S (m/z 230.9963). 

3.3. Bioavailability of flavanones and derivatives 

As shown in Figure 2A, N-G appeared in plasma soon (15 min) after the consumption 

of tomato, OF or ROOE, indicating a rapid absorption of N, with a subsequent 

glucuronidation in the intestinal epithelium[23]. Recently, Orrego-Lagarón et al.[8] 

demonstrated in a single-pass intestinal perfusion model in mice that the main 

absorption and first-metabolism of N occurs in the small intestine. In our study, the 

rapid appearance of N and N-G in plasma was indicated by the tmax and Cmax-to-AUClast 

ratio (Table 3). Our results are similar to those of Bugianesi et al.[24], who reported a 

tmax of 2h after the ingestion of cooked tomato paste in men, and Guo et al.[25], who 

obtained a tmax of 0.5h in rats after the administration of Chinese medicine pills, 

containing N among other compounds. 

Comparing interventions, N was more rapidly absorbed after the tomato processing, 

since the Cmax-to-AUClast ratio was lower and the tmax about 2-fold higher in raw tomato. 

Specifically, the Cmax-to-AUClast ratio for N-G was significantly different between 

tomato and the two sauces. N had a lower Cmax than its glucuronide, in agreement with 

previous studies[10, 26], indicating that glucuronidation is an early step in N 

metabolism of N, accounting for 98% of plasma metabolites[27]. This phenomenon was 
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not reflected by the AUC, probably due to the high variability in the results and the 

biphasic shape of the plasma curve, which can in some cases overestimate it. 

The Cmax of both N and N-G was higher after the consumption of the sauces than raw 

tomatoes, suggesting that the processing improved the absorption of the aglycone and 

increased its bioaccessibility[10]. The addition of an oil matrix to the sauce also seemed 

to be associated with the enhanced concentration of N found in biosamples, possibly 

due to the affinity of the compound to the lipophilic constituents of the olive oil. Ban et 

al.[7] used nanoparticles made up of physiological lipids to protect flavonoids (N, 

quercetin (Q) and hesperidin) from the harsh conditions in the digestive system until 

their absorption into enterocytes, thereby improving their bioaccessibility. Similarly, the 

refined olive oil used to elaborate ROOE may have acted as a lipid nanoparticle system, 

promoting N absorption. These results were corroborated by AUClast values, which were 

highest in the ROOE intervention, but without significant differences, probably due to 

the variability among individual volunteers. 

Returning to Figure 2, about 2h after the ingestion of ROOE, a double peak appeared in 

the N-G pharmacokinetics, as in a previous study[10]. This biphasic profile has also 

been reported in other studies, the second peak being attributed to a glucuronidation in 

the liver with the participation of UDP–glucuronosyltransferase. The subsequent 

enterohepatic circulation of N-G would produce the second peak in the plasma[23, 28]. 

Among the cumulative amounts of compounds excreted in urine (Qu∞), N-G showed 

higher values than N (Table 3), providing further evidence of the extensive metabolism 

of the aglycone, as observed in plasma. The improvement of N bioavailability after 

processing was also confirmed by the urine excretion data, with higher values for N and 

N-G after ingestion of OF and ROOE than raw tomato, the differences for N-G being

significant. 
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3.4. Bioavailability of flavonols and derivatives 

As mentioned before, R was one of the major compounds found in tomato and tomato 

sauces (Table 1), yet although its concentration in all the interventions was high, no 

peak was detected in plasma or urine samples. Intestinal microflora deglycosylate and 

remove the rutinoside moiety of R, leading to quercetin, which is absorbed, circulated in 

the blood and excreted into the bile and urine as G and S metabolites[29]. Q was 

quantified in plasma after the three interventions (Table 3), which indicates a greater 

bioavailability than N, considering the high content of N in tomato. The Cmax and 

AUClast of Q after sauce ingestion were high, slightly more so for ROOE, which showed 

significant differences in AUClast with tomato. As Q is a lipophilic compound[29], the 

addition of a fatty matrix to the sauce may increase its bioavailability and enhance its 

presence in plasma. An increase in Q was also observed for OF, although without 

significant differences, indicating that the mechanical and thermal process enhanced 

flavonol bioavailability. Wang et al.[28] reported that flavanols have slow rates of 

absorption due to their low solubility in the small intestine. Similarly, in our study the 

rate of absorption of Q in the three interventions was slow, with a high MRT in plasma. 

The cumulative amounts of Q excreted in urine after all the interventions were low in 

comparison with flavanones and hydroxycinnamic acids (Table 3). Q-G and Q-S 

metabolites were found in urine, but in low concentrations, similar to the aglycone. 

Significant differences in Q concentration were obtained between tomato and ROOE 

and in Q-S between tomato and OF. 

Finally, Figure 2C shows the mean plasma concentration of Q versus time in the three 

interventions. As already reflected by the other pharmacokinetic results, sauce 

consumption resulted in a higher Q plasma concentration than tomatoes. Double peaks 

were common among the three interventions, which may be explained by enterohepatic 
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circulation, as in the case of N-G. Metabolites, excreted in the bile, are secreted into the 

small intestine where they undergo deconjugation by the intestinal microflora, followed 

by reabsorption in the gut and portal blood circulation[28, 29]. Another possible 

explanation may be the aforementioned transformation of R into Q. As reported by 

Shimoi et al.[29], R is absorbed more slowly than Q, so the second peak in the plasma 

samples might correspond to its conversion. 

3.5. Bioavailability of hydroxycinnamic acids and derivatives 

Analysis of plasma and urine revealed the presence of 7 hydroxycinnamic acid 

derivatives in plasma and 31 metabolites in urine. Isoferulic acid (IFA), four FA-G and 

two FA-S were identified and quantified in plasma samples (Table 3). Tmax values were 

slightly higher than those obtained for N or N-G, particularly after the ingestion of 

ROOE. Specifically, FA-G-II and -III presented significant differences between tomato 

and ROOE. FA was not detected in tomato, OF or ROOE (Table 3), but it can be 

derived from the metabolism of CA, which would explain its delayed appearance in 

plasma. Moreover, as FA is a hydrophilic compound[30], the presence of a lipid matrix 

would not enhance its absorption, resulting in an increment of tmax. A slower rate of 

appearance was observed for almost all metabolites except FA-G-II and -III, which had 

similar rates to flavanones. The metabolites that remained in the organism longest were 

IFA, FA-G-I, FA-G-IV and FA-S, regardless of intervention. Only in the case of FA-G-

II were there significant differences between ROOE and tomato and OF. In general, the 

AUClast and Cmax were higher in the sauces than raw tomato for almost all the 

metabolites but without significant differences. Figure 2B shows the mean plasma 

concentration of the four FA-G vs. time for ROOE, the only intervention in which all 

the metabolites were reabsorbed. As for N-G, a double peak was produced by the four 
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isomers, which could be attributed to enterohepatic circulation, as reported by Zaho et 

al.[31] in Wister male rats. 

