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“El mejor cientifico esti abierto a la experiencia, y esta empieza con un romance,
es decir, la idea de gque todo es posible”.
Ray Bradbury (1920-2012), Escritor estadounidense.
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Resumen

Entender la influencia de la alimentacién en la salud y enfermedades
humanas es uno de los mayores objetivos de la nutricibn moderna. La
nutrimetabolémica se define como la disciplina “6mica” que estudia como
afecta la dieta al conjunto del metaboloma; siendo propuesta como

poderosa herramienta para explorar la relacion entre nutricién y salud.

Esta Tesis Doctoral tiene como objetivo principal contribuir en la
identificacion de biomarcadores nutricionales de consumo (biomarcadores
de ingesta) asi como su impacto en la salud (biomarcadores de efecto), y la
huella metabdlica que producen sobre el perfil urinario desde distintas
aproximaciones metabolémicas mediante Resonancia Magnética Nuclear.
Para la consecucion de este objetivo se estudié el metaboloma desde la
ingesta de diferentes componentes alimentarios (alimento, complemento

alimenticio y patrones alimentarios).

En el caso del estudio en un alimento se utilizé vino, vino desalcoholizado
y ginebra para evaluar el efecto de la matriz alimentaria de las diferentes
fracciones del alimento. El analisis del metaboloma mostré tanto
metabolitos provenientes del food metabolome (tartrato, etanol, manitol),
endogenos (3-metil-2-oxovalerato), y derivados de la acciéon de la
microbiota intestinal (hipurato y 4-hidroxifenilacetato). En cuanto a la
matriz alimentaria, se observo una posible interaccion entre el alcohol y
los biomarcadores relacionados con los metabolitos de la microbiota
intestinal. Seguidamente, se propuso estudiar los biomarcadores de ingesta
de un alimento, y para ello se detectaron en un estudio de intervencion
(vino) y se determiné el poder predictivo mediante la evaluaciéon de su
sensibilidad y especificidad. Se evaluaron de forma individual, observando

finalmente que la combinacién de dos de ellos (tartrato+etilglucurénido)



ofrecia un mayor poder predictivo (area bajo la curva [AUC]:90.7%) que
individualmente. Se realiz6 una validacién en otra poblacién (estudio
observacional), viéndose una reproducibilidad de los resultados (AUC:
92.4%) con una alta sensibilidad (=84%) y especificidad (>90%) en ambas

poblaciones.

Para evaluar sobre el fenotipo metabdlico el efecto de una intervencién
con un alimento, se estratificé una poblacion con alto riesgo
cardiovascular atendiendo a sus parametros clinicos. Se evalu6 el efecto de
la ingesta de polifenoles del vino en los clister mas discriminantes
(“obesos y diabéticos” »s. “sanos con riesgo”). Se observo en el
metaboloma un comportamiento diferencial para la excreciéon del 4-
hidroxifenilacetato (microbiota intestinal) en el claster que se clasificd
como “obeso y diabético” frente al clister “sano con riesgo”,
exhibiéndose en los primeros una posible alteraciéon de la microbiota

intestinal después del consumo de vino.

En la evaluacién de los patrones alimentarios, se analizé el perfil
metabolico de una poblacién al inicio, 1 afio y 3 afios de seguimiento de
un patréon de Dieta Mediterranea (MD) suplementada con aceite de
oliva/nueces frente a una dieta baja en grasa. Se detectaron varios
metabolitos endégenos relacionados con el metabolismo energético (ciclo
de los acidos tricarboxilicos, 3-oxidacién), derivados de la microbiota, asi
como también del food metabolome. Asimismo, se pudo asociar ciertos
metabolitos con patrones de dieta, viéndose asociadas las dos MD a un
mayor consumo de vegetales, mientras que la dieta baja en grasa

presentaba una mayor asociacion al consumo de carne roja.

En la evaluaciéon del impacto en la salud, se administré un complemento

alimenticio (probi6tico) a mujeres lactantes con mastitis y se observé una



mejorfa y una reduccion del estado inflamatorio (seguimiento médico), lo
que provocoé una deserciébn voluntaria de farmacos (ibuprofeno y
paracetamol), hecho que se reflejé en el metaboloma urinario. También se
vio un aumento en la excreciéon de creatina y de metabolitos derivados de
la microbiota intestinal (hipurato y trimetilamina-N-6xido). Esta Tesis
Doctoral presenta diferentes estrategias nutrimetabolémicas para el
desarrollo y estudio de biomarcadores nutricionales y su impacto en la

salud.






Abstract

Understanding the link between nutrition and health is one of the major
goals of modern nutrition. Nutrimetabolomics is an “omics” science that
studies the effect of diet through the metabolome. It is a powerful tool for
exploring the relationship between nutrition and health. The aim of this
PhD thesis is to contribute to the identification of biomarkers related to
food consumption (biomarkers of intake) and their impact on health

(biomarkers of effect).

To achieve this goal, the human metabolome was studied by nuclear
magnetic resonance (NMR) after the intake of different food components
(food, supplements and dietary patterns). Wine, dealcoholized wine and
gin were used to evaluate the food matrix effect. Results showed
metabolites from the food metabolome, endogenous and gut microbiota,

pointing to a potential interaction between alcohol and gut microbiota.

To study food exposure biomarkers, the predictive power in the wine
interventional study concluded that a model combining two biomarkers
(tartratet+ethyl glucuronide) has greater predictive power than the
individual markers. Reproducible results also were shown in
epidemiological data (AUC>90%). Furthermore, high cardiovascular risk

individuals were stratified based on their clinical parameters.

The effect of wine polyphenols intake in the metabolic phenotype for the
two most discriminant clusters (“obese-diabetics” vs. “healthier”) was
evaluated, and different excretion of gut microbiota metabolite 4-
hydroxyphenylacetate was observed. Concerning the dietary patterns, the
metabolic footprint after 3-years follow-up with Mediterranean diet vs.

low-fat pattern was analyzed. Several metabolites (i.e. energy pathway-



\

metabolites), and dietary patterns association with certain metabolites

were also observed.

To assess the impact on health, a probiotic supplement was administered
to breastfeeding women with mastitis. The reduction of inflammation
(medical test) and voluntary desertion of pharmacological drugs was
revealed in the urinary metabolome. This Doctoral Thesis presents
different nutrimetabolomics strategies to study nutritional biomarkers and

improve the understanding of their impact on human health.
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Interés

Entender el rol de la alimentacion en la determinacion de la salud y
enfermedades humanas es uno de los mayores objetivos de la nutriciéon
moderna. La metabolémica en el ambito de la nutricién, se ha definido
como una herramienta util para la evaluacion del estado nutricional de un
individuo, el consumo de un alimento, o las consecuencias biolégicas
derivadas del seguimiento de una intervencién nutricional, asi como
también la posible deteccion de perturbaciones moleculares inducidas por
la dieta y capaces de predecir potenciales implicaciones en la salud (Claus

et al. 2013).

A diferencias de otras ciencias “-6micas” como la genémica, la
transcriptomica, o la protedémica, la metaboloémica es la -6mica que estudia
el conjunto de metabolitos; los metabolitos son el resultado final de los
genes, que reflejan mas directamente el comportamiento de la célula u
organismos a nivel del fenotipo. Las variaciones en el metabolismo
primario suceden en término de segundos, permitiendo que el
metaboloma sea una medida sensible e inmediata del fenotipo de un
individuo. Se podria decir que los metabolitos serfan como firmas directas

de la actividad bioquimica de nuestro organismo (Patti ez a/. 2012).

El conjunto de metabolitos o metaboloma de un individuo esta
compuesto por diferentes partes o fracciones: (1) el metaboloma
endogeno, provenientes del metabolismo de las células y tejidos del
individuo; (2) el “food metabolome” procedente de los metabolitos derivados
de la digestion de los compuestos nutricionales esenciales y no esenciales
del metabolismo derivado del individuo (o huésped) y de su microbiota
intestinal; (3) el “drug metabolome” procedente de compuestos xenobidticos
derivados de farmacos, etc. y (4) el metabolismo derivado del ambiente,

polucion, etc. “pollutant metabolome” (Scalbert et al. 2014). Solo los dos
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primeros: el metaboloma endégeno y el food wmetabolome se ven

influenciados por la dieta.

La metabolémica nutricional o nutrimetabolémica se define como la
disciplina 6mica que estudia como afecta la dieta al conjunto del
metaboloma (Zhang e a/. 2008), y ha sido propuesta como una poderosa
herramienta para explorar la relaciéon entre la nutriciéon y la salud

(McNiven ez al. 2011).

Como cualquier componente exdgeno, el food metabolome, puede influir o
modular el metaboloma enddégeno; y, a su vez, el conjunto del
metaboloma puede evaluarse por la deteccion o cambio en las
concentraciones de metabolitos en los biofluidos. La Resonancia
Magnética Nuclear (RMN) es una técnica analitica considerablemente
utilizada en metabolémica en estudios de evaluacion nutricional
(Heinzmann e a/. 2011; O'Sullivan e a/. 2011; Rasmussen e# al. 2012). Se
caracteriza por ser una técnica robusta, no destructiva y altamente
reproducible (Beckonert ez al. 2007; Bothwell ez a/. 2011). Por tanto,
mediante  RMN podemos encontrar cambios producidos en el
metaboloma debidos a una intervencioén nutricional, asi como el estudio y
evaluacion de biomarcadores nutricionales fruto de dicha intervencion.
Un biomarcador nutricional es cualquier indicador bioquimico, funcional
o clinico medido en una muestra bioldgica que refleja el estado nutricional
respecto a la ingesta o al metabolismo de los componentes de la dita, as{

como las consecuencias biologicas de la ingesta alimentaria (Potischman ez

al. 2003)

Los biomarcadores en nutriciéon y salud se pueden clasificar en:
Biomarcadores de ingesta/exposicion o exoégenos propios de un

alimento, compuesto bioactivo, componente alimenticio o conjunto de
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alimentos que provienen directamente de la digestién, absorcion intestinal
y biotransformacion de éstos; y biomarcador de efecto o endégenos;
son aquellos que se ven modulados por la dieta y muestran cambios de la
respuesta bioldgica e impacto en la salud.

Los biomarcadores nutricionales de exposicién, ante la necesidad de
obtener una valoraciéon precisa de la ingesta pueden proporcionar una
medida objetiva de la ingesta y estado nutricional (Llorach ef al. 2012), y
ser un importante complemento a los datos dietéticos clasicos a menudo

con limitaciones y errores metodolédgicos.

En el estudio de los biomarcadores nutricionales, es muy importante
ademas, una cuidadosa validacion (Andersen 2013; Jenab ez a/. 2009). Sin
embargo, hay relativamente pocos alimentos con biomarcadores de
ingesta o exposicion cuidadosamente validados (Hedrick ez al 2012;
Scalbert ez al. 2014). Por ello, es necesaria una adecuada evaluaciéon para
considerarlos unos biomarcadores sensibles, especificos y reproducibles
en varios tipos de poblaciones (Jenab e 2/ 2009). En este caso, estudiar el
poder predictivo y precision de éstos mediante estrategias como el uso de
modelos predictivos mediante curvas ROC es una forma de evaluar la
sensibilidad y especificidad de dichos biomarcadores, siendo una estrategia

emergente en estudios de evaluacion de biomarcadores nutricionales

(Garcia-Aloy ez al. 2014; Rothwell ez a/l. 2014).

En cuanto a los biomarcadores de efecto y salud, mediante la
nutrimetabolémica, podremos medir aquellos metabolitos que se hayan
visto modulados por la dieta, que hayan producido un cambio bioquimico
y fisiolégico en el organismo, con un posible impacto en la salud
(McNiven et al. 2011). Ademas, y siguiendo en este ambito, la
nutrimetabolémica puede ser utilizada para caracterizar el fenotipo

metabolico de los individuos ya sea debidos interacciones metabdlicas con
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bacterias comensales y simbioticas de la microbiota intestinal, o por
factores ambientales y de comportamiento, incluyendo asi también las
preferencias nutricionales. Por ello, permite evaluar la variabilidad intra- e
inter-individual de una misma poblacién y el resultado producido tras una

intervencion nutricional.

En esta Tesis Doctoral se ha realizado el estudio de biomarcadores
nutricionales de ingesta y efecto en estudios de intervencién con un
alimento, un complemento alimenticio o unos patrones dietéticos
concretos y, a su vez, se ha estudiado la huella metabdlica que producen
en el perfil metabdlico urinario mediante resonancia magnética nuclear. Se
ha evaluado el efecto de las diferentes fracciones de una bebida como en
este caso es el vino (contenido polifendlico y alcohol); se ha determinado
el poder predictivo de biomarcadores nutricionales mediante la evaluacién
de la sensibilidad y especificidad en estudios intervencionales vy
observacionales. Igualmente, no solo se han evaluado los biomarcadores
de ingesta siné también los biomarcadores de efecto en un alimento, en
un complemento alimenticio (en este caso un probidtico) y el perfil
metabolico después de una intervencién de larga duraciéon con tres
patrones dietéticos concretos. Asi como también se ha diferenciado el
fenotipo metabodlico dentro de una poblacién y explorado el efecto de la

intervencion nutricion sobre este fenotipo.

Se presenta una Tesis Doctoral, por tanto, donde se consigue englobar las
diferentes estrategias establecidas en nutrimetabolémica (Llorach ez al.
2012): (a) la evaluaciéon de una intervenciéon nutricional, (b) la exposicion
dietética y la monitorizacién del consumo de un alimento/complemento
alimenticio o conjunto de alimentos (patrén nutricional) (c) el fenotipado

e impacto metabolico de una dieta sobre la salud.



Impact of the Thesis

HIGHLIGHT OVERVIEW AND IMPACT OF THE THESIS

Understanding the role of nutrition in human health and disease is one of
the major goals of modern nutrition. Metabolomics in the field of
nutrition “Nutrimetabolomics” is a useful tool for the evaluation of the
nutritional status of individuals, food consumption, or the biological
consequences of following a nutritional intervention, as well as the
possible detection of molecular perturbations induced by diet, and is able

to predict potential health implications (Claus ef a/. 2013).

<

Metabolomics differentiates itself from the other “-omics” families of
sciences (such as genomics, transcriptomics and proteomics) by studying
metabolites (small molecules) or sets of metabolites. Metabolites are the
end result of genes, which directly reflect the behavior of cells or
organisms at a phenotype level. Since variations occur in the primary
metabolism within seconds, the metabolome is an incredibly sensitive
measure of the immediate phenotype of an individual. It could be said

that metabolites are the direct signatures of the biochemical activity of our

organism (Patti ez al. 2012).

The metabolome, or the set of metabolites of an individual, is composed
of different parts: (1) the endogenous metabolome, derived from the
metabolism of cells and tissues that take part of an individual; (2) the
"food metabolome", metabolites derived from digestion of essential and
non-essential nutritional compounds from the individual (host) and gut
microflora metabolism; (3) the "drug metabolome", xenobiotic
compounds from derivatives of drugs, nutraceuticals, etc. and (4) the
metabolic derivatives of environmental pollution the "pollutant
metabolome" (Scalbert ¢z a/. 2014). Only the endogenous metabolome and

food metabolome are influenced by diet.
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Nutrimetabolomics is the discipline that studies how diet affects the
whole metabolome (Zhang e @/ 2008) and has been proposed as a
powerful tool to explore the relationship between nutrition and health

(McNiven ez al. 2011).

Like any exogenous component, the food metabolome, can influence and
modulate the endogenous metabolome. The entire metabolome can be
assessed by detecting changes in the concentrations of metabolites in
biofluids (blood, urine, saliva, etc.). The Nuclear Magnetic Resonance
(NMR) is an analytical technique widely used in metabolomics studies of
nutritional assessment (Heinzmann ez a4/ 2011; O'Sullivan ef al. 2011,
Rasmussen ¢ al. 2012) and is a robust, non-destructive and highly
reproducible technique (Beckonert ef a/. 2007; Bothwell ef a/. 2011). Using
NMR we can search for changes in the metabolome due to nutritional
intervention studies and evaluate the resulting nutritional biomarkers.
Nutritional biomarkers are any biochemical, functional or clinical
indicators measured in biological samples. They reflect the nutritional
status regarding intake or metabolism of dietary compounds and the

biological consequences of food intake (Potischman ez 2/ 2003).

Biomarkers of nutrition and health can be classified into two groups. (1)
Biomarkers of intake/exposure (exogenous metabolites): bioactive
compounds, food components, or group of foods that come directly from
digestion, intestinal absorption and biotransformation. (2) Biomarkers of
effect (endogenous): intrinsic biomarkers modulated by diet that show

changes in biological response may cause or reflect physiological changes.
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Given the need for an accurate assessment of intake, nutritional
biomarkers of exposure can provide an objective measure of intake and
nutritional status (Llorach ez a/ 2012). Nutrimetabolomics can be an
important complement to conventional dietary data, which has its

limitations and methodological errors.

When studying nutritional biomarkers it is important to carefully validate
each biomarker (Andersen 2013; Jenab ez a/. 2009). However, there are
relatively few carefully validated food intake/exposure biomarkers
(Hedrick ez al. 2012; Scalbert e al. 2014). A proper biomarker assessment
will consider specific, sensitive and reproducible biomarkers in several
populations(Jenab e a/ 2009). To evaluate the predictive power and
accuracy of biomarkers as model predictors, receiver operator curves
(ROC curves) are commonly used. They are an emerging strategy in
evaluating the sensitivity and specificity in nutritional biomarker studies

(Garcia-Aloy ez al. 2014; Rothwell ez al. 2014).

Biomarkers of effect and health can be discovered using
nutrimetabolomics by measuring metabolites that produce a biochemical
and physiological change in the body. Nutrimetabolomics can further
characterize the metabolic phenotype of individuals through detecting
metabolic interactions with commensal bacteria and symbiotic intestinal
microbiota, environmental and behavioral factors, including nutritional
preferences. The comprehensiveness of nutrimetabolomics allows for
both intra- and inter-individual variability studies before, during, and after

nutritional interventions.

This Thesis is focused on the study of nutritional biomarkers of intake
and effect in intervention studies with a food, a food supplement or

specific dietary patterns through the urinary metabolic fingerprint by
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nuclear magnetic resonance. To measure the effect of biomarkers of
intake, different fractions of wine were evaluated by measuring the alcohol
and polyphenolic content. The predictive power of nutritional biomarkers
has been determined by evaluating the sensitivity and specificity in
interventional and observational studies. Similarly, biomarkers of effect
were evaluated by studying the metabolites of a food, a probiotic food
supplement and a long term intervention with three specific dietary
patterns. Differential metabolic phenotypes were discovered in a
population and the effect of nutritional intervention on these phenotypes

was explored.

The following Doctoral Thesis encompasses different strategies
established in nutrimetabolomics (Llorach ez a/ 2012): (a) the assessment
of nutritional intervention, (b) the dietary exposure and consumption
monitoring of a food/food supplement or food group (nutritional

pattern) (c) the phenotype and metabolic impact of diet on health.
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Antecedentes bibliogréficos

Los antecedentes bibliograficos que se presentan a continuacién como
parte introductoria de la Tesis Doctoral permiten situar la presente tesis
en el contexto cientifico en el que se desarrolla. En primer lugar se situa la
metabolémica en todo su conjunto, para después centrarse en los dos
puntos importantes que rodean esta tesis: nutricion y metabolomica.
Ambos conceptos desembocan en el término nutrimetabolémica. Dentro
de la nutrimetabolémica se debe hablar del concepto de biomarcador, su
clasificacion, y de los biomarcadores utilizados en nutrimetabolémica.
Seguidamente, creo imprescindible hacer una pincelada sobre los
fundamentos en los que se basa la técnica para entender mejor el
funcionamiento y analisis con los que se han obtenido los resultados de la
presente Tesis. Finalmente, y para acabar este apartado introductorio, se
presenta la aplicacion de la nutrimetabolomica en la buasqueda de
biomarcadores. Esta aplicacion se expone mediante dos ejemplos
consistentes en dos capitulos de libro. En ellos se presenta una
recopilaciéon de estudios donde se exponen una serie de biomarcadores

mediante la aproximacion nutrimetabolémica.

13
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2.1. LAMETABOLOMICA

2.1.1 INTRODUCCION

En esta era post-genémica, donde se ha generado una especial necesidad
de asignar una funcién a cada gen con el objetivo de encontrar potenciales
dianas terapéuticas y descubrir nuevos biomarcadores, han ido creciendo
otras ciencias “6émicas” también, como es el caso de la Metabolémica.

“Omics” proviene de la palabra “ome” que en latin significa “masivo”. En
este momento concurren mas de 200 disciplinas que contienen este sufijo,
algunos ejemplos serfan: la genémica (referente a genes), transcriptomica
(ARN transcrito), protedmica (proteinas), metaboléomica (metabolitos),
lipidéomica (lipidos), glicémica (oligosacaridos), fluxémica (mapas de

flujo), fenémica (comportamiento celular o fenotipo) (Lindon 2007).

Existe una conexion directa entre la metabolomica y el fenotipo. Los
metabolitos son el resultado final de los genes y reflejan mas directamente
el comportamiento de la célula a nivel del fenotipico (Figura 2.1).
Algunas de las razones (Kell 2006) por las que la metabolémica se

diferenciaria de otras “émicas’ son:

» El nimero de genes en el genoma humano es de 31.896 genes
(hhtp://eugenes.org/), con los consiguientes procesos de transcripcion
y “splicing’ se pueden llegar a producir alrededor de 10° proteinas
diferentes (Oh e al 2004); por otra parte, actualmente se han
detectados aproximadamente unos 7.000 metabolitos en biofluidos en
humanos (Wishart et a/ 2013), aunque compuestos esperables o

susceptibles de ser encontrados en esos biofluidos, pueden ser unos

50.000 (Wishart ez al, 2013).

14
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» Uno de los problemas en transcriptomica en muchos casos es la
dificultad de relacionar los cambios en la expresion génica con los
puntos finales del proceso, como aquellos utilizados en el diagnéstico
de enfermedades o de evaluacién farmacolégica. En cambio, el perfil
metabolico observa los efectos bioquimicos en un organismo, y esto
representa una aproximacién mas cercana a los procesos finales reales
en la cascada biolégica (Lindon 2007).

» A diferencia de una proteina o de un transctito, un metabolito es igual
en todos los organismos (Kell e# a/. 2005).

» El perfil metabdlico es un andlisis mas rapido que los analisis
protedmicos y transcriptomicos. Ademas, se ha estimado que los
analisis metabolémicos son de 2 a 3 veces mas econémicos que los
experimentos protedmicos y transcriptomicos (Dunn ez a/. 2005).

» Por dltimo, la tecnologia utilizada en este campo es muy versatil y

genérica.
Gen ARNm Proteinas Metabolitos
','\ ,’c;\"\ s
\ 2
— ——— ".f L/ —— ]
- N
) §
Mutacién  Modificaciones  Modificaciones Modificaciones
epigenéticas postranscripcionales postraduccionales
L L
\
Gendmica Protedmica Metabolémica

Figura 2.1. Cascada Omica. Genes y proteinas estin sujetos a mutacion,
procesos de regulacién epigenética y modificaciones post-traduccionales,
respectivamente. Los metabolitos representan los productos finales de la cascada,
los cuales estan mas cercanos al fenotipo. Adaptacién de Patti ef a/. 2012.

A menudo, existe una controversia en el uso de los términos
metabonémica y metabolémica. El término metabonémica fue

definido formalmente por primera vez en 1999 por J. Nicholson e al.