Although a large variety of CQA was supplied in each intervention, no presence of 

those compounds was detected in plasma, and only low concentrations of 5CQA in 

urine[32]. Stalmach et al.[33] studied the bioavailability of 5CQA after the 

administration of coffee to 11 healthy volunteers, concluding that the compound had a 

reduced bioavailability associated with the dose ingested, and provided an extensive 

variety of CA, FA, DHCA and dihydroferulic acid(DHFA) metabolites, as in the present 

work. Neither CA nor CouA, nor their metabolites, were found in plasma, probably 

being below the limit of detection of the method, as they appeared in urine samples. 

Figure 3 shows the phenolics and the sum of metabolites of each acid in urine in the 

three interventions. All free forms underwent an extensive metabolism to their G and S 

forms if the concentration of the aglycone was compared with the resulting metabolites. 

The compounds with the highest excretion were FA metabolites, probably due to the 

metabolism of 5CQA and CA[33, 34]. Significant differences were obtained in FA 

between tomato and OF, but their metabolites showed similar excretion among the three 

interventions. On the contrary, a clear increasing trend of CA-G excretion occurred after 

ingestion of ROOE, but due to considerable inter-individual variability, no significant 

differences were found. 

3.6. Microbial metabolites 

A wide variety of microbial metabolites of flavanones, hydroxycinnamic acids and 

flavonols were found in urine samples. Figure 4 represents the main metabolic pathway 

tentatively proposed for the microbiota derivatives of the phenolic compounds present 

in tomato and tomato sauces. The C-ring cleavage of N yielded 3-(4-HPPA), and 

subsequent 3-(4-HPPA) β-oxidation and dehydroxylation of 4-HPPA led to 3-
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phenylpropionic acid (3-PPA). After glycination and β-oxidation of 3-(4-HPPA) in the 

liver, 4-hydroxyhippuric acid (4-HHA) was formed[8, 9]. 3-(4-HPPA) metabolites (2-G 

and 6-S) were also found in the three interventions. The sulfation and glucuronidation 

of 3-(4-HPPA) may occur in the liver after its absorption into the circulatory 

system[33]. 

Q presented a clear metabolism, as described in previous studies[9, 35]. The C-ring 

fission yielded 3,4-DHPA, 3-(3-HPPA) and phenylacetic acid (PAA), and two 

subsequent dehydroxylations of 3,4-DHPAA led to 3-HPAA, and then PAA[36]. 3-

HPAA was absorbed by the colon, where it was β-oxidated and glycinated to 3-HHA. In 

addition, 6-G and 5-S of 3-HPAA and one S of PAA were also quantified in the 

samples. 

Finally, metabolites of hydroxycinnamic acids were also found in urine samples. After a 

reduction of the double bond of CA, DHCA was obtained together with 8-G and 7-S 

metabolites after its passage through the liver. Subsequent dehydroxylation led to 3-(3-

HPPA). After a double β-oxidation and posterior glycination in the liver, 3-HHA was 

formed[9]. HFA and 8-G and 4-S metabolites were also found in urine after the 

reduction of the double bond of FA. Successive demethylation and dehydroxylation 

resulted in 3-(4-HPPA). Another compound obtained in high quantities was HVA, 

which may have arisen directly from the cleavage of the hexoside group in the HVA-H 

found in tomato and sauces, or through the methylation of 3/4-HPAA[36]. 

As mentioned above, the sum of the G and S of each phenolic acid in urine after the 

three interventions is shown in Figure 3. In general, a change in the slope of the curves 

was observed, indicating an increase in the excretion of almost all the compounds 6-12h 

after the interventions, demonstrating their absorption and metabolism in the colon[33]. 

On the contrary, hydroxycinnamic acids, flavanones or flavanols were absorbed in the 
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small intestine. The higher urine concentrations of G and S metabolites than their 

aglycones indicate an extensive metabolism of phenolic compounds. Comparing 

interventions, few significant differences were obtained, only for HFA-G, HFA-S, 3,4-

DHPAA and PAA-S between tomato and OF. These results could be attributed to 

individual variability, as different microbiota in each volunteer can result in a distinct 

transformation and absorption. 

4. Conclusions

An extensive identification and quantification of phenolic compounds was achieved 

after the ingestion of tomato and tomato sauces with and without refined olive oil. Ten 

phenolics were quantified in plasma and ninety-three in urine, including flavanones, 

hydroxycinnamic acids, flavonols and microbiota metabolites. The bioavailability of N-

G and Q was higher in ROOE than in tomato or OF, suggesting it may be enhanced by 

tomato processing as well as the addition of an oil matrix. A double peak in the plasma 

pharmacokinetics profile of N-G, Q and FA-G after the ingestion of ROOE indicated 

that the addition of a fatty matrix to tomato sauce may favour the reabsorption of the 

compounds through enterohepatic circulation. 55 microbial metabolites found in urine 

were derived from the ingestion of tomato and tomato sauces. Higher concentrations 

were obtained for the glucuronide and sulfate metabolites than for their aglycones but 

almost without significant differences, which was probably due to variability among the 

volunteers. 

In conclusion, the mechanical treatment and addition of a fatty matrix to the tomato 

sauce enhanced the bioavailability of the phenolic compounds N and Q contained in the 

fruit, favouring their beneficial effects in cells and tissues. Further studies in which the 

matrix effect is extensively evaluated in other fruits and vegetables should be 

performed. 
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FIGURE CAPTIONS 

Figure 1.  

MS
2
 spectra of 3-(4-HPPA)-S(A) and DHCA-G(B).

Figure 2. 

Mean plasma concentration versus time of N-G in the three interventions(A), FA-G-I, 

II, III and IV in ROOE(B) and Q in the three interventions(C). 

Figure 3. 

Cumulative urinary excretion curves for phenolics and the sum of metabolites of each 

acid in the three interventions. 

Figure 4. 

Metabolic pathway tentatively proposed for the microbiota derivatives of the phenolic 

compounds present in raw tomato and tomato sauces. 

Page 24 of 36

Wiley-VCH

Molecular Nutrition and Food Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Resultados

167



Fo
r P

ee
r R

ev
ie

w

T
ab

le
 1

. 
P

h
en

o
li

c 
co

m
p
o
u

n
d
s 

in
 t

o
m

at
o

es
 a

n
d

 t
o
m

at
o
 s

au
ce

s 
ad

m
in

is
te

re
d

 t
o
 t

h
e 

v
o
lu

n
te

er
s.

 

C
o
m

p
o
u

n
d
 

R
T

 
M

R
M

 
T

O
M

A
T

O
 

O
F

 
R

O
O

E
 

(m
in

)  
(m

/z
) 

n
g
/g

 F
W

 
n

g
/g

 F
W

 
n
g
/g

 F
W

 

3
-C

af
fe

o
y
lq

u
in

ic
 a

ci
d

1
.0

7
 

3
5
3
→

1
9
1
 

2
9
0
.4

±
1

2
.1

 
2
1
9

.3
±

3
.1

 
5

0
8
.9

±
2
8

.9
 

5
-C

af
fe

o
y
lq

u
in

ic
 a

ci
d

1
.2

6
 

3
5
3
→

1
9
1
 

1
0
7
4
.6

±
1

1
1
.9

 
9
0

8
.4

±
1
3
.7

 
7

7
0
.0

±
4
7

.0
 

4
-C

af
fe

o
y
lq

u
in

ic
 a

ci
d

1
.4

9
 

3
5
3
→

1
9
1
 

1
1
4

6
.9

±
1
6
.7

a  
6
2

5
.1

±
1
3
.7

 
6
7
9

.3
±

4
.8

a  

D
ic

af
fe

o
y
lq

u
in

ic
 a

ci
d

 
1
.9

1
 

5
1
5
→

3
5
3
 

1
4
.1

±
0

.4
 

0
.2

±
0
.2

 
3

.0
±

0
.8

 

T
ri

ca
ff

eo
y
lq

u
in

ic
 a

ci
d
 

2
.0

6
 

6
7
7
→

5
1
5
 

9
9
.5

±
3

.8
 

1
9
.0

±
0
.8

 
2
1
.0

±
2
.4

 

C
af

fe
ic

 a
ci

d
 

1
.4

5
 

1
7
9
→

1
3
5
 

5
0
9
.6

±
2

2
.0

 
5
8
2

.4
±

2
.7

 
6

3
4
.6

±
2
3

.2
 

C
af

fe
ic

 a
ci

d
 h

ex
o

si
d
e 

I 
1
.0

0
 

3
4
1
→

1
7
9
 

1
5

7
2
.0

±
2
3
.1

 
1
3

2
6
.4

±
8
.2

 
1
3
6

3
.7

±
4
2
.6

 

C
af

fe
ic

 a
ci

d
 h

ex
o

si
d
e 

II
 

1
.2

2
 

3
4
1
→

1
7
9
 

7
6
9
.9

±
3

8
.5

 
6
2
4

.0
±

9
.6

 
6

4
4
.9

±
2
2

.6
 

F
er

u
li

c 
ac

id
 

1
.8

5
 

1
9
3
→

1
3
4
 

4
8
8
.5

±
2

7
.0

 
n
.d

.
n
.d

.

F
er

u
li

c 
ac

id
 h

ex
o
si

d
e 

1
.1

4
 

3
5
5
→

1
9
3
 

3
0

8
4
.2

±
9
0
.3

 
3
0
9

1
.0

±
1
1
5
.8

 
2
4
5

6
.2

±
2
9
.0

 

C
o
u
m

ar
ic

 a
ci

d
 h

ex
o

si
d

e 
I 

1
.0

2
 

3
2
5
→

1
6
3
 

6
0
1
.1

±
2

7
.0

 
9
6
.9

±
1
6

.6
 

6
6

.4
±

1
2
.2

 

C
o
u
m

ar
ic

 a
ci

d
 h

ex
o

si
d

e 
II

 
1
.3

1
 

3
2
5
→

1
6
3
 

4
3
3
.3

±
1
2

.2
a  

6
1
0

.0
±

3
.5

 
6
1
9

.0
±

2
.8

a  

P
ro

to
ca

te
ch

u
ic

 a
ci

d
 

0
.9

8
 

1
5
3
→

1
0
9
 

n
.d

.
1
7
0

.1
±

5
.0

 
1
4

1
.9

±
2
.4

 

P
ag

e 
25

 o
f 

36

W
ile

y-
V

C
H

M
o

le
cu

la
r 

N
u

tr
it

io
n

 a
n

d
 F

o
o

d
 R

es
ea

rc
h

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60

Resultados

168



Fo
r P

ee
r R

ev
ie

w

H
o

m
o

v
an

il
li

c 
ac

id
 h

ex
o

si
d
e 

1
.2

5
 

3
4
3
→

1
8
1
 

9
3

5
3
6
.9

±
2

9
3
5
.6

 
1
3
8

3
3
9
.8

±
5

1
7
0
.2

 
1

2
7
8
0

2
.2

±
1
7
6
0

.3
 

 Q
u
an

ti
fi

ed
 p

h
en

o
li

c 
ac

id
s 

o
ra

ll
y
 a

d
m

in
is

tr
at

ed
 (

µ
g
)*

 
5
1

8
1
1
 

3
6
6
5
3
 

3
3
9

2
8
 

N
ar

in
g
en

in
 

2
.2

6
 

2
7
1
→

1
5
1
 

4
7
8
7
.7

±
6

3
6
.3

 
6
6
4
7
.1

±
3

4
.8

 
7
4

8
2
.5

±
2
1

4
.8

 

N
ar

in
g
en

in
 g

lu
co

si
d

e 
1
.9

4
 

4
3
3
→

2
7
1
 

8
5
.5

±
1
0
.3

 
2
5
9

.3
±

3
.2

 
2
6

9
.7

±
8
.6

 