15
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(Nicholson ¢z al. 1999) como “la medida cuantitativa de las respuestas
dinamicas metabdlicas multi-paramétricas de los sistemas vivos a los
estimulos fisiopatologicos o modificaciones genéticas”. Por otro lado, el
término metabolémica tue introducido por Oliver Fiehn (Fiechn 2002)
con la siguiente definicién: “el andlisis amplio y cuantitativo de los
metabolitos en un sistema”. Esto indica que mientras la metabondmica se
centra en los cambios de los niveles de ciertos metabolitos con la
influencia de los estimulos externos, la metabolémica trata la
identificacién no sesgada de los metabolitos de un sistema bioldgico.
Posteriormente, en 2009 David Wishart complementé la definicién de
metabolomica como “el estudio sistematico de un gran ndmero de
metabolitos de bajo peso molecular generados por procesos celulares bajo
condiciones especificas” (Wishart 2009) considerando los conceptos de
ambas definiciones anteriormente mencionadas. Actualmente, las
metodologias se superponen y ambos términos se utilizan indistintamente

entre los miembros de la comunidad cientifica.

La informacién proporcionada por ambos conceptos nos da el término
“metaboloma”, que se define como “el conjunto de metabolitos de bajo
peso molecular (<1.500 daltons) presente en un fluido biolégico, en una
célula u organismo, bajo unas condiciones fisiolégicas y/o perturbaciones
determinadas (variaciones genéticas, estados patologicos o respuestas a
estimulos externos)” (Kell ez 2/ 2005). El metaboloma esta formado por
diferentes partes o fracciones: (1) el metaboloma enddgeno, provenientes
del metabolismo de las células y tejidos del individuo; (2) el “food
metabolome” procedente de los metabolitos derivados de la digestion de los
compuestos nutricionales esenciales y no esenciales, del metabolismo
derivado del individuo (o huésped) y de su microbiota intestinal; (3) el

“drug metabolome” procedente de compuestos xenobidticos derivados de

16
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farmacos, etc. y (4) el metabolismo derivado del ambiente, polucidn, etc.
“pollutant metabolome” (Scalbert et al. 2014). Dénde solo los dos primeros: el
metaboloma endégeno y el food metabolome se ven influenciados por
la dieta, y en los cuales nos centraremos con especial atencion a lo largo

de esta Tesis Doctoral.

2.1.2 DIAGRAMA DE FLUJO EN METABOLOMICA

El diagrama de flujo de trabajo que se aplica comuinmente en
metabolomica, una vez realizada la hipotesis de partida y establecido el

disefio del estudio, se categoriza por 5 pasos principales (Figura 2.2):
e Recoleccion y preparacion de las muestras bioldgicas
e Adquisicion de los datos
e Anilisis de los datos
e Identificacién metabdlica

e Interpretacion biologica

Recolecciony
preparacion Adquisicion de| Andlisis de lo: Identificacién Interpretacion
muestra los datos datos metabélica Bioldgica
biolégica
Orina Equipo RMN Procesamiento Programas de e
de datos identificacion == =
|3
=}
i (=
o | M 0 -.
Analisis @ Site 80 ) -
estadistico 7
)
Multivariar]te: / é
No supervisado Bases de datos
(PCA,HCA) +
Supervisado (PLS-DA) & T T s
Univariante: hltf\ Infouse de T dp gl
ANOVA, t-test mp g5 i -

Figura 2.2. Diagrama de flujo del proceso de trabajo en metabolémica
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A continuacion, se describen en detalle:

e  Recoleccién de los biofluidos v preparacion de las muestras

Se utilizan gran variedad de biofluidos para estudios metabolémicos desde
la orina, el plasma, la saliva, fluidos seminales, liquido amniético, fluido
cerebroespinal, liquido sinovial, fluidos digestivos, aspirados pulmonares
(Claus et al. 2013), siendo la orina y la sangre los menos invasivos (Gibney
et al. 2005). Ademas, las aguas fecales ofrecen la posibilidad de estudiar los
metabolitos de la microbiota intestinal.

La preparacion de las muestras consiste en la extraccién de los analitos
provenientes de las matrices bioldgicas, con la consiguiente adecuacion de
la muestra a la técnica analitica correspondiente, la eliminacién de los
componentes que puedan interferir en el andlisis, etc. (Beckonert e al.
2007; Dettmer e al. 2007). Los metabolitos que se encuentran en bajas
concentraciones requieren una concentraciéon previa de la muestra en el
procedimiento de extracciéon para conseguir llegar a los limites de
deteccién de la técnica empleada en cada caso.

e  Adquisicién de los datos: analisis dirigido y analisis no dirigido

Para la adquisicion de los datos se utilizan habitualmente dos
aproximaciones metabolémicas: La aproximacion dirigida o perfil
metabdlico (“metabolic profiling”) permite el analisis cuantitativo de
un grupo de metabolitos predefinido pertenecientes a una determinada
clase de compuestos o a una ruta metabodlica concreta. Cada vez mas estas
aproximaciones dirigidas son complementadas con aproximaciones no
dirigidas. Ademas, las aproximaciones no dirigidas, mediante la aportacion
de informacién cualitativa o semi-cuantitativa, tienen la potencialidad de
generar un marcado aumento en la identificacion de potenciales
biomarcadores.

Las aproximaciones no-dirigidas o huella metabolica (“metabolic

fingerprinting”) pretenden cubrir el metaboloma tan ampliamente como
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sea posible, con la deteccion del méaximo numero de metabolitos
incluyendo aquellos metabolitos poco caracterizados o desconocidos (en
inglés denominados “wnknowns”). Por tanto, el enfoque no dirigido nos da
una vision mas amplia de forma cualitativa o semi-cuantitativa del
metaboloma, con el objetivo de detectar el maximo numero de
metabolitos en una muestra, incluyendo aquellos poco caracterizados o
totalmente desconocidos. Esta técnica es una herramienta necesaria en la
busqueda de biomarcadores y es entorno a la que gira la presente Tesis
Doctoral.

El metaboloma incluye una gran variedad de clases de compuestos tanto
endogenos como exdgenos, con diferencia de tamafio, polaridad y
concentraciéon. Por ello, una sola técnica analitica no abarca o no es
representativa de la diversidad que alberga el metaboloma. Las técnicas
mas comunmente utilizadas para la adquisicion de datos en metabolémica
son la espectrometria de masas (en inglés Mass Spectrometry, MS) y la
Resonancia Magnética Nuclear (RMN), muchas veces utilizadas de forma
combinada (Zhang ez al. 2012). La primera de ellas, normalmente va
combinada con otras técnicas de separacion analitica como la
cromatograffa de gases (de sus siglas en inglés GC-MS) o la cromatografia
liquida (de sus siglas en inglés LC-MS). Por otro lado, la RMN es una
técnica con una sensibilidad mas limitada pero con wuna alta
reproducibilidad de los resultados. L.a combinacién de ambas técnicas

analitica proporciona una mayor recopilacion de informaciéon vy

sensibilidad en el analisis (Lanza e /. 2010).
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e  Andlisis de datos, identificacién e interpretacién biolbgica
Los analisis metabolomicos generan una gran cantidad de datos. Estos

datos pueden ser tratados por andlisis estadisticos univariantes (#student,
ANOVA [test paramétricos], Mann Whitney, Wilcoxon  [test no
paramétricos|, etc.) o, por analisis estadisticos multivariantes, en estos
ultimos, el objetivo es de reducir la dimensionalidad de los datos. Dentro
de los analisis multivariantes podemos encontrar analisis mediante
métodos supervisados y andlisis mediante métodos no supervisados
(Goodacre e al. 2004). Los métodos no supervisados como el analisis de
componentes principales (en inglés Principal Component Analysis, PCA) o el
analisis de agrupacion jerarquica (en inglés, Hierarchical Clustering Analysis,
HCA), determinan patrones de datos de acuerdo con sus propiedades y
sin conocimiento previo de la clase a la que pertenecen. Son también
utilizados para la identificacion de agrupamientos o “clusters” dentro de
una muestra poblacional (Madsen ez a/ 2010). Dentro de los métodos
supervisados, entre otros, se incluyen: el analisis discriminante por
minimos cuadrados parciales (en inglés, Partial 1.east Square Discriminant
Apnalysis, PLS-DA), el analisis discriminante por minimos cuadrados
parciales ortogonal (del inglés, Orthogonal Partial 1.east Square Discriminant
Apnalysis, OPLS-DA), o el analisis discriminante por minimos cuadrados
parciales con el filtro de correccién de sefiales ortogonales (en inglés
Orthogonal Signal Correction —Partial 1 east Square Discriminant Analysis, OSC-
PLS-DA).

Una vez realizado el analisis de los datos, el siguiente paso es la
identificaciéon de los metabolitos discriminantes o significativos. ILa
identificacién metabdlica se realiza mediante una serie de aproximaciones
analiticas y computacionales. Para la MS, se pueden realizar experimentos
adicionales como experimentos de fragmentacion en tindem (MS/MS) o

fragmentacion multiple (MS"); para RMN, experimentos de dos
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dimensiones 2D, como COSY, TOCSY, HSQOC, etc.; y en ambas técnicas
analiticas siendo comparados estructuralmente con estandares si estan
disponibles, o con informacién disponible que proporcionan bases de
datos metabolémicas (Cui ef a/. 2008; Degtyarenko ef al. 2008; Fahy e# al.
2007; Smith ez al. 2005; Taguchi ez al. 2007; Ulrich et al. 2008; Wang et al.
2009; Williams 2008; Wishart ef 2/ 2013). A parte de estas bases de datos
que corresponden mayoritariamente a compuestos quimicos, también hay
otras bases de datos correspondientes a rutas metabdlicas donde se
pueden situar estos metabolitos en las rutas, y ayudar a la interpretacion
biolégica de los resultados obtenidos (Frolkis e# a/. 2010; Kanehisa e# al.
2006; Krummenacker e a/. 2005; Pico ez al. 2008).
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2.1.3 RESONANCIA MAGNETICA NUCLEAR.

Antecedentes de la técnica analitica

La RMN es una técnica utilizada en metabolémica principalmente por ser una
técnica cualitativa y cuantitativa, no destructiva y altamente reproducible que
permite la deteccién de metabolitos presentes en concentraciones relativamente
altas (uM-mM) en varios biofluidos (p.¢j. orina, plasma, suero y saliva) y tejidos
(Beckonert ef al. 2007). Las principales limitaciones de esta técnica son la menor
sensibilidad comparado con la MS y un mayor volumen de muestra requetido
para el andlisis. Una particularidad de esta técnica esta en el proceso de
identificacién y es que tiene la ventaja de que la mayorifa de metabolitos
tienen una huella de desplazamiento quimico caracteristica o unica, es
decir, mediante RMN es muy dificil encontrar dos compuestos con
idénticas  caracteristicas  (idéntico numero de picos, idéntico
desplazamiento quimico, intensidades de los picos, constante de

acoplamiento) (Wishart 2009).

Brevemente, la espectrometria de masas consiste en la separacién de los
iones (cargados en modo positivo o negativo) de acuerdo con su relacion
masa/carga (m/z). Al igual que para RMN, la MS también tiene una setie
de desventajas, principalmente: requiere una extensa preparacion para la
extraccion de los metabolitos dependiendo de la matriz biologica con la
consiguiente posible pérdida de ciertos compuestos en el proceso. Estas
series de ventajas e inconvenientes para cada técnica se presentan a

continuaciéon (Tabla 2.1).
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Tabla 2.1.Comparativa de las dos técnicas analiticas utilizadas en

metabolomica
RMN MS
VENTAJAS  DESVENTAJAS VENTAJAS DESVENTAJAS
v'Preparacion %Baja sensibilidad ~ v" Mayor % Necesita
de la muestra (bajo limite de sensibilidad ~ separacién
rapida y sencilla  deteccion: ~1- (mayor cromatografica
5uM) -y nimero de  previa (GC-, LC-)
selectividad metabolitos
500-1000)
v'No requiere *Volumen de v Pequefios  %Puede requerir
separacion muestra volumenes larga preparacion
cromatografica  relativamente de muestra ~ muestra para
previa grande (~500ul) extraccion de
metabolitos,
depende matriz
biolégica, posible
pérdida de
compuestos
v’ Mayor % No puede v Muy % Destructiva
robustez, no detectar sales ni flexible
sesgada iones inorganicos
v Alta *No puede v’ Capacidad
reproducibilidad ~ detectar detectar gran
compuestos no parte del
protonados metaboloma

v'Versatil. Es
posible el
analisis directo
de solidos y

estudios z-vive

x control del pH

v’ No requiere
derivatizacion

v'No destructiva

Extraido de

cromatografia en gas; LC: cromatografia liquida.

Alvarez-Sanchez 2012; Wishart 2008; Wishart 2009. GC:
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2.1.3.1 Principios fisicos de la técnica analitica

La RMN permite la detecciéon en una muestra, de todos los compuestos
que contienen protones (‘H). El protén es el nicleo miés utilizado en
RMN debido a su gran abundancia natural (~99.985%), (Moco et al.
2007). Generalmente los estudios realizados en metabolémica mediante
RMN son altamente reproducibles y en muchos casos solo se necesita una
unica réplica analitica por cada tiempo (Beckonert ef a/. 2007). La RMN ha
jugado un papel central en la comprension del metabolismo y los procesos
metabdlicos durante mas de 30 afios (Wilson ez a/ 1974). De hecho, tanto
in vivo como #n vitro han sido utilizados experimentos de RMN de 'H, "°C,
’'P en miles de estudios de metabolismo microbiano, animal, o vegetal
(Shulman e a4/ 2001). El uso inicial de la RMN en estos estudios
metabolicos ha permitido a la RMN ser una de las primeras tecnologfas
adoptadas en los primeros dfas de la metabolémica y la metabonémica

(Nicholson ez al. 1999; Reo 2002).

La espectroscopia de RMN se basa en medir la absorcién de la radiacion
electromagnética en la region de radiofrecuencias, de alrededor de 4 a 900
MHz. En contraste con la absorcion ultravioleta, visible e infrarroja, los
nucleos de los atomos son los que participan en el proceso de absorcion
en vez de los electrones exteriores. Para que en los nicleos se formen los
estados de energfa que hagan posible la absorcion, es necesario colocar el
analito en un campo magnético intenso (Skoog 2007). La técnica de RMN
utiliza ondas de radiofrecuencia para proporcionar informaciéon sobre los
nucleos magnéticos. El término espectroscopia se utiliza para describir
cualquier técnica en la que se usa la radiacién electromagnética, y la
espectroscopia por RMN es solo una entre un rango de métodos

espectroscopicos (Figura 2.3).
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Figura 2.3. Propiedades fisicas de los espectros electromagnéticos. (A) La
radiacion electromagnética se encuentra empaquetada en fotones. Cada fotén
tiene una frecuencia asociada », y longitud de onda, X. La materia solo puede
absorber radiacién electromagnética a longitudes de onda discretas, debido a que
la energfa, E, de cualquier haz de radiacién esta relacionado con la longitud de
onda, A, por una constante, h, en la férmula E= h/\. (B) Diferentes regiones del
espectro de radiacién electromagnética se usan para diferentes tipos de
espectroscopia. UV: ultravioleta; Vis: visible; IR: infrarroja; RMN, resonancia
magnética nuclear (Adaptaciéon de Bothwell ef a/. 2011).

La técnica se basa en que los 'H en diferentes moléculas exhiben
diferentes frecuencias de absorciéon. Por tanto, mide el magnetismo
nuclear o el cambio en el magnetismo nuclear de una molécula. El
funcionamiento es mediante la medicién de la absorcién de luz (ondas de
radiofrecuencia, RF) debido a los cambios en la orientacién de los espines
nucleares, y para ello se requieren grandes campos magnéticos (300MHz,

400MHz, 500MHz, 600MHz, 800MHz). Se caracteriza porqué cada
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compuesto puede definirse por un udnico patrén caracteristico en el

espectro de RMN.

La finalidad de esta técnica es determinar las estructuras de los
compuestos organicos. Esta técnica puede usarse sélo para estudiar
nucleos atémicos con un numero impar de protones o neutrones (o
ambos), esto se da en los atomos de 'H, °C, F y *'P. Este tipo de nicleos
son magnéticamente activos, es decir, poseen espin, igual que los
electrones, ya que los nucleos poseen carga positiva y poseen un
movimiento de rotacién sobre un eje que hace que se comporten como
pequenos imanes. Por ello, estos atomos mencionados anteriormente son
los mas utilizados en experimentos de RMN, especialmente el 'H, por su

gran abundancia en la naturaleza.

En ausencia de un campo magnético, los espines nucleares se orientan al
azar (Figura 2.4a). En cambio, cuando una muestra se coloca en un
campo magnético, los ntcleos con espin positivo se orientan en la misma
direcciéon del pulso de energfa, en un estado de minima energia
denominado estado de espin «, mientras que los nucleos con espin
negativo se orientan en direccién opuesta a la del pulso de energfa, en un
estado de mayor energia denominado estado de espin § (Figura 2.4b).
Existen mas nucleos en el estado de espin o que en el B pero aunque la
diferencia de poblacién no es enorme si que es suficiente para establecer
las bases de la espectroscopia de RMN, que son, la diferencia de energfa
entre los dos estados de espin o y 3, dependiendo de la fuerza del campo
magnético aplicado (B). Cuanto mayor sea el campo magnético, mayor
diferencia energética habra entre los dos estados de espin, por ello seran

mejores grandes campos magnéticos (Figura 2.4c).
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Figura 2.4. (a) Espines orientados al azar; (b) muestras bajo un campo
magnético (By), nucleos con espin positivo se orientan en la misma direccién que
el campo (espin a), nicleos con espin negativo se orientan en direccion opuesta a
la del campo magnético, en un estado de mayor energfa (espin ). (c) dos estados
de espin tienen la misma energia cuando el campo externo es cero, pero divergen
a medida que el campo aumenta; a mayor intensidad de campo, mayor
separacion energética entre los dos estados.

Un tubo que contiene un compuesto organico o mezcla de compuestos se
hace girar alrededor de su eje vertical, y el campo magnético se mantiene
constante mientras es irradiada brevemente por un pulso intenso de
radiacion. En aquel momento, los nucleos en el estado de espin o tienden
a ir al estado B. Cuando cesa la onda irradiante, los nucleos vuelven a su
estado inicial emitiendo ondas de RF, cuya frecuencia depende de las
diferencias de energia (AE) entre los estados de espin a y B. Esa sefial de
RF es en el dominio del tiempo, es decir, la intensidad de esta frecuencia
disminuye con el tiempo a medida que todos los nucleos vuelven a su
estado inicial. Esta se denomina sefial de decaimiento libre de induccién
(FID, por sus siglas en inglés Free Induction Decay), la cual proporciona
informaciéon sobre la muestra irradiada. Ia FID puede detectarse con una
bobina radiorreceptora. La sefial de decaimiento libre de induccion
(intensidad respecto a tiempo) es recogida en un ordenador. Una vez
recolectados las FID, mediante la Transformada de Fourier la intensidad
respecto a tiempo se transforma matematicamente a intensidad respecto a
frecuencia, obteniendo asi el espectro comun de RMN (Figura

2.5)(Bothwell ez al. 2011).
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Figura 2.5. Construccion de las sefiales de decaimiento (del inglés, Free induction
decay, FID) en un espectro unidimensional (1D) sobre los cuatro parametros
comunes de la RMN. (A) Nucleos (circulos negros) que han sido excitados a un
estado de espin superior, los cuales se relajaran de nuevo con el tiempo (eje x) a
una menor estado de energfa a través de la emisién de fotones de radiacion
electromagnética (lineas onduladas). (B) Cuando estos fotones de radiacién
electromagnética son agregados a un conjunto de dtomos de relajacién, el
decaimiento en la intensidad de sefial emitida de la radiacién electromagnética en
el tiempo producira la FID. Las FIDs se pueden describir utilizando estos cuatro
parametros: (1) intensidad, (2) frecuencia, (3) vida media o ti2 y (4) fase. La
RMN es una de las pocas técnicas espectroscopicas que permite que se extraiga
la informacién de todos estos cuatro pardmetros. (C) Utilizando la técnica
denominada transformacién de Fourier, las FIDs, o los graficos de intensidad
versus tiempo en el dominio del tiempo, se convierten en graficos de intensidad
versus frecuencia en el dominio de frecuencia. Adaptacién de Bothwell ez a/. 2011.

Los nucleos, en realidad, como pueden ser los protones o los carbonos
que forman las moléculas organicas, no se encuentran aislados sino que
estan rodeados de electrones que los protegen parcialmente del campo

magnético externo al que se ven sometidos. Los electrones se mueven
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generando un pequefio campo magnético inducido que se opone al campo
magnético externo. El resultado de este hecho es que el campo magnético
que realmente llega al nucleo es mas débil que el campo externo, por
tanto, se dice que el nucleo esta protegido o apantallado. Este
apantallamiento es muy importante desde el punto de vista experimental
ya que el campo magnético efectivo que siente un protéon dentro de una
molécula es siempre menor que el campo externo, y por lo tanto, para que
el nicleo entre en resonancia dicho campo externo debe ser mayor. Si
todos los protones (‘"H) de una molécula orginica estuvieran apantallados
de igual forma, todos entrarfan en resonancia con la misma combinacion
de frecuencia y campo magnético. Sin embargo, los protones se hallan
dentro de entornos electrénicos diferentes y, por tanto, se encuentran
diferentemente protegidos o apantallados. Por lo general, los efectos de
proteccion, o apantallamiento, de las nubes electrénicas que rodean a cada
proton son diferentes, lo que provoca diferentes frecuencias de emision.
El resultado es un espectro de diversas frecuencias donde cada conjunto
de nucleos especificos da origen a una sefal unica de RMN. Asi pues, un
espectro de RMN es una grafica de la intensidad de sefal en funcién de la
frecuencia de la energfa electromagnética que liberan los diversos nucleos
de una muestra. Las variaciones en las frecuencias de absorciéon de
resonancia magnética nuclear, que tienen lugar debido al distinto
apantallamiento de los nucleos, reciben el nombre de desplazamientos
quimicos (y se representan mediante el simbolo J Y su unidad es el ppm).
El compuesto de referencia mas comun en resonancia magnética nuclear
para soluciones acuosas es el acido 3-(trimetilsilil)propanoico (C;H,,0,Si),
TSP. Otro compuesto de referencia frecuentemente utilizado en
experimentos de RMN es el acido 4,4-dimetil-4-silapentano-1-sulfonico

(DSS). Como el silicio es menos electronegativo que el carbono, los
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grupos metilo del TSP son relativamente ricos en electrones, es decir, sus
protones estin fuertemente apantallados. Como consecuencia de este
apantallamiento, estos protones absorben a una intensidad de campo
mayor que el resto de protones enlazados al carbono o a otros elementos,
de manera que casi todas las sefiales de resonancia magnética nuclear
aparecen a campos mas bajos (hacia la izquierda de la sefial de TSP).
Ademas debido a la simetrfa de la molécula, todos los protones del TSP
absorben con el mismo desplazamiento quimico dando una intensa y
unica absorcién.

Las escala mas comuin de desplazamiento quimico es la escala 8 (delta) en
la que la absorcién del tetrametilsilano (TSP) se define como & 0.00. La
mayor parte de los protones absorben a campos menores que el TSP, de
modo que la escala 8 aumenta hacia los campos menores. En el caso de
los protones (‘H), la mayoria de las sefiales varfan entre 0y 12 8, mientras
que las sefiales del °C varfan del 0 a 250 8.