 Q
u
an

ti
fi

ed
 f

la
v

an
o
n
es

 o
ra

ll
y
 a

d
m

in
is

tr
at

ed
  
(µ

g
)*

 
2
4
3
7
 

1
7

2
7
 

1
9
3
8
 

Q
u

er
ce

ti
n
 

2
.1

3
 

3
0
1
→

1
5
1
 

2
5
4
.6

±
3
.2

 
2
6
7

.8
±

0
.4

 
2

8
3
.4

±
1
6

.6
 

R
u
ti

n
 

1
.7

7
 

6
0
9
→

3
0
0
 

2
2

1
5
.8

±
9
3
.4

 
5
3
8
8
.7

±
1

5
.1

 
5
0
9

9
.9

±
6
0
.5

 

 Q
u
an

ti
fi

ed
 f

la
v

o
n
o
ls

 o
ra

ll
y
 a

d
m

in
is

tr
at

ed
  
(µ

g
)*

 
1
2
3
5
 

1
4

1
4
 

1
3
4
6
 

*
C

o
rr

es
p

o
n

d
in

g
 t

o
 t

h
e 

si
n
g
le

 d
o
se

 a
d

m
in

is
tr

at
ed

 t
o
 t

h
e 

v
o
lu

n
te

er
s 

5
0
0

g
 t

o
m

at
o
 a

n
d
 2

5
0

g
 s

au
ce

s.
 R

e
su

lt
s 

ex
p
re

ss
ed

 a
s 

m
ea

n
±

S
D

. 
V

al
u
es

 i
n
 a

 r
o
w

 w
it

h
 t

h
e 

sa
m

e 
le

tt
er

s 
ar

e

si
g
n
if

ic
a
n
tl

y
 d

if
fe

re
n
t(

p
<

0
.0

5
).

 R
et

en
ti

o
n

 t
im

e(
R

T
),

 M
u
lt

ip
le

 r
ea

ct
io

n
 m

o
n
it

o
ri

n
g
(M

R
M

),
 O

il
 f

re
e 

sa
u
ce

(O
F

),
 R

ef
in

ed
 O

li
v
e 

O
il

 E
n
ri

ch
ed

(R
O

O
E

),
 F

re
sh

 W
ei

g
h
t(

F
W

).
 

P
ag

e 
26

 o
f 

36

W
ile

y-
V

C
H

M
o

le
cu

la
r 

N
u

tr
it

io
n

 a
n

d
 F

o
o

d
 R

es
ea

rc
h

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60

Resultados

169



For Peer Review

Table 2. Identification of phenolic metabolites through UHPLC-Orbitrap. 

Compounds 

RT 

(min) 

Molecular 

Formula 

Acc 

Mass 

Error 

(mDa) 

MS2 ions 

CA-G-I 1.45 C15H15O10 355.0665 0.067 179,135 

CA-G-II 1.56 C15H15O10 355.0665 0.853 179,135 

CA-G-III 1.84 C15H15O10 355.0665 0.393 311,179,135 

CA-G-IV 2.07 C15H15O10 355.0665 0.633 311,179,135 

CA-G-V 2.31 C15H15O10 355.0665 0.273 311,179,135 

CA-S- I 1.77 C9H7O7S 258.9912 0.310 215,179,135 

CA-S- II 1.87 C9H7O7S 258.9912 0.280 215,179,135 

CA-S- III 1.95 C9H7O7S 258.9912 0.020 215,179,135 

CA-S- IV 2.01 C9H7O7S 258.9912 0.210 215,179,135 

CouA-S-I 1.79 C9H7O6S 242.9963 0.085 199,163,119 

CouA-S-II 1.92 C9H7O6S 242.9963 0.115 199,163,119 

CouA-S-III 2.04 C9H7O6S 242.9963 0.275 199,163,119 

CouA-S-IV 2.12 C9H7O6S 242.9963 0.495 199,163,119 

FA-G-I 1.53 C16H17O10 369.0821 0.203 193,175,149,134,113 

FA-G-II 1.88 C16H17O10 369.0821 0.933 351,193,175,134,113 

FA-G-III 2.08 C16H17O10 369.0821 1.183 351,325,193,175,134,113 

FA-G-IV 2.17 C16H17O10 369.0821 1.723 351,325,193 

FA-S-I 1.87 C10H9O7S 273.0069 0.950 193,149,134 

FA-S-II 1.98 C10H9O7S 273.0069 0.630 193,149,134 

FA-S-III 2.10 C10H9O7S 273.0069 0.460 193,149,134 

DHCA-G-I 0.75 C15H17O10 357.0821 0.382 181,137 

DHCA-G-II 0.85 C15H17O10 357.0821 0.258 181,175,166,113 

DHCA-G-III 0.98 C15H17O10 357.0821 1.632 181,175 

DHCA-G-IV 1.03 C15H17O10 357.0821 0.752 295,181,175,113 
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DHCA-G-V 1.12 C15H17O10 357.0821 0.082 339,181,175,166,137,113 