Otro término importante a la hora de la identificacion de compuestos en
un espectro de RMN a parte del desplazamiento quimico, es la
multiplicidad o nimero de picos de una sefial. La multiplicidad viene
dada por la regla #+1, donde 7 es el nimero de protones equivalentes que
desdoblan una sefial (Skoog 2007). ILa multiplicidad en cada
desplazamiento quimico podra denominarse: singlete (si se trata de un
pico, J), doblete (st son dos picos, d), triplete (3, 7), cuadruplete (4, ¢), [...],
multiplete (varios, 7). Tanto el desplazamiento como la multiplicidad son
dos parametros caracteristicos de cada compuesto, es decir cada
compuesto tendra unos desplazamientos quimicos con una determinada
multiplicidad de cada desplazamiento, esto nos dara informaciéon sobre
qué molécula se trata. Las distancias entre los picos de los multipletes dan
informacién estructural. A la distancia entre los picos de un multiplete

(medida en Herzios) se le llama constante de acoplamiento entre los
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protones magnéticamente acoplados. Se simboliza como J,, donde H, y
H, son los protones que acoplan entre si. Las constantes de acoplamiento

pueden ayudar a distinguir entre los posibles isémeros de un compuesto.

2.1.3.2 Componentes de un espectrometro de RMN

El equipo consta de las siguientes partes (Figura 2.6):

1. Un iman estable que produce un campo magnético. Se introduce la
muestra para analizar en la sonda que se encuentra dentro del iman.

2. Un transmisor de radiofrecuencias. Una consola controlada por un
ordenador genera los pulsos de radiofrecuencia que son aplicados a la
muestra. También contiene un detector para medir la absorcioén de energia
de radiofrecuencia de la muestra.

3. Un ordenador que controla la consola y registra todos los parametros.

Muestra

1N
Seccion de
la sonda

_—
LN
I

Ordenador Consola de . Iman
RMN

Figura 2.6. Componentes de un espectrémetro de Resonancia Magnética
Nuclear. Adaptacién de Agilent
(www.agilent.com/labs/features/2011_101_nmr.html)
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Para finalizar este apartado, se muestra la seccion longitudinal (Figura
2.7) de un espectrometro de Resonancia Magnética Nuclear con las

diferentes partes.

N2 He

camara
tanque de
N, vacio
tanque Iman

Entrada
sonda
(RF)

Figura 2.7. Seccién longitudinal de un equipo de Resonancia Magnética
Nuclear. (Equipo 400MHz, Facultad de Quimica, Universidad de Alberta,
Canada). Para generar estos elevados campos magnéticos, es necesario utilizar
materiales superconductores, y estos deben estar enfriados mediante helio (He) a
temperaturas alrededor de 4K (-269°C). Por tanto, el interior del equipo
contendra dos camisas de refrigeracién: una con helio liquido para enfriar el
clectroiman y la otra de nitrégeno liquido (N2) para enfriar el helio. RE:
radiofrecuencia.
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2.2 NUTRIMETABOLOMICA: ESTUDIO DE
BIOMARCADORES Y PERFILES
NUTRICIONALES

2.21 NUTRIMETABOLOMICA

La aplicaciéon de la metabolomica a la investigacién nutricional,
nutrimetabolémica, es mas reciente pero con ello, no menos
prometedora comparado con otros campos ya mas explorados como el de
la farmacologia y toxicologfa. La nutrimetabolémica ha sido propuesta
como una poderosa herramienta para explorar la relaciéon entre la
nutricién y la salud (Llorach ef a/. 2012). Se centra en la evaluacion del
metaboloma relacionado con la dieta, tanto exdgeno (también llamado en
inglés ““food metabolome”) como endogeno, con el objetivo de identificar los
biomarcadores potenciales del consumo de alimentos tanto de forma
aguda como cronica, y del efecto bajo una intervencién dietética (Gibney

et al. 2005; McNiven ez al. 2011; Oresic 2009).

2.2.1.1 Estudios nutricionales

I. Estudios de intervencion (agudos/media-larga duracion)

En los estudios de intervencion los individuos consumen el alimento en
una unica ingesta (estudios agudos) o en repetidas ingestas durante un
periodo de tiempo (estudios de media- o larga duracién) (Scalbert ez /.
2014); de pocos dias a meses o afios. El biofluido a analizar se recoge
después de la ingesta hasta un periodo de 24h post-ingesta. LLa limitacion
que pueden tener intervenciones de corta duracién puede ser que no sea

suficientemente especifico el alimento analizado en la poblacién estudiada,
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ya que las dietas ordinarias pueden contener otros alimentos que
contengan precursores de este biomarcador. Se ha demostrado en un
estudio transversal a partir de un estudio de intervencion de dieta global,
que solo se pudo verificar el 23% de los biomarcadores potenciales

observados en estudios previos (Andersen e al. 2014a).
I1. Estudios de cohorte u observacionales

Por otra parte, los estudios transversales de cohorte u
observacionales pueden jugar un papel importante en la busqueda de
biomarcadores. En estos estudios, se seleccionan los consumidores bajos
(o no consumidores) y altos (o consumidores habituales) de los datos
proporcionados de ingesta de alimentos, u otras herramientas dietéticas,
que previamente debemos obtener. El comparar estos grupos permite la
identificaciéon de biomarcadores que reflejen el consumo habitual del
alimento que se desea estudiar. A pesar de la potencialidad de los estudios
transversales para la basqueda de biomarcadores, se ha de tener en cuenta
el hecho de que muchos alimentos estan o pueden estar altamente
correlacionados entre si, por tanto puede haber un riesgo al identificar un
biomarcador hasta que no quede establecida su identidad y especificidad

en ese alimento (Scalbert ez al. 2014).
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Tabla 2.2 Comparacion de los diferentes tipos de estudios clinicos
nutricionales Adaptacion de Jenab e a/. 2009; Pujos-Guillot ez a/. 2013;

Scalbett et al. 2014.

Estudio Estudio Estudio
intervencion intervencion media cohorte
agudo / larga- duracién
Nivel de control +++ ++ +
dieta
Numero +++ ++ +
metabolitos
discriminantes
Heterogeneidad + ++ +++
de la poblacién
Riesgo falsos + ++ +++
positivos
(correlaciones
entre alimentos)
farmacocinética . .
farmacocinética estabilidad del 1nsuft1c1epte
. especificidad
metabolito

validacion en
estudios de
intervencién

+++: Maximo; +: Minimo.
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2.2.1.2 Tipologia de componentes nutricionales para el

estudio de biomarcadores

Los perfiles metabdlicos nutricionales dependeran del componente
nutricional evaluado, por tanto como componentes nutricionales a evaluar

tendremos:
I. Compuestos bioactivos

Los alimentos vegetales contienen una coleccién de compuestos
bioactivos que han sido ampliamente estudiados por su potencial
saludables (Hooper et al 2000), incluyendo compuestos fendlicos
(polifenoles los que se dividen en diferentes clases como las flavonas,
flavonoles, flavan-3-oles, isoflavonas, flavanonas, antocianidinas y
lignanos), esteroles y estanoles vegetales, salicilatos y glucosinolatos
(Hooper et al. 2006; Manach ez al. 2009). Varios ejemplos de estudios
realizados sobre este tipo de compuestos desde una aproximacion
metabolémica son por ejemplo, polifenoles del té (Daykin ez 2/ 2005), del
vino y de la uva (Jacobs ez al. 2012; van Dorsten ez al. 2010; van Velzen e#
al. 2009; van Velzen et al. 2008) las isoflavonas de la soja (Solanky e# al.
2005; Solanky ez al. 2003), en cuanto a polifenoles y compuestos fendlicos.
Por otra parte, otro estudio metabolémico realizé una intervencion
dietética con una bebida enriquecida en esteroles vegetales (Szymanska ez
al. 20122). En otro ejemplo, un estudio agudo revel6 cambios en el perfil
metabolomico en humanos después del consumo de una bebida
compuesta por manzana, zanahoria y fresas (fitoquimicos dietéticos)

(Walsh ez al. 2007),

Es importante estudiar estos compuestos bioactivos aislados para poder

estudiar el efecto que ejercen en la salud, pero ademas, como estos
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compuestos no se encuentran aislados en nuestra alimentaciéon sino que
forman parte de los alimentos, y que por ello, pueden interaccionar con
otros compuestos provenientes del alimento doénde se encuentran de
forma favorable (sinérgica) o desfavorable (antagonica), ademads de poder
existir un efecto sobre la matriz alimentaria donde se encuentran, es
necesario estudiarlos también en la forma en la que consumimos, en el

alimento completo.
I1. Alimentos individuales

Se han realizado tanto estudios metabolémicos de intervencion agudos, de
media/larga duracion asi como estudios obsetvacionales, para identificar
la presencia de biomarcadores especificos de alimentos o la
monitorizacién de cambios en concentraciones de metabolitos
relacionados con la dieta. Hasta la fecha, la aplicacion de la metabolémica
ha identificado un nimero de biomarcadores de ingesta de ciertos
alimentos incluyendo el salmén y la carne roja, cereales integrales de trigo,
fresas y frambuesas, cruciferas, brocoli, cebolla, citricos, bebidas como el
café, té, manzanilla, vino, cacao, frutos secos (nueces, almendras,

avellanas), y fibra dietética (Scalbert ef /. 2014).
III. Complementos alimenticios

Los complementos alimenticios son productos alimenticios con la
finalidad de complementar la ingesta de alimentos de la dieta normal, ya
que aunque en circunstancias normales, una dieta adecuada y equilibrada
proporciona todos los nutrientes necesarios para el normal desarrollo y
mantenimiento de un organismo sano, las investigaciones realizadas
demuestran que esta situacion ideal no se da en la practica para todos los
nutrientes, ni para todos los grupos de poblaciéon. Los complementos

alimenticios pueden componerse de vitaminas, minerales (Real Decreto
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1487/2009), acidos grasos, aminoacidos y otros compuestos nitrogenados,
péptidos y enzimas, flavonoides y carotenoides, nucle6tidos, polisacaridos
y oligosacaridos, y otras sustancia como germen de trigo, polen, jalea real,
levadura de cerveza, lecitina de soja, propodleos, (ampliacién anexo Real

Decreto 1487/2009) o compuestos encapsulados pre- y probidticos.

Hay varios estudios metabolomicos referentes a complementos
alimenticios con vitaminas. En un estudio de intervencion se utilizé harina
de trigo fortificada con acido félico+ vitamina B1, B2, edetato de sodio
térrico y oxido de zinc (Jiang ef al. 2011) durante 8 meses en mujeres de
edad reproductiva para reducir el riesgo en defectos en el tubo neural.
Otros estudios consistieron en la suplementacién con: vitamina D
(O'Sullivan e al. 2011a); vitamina E (Johnson ez a/. 2012), betaina (Kim,
Jung et al. 2008), suplementaciéon de acidos grasos poliinsaturados en
formato de capsulas de aceite de pescado (Rudkowska, Paradis et al.
2013), o suplementacion de aminoacidos (en cerdos) (He, Kong et al

2009).

Los probidticos son “microorganismos que administrados en cantidades
adecuadas, confieren un beneficio saludable en el huésped” segin la
FAO/WHO (WHO/FAO 2002). Generalmente se establece como un
producto probiético con <10°-10° UFC/g o >10°-10" UFC/dfa de células
viables para ser clinicamente eficaces. Pero no hay unos niveles de
recuento celular establecidos para garantizar un efecto saludable
(Champagne et a/. 2011). Un microorganismo para poder ser llamado
probidtico debe cumplir los siguientes criterios: 1) Su cultivo puede
producirse a escala industrial; 2) Puede sobrevivir durante el proceso de
producciéon y almacenamiento; 3) Puede tolerar el ambiente en el

estomago del huésped; 4) Ejerce un efecto saludable para el consumidor

(WHO/FAO 2002). Algunos de los géneros utilizados en productos
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probidticos son: 1) bacterias productoras de acido lactico (LAB):
Lactobacillus, Bifidobacterium, Streptococcus; 2) Bacterias no productoras de
acido lactico: Bacillus, Propionibacterium; 3) levaduras no patdgenas:
Saccharomyces; 4) bacilos no formadores de esporas y no flagelados o

Coccobacills.

Los probidticos se pueden suministrar en forma de alimento o en forma
de complemento alimenticio (capsula, polvo, etc.). Existen varios estudios
sobre el efecto de los probidticos en estudios clinicos (Homayoni Rad e#
al. 2012). Un ejemplo metabolémico de este caso es un estudio en heces
de 16 sujetos mediante RMN con la administraciéon durante un mes de un
complejo probidtico simbidtico basado en  Lactobacillus — acidophilus,
Bifidobacterinm longum y fructooligosacaridos (Ndagijimana e /. 2009). Otro
estudio con suplementacion probidtica de  Lactobacillus — rhamnosus
(NCC4007) se realizé en diferentes 6rganos o compartimentos en ratones
para ver el efecto producido sobre la microbiota intestinal (Martin e# al.

2009).
IV. Patrones alimentarios

Cada dia comemos una gran variedad de alimentos de forma conjunta, no
solo un alimento o nutriente. Hasta la fecha, la mayoria de estudios
metabolémicos se focalizan en analizar un solo alimento o complemento
alimentario, pero hay un creciente interés entre los investigadores en
estudiar la dieta completa de los individuos, caracterizando la ingesta
dietética como patrones alimentarios, con el objetivo de determinar los
biomarcadores caracteristicos o discriminantes del tipo de dieta y ver su
efecto en la salud. En este campo, los biomarcadores metabolémicos

pueden ser ttiles para reflejar dichos patrones alimentarios.

39



Antecedentes bibliograficos

De los primeros estudios en metabolémica que trataron la modulacién
dietética y diferencias metabolémicas entre varios tipos de dieta esta el
trabajo de Stella y colaboradores (Stella ez a/. 2006), donde evalué en un
estudio de intervenciéon en un periodo de 15 dias los cambios en el
metaboloma urinario de tres tipos de dietas: dieta vegetariana, dieta de
bajo contenido carnico y dieta de alto contenido carnico. Ejemplos de
otros analisis metabolémicos en el estudio de patrones alimentarios son
por ejemplo el realizado por Andersen et al.(Andersen ef /. 2014b) en el
que utiliza la aproximacién metabolémica no dirigida como herramienta
de deteccion de patrones alimentarios entre una dieta danesa media y una
dieta nérdica. Xu ef al. (Xu et al. 2010) realizé un analisis comparando
poblacién que consumia una dieta omnfvora frente a una intervencion
dietética de patrdn lactovegetariano consistente en 480 g/dia de vegetales,
350 g/dia de fruta (incluido zumos), 360 g/dia de tofu o alimentos de
soja, 220 g/dia de leche, 240 g/dia de setas, y 350 g/dia (mujeres) o 600
g/dia (hombres) de atroz, asimismo comparando también hombres y
mujeres. May e al. estudi6 el perfil metabdlico en individuos después de
una intervencion nutricional rica en fitoquimicos (citricos, cruciferas, soja)
frente a una dieta sin frutas ni verduras (basal) (May e @/ 2013). Un
estudio de intervencién centrado en dieta rica en cruciferas fue conducido
por Andersen et al. (Andersen ez 2/ 2013), donde demostrd que se pueden
encontrar marcadores especificos de exposicion a determinados alimentos

aun formando parte de dietas complejas.

Estudios observacionales han identificado multiples metabolitos que
discriminan tipos de patrones alimentarios, sobretodo en patrones de dieta
occidental (caracterizada por una alta ingesta de carne). Un trabajo
realizado por O’Sullivan ef a/ (O'Sullivan et al. 2011b) analiz6 el patrén

alimentario de 135 individuos clasificando la poblacién en grupos de

40



Antecedentes bibliogréficos

individuos, dando como resultado 3 grupos diferenciados por su perfil de
ingesta nutricional y reflejandose en el metaboloma urinario. Peré-Trepat
¢t al. también desarrollaron una estrategia para la evaluaciéon entre datos
dietéticos provenientes de cuestionarios de frecuencia de alimentos y
perfiles metabolémicos (Peré-Trepat ef al 2010). En este caso, los
patrones alimentarios se definieron por analisis multivariante y se
identificaron metabolitos asociados a patrones alimentarios en individuos
que consumian una dieta basada en alimentos de origen animal vs. dieta
basada en alimentos de origen vegetal. Bouchar-Mereier observé una
correlacion positiva entre patrones de dieta occidental y un conjunto de
aminodacidos y acilcarnitinas de cadena corta (Bouchard-Mercier e al.
2013). En un estudio en gemelas adultas de Reino Unido el patrén de
fruta y verdura fue correlacionado con varios metabolitos en las rutas de
los gicerofosfo- y esfingolipidos; por otro lado, también se identificé otro
patrén de dieta de baja energfa “o de régimen” (Menni e /. 2013). En uno
de los estudios mas exhaustivos hasta la fecha, Floegel et al. usé el modelo
multivariante de regresiéon de rangos reducidos “reduced rank regression”
(RRR) para crear patrones alimentarios los cuales explicaban la variacion
maxima de los diferentes metabolitos (Floegel e a/. 2013). Otro ejemplo es
el proporcionado por Altmaier e¢f al que identificé siete patrones
alimentarios (Altmaier e a/. 2011); y los resultados mostraron que ciertos
patrones alimentarios estaban altamente asociados con concentraciones de
metabolitos en sangre; también definié el concepto de dieta “saludable”
rica en pescado, pollo, arroz, vegetales cocinados y fruta fresca, yogurt,
queso y leche, y bajos niveles de carne y “snacks”, asociado a bajos niveles
de saturaciéon de acidos grasos provenientes de los glicerofosfolipidos.
Estos estudios dan una buena evidencia del potencial de la aplicacion
metabolomica para definir un perfil de biomarcadores que reflejan un

patrén alimentario habitual.
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2.2.2 BIOMARCADORES NUTRICIONALES

Los biomarcadores han sido definidos por el grupo de trabajo del National
Institute of Health (NIH) de Estados Unidos como las caracteristicas
medidas de forma objetiva y evaluadas como indicadores de procesos
biolégicos normales, procesos patoldgicos y respuestas biologicas a
intervenciones terapéuticas (Group. 2001). Los metabolitos juegan un
papel importante en sistemas bioloégicos y comparado con las
aproximaciones mediante el diagnéstico clasico y los biomarcadores
clinicos clasicos, ofrece potenciales ventajas en sensibilidad y especificidad
(Monteiro et al. 2013) la cual apoya la viabilidad de las aproximaciones
metabolomicas en la  busqueda y descubrimiento de nuevos

biomarcadores.

2.2.2.1 Biomarcadores para la nutricion:
Efecto de la digestion, metabolismo y microbiota

intestinal

El uso de biomarcadores nutricionales puede ser utilizado como medida
del estado nutricional y de la exposicién a compuestos bioactivos en los
alimentos; como indicador de la ingesta de alimentos; y validacién de las
medidas de ingesta nutricional. L.os biomarcadores también son dtiles

cuando hay datos escasos de la composicién de los alimentos.
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I. Tipos de Biomarcadores Nutricionales

» Biomarcadores de ingesta o exdgenos

El food metabolome se define como aquella parte del metaboloma humano
que proviene directamente de la digestion, absorcién intestinal y
biotransformacién de los alimentos y sus constituyentes ya sea por accion
de los tejidos humanos (metabolismo del huésped) y/o por la microbiota
intestinal (metabolismo microbiano) (Scalbert e a/. 2014). Mas de 25.000
compuestos conocidos son pertenecientes a alimentos, siendo la mayoria
metabolizados en el organismo después de su ingestion. Los
biomarcadores detectados en el metaboloma derivados del consumo o
ingesta de un determinado alimento o patrén alimentario, son los

biomarcadores de ingesta o exégenos.
» Biomarcadores de efecto o enddgenos

Ademas, pueden también detectarse compuestos endogenos que se han
visto modulados por la ingesta del alimento, patron alimentario, etc. y que
nos proporcionan informacion del estado fisiologico del organismo (Rezzi
et al. 2007). Por tanto esos metabolitos que se encuentran en un biofluido
de forma habitual pero se ha visto modificada su excreciéon por la
intervencién dietética, se denomina biomarcadores de efecto o
endogenos. Por ejemplo, el consumo de té verde se ha visto que causa un
cambio inmediato en la concentracién de metabolitos relacionados con el
metabolismo de la glucosa, el ciclo de los acidos tricarboxilicos (TCA) o
ciclo de Krebs y aminoacidos (Law e /. 2008). L.a RMN en este sentido, es
una técnica muy adecuada, ya que se pueden detectar de forma habitual
gran cantidad de compuestos endogenos presentes de forma habitual en
orina (Bouatra e# al 2013). La presencia de varios componentes

endogenos de una misma ruta metabodlica puede sernos de gran ayuda
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para la interpretacion biologica cuando se quiere evaluar el efecto que ha
tenido la intervencién dietética en el organismo, el alimento subministrado
o el patrén dietético. A continuacién se muestra un mapa con los
metabolitos asignados a rutas metabdlicas (endogenos), o bien
provenientes de algin alimento (exdgenos), que se han visto influidos
después de tres intervenciones dietéticas diferentes, y las posibles

conexiones que puede haber entre ellos (Figura 2.8).

Este apartado se desarrolla con mas profundidad en el punto 2.3 dénde se
presenta un capitulo de libro de biomarcadores nutricionales de ingesta y
efecto frente al riesgo de padecer una determinada enfermedad o

patologia (p. ¢j. en este caso enfermedad cardiovascular).

METABOLITOS

ENDOGENOS

PAC N* Hipurato \f “‘ S Y

i

Etanol

~F .-ﬂ

3-Hidroxibutirato

MICROBIOTA

cis-Aconitato

Acetoacetato

3-metilhistidina mell]hlsndlna Prolina betaina ).

Bintervencion dietética 1 Merabolis
Bintervencion dietética 2 e FooD
Cintervencion dietética 3 rofeinas METABOLOME

Creatina

& . METABOLITOS

Figura 2.8. Metaboloma urinario: Metabolitos endégenos situados en diferentes
rutas metabdlicas (biomarcadores de efecto), metabolitos que provienen de
diferentes alimentos (biomarcadores de ingesta), y metabolitos provenientes de la
dieta y metabolizados por la microbiota intestinal. TMAO: trimetilamina-N-
6xido. PAGN: fenilacetilglutamina, DHA: dihidroxiacetona.
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II. Criterios de validacion biolégica y analitica para biomarcadores

nutricionales. Adaptaciéon de Andersen 2013 [Tesis Doctoral].

A) Validacion biolégica:

Relacién conocida con la exposicidon: Se ha de comprobar que la
asociaciéon con la exposicion al alimento y el marcador de

exposicion es causal.

Sensibilidad y especificidad: El marcador analizado debe ser

exclusivo (o tanto como sea posible) a la exposicién estudiada.
Esto implica que el porcentaje de verdaderos positivos
(sensibilidad) a la exposicién, como los verdaderos negativos

(especificidad) a la exposicion, debe ser tan alta como sea posible.

Dosis-respuesta: Tiene que haber una correlacion positiva entre el

nivel de exposicion y el nivel del marcador que se ha medido.

Variacién Inter-individual: Debe ser investigada la principal fuente
de variabilidad inter-individual, como el genotipo, edad, sexo,

tabaquismo, microbiota intestinal, etc.

Tiempo de exposiciéon: Un marcador de exposicion debe ser

preciso, que refleje Unicamente la ingesta reciente o de larga
duracién de un alimento, el nimero dias, meses, afios de ingesta.
b 5 5

El tipo de exposiciéon de un marcador debe ser determinada.