DHCA-G-VI 1.32 C15H17O10 357.0821 0.038 313,175,137,113 

DHCA-G-VII 1.39 C15H17O10 357.0821 0.502 313,181,175,137,113 

DHCA-G-VIII 1.52 C15H17O10 357.0821 1.242 181,175,166,137,113 

3-HPAA-S-I 0.69 C8H7O6S 230.9963 0.066 187,151,107 

3-HPAA-S-II 0.91 C8H7O6S 230.9963 0.241 151,107 

3-HPAA-S-III 1.00 C8H7O6S 230.9963 0.054 187,151,143,133,107 

3-HPAA-S-IV 1.12 C8H7O6S 230.9963 0.686 213,187,151,107 

3-HPAA-S-V 1.18 C8H7O6S 230.9963 0.214 213,187,151,107 

3-(4-HPPA)-G-I 1.78 C15H17O9 341.0872 0.217 323,297,193,175,165,121,113 

3-(4-HPPA)-G-II 1.85 C15H17O9 341.0872 0.987 323,175,165,121,113 

3-(4-HPPA)-S-I 0.70 C9H9O6S 245.0119 0.414 227,165,121 

3-(4-HPPA)-S-II 1.04 C9H9O6S 245.0119 0.296 227,201,165,121 

3-(4-HPPA)-S-III 1.26 C9H9O6S 245.0119 0.414 165,121 

3-(4-HPPA)-S-IV 1.32 C9H9O6S 245.0119 0.284 227,165,121 

3-(4-HPPA)-S-V 1.59 C9H9O6S 245.0119 0.574 227,165,121,119 

3-(4-HPPA)-S-VI 1.66 C9H9O6S 245.0119 0.574 227,165,121,119 

HFA-G-I 1.14 C16H19O10 371.0978 0.137 353,327,195 

HFA-G-II 1.41 C16H19O10 371.0978 0.597 356,353,327,195 

HFA-G-III 1.58 C16H19O10 371.0978 0.223 353,195,175,151,136,113 

HFA-G-IV 1.67 C16H19O10 371.0978 0.903 353,195,175,113 

HFA-G-V 1.75 C16H19O10 371.0978 0.357 353,195,175,151,139,136,113 

HFA-G-VI 1.83 C16H19O10 371.0978 0.443 353,195,175,119,113 

HFA-G-VII 1.91 C16H19O10 371.0978 0.743 353,195,175,113 

HFA-G-VIII 2.14 C16H19O10 371.0978 0.713 353,195,175,151,139,113 

HFA-S-I 1.44 C10H11O7S 275.0225 0.300 195,136,135,134 
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5. Discusión general

El tomate tiene propiedades beneficiosas contra el riesgo de padecer ciertos tipos de 

cáncer o enfermedades cardiovasculares gracias a la gran variedad de compuestos 

bioactivos que posee. Dentro de estos compuestos encontramos a la familia de los 

polifenoles. Se ha discutido mucho tanto sobre el efecto que tiene el procesado de 

tomate o sus derivados en la biodisponibilidad de los carotenoides como sobre el efecto 

de la adición de una matriz lipídica, pero no existen muchas evidencias científicas 

donde se estudie este efecto en los polifenoles. Por esta razón, la hipótesis de esta tesis 

doctoral se basó en si el procesado de tomate y la adición de una matriz lipídica durante 

el tratamiento del fruto favorecían la extractabilidad y, por lo tanto, la biodisponibilidad 

de los compuestos fenólicos contenidos en los productos. El objetivo de la tesis fue 

verificar si la biodisponibilidad de los compuestos fenólicos presentes en el tomate y sus 

derivados estaba influenciada por la tipología de la ingesta (tomate o salsa de tomate) y 

por la adición de una matriz lipídica añadida durante el procesado.  

En primer lugar se validaron tres métodos analíticos, uno por HPLC-MS/MS 

(publicación 1) y dos más con UHPLC-MS/MS (publicaciones 4 y 5). En segundo 

lugar, se diseñaron tres ensayos clínicos de intervención para verificar si la 

biodisponibilidad de los compuestos fenólicos presentes en el tomate y sus derivados 

estaba influenciada por el tipo de producto consumido o por la adición de una matriz 

lipídica añadida durante el procesado. El primer estudio de intervención (publicación 1) 

estudia el efecto de la adición de una matriz lipídica añadida durante el procesado de 

salsas de tomate y el segundo y tercero (publicaciones 3 y 6) estudian en conjunto la 

influencia de la tipología de la ingesta y la adición de aceite.  

- Validación de métodos analíticos para muestras de alimentos y biológicas

Previo al análisis de muestras, fue necesaria la validación de un buen método analítico 

para poder asegurar la correcta identificación de los compuestos y obtener la máxima 

sensibilidad para detectar los posibles metabolitos a concentraciones muy bajas. En el 

primer método de HPLC-MS/MS, se validaron 11 compuestos fenólicos en plasma y 

orina derivados del consumo de tomate y salsas de tomate permitiendo la identificación 

y cuantificación de cada uno de ellos en un tiempo total de 17 minutos. Las 

recuperaciones fueron superiores al 95% en ambas matrices, exceptuando el 

ácido 4-hidroxihipúrico con valores de 75% y 73% en orina y plasma, respectivamente, 

y para la quercetina con un 65% en orina. Los LODs y LOQs fueron similares o 
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mejoraron en el caso del ácido caféico, ácido 5-cafeoilquínico y la quercetina a 

comparación de otros valores reportados en las mismas matrices
80,81

. Tanto la exactitud

como la precisión cumplieron los límites establecidos por la AOAC
82

.

Posteriormente, se desarrollaron dos métodos y se validaron. Para ello, se adaptaron los 

métodos utilizados en HPLC-MS/MS
65,83

 por nuestro grupo de investigación a

UHPLC-MS/MS. Se validaron en muestras de alimentos, tales como, tomates cherry, 

salsa de tomate y zumo de tomate, y en muestras biológicas, plasma y orina. La 

validación en alimentos presentó recuperaciones superiores al 90% en todos los 

compuestos estudiados y los LODs y LOQs fueron inferiores a los encontrados por 

HPLC-MS/MS
65

. Resultados similares se observaron en la validación de las muestras

biológicas. Se mejoró la sensibilidad y la eficacia de la mayoría de los compuestos 

estudiados y se disminuyó el tiempo de análisis de 17 a 3.5 min respecto al método 

anteriormente validado por HPLC-MS/MS
83

. Gracias a dichas mejoras, se pueden

analizar más muestras en un menor tiempo, reduciendo de esta forma los costes 

relacionados con el análisis
84

.

- Estudios de intervención en humanos

Se realizaron 2 ensayos de intervención en voluntarios sanos. El primer estudio 

(publicación 2) se llevó a cabo en 5 voluntarios varones a los que se les suministró 

100 g de salsa de tomate sin aceite (OF), 100 g de salsa de tomate con aceite de oliva 

virgen extra (VOOE) y 100 g de salsa de tomate con aceite de oliva refinado (ROOE) 

para estudiar la biodisponibilidad de los compuestos fenólicos según la matriz lipídica 

añadida. En el segundo estudio se realizó un primer ensayo piloto, con 8 voluntarios 

sanos (publicación 3), y, a continuación, se elevó el número de voluntarios a 40 para 

obtener unos resultados más representativos de la población (publicación 6). Las 

intervenciones de estos dos estudios fueron 500 g de tomate fresco por 70 Kg de peso 

del voluntario y 250 g de ROOE u OF por cada 70 Kg de peso del voluntario.  

En el análisis de los compuestos fenólicos de las salsas y tomates utilizados para los 

3 estudios, se pudo observar que los fenoles encontrados pertenecían a la familia de las 

flavanonas, flavonoles y ácidos fenólicos, como ya se ha descrito en estudios 

anteriores
59,65,85–87

. En concreto, dentro de los ácidos fenólicos, destacaron los ácidos

hidroxicinámicos y sus conjugados como el ácido 5-cafeoilquínico o el 

ácido homovanílico hexósido. La flavanona naringenina fue el compuesto mayoritario 

en las salsas junto con el flavonol, rutina. Cuando se compararon las concentraciones de 

los compuestos en tomate y en salsas se puede observar que para la naringenina y rutina, 
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la concentración encontrada es mayor en las salsas que en el tomate fresco. Este hecho, 

repetido en las intervenciones de los tres ensayos realizados, nos permite llegar a la 

conclusión que el tratamiento mecánico y térmico utilizado para la obtención de las 

salsas a partir del tomate fresco ayuda a la liberación de ciertos compuestos de la matriz 

del alimento
88

. En el caso de la naringenina existen estudios donde se demuestra que el

compuesto está atrapado en la membrana de la matriz del fruto interactuando con 

poliésteres insolubles de la fibra del tomate. Los tratamientos mecánicos y térmicos 

permiten la rotura de estas interacciones incrementando la bioaccesibilidad de la 

naringenina
89

. Por lo que respecta a la adición de aceite en las salsas, no se observan

grandes diferencias entre ROOE y OF, por lo que, esta matriz parece no favorecer la 

extracción de estos compuestos. Estudios similares en los que se estudiaba la 

interacción de aceite de oliva virgen extra en salsas de tomate demostraron cómo a 

mayor cantidad de aceite (10%) incrementaba la extractabilidad de los compuestos 

fenólicos contenidos en la salsa
62

. Una posible razón por la que este hecho no ocurriera

en nuestras muestras sería que la cantidad de aceite añadida a la salsa (5%) no fuera lo 

suficientemente elevada para ayudar a los compuestos a extraerse mejor. 

Tras el primer estudio de intervención, se detectaron dos metabolitos en plasma, 

naringenina glucurónido y ácido ferúlico glucurónido, mientras que en orina, a parte de 

estos dos compuestos, se cuantificó también la naringenina y los ácidos cafeico y 

ferúlico con sus respectivos glucurónidos. En el segundo estudio, se detectaron un 

mayor número de compuestos, cuatro en plasma y once en orina. En esta ocasión, a 

parte de los dos compuestos ya descritos en plasma en el estudio previo, se hallaron 

también la naringenina y el ácido cafeico glucurónido. En orina se sumaron a los 

6 compuestos hallados con anterioridad, el ácido 5-cafeoilquínio, el ácido 

dihidrocafeico y el ácido dihidroferúlico, este último con sus respectivos metabolitos de 

fase II, glucurónido y sulfato. Este incremento probablemente debido a los cambios 

producidos en el diseño del estudio, ya que se aumentó la dosis de 100 g de salsas a 

250 g, además de administrar la dosis según el peso del voluntario
90

. Por último, en el

tercer estudio, el número de metabolitos detectados aumentó a 10 compuestos en plasma 

y 93 en orina. En esta ocasión, se pudieron detectar muchos más metabolitos 

posiblemente gracias a la mejora de los LODs y LOQs de los compuestos debido al uso 

de UHPLC-MS/MS. También en este estudio se realizó un screening de posibles 

metabolitos derivados de la microbiota y metabolitos de fase II no investigados en los 

estudios previos, por lo que, se ha conseguido determinar un amplio número de 
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compuestos, especialmente en las muestras de orina. Todos ellos fueron debidamente 

identificados por un espectrómetro de masas de alta resolución (UHPLC-LTQ-Orbitrap-

MS).  

Por lo que respecta a los parámetros farmacocinéticos de los tres estudios, se confirma 

lo observado en el análisis de las salsas, donde el procesado térmico y mecánico durante 

la preparación de éstas libera la flavanona naringenina de la matriz del tomate 

incrementando su bioaccesibilidad
19

. En los tres estudios, la concentración máxima

(Cmax) y área bajo la curva (AUClast) es más elevada en las salsas que en los tomates 

frescos. En cambio, el tiempo máximo para llegar a la máxima concentración (tmax) son 

superiores tras el consumo de tomate crudo que en las salsas, demostrando con ello, que 

la absorción es más lenta en esta matriz. También se pudo observar el rápido 

metabolismo de la flavanona naringenina en el epitelio intestinal al aparecer su 

metabolito de fase II, naringenina glucurónido, a tiempos muy tempranos (tmax < 1 h) 

igual que unas elevadas Cmax y AUClast a comparación de su aglicona
91,92

. Si

comparamos el metabolito entre intervenciones, también hay una clara diferencia entre 

salsas y tomate fresco, encontrándose valores superiores en las salsas como ya ocurría 

con su aglicona
19

.

La adición de una matriz lipídica a las salsas también parece estar asociada a un 

aumento en la concentración de polifenoles, posiblemente debido a la afinidad del 

compuesto a los componentes lipofílicos del aceite de oliva o a que los ácidos grasos 

parecen favorecer la absorción de algunos polifenoles. Ban et al.
93

 demostró la

protección y la mejora de la bioaccesibilidad de algunos flavonoides (naringenina, 

quercetina y hesperidina) utilizando nanopartículas lipídicas; estas nanopartículas, 

compuestas por lípidos fisiológicos, eran resistentes a las duras condiciones en el 

sistema digestivo y mejoraron la bioaccesibilidad y la protección de los flavonoides 

hasta su absorción en los enterocitos. El aceite de oliva refinado utilizado para la 

elaboración de la salsa puede actuar como sistema de nanopartículas lipídicas, ayudando 

a la naringenina a ser absorbida o los ácidos grasos del aceite pueden favorecer su 

absorción. Estos resultados fueron corroborados al obtener valores mínimamente 

superiores de AUClast en ROOE respecto a OF o tomate fresco, pero sin diferencias 

significativas, probablemente debido a la elevada variabilidad entre los voluntarios. 