B) Validacion analitica:

Muestras: Se debe definir el tiempo y tipo de muestra, como
también las condiciones de almacenamiento y la preparacion de las

muestras.

Medidas definidas: El marcador debe ser cuantificable por un

método definido y el error analitico debe ser conocido.
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2.2.2.2. Biomarcadores para la salud:

Concepto de fenotipo metabdlico (metabotipo)

El fenotipado metabdlico (en inglés, “metabolic phenotyping’) o metabotipo
es el resultado de la interaccion entre diferentes factores (dieta, estilo de
vida, microbiota intestinal, genética, etc.) (Calvani ez a/ 2010; Illig ef al.
2010) y describe un perfil metabdlico caracteristico el cual refleja la
bioquimica, el estado fisiolégico y la exposicion ambiental de una

poblaciéon (Holmes e al. 2008; Rezzi et al. 2007).

Los metabotipos humanos estan determinados por la combinaciéon de
factores genéticos y ambientales, como pueden ser la dieta y el estilo de
vida, representando una gran fuente de biodiversidad. La determinacion
del metabotipo en poblaciones humanas puede ser de gran interés en
relacionar datos fisiologicos cuantitativos y bioquimicos con fenotipicos,
genéticos y variaciones ambientales. La medicion de la influencia dietética
en el metabotipo puede proporcionar informacién muy valiosa y un grado
de respuesta a la modulacién dietética mostrada por los individuos. Esto
puede, dar idea del papel que juega la dieta y la nutricién en el desarrollo
de enfermedades y proporcionar informacién incluso para una posible

nutricién personalizada (Rezzi ef al. 2007).

En nutrimetabolémica, los diferentes metabotipos individuales o
nutritipos, pueden ayudar a entender mejor el vinculo que pueda existir

entre la nutricién y la salud/enfermedad.
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Figura 1.9. El metabotipo esta influido por factores genéticos y de regulacion a

nivel de genes, ARN y proteinas; por la microbiota intestinal de cada individuo;

por factores de exposicién (exposoma) como los alimentos y los fairmacos; y potr

factores ambientales y de estilo de vida como el ejercicio fisico o mental.

Adaptacion Claus e al. 2013.
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2.3 APLICACION DE LA
NUTRIMETABOLOMICA EN EL ESTUDIO
DE BIOMARCADORES NUTRICIONALES E
IMPACTO EN LA SALUD

Los antecedentes bibliograficos que se presentan a continuaciéon permiten
ver la utilizacién y aplicacion de la nutrimetabolémica y la busqueda de
biomarcadores de consumo y efecto mediante dos capitulos de libro
dentro del contexto de los polifenoles, como biomarcadores nutricionales,

y su efecto beneficioso en la salud.

A continuacién se presentan dos capitulos de libro: el primero se centra
en el estudio de un alimento, el vino y los polifenoles del vino en estudios
dirigidos y no dirigidos mediante diferentes enfoques metabolémicos. El
segundo, engloba la aplicacion de la metabolémica para la investigacion de
biomarcadores de ingesta y efecto sobre el consumo de polifenoles y la

enfermedad cardiovasculat.

2.31 BIOMARCADORES NUTRICIONALES DE
EXPOSICION A UN ALIMENTO

En este parte de la introduccién presentada en forma de capitulo, se
pretende introducir la aproximaciéon nutrimetabolémica en el ambito de la
investigacion de un alimento concreto, en este caso el vino, ya que esta
presente en gran parte del contenido de resultados de la presente Tesis

Doctoral.

En estos ultimos afios, las aproximaciones metabolémicas han iniciado
sus investigaciones para analizar el impacto metabdlico del vino y sus

componentes (principalmente polifenoles del vino) en el organismo. Este
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capitulo de libro pretende ilustrar mediante un enfoque metabolémico la
interaccién entre el vino y la salud. Para tratar este tema, se ha querido
clasificar este analisis desde tres puntos de vista o enfoques: (1)
Investigacién metabolémica con vino y polifenoles derivados del vino; (2)
Descubrimiento de biomarcadores metabolomicos de ingesta y efecto tras
el consumo de vino; (3) Investigacion dirigida y perfil metabdlico del
resveratrol sobre la interaccién metabdlica entre el vino y la microbiota
intestinal. De este modo, se pretenden abarcar e ilustrar todas las

aproximaciones realizadas en este tema.

Asi, este capitulo de libro se titula “Metabolomic approach to finding
targets of wine benefits in human health”, capitulo 16 del libro “Wine:
Safety, Consumer Preferences and impact on Human Health”. Springer,

2014.

Autores: Olha Khymenets, Rosa Vazquez-Fresno, Rafael Llorach, Mireia

Urpi-Sarda, Mar Garcia-Aloy, Sara Tulipani, Ascension Lupianez-Barbero,

Cristina Andres-Lacueva.

49



Antecedentes bibliogréaficos

Chapter 16: Metabolomic approaches in the study of
wine benefits in human health.

Book: “Wine: Safety, Consumer Preferences and Impact on Human
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Abstract:

Metabolomics is one of the emerging “-omics” technologies that has
great advantages for studying metabolic interaction between diet and
human health. Over the last decade it has been successfully used in
various wine nutritional studies, applying both hypothesis-driven and
exploratory strategies; as a result, various aspects of the wine-human
health interaction have been addressed. The exploration-driven findings
provided original information on the complex metabolic relationship
between wine and the human organism, reflected in changes in
homeostatic metabolism and/or in immediate metabolic events, as well
as in metabolic changes related to the efficiency and activity of gut
microbiota. Targeted along with untargeted profiling studies provided
new aspects on the bioavailability of wine-derived compounds and
suggested the application of certain metabolic patterns as markers of
wine dietary exposure. Finally, the outcomes of these studies showed
the advantage and great potential of the application of a metabolomic
approach in wine nutrition research with regard to understanding and
revealing novel mechanisms underlying the health benefits of wine
consumption and in searching for targets of wine benefits in human
health.

Keywords: Wine biomarkers, Combined biomarkers, Biomarker of

consumption, Biomarker of effect
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1. Introduction

The past few decades were characterized by revolutionary
developments in life science technologies. High throughput and
efficient, robust and rapid “-omics” technologies brought many
advantages to research, allowing global analysis of samples on different
system levels (Kussmann et al. 2008). They technically enabled the
profiles of specific types of molecules (DNA, RNA, proteins, lipids,
small compounds, etc.) to be studied and came to be used as holistic
research approaches, such as transcriptomics, proteomics, lipidomics,
glycomics, metabolomics, etc., providing overall information about the
status of the organism. Driven by constantly accumulating technical

[3

and methodological advances, the growth in “-omics” research has
promoted its practical implementation in all the existing fields of life
science, and nutrition is no exception (Kussmann et al. 2008;
Kussmann et al. 2006). In fact, nutrition is probably one of the research
fields where “-omics” approaches can bring many advantages, promote
progression and open up new perspectives (Ordovas Munoz 2013). On
the whole, the application of “-omics” technologies in nutrition is
expected to stimulate exploration of the physiological processes

involved in the interaction between nutrition and health and help to

identify potential markers of this relationship. Basically, the principal
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goal of their application is to support the accomplishment of the main
objective of nutrition research — to comprehensively understand the role
of diet in human health. In this context, metabolomics is seen as one of

3

the most powerful of the “-omics” approaches, and can be widely
applied in nutrition research (Kussmann et al. 2008; Kussmann et al.
2006; Ordovas Munoz 2013; Llorach et al. 2012; Scalbert et al. 2014;

Primrose et al. 2011; Gibney et al. 2005; Brennan 2013).

Compared to other “-omics” sciences (i.e., genomics, transcriptomics,
proteomics), a metabolomic approach has several potential advantages.
Metabolomics involves the study of small molecules or metabolites
present in biological samples (Brennan 2013). The metabolome, a
whole set of metabolites, can be characterized by two components: (i)
endogenous — metabolites defined by genetic background, age, sex,
etc., and (ii) exogenous — metabolites appearing in our organism from
the environment, where the most important external factor is diet
(Scalbert et al. 2014). On the whole, the metabolome is very complex
and is constantly varying, as it is under continuous influence from
numerous extrinsic and intrinsic factors (Gibney et al. 2005). In this
sense, the study of metabolites reveals useful biological information
since metabolites represent biological intermediates and/or end points

of biological pathways and, therefore, are implicated in the health
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status of the organism (Brennan 2013; Llorach et al. 2012; Ordovas
Munoz 2013). Thus, the characterization of metabolites in response to
any kind of stimulus provides us with a snapshot of the metabolism or a
molecular fingerprint of it, and this can serve as an index of the

biological state of the organism (Astarita and Langridge 2013).

Currently nutritional research is experiencing a remarkable
transformation driven by this new technological tool (Brennan 2013;
Astarita and Langridge 2013; Gibney et al. 2005; Ismail et al. 2013;
Jones et al. 2012; Llorach et al. 2012). Thus, a metabolomic approach
has been increasingly applied in the analysis of food components, the
identification of diet-derived metabolites, the evaluation of their
bioavailability and metabolism, the analysis of gut microbiota
metabolic activities, and the determination of physiological response to
a particular diet regimen, food or nutraceuticals (Astarita and
Langridge 2013; Scalbert et al. 2014). Finally, the application of
metabolomics to nutrition research promotes the emergence and
expansion of a novel “-omics” discipline, ‘“nutrimetabolomics”,
devoted to the exploration of the complex metabolic relationship
between nutrition and health at metabolome level. As a result,
nutrimetabolomics forms an essential part of nutrition system biology

(Panagiotou and Nielsen 2009; Jones et al. 2012), which is a new
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integrating approach to studying the impact of nutrition on biological
systems by measuring and integrating genomic, proteomic and

metabolic data.

In this chapter, we would like to focus on the achievements and
perspectives to studying the impact of wine consumption on human
well-being and health using this new methodological approach,
metabolomics. Therefore, in the following sections we will consider the
specificities of metabolomic analysis and we will offer an overview of
the findings provided by applying a nutrimetabolomic approach in
current wine research, emphasizing its relevance to understanding the

complexity of the interaction between wine and health.
2 Specificity of metabolomic studies

Metabolomics in nutrition attempts to decipher metabolic alterations in
response to a specific food ingredient, food product or diet (Kussmann
et al. 2008; Scalbert et al. 2014). Depending on the research question,
two analytical strategies are used in metabolomic studies: targeted and
non-targeted (Patti et al. 2012; Zulyniak and Mutch 2011). Targeted
analysis is a hypothesis-driven approach and is applied when a study is
focused on the analysis of already known metabolites. It provides high-

quality (quantitative) data on compounds using dedicated and
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optimized analytical methods. Historically targeted analysis was
focused on studying a single or several resemble metabolites. Current
technical progress has significantly improved the accuracy, sensitivity
and capacity of analytical platforms, which has permitted the analysis
of complex metabolite systems, such as pathways and classes, driven
by both specific (targeted profiling) and exploratory (non-targeted
profiling and fingerprinting) interests (Fernie et al. 2004). In contrast
to targeted analysis, non-targeted analysis is a data-driven approach,
aimed at analysing the metabolome as broadly as possible, providing a
holistic overview of the metabolic changes occurring under different
conditions. Such wide-ranging metabolome screening provides only
qualitative data, which is used for the generation of new hypotheses.
Both approaches can complement each other in respect of providing
question data that is relevant to research; thus, certain information
about metabolites and related pathways that could not be gained
through a targeted approach due to its methodological restrictions could
be explored by untargeted analysis; and vice versa, qualitative
information obtained from a data-driven approach could be validated

and confirmed by targeted analysis.

Metabolome responsiveness to external and internal stimuli is the

fundamental asset of nutrimetabolomic studies; however, on the other
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hand, it is a major challenge from a methodological standpoint.
Multiple sources of metabolic variability, such as genetic
polymorphisms, environmental conditions and feeding patterns (Kim et
al. 2014; Nicholson et al. 2011; Floegel et al. 2013) determined by a
variety of biological, cultural, socio-economic, psychological and
behavioural factors (Kussmann et al. 2008), need to be carefully
considered in the experimental design of any nutrimetabolomic study in
order to reduce biological components in metabolic variations that are
not linked to the dietary intervention itself (Zulyniak and Mutch 2011).
On the other hand, the workflow procedure should be standardized as
well to minimize the technical variability component in the global
system of metabolic variation (Kim et al. 2014; Burton et al. 2008;

Zulyniak and Mutch 2011; Issaq et al. 2009).

A five-step workflow is typically applied in metabolomic studies,
including nutrimetabolomic ones (Llorach et al. 2012; Brennan 2013):
(1) sample collection; (ii) sample preparation; (iii) data acquisition; (iv)

data analysis; and (v) biological interpretation of the obtained results.

The choice of sample type, preparation, separation platform and
analytical instrumentation should be considered in respect of obtaining

high-quality data used for analysis, especially in untargeted
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metabolomic analysis, and will be defined by the objectives of the
study (Patti et al. 2012; Zulyniak and Mutch 2011; Tulipani et al. 2013;
Issaq et al. 2009). Blood (serum and plasma), reflecting mainly
instantaneous metabolic events and dynamics of nutrient and
metabolite flow in the inter-organ metabolism (Kussmann et al. 2008)
or information stemming from prolonged nutrient exposure (Zulyniak
and Mutch 2011), and urine, providing a time-averaged representation
of recent homeostatic metabolic changes and of gut microbial
metabolic activities (Kussmann et al. 2008; Bouatra et al. 2013), are
among the first-choice samples used in nutrition research. In addition to
their relevant physiological meaning for nutrition, these biofluids are
obtained in a non-invasive way using well-standardized sampling
protocols, which make them widely used in human intervention and
epidemiological studies and, consequently, in nutrimetabolomic
studies. However, depending on the initial biological question, other
types of samples could be used in nutrition research (Gibney et al.
2005; Jenab et al. 2009), including faecal samples, increasingly applied
to study information on metabolic gut health, digestive efficiency and

the activity of gut microbiota (Kussmann et al. 2008).

Any type of biosample is characterized by its inherent metabolome

complexity. Sample preparation methods depend on the sensitivity and
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specificity of the selected analytical techniques and consist of
extracting analytes from the biological matrix and bringing them into a
format compatible with the analytical technique used (Fernandez-
Peralbo and Luque de Castro 2012; Tulipani et al. 2013; Issaq et al.
2009). Various technical platforms are applied in metabolome analysis,
among which mass spectrometry (MS), coupled to separation
techniques such as gas (GC) or liquid (LC) chromatography, and
nuclear magnetic resonance spectrometry (NMR) are the most
commonly used (Ismail et al. 2013; Kussmann et al. 2008; Zulyniak
and Mutch 2011; Issaq et al. 2009). However, none of the currently
existing analytical platforms are able to measure the whole metabolome
(Brennan 2013; Issaq et al. 2009). Each technology has its own
advantages and disadvantages, reflected in its capacity to detect specific
types of compounds (Issaq et al. 2009), and therefore they provide
different sets of information, some parts of which could be overlapped.
To obtain optimal coverage of the metabolome, especially in non-
targeted analysis, a combination of several platforms could be used in

metabolomic studies (van Dorsten et al. 2010; Jacobs et al. 2012a).

Metabolomic studies, especially non-targeted ones, generate huge
amounts of data, which should be carefully preprocessed prior to being

analysed in order to transform the data in the data set into more
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comparable formats in order to ease and improve its analysis
(Smolinska et al. 2012; Issaq et al. 2009). The quality of generated data
is monitored by applying specific controls (Gika et al. 2008). While
data obtained from targeted profiling normally could be treated by
applying univariate statistical analysis, the complexity of metabolic
profiling very often requires data mining techniques based on
multivariate statistical methods (Issaq et al. 2009; Trygg et al. 2007). A
set of unsupervised methods (pattern recognition and clustering
analysis, without prior knowledge of sample class) and supervised
methods (several discriminant analyses based on previously predefined
classes of samples) could be applied to data in order to evaluate
alteration in metabolic signatures or assess possible metabolic markers,
respectively. Any supervised modelling used for identifying
metabolites that differ between studied groups should be validated, in
order to minimize false positive discoveries. The differential signals
recognized by multivariate analysis should be further identified, by
applying a series of analytical and computational approaches, combined
in a multistep identification process (Llorach-Asuncion et al. 2010;
Smolinska et al. 2012). In many cases, metabolites can be positively
identified if their orthogonal measures (retention time, mass spectrum,

accurate mass, MS/MS fragmentation, isotope abundance pattern or
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chemical shifts, peak intensities and spin coupling patterns) match a
known standard or literature values, otherwise they are marked as
unknowns, which could be previously reported but not identified or de
novo described (Wishart 2011). Identified altered metabolites should be
investigated in terms of their correspondence to specific metabolic
pathways in order to make a biological interpretation of the metabolic

alteration and to draw conclusions about its relevance to human health.

3. Metabolomic approach in studying the interaction
between wine and health

Over the last decade, the metabolomic approach also started to be
applied in the investigation of the metabolic impact of wine and its
components (principally wine polyphenols) on the human organism.
Several human metabolomic studies, as shown in Table 16.1, have so
far been conducted in wine nutrition research targeting diverse subjects.
For reviewing purposes we have combined them according to the
methodological approaches applied, and research focus addressed, into:
wine- and grape-derived polyphenols (PPh) metabolomic research
(Section 3.1), discovery of wine consumption and effect biomarkers
(Section 3.2), resveratrol metabolism profiling (Section 3.3) and
targeted research on the metabolic interaction between microbiota and

wine (Section 3.4).
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Suggested place for Table 16.1
3.1. Metabolic imprints of wine polyphenol consumption

A number of metabolomics studies were conducted by a group from the
Netherlands in which the effect of red wine- and grape-derived PPh
consumption on human host and gut bacterial metabolism was studied
using "H-NMR spectroscopy on its own or in combination with GC-
MS, LC-MS untargeted and targeted approaches in order to increase the
coverage of the metabolome and to expand the interpretation of
nutritional intervention (van Dorsten et al. 2010; Jacobs et al. 2012b;
Jacobs et al. 2012a; Jacobs et al. 2008). In their first work (Jacobs et al.
2008) (Table 16.1, N1), designed as a methodological study aimed at
developing and validating the NMR-based untargeted metabolome
profiling of faeces, the impact of wine and grape juice extracts on
human faecal metabolome was evaluated in samples collected in a
midterm randomized crossover intervention study. Methodologically,
the study was performed by using differential polarity extraction
procedures, which enabled the detection and analysis of a relatively
wide range of metabolites with different physicochemical properties,
including polar compounds such as short-chain fatty acids (SCFA),

organic acids, amino acids, trimethylamine, ethanol, glycerol and
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glucose, and less polar compounds such as cholate, lipids, bile acids
and phenolic acids. As a result, more elaborated NMR-based profiling
of faecal samples provided a holistic view on the fermentation products
of dietary components and the activity of microbiota. The application
of an advanced approach revealed that, in contrast to GJX (grape juice
extract), a 4 wk consumption of MIX (mix of grape juice and wine
extracts) induced significant changes in NMR metabolome profiles of
faeces. Some interesting results on the interaction between wine
polyphenols and microbiota were reported. Thus, the reduction of
isobutyrate was monitored after MIX consumption, which was related
by authors to the inhibition of protein fermentation by wine extract
PPh. The wine part of the MIX extract contained roughly 100 times
more catechin than the grape juice part. Since no such changes were
observed after GJX consumption, the catechin content of the wine
extract was linked to the isobutyrate effect, and thus it was suggested
that it was able to modulate the microbial ecology of the gut. Other
interesting observations were related to the variability of metabolomic
profiles. Thus, interindividual variability was related to metabolite
concentration rather than to metabolite composition, suggesting that
different colonic microbiota share general biochemical characteristics,

whereas high intra-individual variability in faeces metabolome
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indicated that diet and lifestyle greatly affect the metabolome,
suggesting that they should be considered carefully in the design of

nutrimetabolomic studies.

A global metabolite profiling of 24 h urine was studied by the group in
a subsequent study (van Dorsten et al. 2010) (Table 16.1, N2) in order
to investigate the urinary excretion of phenolic acids of microbiota
origin and to study changes in other urinary metabolites that could
signal an impact of grape PPh intake on (metabolic) health status. As in
the previous study, contrasting MIX with GJX intervention enabled
researchers to set aside those effects provoked by the consumption of
wine-derived PPh. The multivariate analysis of global ‘H-NMR
profiling revealed that the consumption of wine PPh within complex
extract resulted in significant increase of hippuric acid (HipAc) and 4-
hydroxyhippuric acid (4-OHHipAc) in 24 h urine. Due to the limited
sensitivity of the NMR technique in the detection of phenolic acids, a
more sensitive GC-MS targeted approach (Grun et al. 2008) was used
to complement the analysis. As a result, about 18 different phenolic
acids were found to be significantly elevated due to both interventions.
However, HipAc (already in agreement with the NMR findings), 3-
hydroxyphenylpropionic acid (3-OHPhPrAc), 3,4-

dihydroxyphenylpropionic  acid (3,4-diOHPhPrAc) and 1,2,3-
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trihydroxybenzen (1,2,3-triOHBenzen) were associated only with the
consumption of MIX (Table 16.1, N2), which was related to its higher
wine-derived procyanidin and catechin content. In addition to giving
insights into the metabolic degradation of grape and wine PPh in
humans, this metabolomic study has also demonstrated changes in
endogenous urinary metabolites. A slightly different effect between
consumption of the two extracts on endogenous metabolite excretion
was also related to differences in the PPh content of these interventions.
Thus, NMR detected an increase in urinary excretion of citrate after
MIX intake, suggesting that wine PPh could have an impact on
mitochondrian tricarboxylic acid (TCA) cycle turnover. The GC-MS
targeted profiling further advocated changes in the TCA cycle by
monitoring the elevation of other urinary TCA intermediates, such as
isocitrate. In addition, NMR metabolome profiling showed that MIX
supplementation was associated with raised excretion of betaine, an
important methyl donor and a regulator of homocysteine homeostasis
and to a lesser extent trigolline, a metabolite of niacin (vit B3). 4-
hydroxymandelic (4-OH-mandelic) and 3-methoxy-4-hydroxymandelic
(3-MO-4-OH-mandelic, vanillylmandelic) acids, metabolites of
catecholamines, detected by GC-MS, were also elevated due to the

MIX consumption. Thus, authors suggested that endogenous biological
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pathways, such as phenylalanine metabolism, biogenic amines and
catecholamine metabolisms, could be modulated by the consumption of

wine PPh.