Resultados similares se obtienen en los flavonoles, en particular, la quercetina. Cmax y 

AUClast fueron superiores en las salsas y ligeramente superiores en la salsa con aceite, 

hecho que demuestra que el proceso mecánico y térmico mejora la biodisponibilidad de 
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los flavonoles. La quercetina es un compuesto lipófilo, por lo tanto, la adición de una 

matriz lipídica a la salsa podría aumentar la biodisponibilidad del compuesto 

potenciando su presencia en plasma
94

.

En el caso de los ácidos hidroxicinámicos, en particular, el ácido ferúlico y sus 

metabolitos, encontramos que el tmax fue ligeramente más alto que el obtenido por la 

naringenina o naringenina glucurónido, sobretodo en la salsa con aceite. Una posible 

razón para el retraso en su aparición en plasma puede ser debido al complejo 

metabolismo que experimenta el compuesto, ya que puede ser hidrolizado a 

ácido cafeico
95

. Otra posible razón es que el ácido ferúlico es un compuesto hidrófilo

por lo que la presencia de una matriz lipídica puede no ayudar a su absorción resultando 

un incremento de tmax
96

.

Se encontraron comportamientos bifásicos para la naringenina glucurónido, 

ácido ferúlico glucurónido y quercetina en las salsas con aceite. Este perfil bifásico 

también fue observado en otros estudios que atribuyen el segundo pico a un 

glucuronidación en el hígado con la participación de UDP-glucuronosiltransferasa. 

Después de ello, los compuestos pasan a la circulación enterohepática y vuelven a ser 

absorbidos, por lo que se produce el segundo pico presente en plasma
92,97,98

. Una

segunda razón, en el caso de la quercetina, es su aparición tras la hidrólisis de la rutina. 

Shimoi et al.
94

 demostró que la rutina se absorbe más lentamente que la quercetina. Este

hecho puede hacer que la transformación de rutina a quercetina se produzca más 

lentamente, y la aparición de un segundo pico de quercetina en muestras de plasma 

pueda ser debido a esta conversión. Una vida media más larga de los compuestos 

fenólicos puede mejorar sus funciones beneficiosas en el organismo, ya que los 

metabolitos podrían ser fisiológicamente activos y además algunos tejidos a menudo 

poseen hidrolasas (por ejemplo, β-glucosidasas o sulfatasas) que pueden reconvertir 

estos metabolitos de nuevo en sus agliconas. 

Una amplia variedad de compuestos fenólicos y metabolitos derivados de la microbiota 

pertenecientes a flavanonas, ácidos hidroxicinámicos y flavonoles se han cuantificado 

en muestras de orina. El metabolito glucuronidado de la naringenina presenta unos 

valores superiores de excreción máxima acumulada respecto a su aglicona, confirmando 

lo descrito en el plasma sobre el metabolismo de la naringenina
91

. De igual modo, se

demostró la mejora en la biodisponibilidad del compuesto tras el procesado de tomate al 

obtener valores superiores de naringenina y naringenina glucurónido en las salsas en 

comparación con el fruto. Los flavonoles presentaron niveles muy bajos en comparación 
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con las flavanonas. Por lo que respecta a la excreción urinaria de los 

ácidos hidroxicinámicos, compuestos que no habían sido detectados en plasma, se 

cuantifican en orina como los ácidos 5-cafeoilquínico, ferúlico, cumárico y cafeico, así 

como sus metabolitos. Diversos estudios demuestran que la biodisponibilidad de estos 

ácidos es baja, pero además se forman una gran variedad de metabolitos de fase II o 

compuestos de la microbiota derivados de dichos ácidos hidroxicinámicos
99,100

. Este

hecho es demostrado si se observan los valores superiores en la excreción máxima 

acumulada de los metabolitos respecto a sus agliconas. También se encontraron, en el 

último estudio, una diversidad de compuestos derivados de la microbiota a partir de la 

naringenina,     ácidos hidroxicinámicos y flavonoles, como la rutina o quercetina. A 

partir de la naringenina, se pudo cuantificar el ácido 3-(4-hidroxifenilpropiónico), 

formándose a partir de éste, el ácido 4-hidroxihupúrico
101,102

. También se hallaron los

ácidos 3,4-dihidroxifenilacético, 3-(3-hidroxifenilpropiónico), 3-hidroxifenilacético y 

fenilacético
95

, derivados del metabolismo de la rutina y quercetina. Por último, a partir

de los ácidos hidroxicinámicos, ácidos ferúlico, cafeico y 5-cafeoilquínico, se 

cuantificaron los ácidos dihidrocafeico, 3-(3-hidroxifenilpropiónico), hidroxihipúrico, 

hidroferúlico, 3-(4-hidroxifenilpropiónico) y homovanílico
95,102

. Metabolitos de fase II

de estos compuestos derivados de la microbiota se hallaron a concentraciones elevadas. 

Estos compuestos podrían haber sido metabolizados en el hígado tras haber sido 

absorbidos por el sistema circulatorio
99

. No se observan diferencias significativas en

ninguno de los compuestos cuantificados en orina, aunque aparentemente mostraran una 

tendencia de mayor excreción en las salsas con aceite. Este hecho se atribuye a la gran 

variabilidad interindividual que existe entre los voluntarios derivado de causas 

fisiológicas (peso, composición, hormonas o motilidad gástrica) y moleculares 

(diferencias en la actividad o la expresión de los transportadores o enzimas implicadas 

en la biotransformación)
103

.
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6. Conclusiones

De los resultados obtenidos en los diferentes trabajos realizados durante esta tesis 

doctoral derivan las siguientes conclusiones: 

1. Para poder llevar a cabo los estudios de biodisponibilidad, se desarrollaron y 

validaron una metodología por cromatografía líquida de alta resolución acoplada 

a espectrometría de masas y dos metodologías por cromatografía líquida de ultra 

alta resolución acoplada a espectrometría de masas, que permitieron el análisis 

de compuestos fenólicos presentes en tomate, productos derivados y muestras 

biológicas.

2. La flavanona naringenina, los ácidos hidroxicinámicos como el 

ácido 5-cafeoilquínico o ácido homovanílico hexóxido, y el flavonol, rutina, se 

confirman como los compuestos fenólicos mayoritarios en tomates frescos y 

productos derivados de tomate.

3. El tratamiento mecánico y térmico favorecen la bioaccesibilidad de los 

compuestos fenólicos de los tomates y derivados.

4. La adición de una matriz lipídica al 5%, incrementa la concentración de los 

compuestos fenólicos pero de manera no significativa, por lo que parece no ser 

suficiente la concentración añadida para la buena extractabilidad de los 

compuestos fenólicos de la matriz del tomate y derivados.

5. El tratamiento térmico y mecánico y la adición de una matriz lipídica ayudan a 

incrementar la bioaccesibilidad de la naringenina y quercetina y de sus 

metabolitos.

6. La adición de aceite a las salsas de tomate retrasa la aparición en plasma de los 

ácidos hidroxicinámicos, en particular del ácido ferúlico y sus metabolitos.

7. La flavanona naringenina presenta un rápido metabolismo al aparecer su 

metabolito, naringenina glucurónido, a tiempos inferiores a una hora en plasma.

8. La matriz lipídica añadida a las salsas de tomate puede estimular la reabsorción 

por vía enterohepática de la naringenina glucurónido, el ácido ferúlico 

glucurónido y la quercetina, aumentando la vida media plasmática de 

los compuestos, pero no significativamente. 
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9. Los compuestos fenólicos del tomate presentan un gran metabolismo tanto de

fase II como de la microbiota.

10. Existe una tendencia de mayor excreción urinaria de compuestos fenólicos tras

la ingesta de salsas de tomate con aceite en comparación con salsa de tomate y

tomate crudo, pero la gran variabilidad interindividual existente entre los

voluntarios, no permite obtener diferencias significativas.
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6. Conclusions

From the results obtained in the different studies performed during this thesis derived 

the following conclusions: 

1. For the biavailability studies, one high resolution liquid chromatography 

coupled to mass spectrometry and two ultra-high resolution liquid 

chromatography coupled to mass spectrometry methodologies were developed 

and validated for the analysis of phenolic compounds present in tomato, its 

products and in biological samples.

2. Flavanone naringenin, hydroxycinnamic acids such as 5-caffeoylquinic acid and 

homovanillic acid hexoside or the flavonol, rutin, were confirmed as the major 

phenolic compounds in fresh tomatoes and tomato products.

3. The mechanical and thermal treatments help tomato phenolic compounds and 

derivatives to be more bioaccessible.

4. The proportion of the lipid matrix (5%) seems to be not enough for increasing the 

extractability of phenolic compounds and its derivatives from the matrix.

5. The thermal and mechanical treatments and the addition of a lipid matrix 

enhances the bioavailability of naringenin and quercetin and their metabolites.

6. The addition of oil to tomato sauces delays the appearance in plasma of 

hydroxycinnamic acids, including ferulic acid and its metabolites.

7. The flavanone naringenin has a fast metabolism as its metabolite, 

naringenin glucuronide, appears in plasma before an hour.

8. The lipid matrix added to tomato sauces can stimulate naringenin glucuronide, 

quercetin and ferulic acid glucuronide enterohepatic reabsorption, increasing 

plasma half-life of the compounds, but not significantly.

9. Tomato phenolic compounds present both substantial phase II and microbiota 

metabolisms.

10. There is a trend of increased urinary excretion in sauces with oil, but large 

interindividual variability exists among volunteers, yielding no significant 

differences.  
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8. Anexo

8.1. Otras publicaciones en revistas 

En este anexo se incluyen otras publicaciones que no forman parte propiamente del 

trabajo de tesis doctoral: 

 Publicación 7. Perfil fenólico y capacidad antioxidante hidrofílica como

marcadores quimiotaxonómicos de variedades de tomate.

Phenolic Profile and Hydrophilic Antioxidant Capacity as Chemotaxonomic

Markers of Tomato Varieties. Anna Vallverdú-Queralt, Alexander Medina-

Remón, Miriam Martínez-Huélamo, Olga Jáuregui, Cristina Andres-Lacueva,

and Rosa M. Lamuela-Raventós. Journal of Agricultural and Food Chemistry.

2011, 59:3994-4001.

 Publicación 8. Diferencias en el contenido de carotenoides en kétchups y

gazpachos mediante el uso de HPLC/ESI(Li+)-MS/MS correlacionados con su

capacidad antioxidante.

Differences in the carotenoid content of ketchups and  gazpachos through

HPLC/ESI(Li+)-MS/MS correlated with their antioxidant capacity. Anna

Vallverdú-Queralt, Miriam Martínez-Huélamo, Sara Arranz-Martínez,  Esther

Miralles, and Rosa M. Lamuela-Raventós. Journal of the Science of Food and

Agriculture. 2012, 92:2043-2049.

 Publicación 9. Las condiciones analíticas son un paso crucial en la

cuantificación de los polifenoles, los cuales son inestable en condiciones ácidas:

Análisis de prenilflavanoides en muestras biológicas mediante cromatografía de

líquidos acoplada a espectrometría de masas en triple cuadrupolo con ionización

por electrospray.

Analytical Condition Setting a Crucial Step in the Quantification of Unstable

Polyphenols in Acidic Conditions: Analyzing Prenylflavanoids in Biological

Samples by Liquid Chromatography−Electrospray Ionization Triple Quadruple

Mass  Spectrometry. Paola Quifer-Rada, Miriam Martínez-Huélamo, Olga

Jáuregui, Gemma Chiva-Blanch, Ramón Estruch, and Rosa M. Lamuela-

Raventós. Analytical Chemistry. 2013, 85(11):5547-5554.
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 Publicación 10. Estudio exhaustivo del perfil fenólico de hierbas y especias

culinarias ampliamente utilizadas: romero, tomillo, orégano, canela, comino y

laurel.

A comprehensive study on the phenolic profile of widely used culinary herbs

and spices: Rosemary, thyme, oregano, cinnamon, cumin and bay. Anna

Vallverdú-Queralt, Jorge Regueiro, Miriam Martínez-Huélamo, Jose Fernando

Rinaldi Alvarenga, Leonel Neto Leal, and Rosa M. Lamuela-Raventós. Food

Chemistry. 2014, 154:299-307.

 Publicación 11. Diferencias en el perfil de carotenoides de productos elaborados

con tomate orgánico y convencional disponibles en el mercado.

Differences in the carotenoid profile of commercially available organic and

conventional tomato-based products. Anna Vallverdú-Queralt, Miriam

Martínez-Huélamo, Isidre Casals-Ribes, and Rosa M. Lamuela-Raventós.
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