In a subsequent study (Jacobs et al. 2012a) (Table 16.1, N3), the group
tried to identify phenolic metabolites, known to originate from gut
microbial fermentation, in both urine and plasma after 4-day
consumption of a mix of wine and grape juice extracts (WGM) similar
to the previous study . A combination of specific sample preparation
with both targeted and untargeted mass-spectrometric approaches was
used to achieve optimum profiling of interesting metabolites. Urine
profiling by targeted GC-MS detected several phenolic acids as the
most relevant for gut microbiota fermentation of the consumed PPh;
however, the origin (wine or grape juice extract) of the detected
phenolic acids remained unclear. A wide range of metabolites involved
in many different metabolic pathways was analysed in this study with
the aim of generating new hypotheses on the mechanism of action of
ingested polyphenols. The most noticeable were changes in microbial
fermentation products of aromatic amino acids (Table 16.1, N3), which
were in line with changes observed in faeces (Jacobs et al. 2008). In
addition, the reduction, detected in this study, in urinary 1-

methylhistidine, a metabolite of dietary protein, and in tyrosine,
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threonine and lysine plasmatic levels, also supported the idea of the
ability of PPh to influence protein digestibility. These data led the
authors to the hypothesis that wine and grape PPh or their microbial
metabolites may benefit human health by reducing colonic protein
fermentation and/or changing microbial amino acid metabolism. These
results encourage the follow-up and study of the cross-talk between the
gut microbial metabolism and host metabolic response following PPh
and protein consumption. A subtle alteration in the urinary levels of
3,4-dihydroxyphenylglycol (3,4-diOHPhglycol) was observed (Table
16.1, N3) that suggested that wine PPh, most probably due to the
presence of tyramine, might influence, through norepinephrine,
turnover of catecholamine metabolism. The reduction of plasmatic
sphingomyelin, two lysophosphatidylcholines and two
phosphatidylcholines was detected and this, according to the authors,
might indicate that wine and grape PPh affect the inflammatory

signalling cascade, possibly at the mucosal gastrointestinal barrier.

The main pitfalls of conventional NMR metabolome profiling, i.e.
limited sensitivity and signal overlapping, could be partially overcome
by the application of SPE sub-profiling of urine, which was
demonstrated in the latest study of the group (Jacobs et al. 2012b)

(Table 16.1, N4). The methodological upgrade consisted in the
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application of different polarity fractions obtained by automated SPE to
NMR analysis in order to enable more accurate quantification and less
ambiguous identification of metabolites. This methodological
improvement was tested on 24-hour urine samples collected in a short-
term (4 days) crossover placebo-controlled intervention trial in which
volunteers consumed a PPh-rich mixture of red wine and grape juice
extracts (WGM) in two different food matrixes: water and soy drink.
As a result, the increase in urinary excretion of several microbiota-
derived phenolic acids (Table 16.1, N4), normally undetectable by
conventional NMR, was monitored. These changes were related to
WGM consumption, independently of the food matrix applied.
However, on the other hand, it was observed that soy drink induced an
excretion of aconitate, citrate and trigonelline, suggesting that
endogenous metabolism was affected possibly via the tricarboxylic
cycle (TCA). This could be very important, since earlier studies (van
Dorsten et al. 2010) suggested that the TCA cycle was a putative target
for wine PPh consumption. Consequently, the issue of the suitability of
soy drink as a potential carrier for wine and grape PPh should be
studied further. In this respect, some metabolic issues should be
additionally clarified, since even under recent upgrades, the methods

had restricted sensitivity to some lower abundant metabolites of WGM
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origin, endogenous compounds and some soy-derived PPh metabolites.
On the whole, the study opened encouraging prospects for the technical
improvement of NMR-based compound detection and analysis, aimed
at providing better access for the analysis of metabolites involved in the

interaction between diet and health.
3.2 Impact of wine consumption on human metabolome

In parallel to nutrimetabolomic studies focused principally on the PPh
component of wine and grape juice extracts, a couple of untargeted
studies on complex wine were performed by our group (Vazquez-
Fresno et al. 2014; Vazquez-Fresno et al. 2012) using a conventional
'H-NMR-based untargeted approach (Table 16.1, N5 and N6). The
individual and combined impacts of the two principal bioactive parts of
wine, alcohol and PPh, on human urinary metabolome were evaluated
in the first study (Vazquez-Fresno et al. 2012) (Table 16.1, N5) by
analysing 24-hour urine samples after midterm (4 wk) intervention with
red wine (RWA) at real-life doses, which was performed in parallel
with dealcoholized red wine (RWD) (the same PPh content) and gin
(ethanol control) treatments in a randomized crossover study. The
detection of tartaric acid, a major acid in grapes and also a chief

component of wine, after RWA and RWD intake was related to wine

69



Antecedentes bibliogréaficos

PPh consumption, whereas ethanol was related to alcohol component of
wine, and was obviously also detected after gin consumption. Two
recognized colonic microbiota PPh metabolites, hippuric acid (HipAc)
and 4-hydroxyphenylacetic acid (4-OHPhAtAc), were related to the
consumption of the PPh content of wine (Table 13.1, N5). However, in
contrast to 4-OHPhAtAc, which also increased after RWA
consumption, HipAc did not change as a result of this treatment,
suggesting that the alcohol content of wine might have some impact on
the metabolic pathway related to the production of this compound. As a
result, the study reported on the following markers of red wine
consumption: tartaric acid, as a wine-derived compound, 4-OHPhAtAc
related to the gut metabolism of wine PPh, and ethanol as the principal
metabolite of wine alcohol. Shortly after this study, urinary tartaric acid
was confirmed as a sensitive and specific dietary biomarker of wine
consumption in a randomized crossover feeding trial (Regueiro et al.
2014). Finally, based on the obtained results, it was also projected that
a combination of tartrate and ethanol markers could also be used in the
monitoring of global compliance to wine dietary intervention. In fact,
in our second study (Véazquez-Fresno et al. 2014), the combined
biomarker model was successfully developed based on the previous

intervention study. Ethanol glucuronide, a principal metabolite of
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ethanol, was identified and in combination with tartaric acid was shown
to be a strong NMR-detected biomarker for wine consumption not only
in a controlled intervention study with wine but also in a cohort study
involving free-living subjects (Table 16.1, N6). Moreover, this
“tartrate-ethyl glucuronide” model, being more sensitive than
individual markers themselves, showed a promising performance since
its sensitivity accounted for discrimination of up to 3 days post-
consumption of one glass of wine in a free-living population. So far,
only resveratrol and resveratrol metabolites fulfil the criteria to be
considered as nutritional biomarkers of wine consumption for
application in epidemiological studies (Zamora-Ros et al. 2009). These
findings provided wine nutritional research with promising biomarkers,
which could be used alone or in combination with classical dietary
assessment methods in clinical and epidemiological studies in order to
be able to estimate more precisely the relationship between wine and

health.

An endogenous product of first-step catabolism of branch-chain amino
acids (BCAA), 3-methyl-2-oxovalerate, was identified in urine after
consumption of wine in an intervention study (Vazquez-Fresno et al.
2012; Vazquez-Fresno et al. 2014) (Table 16.1, N5 & NG6).

Interestingly, this metabolite was also elevated in the group of wine
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consumers from the epidemiological study (Véazquez-Fresno et al.
2014) (Table 16.1, N6), thus behaving really as a robust marker of the
effects of wine consumption. In general, elevated levels of BCAA
could be related to a decrease in their metabolic rate, which is
associated with health-compromising statuses such as insulin
resistance, diabetes, cardiovascular disease, etc. (Batch et al. 2014).
The increase of urinary 3-methyl-2-oxovalerate levels detected in both
studies could suggest that the induction of BCAA catabolism by wine
PPh components has benefits for health, which should be studied in
further investigations. On the whole, the results of these two studies
showed the capacity of a conventional NMR-based untargeted
approach to obtain a comprehensive metabolome picture including food
metabolome and endogenous biomarkers of moderate wine intake,
thereby fully supporting the application of this approach in complex

clinical or epidemiological studies.

3.3 Metabolomics in Resveratrol Research

Resveratrol is a natural stiloene with specific physicochemical
properties responsible for its biological activity (Szekeres et al. 2010).
Interest in resveratrol as a principal bioactive compound of wine lies in

a reductionist approach, which investigates the beneficial health
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impacts of individual wine PPh as the main factors responsible for the
“French paradox” effect (Renaud et al. 1998; Chiva-Blanch et al.
2013). In this respect, resveratrol has been and is extensively studied
for its biological activity in relation to the observed benefits of wine
consumption for health (Delmas et al. 2011). Although this PPh is also
present in some other foods, wines are the most important source of
resveratrol in people’s diet (Zamora-Ros et al. 2008). Thus, resveratrol
was shown to be a good marker of dietary intake of wine in both
interventional (Zamora-Ros et al. 2006) and epidemiological studies
(Zamora-Ros et al. 2009). In fact, the latter study (Zamora-Ros et al.
2009) showed that using resveratrol metabolites, instead of single
resveratrol, could increase the ability to discriminate between wine

consumers and non-wine consumers even in a free-living population.

Previous studies showed an extensive metabolic conversion of dietary
resveratrol consumption (Delmas et al. 2011; Andres-Lacueva et al.
2009). Consequently, the role of resveratrol metabolism became
recognized both in relation to its biological activity and human health
interactions (Delmas et al. 2011) and as a good marker of wine
consumption (Zamora-Ros et al. 2009). In contrast to other wine PPh,
resveratrol metabolites could not be monitored by conventional non-

targeted metabolomic approaches (NMR- and MS-based), principally
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due to the relatively low concentrations of bioavailable resveratrol
metabolites, in addition to specific technical limitations of these
approaches. In this respect, more sensitive targeted profiling of
metabolites is a method that can provide a comprehensive overview of
the complexity of resveratrol metabolism. Recently two LC-MS-based
targeted studies evaluating complex profiles of metabolites provided
updated information on resveratrol metabolism in humans (Rotches-
Ribalta et al. 2012b; Rotches-Ribalta et al. 2012a). In the first study
(Table 16.1, N7), the pharmacokinetics of plasmatic and urinary
resveratrol metabolic profiles was studied after moderate consumption
of red wine. Seventeen metabolites of resveratrol (12 metabolites) and
piceid (5 metabolites) were identified (Table 16.1, N7). This was the
first pharmacokinetics study to consider such a large metabolic profile
of resveratrol and piceid in humans after an acute intake of RWA in
moderate doses. Later, in a second study (Rotches-Ribalta et al. 2012b)
(Table 13.1, N8), resveratrol metabolite profiling was extended by
refining the sample preparation procedure. Thanks to the availability of
some standards, an optimized methodology permitted more accurate
identification and quantification of sulphoconjugated metabolites (e.g.
disulphated and sulphoglucuronidated), which were previously

underestimated, but whose impact could be significantly relevant to
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human health through the modification of resveratrol stability, chemical
structure, transport and metabolism at the cellular level of the organism
(Delmas et al. 2011; Patel et al. 2013). In total, 21 different resveratrol
metabolites, including those formed by gut and microbiota metabolism,
were included in the targeted resveratrol profiling of 24 h urine samples
from the crossover intervention study with a 4 wk intake of red wine
(RWA) and dealcoholized red wine (RWD) with the same PPh content.
Targeted profiling of urinary resveratrol metabolites showed that the
alcohol component of wine did not affect the resveratrol bioavailability,
either in total or as a composition of its various metabolites. On the
whole, these studies presented a focused resveratrol metabolism
profiling approach, which is not only able to provide a global sum of
the total metabolites, which is of important value for resveratrol
bioavailability estimation, but also show the importance of each
individual resveratrol metabolite in metabolism and the health effect of

wine-derived resveratrol.

3.4 Application of targeted metabolomics in exploring wine-

microbiota interaction

Recent interest in the role of colonic microbiota in the bioavailability

and bioactivity of dietary PPh (Cardona et al. 2013; Etxeberria et al.
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2013) has encouraged further investigation into the metabolic fate of
grape- and wine-derived PPh in the human organism. Previously,
studies tended to evaluate the microbiota-mediated interaction between
wine and health mainly through a reductionist approach, focusing on
single components of wine as its primary PPh, such as resveratrol
(Bode et al. 2013), catechin and procyanidins (Gonthier et al. 2003),
anthocyanin (Forester and Waterhouse 2008), etc., or vice versa on
activities of specific strains of colonic microbes (Barroso et al. 2013).
However, the high complexity of gut microbiome and its high
interindividual variability challenge such evaluations; in addition, the
impact of wine as a complex food could not be explained. The
application of metabolomic approaches opens up the opportunity to

have a more holistic look at the issue (Moco et al. 2012).

The composition of microbial phenolic metabolites in faecal samples
collected after regular consumption of either red wine (RWA),
dealcoholized red wine (RWD) or gin (GIN) was analysed using
targeted LC-MS (Jimenez-Giron et al. 2013) in a pilot crossover study
(Table 16.1, N9). For this purpose, the method for detecting and
quantifying 60 different phenolic metabolites in faeces was earlier
developed and validated (Sanchez-Patan et al. 2011). The analysis

showed that the microbial metabolic profile of faeces was substantially
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modified after moderate intake of red wine, either dealcoholized or not,
and 8 phenolic acids were significantly increased. Metabolites derived
from the catabolism of both flavan-3-ols and anthocyanins seemed to
contribute to these changes. According to the results of the study, the
bioavailability and biotransformation of red wine PPh by gut
microbiota, and likewise resveratrol (Rotches-Ribalta et al. 2012b),
were not affected by the alcoholic matrix of the wine. Large inter-
individual differences in the formation of microbial metabolites after
each red wine intervention, but not after gin intervention, were related

to variations in the microbiota composition among subjects.

The developed targeted analysis was applied by the same group in a
larger study with 41 volunteers (Munoz-Gonzalez et al. 2013) (Table
16.1, N10). This time, changes in the microbial-derived phenolic
metabolite profile of faeces due to moderate 4-week red wine
consumption were monitored in a parallel-armed study. Of 60 targeted
compounds, 35 were identified in all faeces samples. No detectable
amounts of the phenolic compounds present in wine, such as
anthocyanins, flavan-3-ols and stilbenes, were found in the faecal
samples, suggesting their extensive catabolism by colonic microbiota.
Ten compounds, mainly benzoic and 4-hydroxyvaleric (4-OH-valeric)

acids (Table 16.1, N10), showed a statistically significant increase after
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the wine intake. Authors reported that red wine consumption increased
the total phenolic metabolite content of faeces to varying degrees.
According to their gut microbial capacity to metabolize wine PPh,
individuals were tentatively classified into three “metabotypes” (Bolca
et al. 2013) by ug of wine-derived total PPh detected per g of faeces:
1) low (<500 pg /g), 2) moderate (500—1000 pg /g), and 3) high (>1000
ug /g) metabolizers. Thus, these results supported a hypothesis on the
existence in the human population of different PPh-metabolizing
phenotypes (van Velzen et al. 2009). Although these data should be
confirmed and better explored in a larger intervention study, they
already carry great significance when considering individual PPh-
metabolizing phenotypes in wine-health interaction studies. In general,
these two targeted metabolomic studies on faeces confirmed that gut

microbiota is among the principal objects of wine PPh action.

The scientific community has become aware that the microbe-derived
metabolites of PPh represent a large proportion of wine PPh intake,
impacting on their bioavailability and potentially exhibiting some
bioactive effects (Forester and Waterhouse 2009; Monagas et al. 2010).
Analysing bioavailability through monitoring host and microbiota-
derived metabolites together, we can reveal the main protagonists of

corporative interaction among wine PPh and microbiota and human
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health, in addition to obtaining valuable information on the microbiota
catabolic activity on wine PPh. Led by this idea, the host and
microbiota metabolites of consumed red wine PPh formed within and
excreted in urine from our organism were studied using a metabolomic
targeted approach in our group (Boto-Ordonez et al. 2013) (Table 16.1,
N11). The wide-ranging urinary metabolomic fingerprint of phenolics
(n=61) was monitored by a specially developed LC-MS technique in
enzymatically hydrolyzed and non-hydrolyzed 24 h urine samples
collected before and after a regular 4 wk intake of dealcoholized red
wine (RWD). As a result, 37 enzymatically deconjugated and 24
conjugated metabolites were detected, of which 49 were increased after
RWD consumption, pointing to a considerable complexity of wine PPh
microbial catabolism (Table 16.1, N11). So far, this targeted profiling
has provided the most complete urinary phenolic metabolic fingerprint
after wine consumption. The highest percentage of increase
corresponds to microbial metabolites derived from flavan-3-ol and
anthocyanin degradation. Some of the detected wine PPh microbial
catabolites were recently shown to exert specific microbiota-directed
bioactivities in in vitro (Sanchez-Patan et al. 2012) and in vivo (Boto-
Ordonez et al. 2014) studies. In this way, wine PPh can beneficially

interplay with microbiota activity with respect to human health. Some
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such interplays were recently reported when substantial changes in the
gut miocrobiota provoked by wine consumption were associated with
certain health-relevant changes in the human organism (Queipo-Ortuno
et al. 2012; Clemente-Postigo et al. 2013). Therefore, microbiota could
be seen not only as a new metabolic organ of wine PPh but also as a

target of their action with respect to health benefits for humans.

As a final point, these studies showed the potential of a targeted
metabolomic approach in wine-microbiota research focused primarily
on evaluating the complexity of wine PPh metabolism and on detecting
wine colonic metabolites as potentially bioactive molecules within the

human organism both systemically and at the level of colon.

Suggested place for Figure 16.1

4 Conclusions

The nutrimetabolomics studies, so far performed in wine nutrition
research, showed that the consumption of wine and wine-derived PPh
impact strongly on our metabolism, provoking global changes in both
exogenous and endogenous metabolites. Thus, alterations in
homeostatic metabolism and in immediate metabolic events were

observed. Moreover, the gut microbiota metabolic efficiency and
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activity were also affected. These findings provided information on the
complex metabolic relationship between wine and the human organism.
In addition, targeted metabolomic studies on wine PPh and their
metabolites suggested the application of metabolic patterns of
resveratrol and other wine-derived PPh as markers of wine dietary
exposure, which is an important step forward toward more accurate
assessment of wine effects in future clinical and epidemiological
studies. The main findings thus far of wine metabolomic research are
briefly summarized in Figure 16.1. Finally, the outcomes of these
studies showed the advantage and great potential of the application of a
metabolomic approach in wine nutrition research, especially in
understanding and revealing novel mechanisms underlying the health
benefits of wine consumption and in searching for targets of wine

benefits to human health.
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2.3.2 BIOMARCADORES NUTRICIONALES DE
EXPOSICION A COMPUESTOS BIOACTIVOS E
IMPACTO EN LA SALUD

En los dltimos afios, un gran nimero de estudios de intervenciéon y
estudios epidemiolégicos ha proporcionado nuevas evidencias sobre las
propiedades beneficiosas de los polifenoles de la dieta en la reduccion del
riesgo de enfermedad cardiovascular. Aun asi, es necesario que se invierta
en la investigacion para descubrir y validar nuevos biomarcadores de la
ingesta de polifenoles y su efecto en fomentar la salud cardiovascular. Para
afrontar el reto con éxito, el uso de las tecnologias —6micas emergentes y
los enfoques generadores de hipdtesis son muy esperanzadores.
Particularmente, la metabolémica, a pesar de que es la mas joven de las
omicas, ha tenido grandes ¢éxitos en varias aplicaciones para la
identificaciéon de potenciales biomarcadores relacionados con la
prediccion, el diagnéstico temprano y la prognosis de la enfermedad
cardiovascular (ECV). Este capitulo pretende hacer una vision global de 1a
aplicacion de las aproximaciones en metabolémica para el descubrimiento
de biomarcadores de polifenoles y ECV, ademas de sus implicaciones en
la evaluacion de riesgo cardiovascular.

Asi, este capitulo de libro se titula “Emerging Applications of
Metabolomics to Polyphenols and CVD Biomarker Discovery” y ha sido
publicado en el libro que lleva como titulo “Polyphenol in Human Health
and Disease” (Volumen 2), editado por Ronald Ross Watson, Victor R.
Preedy y Sherma Zibaldi, en Academic Press, de la editorial Elsevier.
(2014). ISBN: 978-0-12-398472-2.

Autores: Rosa Vazquez-Fresno, Sara Tulipani, Olha Khymenets, Mireia

Urpi-Sarda, Mar Garcia-Aloy, Montse Rabassa, Maria Boto-Ordofiez,

Maria Rotches-Ribalta, Rafael Llorach and Cristina Andres-Lacueva.
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1. INTRODUCTION

The World Health Organization reported that 17.3
million deaths in 2008 were caused by cardiovascular
events, where over 80% took place in low- and
middle-income countries (http://www.who.int/cardio-
vascular_diseases/en/). Thus, the early identification of
individuals who will develop cardiovascular diseases
(CVD) is paramount when prioritizing preventive
resources; thereby; the identification of novel early bio-
markers of CVD risk is a widespread focus for research.

The impact of nutrition on CVD development and
prevention is commonly accepted."? Twenty-five to
forty percent of all vascular disease and cancer deaths
worldwide are caused by unhealthy diets and obesity.”
For instance, the INTERHEART .l;l'ucly'l demonstrated
that low consumption of fruits and vegetables was
among the nine factors accounting for =90% of the
myocardial infarction risk in populations from 52
countries representing all regions of the world."™®
Plant origin dietary food such fruits, vegetables, cer-
eals, tea, coffee and wine are common sources of a
wide variety of natural compounds (e.g., polyphenols,
which are present in high amounts in the diets of
European and US populations).”

Polyphenols are divided into two main groups: so-
called non-flavonoids and flavonoids. The basic struc-
ture of flavonoids is the 2-fenilbenzopirona
(C6—C3—-Ch), and they are classified into eight
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subclasses: flavanones, flavones, dihydroflavonols, fla-
vonols, flavan-3-ols, anthocyanidins, isoflavones, and
proanthocyanidins. The non-flavonoids group is dassi-
fied according to the number of carbons it contains
and comprises the following subclasses: simple phe-
nols, benzoic adds, hydrolyzable tannins, acetophe-
nones and phenylacetic acids, cinnamic acids,
coumarins, benzophenones, xanthones, stilbenes, chal-
cones, lignans, and secoiridoids.”

A growing catalogue of evidence from epidemiolog-
ical studies indicates a positive association between
the consumption of polyphenol-rich foods and the
reduction in the incidences of CVD.™'* A 7-year
follow-up epidemiological study' has revealed that a
high flavonoid intake was related to a lower risk of fatal
CVD in the US adult population; and the anthocyani-
dins, flavan-3-ols, flavones, flavonols, and procyanidins
were identified as the principal classes of polyphenols
responsible for lowering the risk of CVD mortality. The
association between dietary intakes of flavonones,
anthocyanidins, and specific flavonoid-rich foods and a
decreased risk of death caused by CVD was also
observed in a prospedtive study with more than 30,000
post-menopausal women.'® A recent meta-analysis on
six prospective cohort studies reported that a flavonol
intake was inversely associated with stroke incidence,
whereas even small amounts of flavonoid-rich foods
were seen to have beneficial effects on cardiovascular
health."”

B 2014 Elsevier Inc. All rights reserved.
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Plenty of in vitro and human interventional studies
have also been carried out to understand the mechan-
isms of action underlying the health-promoting prop-
erties of polyphenols on the vascular system. They
consider possible impacts of polyphenols at different
levels: the induction of anljoxida.nt clefen_l;e‘:,]'q']"1
blood-pressure- 10wem1g effects 20-2 the improvement
of endothelial functlcm, a “ the inhibition of platelet
aggregation * and low-density lipoprotein (LDL)
oxidation, '™ the modulation of inflaimmatory
response,’’ ~* and many others. Altogether, the find-
ings of these studies point to a complexity of interac-
tions between dietary polyphenols and the human
organism.

Over the latest decades of research into polyphenols
and CVD, based on mumerous animal and human
studies, several classes of health-promoting polyphe-
nols were identified. Anthocyanins from red wine,
purple grapes, pomegranate, certain berries and other
fruits and vegetables exhibit anti-inflammatory™*”
and anti.hyperhensive’m effects, insulin _l;e"n_-iith:ity,'l'T
antiatherosclerotic effects;** inhibit platelet
aggregation;”™” and increase wvascular function.””
Flavanones, mainly found in oranges and grapes, are
recognized to have the ability to improve blood lipid
profiles in subjects suffering from dyslipemia and cor-
onary atherosclerosis.”™”” Aside from their anti-inflam-
matory, anti-proliferative and antioxidative effects, ™"
flavonols of wine, tomatoes, onions, apples, tea, ber-
ries, broccoli, lettuce and other vegetables, and bever-
age origins are implicated in the direct inhibition of
platelet cell :1g_11a.1mg platelet aggregation, and throm-
bus formation.”® Flavan-3-ols monomers and polymers
(proanthocyanidins) from green tea and cocoa pro-
ducts are reported to have beneficial effects which
range from reduction of blood pressure and insulin
resistance,””” to the improvement of endothelial®® and
inmuno-modulatory function.”’ Stilbenes, particularly
resveratrol present in grapes, red wine, and peanuts
improves cholesterol metabolism (modulating lipids
and lipoprotein metabolism) and, therefore, protects
against atherosclerosis.'” Isoflavones such as genistein
and daidzein found in soybeans and legumes are asso-
ciated with benefidal actions on the vasculature, the
myocardium, and the circulating lipid pmfile.'_‘q'w
Additionally, hydrolyzable tannins such as ellagitan-
nins, espedally those found in nuts, tea, grapes, ber-
ries, and some fruits such as pomegranate, peach and
apricot,”” are recognized due to their antiatherogenic
effects.” Finally, ?‘mml and hydroxytyrosol, mainly
of olive oil origin,” exhibit antioxidant, antihyperten-
sive, blood lipid and endothelial function improving
effects.”**

Despite growing scientific evidence, it is still very
difficult to make nutritional recommendations for
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dietary polyphenols. In the last decade, it has become
increasingly apparent that the limited number of tradi-
tional biomarkers of polyphenol effects may fail to pro-
duce accurate exploration, explanation or prediction of
polyphenol effect on health.”** In order to unambigu-
ously identify the actual bioavailability and potential
bioactivity in health promotion and disease prevention
phenolic components of diet, and to possess the tools
necessary to monitor dietary intakes, the identification
and validation of new biomarkers of consumption and
effect has become of central importance.

To estimate dietary intake of polyphenols, specific
databases have been generated and are constantly
updated, collecting all reported information on the
polyphenols present in food and beverages as well as
on their metabolites after intake.””~®" For instance,
Phenol Explorer emerged as the first comprehensive
web-based database on polyphenol content in
food, and currently it contains information on more
than 500 polyphenols in more than 450 types of food
and beverages (http://www.phenol-explorer.eu).’
Furthermore, the Phenol Explorer database 2.0°° was
recently updated to include the concentrations of poly-
phenols and polyphenol metabolites of phenol-rich
sources and around 375 polyphenol metabolites identi-
fied in urine and plasma on polyphenol metabolism in
humans and experimental animals.

The discovery and assessment of nutritional biomar-
kers (biomarkers of food intake and/or effect) is
greatly dependent on the use of appropriate analytical
tools (able to detect metabolites present in different
biological matrices) and can be subjected to slight
changes. If until now targeted approaches represented
the “classical” way for biomarker discovery, the fast
development of the high-throughput technologies has
recently made the application of non-targeted “-omic”
approaches a complementary tool which promises

important advances in this area.””!

2. METABOLOMICS AND BIOMARKERS
DISCOVERY

Biomarkers have been defined by the National
Institutes of Health (NIH) working group as a “charac-
teristic that is measured in an objective way and is
evaluated as an indicator of normal biological pro-
cesses, pathogen processes and biological answers to a
therapeutic intervention.””* Metabolomics has emerged
as an important tool for the discovery of new biomar-
kers. Metabolites are important players in biological
systems and compared to classical diagnostic
approaches and conventional clinical biomarkers, offer
potential advantages in sensitivity and specificity”
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that support the feasibility of metabolomic approaches
in biomarkers discovery.

The Metabolomics Society defines metabolomics as
the “newly emerging field of -omics research con-
cerned with the comprehensive characterization of the
small molecule metabolites in biological systems which
can provide an overview of the metabolic status and
global biochemical events associated with a cellular or
biological system” (http://www.metabolomicssociety.
org).

In respect to other “omics” science (i.e., genomics,
transcriptomics, proteomics), several have the potential
advantages of the  metabolomic  approach
Metabolomics tries to define the changes in the metab-
olite concentration, related to genetic, biologic or envi-
ronmental alterations. Therefore, the metabolome is
closer to the phenotype of the organism and gives us a
better profile of its biological state.”* ™™ The variations
in the primary metabolism occur in terms of seconds,
allowing the metabolome to be a sensible and immedi-
ate measure of the phenotype of a system. Hundreds
of samples could be analyzed in a matter of days,
depending on the anmalytical tool used. Therefore
experiments on a large scale are possible. The metabo-
lome of a system (cell, biofluid, tissue,) can provide
information on the state of a dinical risk, by the
appearance, progression and/or regression of the dis-
ease; therefore it can serve us as a diagnostic tool
Thus the metabolomics approach may be applied on
the first stage of the biomarkers discovery, which later
should be validated using other approaches.

2.1 The Metabolomic Workflow

The workflow typically applied in metabolomics
has been broadly categorized into five main steps
which start after the biological question has been
posed and the study design established. It includes:
sample collection and preparation, data acquisition,
and data analysis followed by the biological interpreta-
tion of the obtained results (Figure 79.1).77

2.1.1 Sample Collection and Preparation

According to the initial biological question, the sci-
entific interest could be directed towards the analysis
of the metabolome of different biological matrices,
such as plasma, serum, urine, fecal water, cerebrospi-
nal fluid, breath, saliva, and tissue.”™ However, blood
and urine are the most common biosamples analyzed
in human metabolomic studies, due to the less inva-
sive method of obtaining them.”™ Fecal water offers the
possibility to study gut microbiota metabolites but it
cannot indicate those metabolites that are actually

absorbed by the host. Other biofluids such as
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FIGURE 79.1 Schematic representation of a nutrimetabolomic
experimental workflow. Biclogical samples are collected and subse-
quently analyzed using several analytical platforms. The different
analytical platforms are used for data acquisition. The data are pre-
processed and statistically analyzed. Finally, the results are biologi-
cally interpreted. Reprinted with permission from Llorach R, Garcia-Aloy
M, Tulipani 5, Vazquez-Fresno R, Andres-Lacueva C. Nutrimetabolornic
strategies to develop new biomarkers of intake and health effects. | Agric
Food Chem 2012,60(36):8797-8808. Copyright 2012, American Chemical
Society.

cerebrospinal fluid or tissue are collected in a more
invasive way. Saliva is not widely used in metabolo-
mics, but its potential to discriminate metabolic pro-
files induced by diet is attractive for further
explorations.”

Sample preparation consists in extracting the ana-
lytes from the biological matrix and brings them into a
format compatible with the analytical technique used
while removing components that will interfere with
the analysis”" Low-abundant metabolites require
including a pre-concentration step in the extraction
procedure to achieve the detection limits of the tech-
nique applied. The quality of sample preparation is an
important factor for the achievement of each analytical
procedure; however, it should be noted that arg kind
of sample preparation will cause analyte losses.

2.1.2 Data Acquisition: Targeted and Non-targeted
Approaches

Two metabolomic approaches have been desaibed
for the acquisition of metabolomic data. The targeted
approach enables us to quantitatively analyze a prede-
fined metabolite group which belongs to a particular
class of compounds or a metabolic pathway, and can
also be used to validate a biomarker after it has been
discovered.” Being a hypothesis-driven approach, cer-
tain information about the metabolic pathway of an
organism and its relations with certain physiologic and
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pathologic states could not be achieved. Consequently,
targeted approaches are increasingly complemented
with non-targeted approaches, which, although pro-
viding qualitative or semi-quantitative information,
have the potentialities to drive a marked increase in
the identification of potential biomarkers.

The non-targeted approach aims to cover the meta-
bolome as broadly as possible, detecting the maximum
number of metabolites, including the detection of pre-
viously unknown or poorly characterized metabolites.
This provides us with an unbiased “pattern” of a dis-
ease, lifestyle or environmental conditions without
knowing the represented metabolites. Thus, the non-
targeted approach gives a wider but qualitative or
semi-quantitative vision of the metabolome with the
objective to detect the maximum number of metabo-
lites in a sample, including the ones that are unknown
or very little known.

21.2.1 ANALYTICAL TECHNIQUES

Metabolome includes a huge variety of endogenous
and exogenous classes of compounds, with differences
in size, polarity and compound concentration.
Consequently, no single analytical method is able to
represent in a unique snapshot such diversity.

The most common techniques used in metabolomics
for data acquisition are nuclear magnetic resonance
spectroscopy (NMR) and mass spectrometry (MS),
often applied in combination to extract from samples
as much information as possible.”* The first one has a
high reproducibility but limited sensitivity; the second
one is normally combined with other techniques such
as gas chromatography (GC-MS) or liquid chromatog-
raphy (LC-MS), and this achieves high sensitivity in
the analysis.”® NMR is used in metabolomics predomi-
nantly because it is a quantitative, highly reproducible
non-destructive technique® and it allows the detection
of metabolites present in relatively high concentrations
in several biofluids (i.e., urine, plasma, serum) and tis-
sues.”” The limitation of this analytical tool lies in its
inherent insensitivity compared to MS and requires
relatively large sample volumes.

MS consists in separating ions (charged in positive or
negative mode) according to their mass-to-charge ratio
(m/fz). MS requires separation techniques depending on
the class of substance. GC-MS is the oldest tool for quali-
tative metabolic profiling, providing high chro-
matographic resolution. This technique consists in an
electron impact ionization wherein the GC column
eluants are introduced, the source ionized and fragmen-
ted to generate a characteristic fragmentation pattern
and mass spectrum that is typically used for chemical
identification. LC-MS provides metabolite separation by
equilibration between a mobile liquid phase and a sta-
tionary solid (or liquid) phase. This technique differs
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from GC-MS in distinct ways (lower analysis tempera-
tures, and sample volatility not required) and this
simplifies sample preparation. Fnally, capillary
electrophoresis-mass spectrometry (CE-MS) is another
analytical tool consisting in the separation of metabolites
firstly by CE, based on charge and size, and then selec-
tively detected using MS by monitoring a large range of
mjz values. CE is appropriate for the separation of polar
and charged compounds and can provide complemen-
tary information to LC-MS on the biological composition
of samples, detecting and quantifying cationic and
anionic metabolites.

However, as in the case of NMR, MS has a number
of weaknesses: MS analysis may require extensive sam-
ple preparation for metabolite extraction, depending on
the biological matrix studied, which can result in the
loss of certain compounds. In summary, for metabolo-
mic studies both analytical techniques can provide use-
ful approaches and highly complementary information.
The use of both techniques is often necessary for full
metabolome characterization and, therefore, is increas-
ingly applied in metabolomic trials.”®*%

2.1.3 Data Analysis and Biological Interpretation

As recently reviewed, a growing number of bioin-
formatics tools have been proposed for data analysis
and biological interpretation.” ™"

Usually metabolomic studies generate huge amounts
of data, which are subsequently treated by univariate
statistical analysis (e, Student's f-test or one-way
ANOVA) or more commonly by multivariate methods,
in order to improve the statistical power of the multidi-
mensional datasets gathered. Several methods of data
analysis are generally employed, induding unsuper-
vised and supervised strategies.”” Unsupervised meth-
ods such as principal component analysis, and
hierarchical clustering analysis determine pattern sets
according to their properties and without prior knowl-
edge of the sample class, and are typically employed to
identify clustering within a sample population.”
Supervised methods such as prindpal component anal-
ysis and discriminant analysis, partial least square dis-
aiminant analysis, or orthogonal least square
discriminant analysis are the most commonly used,
being powerful statistical tools that use additonal infor-
mation on the datasets, such as clinical data, to deter-
mine similarities and differences between predefined
classes of samples.

Once a metabolite results in significantly different-
ating classes of samples, the next step lies in its identi-
ficaion. Currently, the efforts in metabolite
identification are supported by a series of analytical
and computational approaches. The most used
approaches indude the obtention of further structural
information by additional experiments such as tandem
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(MS/MS) or multiple (MS") fragmentation experi-
ments, to enable structural comparisons with authentic
standards, when commercially available,”™ or with
information contained in open metabolite databases.”

There are several metabolomics databases with
suitable information for identification and characteriza-
tion of metabolites, such as ChEBI'" (which contains
biological interesting compounds), PubChem'”" (which
contains a collecdon of known organic compounds
which link to PubMed articles), Chem%iderm (which
contains chemical compounds), Lipid Maps'” (which
contains biological lipids), METLIN database'™ (which
contains known human metabolites), the
BioMagResBank or BMRB'® (which contains experi-
mental NMR spectra of mammalian metabolites),
MassBank'™ (which contains MS spectra of a variety
of metabolites, drugs, and toxic compounds), the
Madison Metabolomics Consortium Database
(MMCD)'"” (which contains experimental and pre-
dicted NMR spectra of Arabidopsis metabolites), and
HMDB 3.0 (which contains most of the known or
measurable endogenous metabolites in humans). These
databases tend to have a major focus on chemicals
with a lesser focus on biological data. In nutrimetabo-
lomic human studies metabolic pathway databases are
very useful tools to locate metabolites identified in a
specific human pathway. These databases include
Kyoto  Encyclopedia of Genes and Genomes
(KEGG),"™ the “Cyd” databases,'!” Reactome data-
base, ! WildPathways,] 2 the Small Molecule Pathway
Databases or SN[PDB,"” and the Medical Biochemistry
Page (themedicalbiochemistrypage.org/). Clearly,
metabolite identification and interpretation of the
metabolomic data with these bioinformatics tools will
have a potential application in clinical research. In
addition, newly emerging software tools exploiting
these databases are useful in disease diagnosis and dis-
ease treatment.

3. NUTRIMETABOLOMICS AND
BIOMARKERS OF POLYPHENOL
EXPOSURE

The application of metabolomics to nutrition
research (nutrimetabolomics) is more recent but no less
promising compared to already-explored fields such as
pharmacology and toxicology. Nutrimetabolomics has
been proposed as a powerful tool for exploring the
complex relation between nutrition and health.”” It is
focused on the evaluation of the endogenous and exog-
enous metabolome related to diet (food metabolome),
with the goal of identifying potential biomarkers of
food consumption (acute or chronic) and/or the effect
of a dietetic intervention.”*''¥=1"
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As recently reviewed by our group,”” most of the
recent nutrimetabolomic studies aimed to evaluate the
impact of phytochemical-rich food, particularly poly-
phenols, on the human metabolome in the framework
of human interventional trials. Table 79.1 summarizes
non-targeted studies conducted so far on the consump-
tion of polyphenol-containing food.

The first nutrimetabolomic study was designed to
evaluate the effects of soy isoflavones on plasma meta-
bolome."® Two years later, the same authors con-
ducted a similar study in which they assessed the
effect of daily intake of soy isoflavones in conjugated
form due to phase II metabolism or unconjugated form
in the urinary metabolome.'"” Both studies suggested
that soy isoflavones had an inhibitory effect on glyco-
lysis associated with a general alteration in energy
metabolism. Most food products analyzed from a
metabolomic approach are infusions. For instance,
Wang et al."*" initially studied the biological response
to the ingestion of chamomile in 14 healthy volunteers,
proposing that the lower levels of creatinine after
chamomile consumption resulted from the antioxdda-
tive activity of chamomile. In the same year, Daykin
et al.'* evaluated the effects of acute consumption of
3 g of decaffeinated black tea extract, corresponding
approximately to six cups of tea, in four healthy volun-
teers. A year later, the different metabolic effects of caf-
feine, green tea and black tea were evaluated in a
randomized crossover intervention trial.'*” Recently,
van Velzen et al.'** proposed an integrated approach
using a kinetic metabolomics and nutritional intake
assessment of/on sharp black tea through an interven-
ing coss randomized and double blind trial. Results
showed that hippuric acid was predominantly
excreted after black and green tea ingestion,'*' ="~
after a mixture of wine and grape juice extract,
and after chamomile ‘]:nga;timL]m Furthermore, our
research group has studied the urinary metabolome
modifications after acute intake of cocoa'™* and
almond skin extract'™ in two randomized placebo
trials where phenylvaleric acids and phenylvalerolac-
tone have been identified after consumption of these
food sources of flavan-3-ols. Hydroxyhippuric, hydro-
xyphenylacetic, and hydroxyphenylpropionic acids are
other metabolites produced by gut microbiota after
consumption of almond skin extract,’” black tea,'='®
and wine and grape juice extract.'**'*’ Subsequently,
we evaluated urinary changes after eating nuts for 12
weeks in patients with metabolic syndrome,”'*! iden-
tifying phase Il metabolites of medium-chain polysatu-
rated fatty adds (C10—C13). In addition, alterations in
amino acid metabolism and other microbial-derived
metabolites were determined following the consump-
tion of nuts, so conjugates of urolithins were detected.
Moreover, urinary markers of serotonin metabolism

128,129
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TABLE 79.1 Nutrimetabolomic Non-Targeted Studies with Palyphenol-containing Foods in Human Dietary Interventions
Analytical
Subjects (n) Study Design  Intervention (Dose Per Day) Duration Samples Technique Ref.
5 healthy Single group 60 g soy protein (45 mg isoflavones) 1 complete plasma TH-NMR 118
menstrual cycle
9 healthy Parallel a. 60 g textured vegetable protein 1 complete 24 hr "H-NMR e
(45 mg conjugated isoflavone glucoside) menstrual cycle  urine
b. 50 g miso (25 mg unconjugated isoflavones)
14 healthy Single group 200 mL chamomile tea (5 g powder 2werks urine "H-NMR 120
in 200 mL water)
3 healthy Single group 3 g decaffeinated black-tea extract acute urine "H-NMR® =
17 healthy Crossover a. 6 g black tea in water 2 days each 24hrurine 'H-NMR =
randomized period plasma
b. 6 g green tea in water
¢. 360 mg caffeine in gelatin capsules
(control)
20 healthy Crossover =200 mL water with a capsule containing acute 48hrurne  'H-NMR =
randomized 2500 mg, of:
double-blind a. dried black-tea extract powder
(800 mg polyphenals)
b. sucrose (placebo)
10 healthy Crossover a. 40 g cocoa powder + 250 mL water acute 24 hrurine  HPLC-g- =
randomized ToF-MS
b. 40 g cocoa powder + 250 mL milk
e. 250 mL (control)
24 healthy Parallel 10 capsules containing: acute 24hrurne  LC-g-ToF-MS '
randomized
Blind a. almond skin extract (3.5 8 almond
extract + 0.5 g microcrystalline cellulose)
b. 4 g microcrystalline cellulose (placebo)
42 metabolic Parallel a. Low-fat diet with mixed nuts (30 g15g 3 months 24 hrurine  LC-ESlg- “
syndrome randomized walnuts, 7.5 g almonds + 7.5 g hazelnuts) ToF-MS
b. Low-fat diet (control)
21 healthy Single group 4 %100 mL apple, carrot and strawberry 2 days urine 'H-NMR 12
drinks HPLC-q-
ToF-MS
20 healthy Single group 500 g broccoli and Brussels sprouts 2 weeks 48 hrurine  'H-NMR 127
29 mildly HTA Crossover a. Mix of wine and grape juice extract 1 month each 24hrurine  'H-NMR 12
doubled-blind (800 mg polyphenals) period
b. microcrystalline cellulose (placeba)
58 mildly HTA Crossover a. Mix of wine and grape juice extract, or red 1 month each 24hrurine  'H-NMR" 12
randomized grape juice extract (800 mg polyphenols) period
double-blind
. b. Microcrystalline cellulose (placebo)
3% mildly HTA  Crossover a. Mix of wine and grape juice extract, 1 month each feces 'H-NMR 1o
randomized or grape juice extract (800 mg polyphenols)  period
double-blind

b. Microcrystalline cellulose (placebo)

“HPLC NMR-MS uns wsed to identify an unknown metabolite.

HGC-MS was used for targeted profiling of urinary phenolic acids.
“Although there were 53 volunfeers who participated in the study, researchers anakyzed fecal samples from 39 subjects.
Adapted with permission from Llorach R, Garcia-Aloy M, Tulipani 5, Vazquez-Fresno R, Andres-Lacueva C. Nutrimetabolomic strategies to develop new Bomarkers of infake
and health effects. | Agric Food Chem 2012,60036):8787-8808. Copyright 2012, American Chemical Society.
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were also related with the nut intake. Other nutrimeta-
bolomic studies with foods rich in polyphenols tried to
evaluate the effect of fruit and vegetable beverages,'**
cruciferous,'™” or an extract of wine and grape juice in
urine **"*" and feces samples.'” As alteration in
amino adds’ metabolism was observed after an intake
of vegetable and fruit beverages, and changes in carbo-
hydrate and lipid metabolism have been detected after
the intake of green and black tea.'” Furthermore, high-
er levels of S-methyl-L-cysteine sulfoxide (SMCSO)
were found after consumption of broccoli and Brussels
sprouts, proposing SMCSO as a biomarker of crucifer-
ous consumption. =

4. RECENT APPLICATIONS OF
METABOLOMICS IN CVD RISK
ASSESSMENT

As the result of a multifactorial etiology and a com-
plex set of interactions between genetic and environ-
mental factors, the development of CVD determines
important changes in the biochemical and metabolic
profile in the body,]'q: thus providing potential mar-
kers for early diagnosis. Clinical markers of CVD risk

assessment are widely described in the bib-
liography.'”~"*" Although the major clinical risk fac-
tors explain a large proportion of the risk of

developing CVD, a significant proportion of subjects
had few or no traditional risk factors and a low rate
(score) in current prediction models. In addition, the
current biochemical-clinical predictors are useful in the
measurement of CVD risk in proximity to overt dis-
ease, but provide very little information on the patho-
physiological ~ mechanisms  involved in  the
development of the disorder. Consequently, there is a
clear need for new strategies to assist the diagnosis, to
reduce cardiovascular complications and improve the
quality of life. A recent review showed an overview of
studies assessing the clinical biomarkers of CVD risk
and type-2 diabetes mellitus, on the basis of
hypothesis-driven selection as well as hypothesis-free
approaches from novel “omics” technologies. As a
result, integrated approaches, combining biomarkers
from genomics, transcriptomics, proteomics, and meta-
bolomics, as well as serial measurements of biochemi-
cal biomarkers, are required to make a complete
assessment of the potential clinical usefulness of bio-
markers for risk prediction of CVD.'*

In 2008, the Jowurnal of the American College of
Cardiology published a review about the state of the art
of the application of metabolomics as a powerful strat-
egy to obtain new cardiovascular biomarkers.”! As a
final conclusion, the authors proposed that even
though this approximation is still in development, the
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use of the metabolomics, together with other “omics,”
will transform the capacity to elucidate and discover
valuable clinical biomarkers and obtain a deeper
understanding of the biological mechanisms underly-
ing the assodation of solid risk parameters and the
development of CVD. In recent years, a growing num-
ber of publications have demonstrated that both the
targeted and non-targeted metabolomic approxima-
tions may allow the discovery of new potential bio-
markers of CVD outcomes, giving a quick and non-
invasive early diagnosis and prognosis of the severity
of cardiovascular events."*>'* == Following are some
examples of the most recent metabolomic studies
focused on both chronic and acute cardiovascular dis-
eases. Details of each study and the main metabolites
found are presented in Table 79.2.

4.1 Coronary Artery Disease

The main plasma metabolic changes associated with
coronary artery disease (CAD) and hypertension
involve the lipids and lipoproteins family, particularly
LDL, and very-low-density lipoprotein (VLDL) choles-
terol, as well as choline-containing compounds.'® The
first cardiovascular metabolomic studies carried out by
the NMR approach were published by Brindle ef al.'”
Several serum spectral regions distinguished the meta-
bolome of healthy and disease groups, reflecting dif-
ferences in lipoproteins (a decrease of high-density
lipoprotein (HDL) cholesterol and an increase in LDL
and VLDL cholesterol in subjects of the severe athero-
sclerotic group). Other studies described some sugars
and fatty acids,'** glucose, pyruvate, ketonic acids,
branched-chain amino acids (BCAAs), long-chain fatty
acids, and tricarboxylic adds cycle (TCA) metabo-
]jtes,'q" which are mostly related to insulin resistance.
Two studies from this pathological stage observed that
the metabolism of BCAAs and the TCA were the two
principal metabolic pathways associated with the pres-

. 85,145
ence of coronary artery disease.’ Ad

4.2 Myocardial Ischemia

An inaease in lactate, BCAAs, and glucose levels
and a decrease in lipid levels were found in subjects
with myocardial ischemia by an NMR metabolomic
study.'® A non-targeted analysis using LC-MS tech-
nique identified some intermediates of TCA, nucleo-
tides, and amino adds with inducible myocardial
ischemia during exercise stress.*” Similarly, Lewis and
co-workers found changes in the plasma of the purine
degradation products (adenosine diphosphate (ADF),
adenosine triphosphate (AMP), inosine, hypoxanthine,
and xanthine), intermediates of anaerobic glycolysis
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(lactate) and the TCA cycle metabolites (succinic acid,
malic and aconitic acid), and also amino acids known to
be concentrated within cardiomyocytes after planned
myocardial infarction.”’ Also, Bodi et al.'"" found an
increase in circulating levels of glucose and lactate as
well as in glutamine, glycine, glycerol, phenylalanine,
tyrosine, and phosphoethanolamine; the decrease in
choline-containing compounds was also present in this
trial. After an ischemia-reperfusion injury, the study
findings'*" were consistent with a general decrease in
oxidative fuel metabolism and a greater reliance on
anaerobic metabolism of glucose for energy.

4.3 Heart Failure

A recent study conducted by Kang and colleagues
showed that it was possible to detect changes
between heart failure (HF) patients and controls by
comparing both groups using NMR spectroscopy.
The metabolite profiles of the HF patients exhibited
increased urinary levels of ketone bodies accompa-
nied by reduced levels of TCA intermediates, sug-
gesting altered energy metabolism. Furthermore,
they observed perturbations in metabolic pathways
involved in methylmalonate and nucleotide metabo-
lism."" Similarly, Dunn and co-workers'” measured
serum metabolites of 52 individuals with heart fail-
ure and 57 controls through a GC-MS-based plat-
form, identifying pseudouridine as the most
discriminatory metabolite of the disease stage. Also,
markers of a stroke were analyzed by Jung and co-
workers in a recent work.'™

4.4 Atrial Fibrillation

Recent data from Mayr et al.'"' evidenced elevated
levels of 3-hydroxybutyrate, ketogenic amino acids
(tyrosine and leucine) and glycine, in persistent atrial
fibrillation in cardiac tissue. It has highlighted an asso-
ciation between greater atrial tissue concentrations of
ketogenic amino acids and 3-hydroxybutyrate and per-
sistant atrial fibrillation, denoting a significant low
ratio of glucose to acetate and suggesting that ketone
bodies are important as an energy source in arrhyth-
mia states. Another example of chronic state is the
abdominal aortic aneurysm also recently submitted to

study in a metabolomic interventional trial.'*'

4.5 Acute Coronary Syndromes

A recent study by Vallejo et al.'™ was performed
comparing patients with acute coronary syndromes
and healthy volunteers, finding, mainly, that 4-
hydroxyproline is an interesting marker, presenting

79. EMERGING APPLICATIONS OF METABOLOMICS TO POLYPHENOLS AND CVD BIOMARKER DISCOVERY

inferior levels in patients with acute coronary syn-
drome. Two vyears later, Teul and co-workers pre-
sented similar results."”’

In last few years, the targeted and non-targeted
metabolomic approaches have also begun to be
applied to clinical research on other CVD risk factors
besides the above-mentioned, including diabetes melli-
tus type 2 and obesity."”"'* Both interventional”® and
epidemiological studies™ have been carried out for the
identification of a series of known and also novel,
deregulated metabolites that associate with diabetes
and the early appearance of insulin resistance and glu-
cose intolerance in non-diabetic subjects.':" 1o Finally,
Bernini and colleagues studied in a recent metabolo-
mic trial early biomarkers of CVD in a healthy CVD
risk population.'™ Furthermore, another recent study
investigated in the Framingham Heart Study partici-
pant’s pathways associated with cardiometabolic
risk."

Summarizing, with regard to biofluid samples blood
was the most widely used biological sample, using
plasma in 17 arﬁclesf7r1,ﬁ4,.\‘?,[4|,[J—l,[47,[4ﬁ,[3‘\,[34 156,157,158
and serum in four studies, whereas one
was performed on urine,'’ and two used both urine
and blood samples.'”"* Furthermore, one study ana-
lyzed cardiac tissue samples.””’ With regard to the
analytical latform, MS was extensively
applied, #1144/ 149,147 LSISISSISI0.156 155160 b NMR
has also been employed in seven stud-
jeg, 12RO MSISLIS0N5 00 in three articles both plat-
forms were applied.”*** Referent to metabolites,
there are some metabolites in common in the patholog-
ical stages of the cardiovascular disease: amino acids.
Concretely branched-chain amino acids are commonly

142,143,146,155

presented in Several Studle‘i 76,84,85,146,149,151,154,157,1 38
also  choline and  choline-containing  metabo-
]itE"? 142,143,149,155 lactate’tl,,u(-,t 53,156,158 al‘ld some Othef

tricarboxylic cycle intermediates,* "1 #% 125100159 157.155

ketone bodies such as 3-hydroxybutyrate
and 4-hydroxyproline.” """ Also, compounds in the
pathway of lipid metabolism as carnitine deriva-
tives.'*! 151315158 The characteristics of these studies
and the list of metabolites found are presented in
Table 79.2.

No single biomarker will be specific enough to be
used on its own as the only marker of cardiovascular
disease. The development of clinically useful biomar-
kers will require a more comprehensive understanding
of how exogenous factors can impact on the metabo-
lome (e.g., diet, medication) and what intra- and inter-
individual variability has normal values in these
metabolites. A recent study published in Nature'®'
describes the current potential of metabolomics in
unambiguously identifying metabolic profiles of CVD
risk  prediction. Particularly, the metabolomics

84,151,153,159
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5. INTERMEDIATE BIOMARKERS OF CVD RISK RELATED TO DIET EXPOSURE

approach used for the first ime led to the elucidation
of the biochemical mechanisms probably underlying
the link between specific dietary components (namely
phosphatidylcholines) and the risk of atherosclerosis,
through the generation of pro-atherosclerotic metabo-
lites (choline, rimethylamine-N-oxide and betaine) by
the intestinal microbiota. Besides supporting the inter-
relation between diet, gut microbiota, and the human
metabolome, the study demonstrated the potentialities
of metabolomic biomarker discovery to elucidate
novel pathways of the disease. In fact, unlike the
well-established relationship between levels of plasma
triglycerides and cholesterol with cardiovascular risk,
litde was known, until now, of the role of the third
major category of lipids (phospholipids) in the patho-

genesis of atherosclerotic disease.

5. INTERMEDIATE BIOMARKERS OF CVD
RISK RELATED TO DIET EXPOSURE

In the past few vears a considerable number of inter-
ventional studies have been published, most of them
evaluating the effect of an acute or chronic intake of a
particular food in the CVD risk population. Below, there
are some examples of polyphenol intake interventional
or epidemiological studies in high-cardiovascular-risk
subjects. A summary of selected studies is presented in
Table 79.3.

In a long-term interventional cocoa feeding trial
with subjects at high risk of cardiovascular disease'®
there were several phenolic compounds in urine,
including phase Il conjugated metabolites, glucuro-
nides and sulfate conjugates of epicatechin and epi-
catechin derivates identified, as  well as
valerolactones, considered as metabolome biomar-
kers of cocoa intake. Plasma was also evaluated,
showing an increase in glucuronide conjugates of
dihydroxyphenylvalerolactones  after the same
intake. These findings exhibit biomarkers of cocoa
intake and could be of interest with regards to CVD
risk, because some of these phenolic acids have been
recently proved to inhibit the secretion of pro-
inflammatory cytokines involved in the early stages
of the atherosclerosis process.

A recent trial has also studied the urinary metabolo-
mic changes observed in male subjects with cardiovas-
cular risk factors following the moderate consumption
of red wine, dealcoholized red wine, and gin.'*™
Samples were analyzed by an 'H-NMR-driven non-
targeted approach and both potential biomarkers of
wine consumption (as tartrate) and wine effect on
subjects were reported (an increase of 3-methyl-2-
oxovalerate). Increased plasma levels of BCAAs
(valine, leucine, and isoleucine) have been linked to

1035

cardiovascular and diabetic disorders.'”® Therefore,
the observed increase in urinary 3-methyl-2-
oxovalerate (a BCAA metabolite) suggested a possi-
ble up-regulation of the BCAA catabolic pathway
after both red wine and dealcoholized red wine
intake. Also hippurate and 4-hydroxyphenylacetate
were identified as gut miocrobiota biomarkers after
red wine consumption.'**!%*167

Metabolic syndrome (MetS) is a constellation of
metabolic disturbances which represent known risk
factors for the development of atherosclerotic cardio-
vascular disease.’™ Interestingly, nuts have been
recently proposed as promising functional foods for
managing both long- and short-term cardiometabolic
risk factors.'™”~'"" In this context, Tulipani et al,™
applying an HPLC-Q-ToF-MS-driven non-targeted
approach, studied the urinary changes in volunteers
with metabolic syndrome following 12 weeks of nut
consumption (walmuts, hazelnuts, and almonds: 30 g/
day) in comparison to individuals given a control diet.
The multivariate analysis discriminated relevant mass
features from the urinary metabolome corresponding
to the nut-enriched diet. This study revealed 20 nut
intake biomarkers, incduding fatty add conjugated
metabolites, phase II and microbial-derived phenolic
metabolites, and serotonin metabolites. Using a tar-
geted approach, the same authors further quantified
the increased excretion of urolithins, namely repre-
sented by metabolites derived from the microbial
metabolism of the ellagita.nnms,];] and came to the
conclusion that the role of nut polyphenols on clinical
parameters of metabolic syndrome cannot be
discarded.

Recently, large-scale metabolomic studies have been
carried out to correlate specific dietary patterns (from
a particular geographical community) with CVD and
risk-related factors. Holmes and co-workers'® evalu-
ated with an NMR technique the metabolic phenotype
diversity and the assodation with diet and blood pres-
sure in a study with a huge number of individuals
from China, Japan, the UK, and USA. The study found
differences between the patterns of the East Asian and
Western populations. Diets, diet-related major risk fac-
tors and coronary heart disease were significantly dif-
ferent in the East Asian diet (Chinese and Japanese
phenotypes), where the main differences were noticed
in the vegetables and animal proteins consumed, and
in blood pressure markers. Curiously, they found that
Japanese living in Japan and Japanese Americans are
also differentiated in a multivariate analysis (orthogo-
nal least square discriminant analysis) by discrimina-
tory metabolites. Referring to metabolic biomarkers
they found an association between urinary excretion of
several metabolites such as alanine, formate, hippurate
and N-methylnicotinate and differences in systolic and

8. CARDIAC HEALTH AND POLYPHENOLS
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diastolic blood pressure. Alanine was higher in people
consuming, a predominantly animal diet compared
with a predominantly vegetable diet and it was
directly associated positively with both systolic and
diastolic blood pressure. As reported in experimental
animal models, alanine modulates cardiovascular
responses to circulating catecholamines and increases
blood pressure.'”” Formate and sodium urinary excre-
tion positively correlated, suggesting formate plays a
role in blood pressure regulation. Furthermore, the
inverse association of hippurate with blood pressure
reflected a definite association between diet and die-
tary polyphenol sources.'” These epidemiological
results demonstrate that the metabolic phenotype of
the population could discriminate different subgroups
within that population, and could identify putative
biomarkers of diet linked to hypertension.

The second study investigated the
between dietary habits and blood pressure, identifying
discriminant biomarkers between north and south
Chinese subjects at different risks of CVD.'® Urinary
discriminating metabolites included dimethylglycine,
alanine, lactate, BCAAs N-acetyls of glycoprotein frag-
ments, N-acetyl neuraminic acid, petranoic/heptanoic
acid and methylguanidine (higher in the north than in
the south). The metabolites that were higher in the
south than in the north were gut microbial
co-metabolites such as hippurate, 4-cresyl sulfate, phe-
nylacetylglutamine, 2-hydroxyisobutyrate, succinate,
creatine, scyllo-inositol, prolinebetaine, and trans-
aconitate. In accordance with cardiovascular risk fac-
tors, systolic and diastolic blood pressure were higher
in the northern sample population; as were body mass
index, smoking rates and lower physical activity.
These findings indicate the importance of environmen-
tal influences (e.g., diet), endogenous metabolism, and
mammalian-gut microbial cometabolism, which may
help explain north—south China differences in CVD
risk.

Currently, the metabolomic approach is also applied
to identify groups of individuals (metabolic pheno-
types) which have a differential response to dietary
interventions, which is a promising tool for better
understanding the mechanisms of actions underlying
the inter-individual difference in the response to die-
tary challenges and CVD risk.”* As an example,
Martin ef al.’”> evaluated the metabolic responses of 30
subjects in free-living conditions, ranked by an anxiety
phenotype after a daily intake of 40 g of black choco-
late for 14 days. At the beginning, during and at the
end of the study plasma and urine samples were col-
lected and these were analyzed by NMR and MS. The
results showed a metabolic effect after a daily con-
sumption of chocolate, which can modify the metabo-
lism of subjects with different levels of anxiety. As a

association
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result, it indicated that the metabolic effects were sta-
tistically significant only in subjects with a “high anxi-
ety phenotype.” In fact, black chocolate intake resulted
in a decrease in urinary levels of catecholamines and
cortisol in subjects with high stress. In another study,
O'Sullivan ef al.'” applied this strategy in a double-
blind, randomized, placebo-controlled dietary inter-
vention study. The authors wondered whether
metabolic phenotype could identify responders to a
supplementation of vitamin D in relation to metabolic
syndrome markers. After 4 weeks of intervention with
15 g of vitamin D or a placebo, urine and plasma sam-
ples were analyzed by 1TH-NMR, and k-means cluster-
ing of biochemical parameters was performed. The
primary analysis did not show any eftfect of supple-
mentation on markers of the metabolic syndrome, but
k-means clustering was able to group together respon-
ders to vitamin D supplementation.

However, to the best of our knowledge large-scale
nutrimetabolomic studies specifically focused on asses-
sing the effects of polyphenol-rich food consumption
in the prevention and/or reversion of CVD by
non-targeted approach are still missing. “Intermediate
biomarkers,” namely biomarkers of early metabolic
diagnosis of disease onset, which in addition are strictly
related to food exposure, should be further explored.

The “meet-in-the middle” approach was first men-
tioned by Vineis and Perera in 2007."” It was applied
in order to fortify a new research line on the role of
dietary factors in prevention or development of a path-
ologic state. As an example of its application,
Chadeau-Hyam et al."® aimed to identify potential
intermediate plasma metabolomic biomarkers related
to both the occurrence of colon and breast cancer and
the exposure to specific dietary components in a sub-
cohort study. The study identified significant inverse
correlations between dietary fiber intake and potential
biomarkers of colon cancer development, strengthen-
ing the evidence on fiber intake as the most established
protective factor against colon cancer. The findings of
this study prove the potentiality of the research
focused on identification of novel relevant intermedi-
ate biomarkers linking dietary exposure to disease
development, and on understanding the metabolic
pathways explaining the observed relations. The appli-
cation of this approach could make a key contribution
in deciphering the dietary polyphenols effects on CVD
prevention.

6. CONCLUSIONS AND FUTURE
CHALLENGES

Nutrimetabolomics is an emerging approach in
nutritional sciences, holding the potential to increase
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the discovery and identification rate of novel biomar-
kers of food intake (food metabolome) and food effects
on CVD prevention. The application of nutrimetabolo-
mic studies to large-scale cohort studies is highly
hoped for in order to: (1) clarify the effect of dietary
polyphenols as an instrument in CVD prevention, and
(2) fill the gap between clinical and nutritional research
and establish new correlations and a deeper under-
standing of the impact of polyphenol intake on health
preservation. The integration of metabolomic technolo-
gies and the clinical disease risk assessment will allow
us a better approach to the biomedical problem, and it
will have a positive impact on public health.
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Hipotesis y objetivos

HIPOTESIS

Esta Tesis Doctoral se desarrolla a partir de las siguientes hipotesis de

partida:

Los biomarcadores nutricionales evaluados en estudios clinicos de
intervencién nos proporcionaran medidas del estado nutricional y de
salud de los individuos. El estudio de biomarcadores nutricionales
mediante una aproximaciéon metabolémica con resonancia magnética
muclear nos permitira observar cambios en el perfil metabdlico de los

individuos.

El poder predictivo de los biomarcadores nutricionales evaluados en
una poblacién se reproducira en otras poblaciones. La identificacion y
validaciéon de biomarcadores nutricionales en diferentes poblaciones
sera una herramienta robusta de medida de ingesta alimentaria y de

habitos dietéticos.

En una misma poblacién existiran diferentes respuestas de modulacion
de la dieta debido a las diferencias interindividuales. Estas diferencias
interindividuales se caracterizaran por diferentes fenotipos metabdlicos
que permitiran evaluar el efecto de una intervencién nutricional de
manera personalizada. Este hecho ayudara a una mejor comprension

entre la relaciéon nutricioén y salud.
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Hypotheses and aims

HYPOTHESES

This doctoral thesis presents the following hypotheses:

120

Nutritional biomarkers evaluated in clinical intervention studies will
provide us with a measure of nutritional and health status. The study
of nutritional biomarkers using a metabolomics approach based on
nuclear magnetic resonance will reveal metabolic profile changes in

the individuals.

The predictive power of nutritional biomarkers evaluated in a
population will be replicated in other populations. The identification
and validation of nutritional biomarkers in different populations will

be a robust tool for measuring food intake and dietary habits.

The same population will have different responses to modulations in
diet due to interindividual differences. Their interindividualities will
be characterized by different metabolic phenotypes that reflect the
effect of personalized nutritional intervention. These studies will help

to better understand the link between nutrition and health.



Hipotesis y objetivos

OBJETIVOS

El objetivo principal de esta Tesis Doctoral es identificar biomarcadores
de ingesta y de efecto en perfiles metabdlicos urinarios desde un enfoque

metabolémico por Resonancia Magnética Nuclear (RMN).

Para la consecucién de este objetivo principal se han planteado los

siguientes objetivos especificos:

e Desarrollar e implementar una metodologfa 6ptima mediante
RMN para la preparacion, procesado y analisis de muestras de
orina en estudios nutricionales.

e Analizar el metaboloma urinario después de una intervencion
nutricional y evaluar el efecto que tiene la matriz alimentaria sobre
¢l (publicacion 1).

e Determinar el poder predictivo de biomarcadores nutricionales en
estudios de intervencion y en estudios observacionales
(publicacién 2).

e Diferenciar fenotipos metabolicos dentro una misma poblacién a
partir de marcadores bioquimicos clasicos y explorar el efecto de
una intervencion dietética sobre dichos fenotipos (publicacion 3).

e Tstudiar el metaboloma urinario tras un periodo de intervencion
con un complemento alimenticio (probiético) y su impacto en la
salud (publicacion 4).

e [Dstablecer marcadores de patrones nutricionales concretos,
observados en el perfil urinario de una poblacién con una
intervencion dietética de larga duraciéon (3 afios de seguimiento)

(publicaciéon 5).
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Hypotheses and aims

AIMS

The main objective of this thesis is to identify biomarkers of intake and
their effect on urinary metabolomic profiles through a metabolomics

approach using nuclear magnetic resonance (NMR).

To address this main objective, the following specific objectives have been

raised:

*  Develop and implement an optimal NMR methodology for the
preparation, preprocessing and analysis of urine samples in
nutritional studies.

e Analyze the urinary metabolome after nutritional intervention and
assess matrix effects (Paper 1).

* Determine the predictive power of nutritional biomarkers in
intervention and observational studies (Paper 2).

¢ Differentiate metabolic phenotypes within the same population
from classical biochemical markers and explore the effect of
dietary intervention on these phenotypes (Paper 3).

* Study the urinary metabolome and its impact on health after a
period of intervention with a probiotic food supplement (Paper 4).

e Establish specific markers of nutritional patterns observed in the
urinary profile of a population with a long-term dietary

intervention (3-year follow-up) (Paper 5).
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Metodologia

4.1 ANALISIS METABOLOMICO NO
DIRIGIDO POR RESONANCIA MAGNETICA
NUCLEAR

4.1.1 METODOLOGIA ANALITICA

4.1.1.1 Preparacion de las muestras

El analisis de las muestras biologicas provenientes de los estudios
presentados se realizé siguiendo el protocolo metodolégico de Beckonert
et al. (Beckonert e al. 2007), se desarrollé y optimizé para los objetivos de
la presente Tesis Doctoral. El método consiste en la preparacién de la
muestra para su posterior analisis mediante el espectrometro de RMN
(500MHz) instalado en los servicios cientifico-técnicos del Pare Cientific de

Barcelona.

Se descongelaron las muestras de orina de los voluntarios gradualmente a
4° C dentro de frigorifico, se agitaron mediante “vortex” y se
centrifugaron a 13.200 revoluciones por minuto (rpm) durante 5 min y
una temperatura de 4° C. La centrifugacion se utiliza para evitar la
presencia de cualquier compuesto particulado que pueda afectar a la
calidad del espectro (Beckonert e# 2/ 2007). Se cogi6 el sobrenadante de la
centrifugacién, a la que se le adicioné 120 ul. de soluciéon tampédn
compuesta por: 1,5 M de fosfato potasico monobasico (KH,PO,), 2 mM
de azida sodica (NaN,) y 0.1% de 3-(trimethylsilyl)propionic-2,2,3,3-d4  acid
sodimm salt (TSP) (0.97 mM), 98 atom % D, ajustada dicha solucién
tampon previamente a pH 7.0. El primer elemento nombrado de la

solucién tampon se utiliza para amortiguar el pH de la solucién, el
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segundo, es un inhibidor del crecimiento bacteriano y finalmente el TSP
se afade como compuesto de referencia para el procesado de los

espectros.

Para los analisis metabolomicos mediante RMN se necesitan volumenes
relativamente grandes en comparacioén con otras técnicas analiticas como
la espectrometria de masas. En este caso se partié de un volumen de 600
pL. de orina para los estudios de un alimento y de un complemento
alimenticio y de 300 pul. de orina para las muestras pertenecientes al
estudio PREDIMED (por no disponer de suficiente volumen de muestra).
Para este dltimo estudio se mezclé dicho volumen (300 pl. de orina) con
120uLl. de solucién tampén, y se adicionaron 200 pl. de agua/agua
deuterada (8:2) para conseguir un volumen total de 620 uL. (300 pl + 120
pl + 200 pl) suficiente para tener la altura necesaria para poder ser
analizado por el espectrometro de RMN. Debido a que se analizan y
comparan muestras similares para ver diferencias significativas, es
necesario mantener todas las muestras al mismo pH, ya que el
desplazamiento quimico de algunos metabolitos es muy sensible a
cambios de pH. Ademas, el analisis de las muestras mediante RMN
requiere que el biofluido a analizar esté en un tubo transparente donde
puedan incidir las radiaciones electromagnéticas, por tanto se utilizaron

tubos de cristal de 5mm de diametro especiales para RMN.
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4.1.1.2 Adquisicion de datos y procesado de los espectros

El equipo de RMN utilizado fue un Varian Inova-500MHz con

intercambiador de muestras automatico.
i) Adquisicion de datos

» Experimentos 1D. Uso del programa NOESY con

presaturacion para la supresion del agua

Experimentos de 1D-NOESY (Nuclear Overhauser Enhancement SpectroscopY’)
con la adquisicion de la sefial de presaturacion del agua. Este programa
consiste en el primer incremento de la secuencia de pulso NOESY con la
presaturacion de la sefial del agua, durante el tiempo de relajacién entre
barridos/tiempo de espera del barrido (o tiempo de relajacion) y durante
el tiempo de mezcla. Para cada muestra, los espectros se obtuvieron con
128 barridos (en inglés, “scans”) y 32 K puntos de datos sobre una anchura
espectral de 14 ppm, resultando en un tiempo de adquisicién de 2 s, un
tiempo de relajacion de 5 s y un tiempo de mezcla de 100 ms. A

continuacion se muestran los parametros de adquisicion de las muestras.

Tabla 4.1. Parametros de procesado de los espectros 1D para todos los estudios
de la presente Tesis Doctoral

Experimento NOESY Abreviacion Valor
con presaturacion

Puntos de datos np 32052
Numero de barridos nt 128
Anchura espectral sw[ppm] 14
Tiempo de adquisicion at [s] 2
Tiempo de relajacion di]s] 5
Tiempo de mezcla tm mixN [ms] 100
Poder de presaturaciéon satpwr 2
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Durante la adquisicién la temperatura se mantuvo constante a 298 K con
un factor de ampliacién de la linea de 0.3 Hz, previo a la transformada de

Fourier.
» Experimentos 2D

Para aportar mayor informacién estructural durante el proceso de
identificacién de las muestras, se utilizaron experimentos COSY (en inglés
“COrrelation SpectroscopY™). El fundamento de los experimentos 2D se basa
en la inclusion de un tiempo variable en la secuencia de pulsos. Los
experimentos 2D se realizaron en un equipo de RMN Bruker Avance 111 de
600MH?,.

El experimento COSY, significa espectroscopia de correlacién
homonuclear protén-protén (‘H-'H), determina qué hidrégenos se
acoplan entre si y permite calcular el valor de la constante de
acoplamiento J. La diagonal es el espectro 1D y las sefales que estan fuera
de la diagonal reflejan los hidréogenos que estan acoplados, es decir,

aquéllos con los que correlaciona (Figura 4.1).

Espectro "H-RMN Espectro "H-RMN

______________________________________________

— (1.33,4.11)
Lactato

T
>
F1 Chemical Shift (ppm)

9 8 7 6 5 4 3 2 1 0
F2 Chemical Shift (ppm)

Figura 4.1. Espectro 2-D COSY
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Tabla 4.2. Parimetros de procesado de los espectros 2D COSY

Parametros COSY Abreviacion Valor
Secuencia de pulso cos)gp -

Numero de barridos NS 48
Anchura espectral SWH(Hz) 6410.26
Tiempo de relajacion D1Js] 1.1
Tamailo de adquisicion TD/1TD (2048, 512)
Tamaiio espectral SI/1S1 (1024, 1024)

ii) Procesado de espectros

Posterior a la adquisiciéon de los espectros, se requiere un pre-procesado
de los espectros que consiste en el faseado (correccion de la fase), el
referenciado (en este caso con la sefial de TSP a desplazamiento quimico
[d] 0.0) y la correccion de la linea base. El procesado de los espectros se

realiz6 con el programa TopSpin 3.0 (Bruker Biospin Ltd.).

4.1.1.3 Integracion de picos

Inicialmente se probaron dos tipos de integraciones (Publicacion 1). La
primera fue mediante segmentaciéon del espectro en porciones, en inglés
buckets o bins. Bl proceso de particion de cada espectro se llama binning
(Figura 4.2). En este caso, cada espectro de cada voluntario fue
segmentado en porciones de 0.005 ppm de anchura entre el rango
espectral 0-10 ppm y las areas correspondientes fueron integradas usando
el programa ACD/NMR Processor 12.0 (Advanced Chemistry

Development, Toronto, Canada). Este método de reduccién de datos
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también tiene la propiedad de ocultar cualquier variaciéon de posicion
proporcionando una modelizacion mas robusta (Cloarec ef a/. 2004). El
inconveniente de ello es que la interpretacion de los metabolitos
identificados no es facil ya que es necesario volver a examinar varias veces

el espectro de RMN para identificar los metabolitos.

Otro método utilizado, que fue también testado en publicacion 1 es el de
la integracion del perfil metabdlico de los individuos. Es decir, se
selecciona metabolito a metabolito, y se integran los correspondientes
picos. Asi, se obtiene una integraciéon completa del pico, el inconveniente
que posee es que se puede no considerar metabolitos en el proceso de
integracién que puedan ser importantes en el estudio. Este método de
integracion se realiz6 mediante el software AMIX 3.8 (Bruker Biospin

Ltd).

En los sucesivos objetivos se optd por el primer método debido al mayor
aporte de informaciéon y facilidad del proceso, ya que después de
comparar ambos métodos (publicacién 1), se vieron parecidos resultados

en cuanto a los metabolitos identificados y analizados.

Segmento o “bucket’

Mwamhuw@w 0 1 ' N Y sns

35 ' 30 ! 2?5
Desplazamiento quimico (ppm)

Figura 4.2. Ilustracién de la segmentacion espectral o binning aplicada a

un espectro de RMN.
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4.1.2 METODOLOGIA BIOESTADISTICA:

Integracion, métodos de pre-tratamiento de la
matriz de datos, métodos quimiométricos y
analisis estadistico

4.1.2.1 Métodos de pre-tratamiento de la matriz de datos

Para el analisis de todos los trabajos de esta Tesis Doctoral se ha utilizado
para el procesado de los datos y la normalizacién, la plataforma web de
analisis metabolomico  Metaboanalyst  (www.metaboanalyst.ca). Hsta
plataforma incluye métodos de procesado de datos, normalizacion, analisis
estadistico y herramientas para la interpretaciéon de resultados. En el caso
de los trabajos realizados en la publicaciéon 1 y 3 también se ha utilizado
para el analisis estadistico mediante ANOVA y correlaciones entre las

sefiales mediante correlaciones de Pearson.

Los datos obtenidos a partir de una aproximacién metabolémica no
dirigida pueden presentar diferentes fuentes de variaciéon aparte de la
variacion biolégica que se quiere estudiar. Estas variaciones pueden
deberse a: 1) diferencias en el orden de magnitud entre las intensidades de
los picos (los metabolitos que se encuentran a concentraciones mas
elevadas no necesariamente son mas importantes que los que se
encuentran a concentraciones mas bajas); 2) diferencias en las magnitudes
de los cambios en las concentraciones de los metabolitos, 3) variacion
biolégica no inducida (bajo condiciones experimentales idénticas algunos

metabolitos muestran grandes fluctuaciones en sus concentraciones); 4)
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variaciones técnicas debidas a la preparaciéon de las muestras o errores
analiticos, 5) la heterocedasticidad, es decir, cuando la variacion de las
seflales no es constante en todas las muestras (van den Berg ef al. 20006).
Por tanto, el objetivo del pre-tratamiento de los datos es minimizar al
maximo las variaciones debidas a otras causas que no sea propiamente la

biolégica.
i) Filtrado de datos

El filtrado de datos en metabolémica se utiliza para prescindir de aquellas
seflales que no aportan informaciéon (sino ruido). Dichas sefiales se
pueden clasificar en tres grupos (Xia ez al. 2011): (1) sefiales muy bajas que
se acercan al limite de deteccion; (2) sefiales que solo se detectan en muy
pocas muestras; y (3) aquellas sefiales que son practicamente constantes.
El proceso de filtrado mejora el analisis y reduce el ratio de posibles falsos
positivos en el analisis estadistico. Hay varias formas de detectarlas, en la
presente Tesis si utilizé el método de filtrado IQR (en inglés “InterQuartil
Range”) un filtro que excluye datos que muestran poca variaciéon entre las
condiciones experimentales en funcién de su rango inter-cuantil. Esta
funcién se implementé en Metaboanalyst con posterioridad a la publicacion
del primer articulo (publicacion 1), y por ello no se utilizé en él, pero si

para los siguientes articulos.
ii) Normalizacion

El término normalizacién aqui se refiere a la normalizacién muestra a
muestra. A menudo en metabolémica hay una variacién no deseada entre
muestras. Por ejemplo, en estudios metabolémicos de orina puede haber
un efecto de diluciéon. Hay diferentes técnicas para normalizar los datos,
también llamada row-wise normalization. La técnica row-wise normalization

utilizada en los estudios de la presente Tesis fue la normalizacion por
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suma, donde se divide cada intensidad por la suma de las intensidades
totales del espectro (Craig ez a/. 2006). La normalizacién por suma se suele

utilizar en datos quimiométricos no cuantitativos (Xia ef a/. 2011).
iii) Transformaciéon de los datos

Son conversiones no lineales de los datos para corregir la
heterocedasticidad, con el objetivo de convertir relaciones multiplicativas
en relaciones aditivas, y para hacer distribuciones sesgadas mas simétricas
(van den Berg et al. 2006). La transformacién de los datos se utiliza para
normalizar las variables y que éstas sigan una distribucién normal. En la
presente Tesis, cuando los datos no segufan una distribucion normal, para
utilizar un test estadistico paramétrico, se transformaron los datos
mediante la rafz cubica (Xia ef a/. 2011) ya que generé6 una mejor
transformacion de los datos que una transformacién logaritmica. Esta
opcion también la proporciona el programa Metaboanalyst en su interfaz.
Cuando se realizaron test no paramétricos no se realizd este
procedimiento, ya que no es necesario que los datos sigan una distribucion

normal.
iv) Escalado

El escalado de los datos consiste en dividit cada variable de cada
metabolito de la matriz de datos por un factor escalar, el cual es diferente
para cada variable y normalmente es una medida de la dispersion para esa
variable. Los datos presentados en esta Tesis Doctoral se han escalado
mediante un método llamado Pareto, que consiste en dividir cada variable
por la raiz cuadrada de su desviacion estandar, de este modo los grandes

cambios son menos predominantes (van den Berg ez 2/ 20006).
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4.1.2.2 Métodos quimiométricos y analisis estadistico

Los métodos quimiométricos se pueden definir como la aplicacion de
métodos matematicos, estadisticos, graficos o simbodlicos para maximizar
la informacion la cual puede ser extraida de datos quimicos o espectrales
(Wishart 2007). En las aproximaciones quimiométricas no es necesario
que se hayan identificado previamente los compuestos. Una propiedad
esencial de la mayorfa de estudios metaboléomicos es la
multidimensionalidad de los datos, es decit, el nimero de muestras es
bastante menor que el nimero de variables (o metabolitos), que asegura
que el conjunto de datos es sustancialmente complejo. Por ello hay vatios
métodos, mayoritariamente de analisis multivariante, para reducir esa
dimensionalidad. A continuacién se presentan los tipos de analisis
estadisticos realizados bien de forma conjunta o de manera individual, en

los trabajos que conforman esta Tesis Doctoral.
I) Analisis univariante

Para comparar las medias entre dos grupos se emple6 el test # de Student
para datos que segufan una distribucién normal, y el test de Mann-
Whitney para datos que no segufan una distribucién normal (pruebas no
paramétricas). Cuando existian mas de dos grupos de comparacién se
utiliz6 el analisis de la varianza de un factor (ANOVA, del inglés ANalysis
Of V. Ariance).

El ANCOVA es un analisis ANOVA al que a la variable dependiente se le
ha eliminado el efecto predicho por una o mas covariables mediante
regresion lineal maltiple. La inclusién de covariables puede aumentar la
potencia estadistica porque a menudo reduce la variabilidad. Este analisis

se aplico al estudio del que deriva la publicaciéon 5, dénde se utilizé la
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ANCOVA para ajustar cada variable por su variable a tiempo inicial

(estado basal).

Estos analisis inicialmente se realizaron con Metaboanalyst (para ANOVA
en la publicaciéon 1y 3). En el resto de estudios, Mann-Whitney, #~Student
y ANCOVA se calculé mediante SPSS 18 (Chicago, IL, USA).

Correcciones para comparaciones miiltiples

Para analisis univariante se ha de llevar especial cuidado cuando se realizan
comparaciones en metabolémica ya que se al tener tal volumen de datos
de analisis, por ejemplo comparar dos grupos (casos zs. controles) y tener
100 metabolitos a comparar, este hecho puede dar falsos positivos en el
analisis; es decir, puede no haber un efecto biolégico pero tnicamente por
azar dar datos significativos. Por ello, se realizan métodos de correccién
como Bonferroni o False Discovery Rate (FDR) en el caso de analisis
univariante. En el caso del analisis multivariante este problema esta
solventado ya que todas las variables se consideran simultaneamente, pero
aparecen otros problemas como es la dimensionalidad (este concepto se
comenta mas adelante en el apartado de analisis multivariante). La tasa de
falsos positivos, o FDR, y la correcciéon por Bonferroni son dos métodos
de ajuste del nivel de significacion. Bonferroni es un método muy
conservador y bastante restrictivo, mientras que FDR es un método

menos conservador (Benjamini ez a/. 1995).
Visualizacion de los andlisis univariante: Diagramas de cajas o “Boxplots”

Hay varias formas para visualizar los datos en los analisis univariante, para
los resultados de esta Tesis se han utilizado los diagramas de cajas o
“boxplots” (Figura 4.3). Es un grafico que suministra informacién sobre

los valores minimo y maximo, los cuartiles Q1 (25% de los datos), Q2 o
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mediana (50% de los datos) y Q3 (75% de los datos), y sobre la existencia
de valores atipicos y la simetrfa de la distribucién. Esta compuesto por un

rectangulo, la "caja", y dos brazos, los "bigotes".

Atipico —o

_ maximo
!
1 “bigote”
:
]

Q3 (75%) '

Mediana (50%) Caja

Q1 (25%) ,
! H ”
1 “bigote
- minimo

Figura 4.3 Diagrama de cajas o “boxplot”

IT) Analisis multivariante

El analisis multivariante supone la observaciéon y analisis estadistico
simultaneo de mas de dos variables. Los analisis multivariantes utilizados
en esta Tesis Doctoral fueron tanto andlisis que incluyen métodos no
supervisados como el analisis de componentes principales (PCA), el
analisis de agrupacion jerarquizado (del inglés, bierarchical clustering analysis,
HCA), k-means, y métodos supervisados como el PLS-DA (en su variante
OSC-PLS-DA). Todos estos analisis mencionados con anterioridad se han
utilizado en un momento u otro del proceso estadistico para los resultados

de la presente Tesis.
» Andlisis de componentes principales (PCA)

El analisis mas comunmente usado de reduccién de la dimensionalidad es
conocido como analisis de componentes principales (del inglés “Principal
Component Analysis”, PCA). E1 PCA no es una técnica de clasificacion sino

de agrupaciéon no supervisado. El PCA es particularmente util para
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identificar cémo difiere una muestra de otra, qué variables contribuyen
mas a las diferencias y qué variables contribuyen de la misma manera (es

decir, estan correlacionadas) (Trygg ez al. 2007; Wishart 2007).

Este analisis tiene como objetivo proyectar complejos datos de altas
dimensiones a nuevos sistemas de coordenadas con menos dimensiones.
La direccién de la proyeccion se calcula para maximizar la varianza de los
datos en solo las primeras dimensiones (lamadas componentes
principales). El primer componente principal describe la maxima varianza
del conjunto de datos con la consiguiente componente principal que
contiene la correspondiente cantidad de varianza no contemplada por la
componente principal anterior (Trygg ef al. 2007). E1 PCA es un buen
método para revelar la estructura interna de los datos respecto a la
varianza. También es una buena prueba de analisis exploratorio de los
datos. Los resultados que se pueden obtener de un PCA pueden ser unos
graficos de dispersion llamados “score-plof” 'y “loading-plof”’. Los “scores”
representan los datos originales en el nuevo espacio de coordenadas, es
decir las muestras analizadas, y pueden asi ser interpretadas en términos
de similitudes o diferencias entre estas muestras; y los “/oadings” es el peso
aplicado a los datos originales durante el proceso de proyeccion, es decir,
los metabolitos analizados. E1 PCA es muy sensible a los valores extremos
o “outliers”, por ello muchas veces se utiliza como proceso exploratorio
para detectarlos (Figura 4.4). Los “outliers” pueden ser debidos a
problemas técnicos en el proceso analitico, valores incorrectos, o datos
mal etiquetados o valores atipicos. Con este objetivo se aplico para el
estudio de patrones dietéticos (publicacion 5), ya que pueden ayudar a
visualizar los datos preliminarmente y detectar posibles oxutliers, como
fueron las seflales de acetaminofén (comunmente conocido como

paracetamol), las cuales no eran objeto de nuestro estudio.
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outlier

Figura 4.4 Ejemplo de PCA para la evaluacién

de valores outliers dentro de un mismo grupo

» Heatmapy Hierarchical clustering Analysis (HCA)

El hierarchical clustering analysis es otro método multivariante no supervisado
que también permite una vision exploratoria global de los datos. El
heatmap es un método utilizado en las ciencias émicas para visualizar
grandes cantidades de datos. Para calcular un clister jerarquico es
necesario definir de qué forma se forman los clister, cuantos clusters se
forman y cémo se define la distancia entre los grupos. Hay diferentes
medidas de distancias en el HCA, como también diferentes algoritmos de
agrupacion. En la presente tesis, en el estudio de un complemento
alimenticio (publicaciéon 4) se realiz6 un HCA representado con un
dendrograma con las voluntarias para ver su separacion al inicio y final de
la intervencion. En cambio para el estudio de patrones dietéticos
(publicacion 5), se utilizé un HCA dénde se visualizaron los individuos y
metabolitos mediante un Jeatmap, utilizando como método de medida de
distancias, la distancia Euclidea y como algoritmo, el algoritmo de Ward.
El dendrograma se represent6 con el programa SIMCA-P+ vy el heatmap

mediante el programa PermutMatrix v1.9.3
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Inicio Final

Figura 4.5. (a) Ejemplo de dendrograma
que representa el HCA de agrupacién de
voluntarios por grupos; (b) Ejemplo de
Heatmap dénde se representan por un lado
los voluntarios agrupados jerarquicamente
(HCA) y por el otro las sefales

discriminantes también agrupadas.

» Agrupacion k-means

Individuos
b
INTENSIDAD DE LA SENAL
Minima Maxima

Sefiales

En este caso, se preestablecen unos grupos determinados, a continuacion

se asigna cada individuo a uno de estos grupos (o clusters) de forma

aleatoria. Seguidamente se calculan los llamados centroides, y se asigna

cada individuo al centroide mas cercano. Esto puede hacer que algunos

individuos cambien de grupo. Esta operacion se lleva a cabo de forma

iterativa hasta que los individuo dejan de cambiar de grupos (Martinez-

Gonzalez 20006). Este analisis se calcul6 usando la librerfa &-means algorithm

del paquete R v.2.14.1 y la libreria ¢/l alid para el analisis de validacién de

claster. También se realizaron analisis para detectar la agrupacion mas

optima: el analisis de Dunn para la coherencia interna, y el analisis de FOM

para la homogeneidad externa.
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» Andlisis discriminante por minimos cuadrados parciales

(PLS-DA)

A diferencia del PCA o el HCA, ésta es una técnica de anilisis
supervisado, esto significa que la informacién correspondiente a las
diferentes clases que divide la poblacién es conocida previamente y
facilitada antes de realizar el analisis. El analisis de PLS-DA es utilizado
para la separacion entre grupos de observaciones, basicamente mediante la
rotacion de los componentes del PCA para obtener la maxima separacion

de clases.

El PLS-DA proyecta los datos (X) en espacio de pocas dimensiones que
maximiza la separaciéon entre grupos en las primeras dimensiones o
“variables latentes”. Estas variables latentes se ordenan segin la cantidad de
varianza explicada en las clases o variables Y. La R? estima la bondad de
ajuste o porcentaje de variaciéon explicada. R tiene valores dentro del
rango de 0 a 1. Valores cercanos a 1 indican que el modelo es capaz de
clasificar correctamente las muestras en las clases que se han definido. En
el analisis PLS-DA los resultados se visualizan de igual forma que en el
analisis PCA, por graficos de dispersion “scores plot” y graficos “loading
plot” y tienen la misma funcionalidad anteriormente especificada (Figura

4.6).

o ° es Figura 4.6. Ejemplo de PLS-
g jemp
@ e g (]
. e & DA Score plot que muestra la
e o o
. . %
i ., . separacion entre dos grupos de
o sujetos.
OO
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Filtro de correccion ortogonal de las senales (OSC)

En estudios clinicos con numero de muestras relativamente elevado
donde existen grandes variaciones inter-individuales, el efecto que estamos
buscando se ve enmascarado por otra variacién no deseada. En este caso,
suele ser necesario aplicar filtros multivariantes de pre-procesado de los
datos antes de realizar el PLS-DA. El filtro utilizado en los PLS-DA
realizados en este trabajo corresponde al filtro OSC (del inglés, Orthogonal
Signal Correction) o filtro de correcciéon ortogonal de las sefales, el cual
consiste en eliminar la informaciéon de las seflales (X) que no esta
relacionada (o correlacionada) con la clase (Y) (Llorach ez al. 2009; Pujos-

Guillot ez al. 2013).

Estrategias de validacion de modelos

La aplicacién del PLS-DA conlleva tener en cuenta que puede llevar a un
sobreajuste o “overfitting’ del modelo, que significa que aunque el modelo
PLS-DA pueda clasificar correctamente las muestras, para nuevas
muestras que se quiera clasificar, éstas pueden no ser asignadas a la clase
correcta. Para evitar esto es importante realizar pruebas de validacion

cruzada y pruebas de permutacion (Westerhuis e /. 2008).

La validacion cruzada, o en inglés cross-validation, consiste en dividir
aleatoriamente el conjunto de muestras en grupo de entrenamiento y
grupo de validacion. Mediante el grupo de entrenamiento o “#razning set” se
crea el modelo, mientras que el grupo de validacion o “validation sef” sirve
para probar el modelo. Esto se repite varias veces (iteraciones). Este

procedimiento nos proporciona la Q.
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La Q® es la habilidad de prediccién que tiene el modelo. Asi pues,
mientras que la R? nos daré la variacién explicada, el valor Q® o error de
predicciéon nos indicarda lo bien que se puede predecir una clase si se
introducen nuevos datos en el modelo. El valor de Q* va de 0 a 1, siendo
0 indicador de que el modelo no tiene capacidad predictiva, y 1 el valor
con méxima capacidad predictiva (Westerhuis ez o/ 2008). Una Q* >0.5
indica un buen modelo (muy utilizado en datos metabolémicos), mientras
que Q*=0.9, corresponde a un modelo excelente (mas utilizado en

calibraciones) (Eriksson 2000).

La prueba de permutacion evalda si la clasificaciéon de las muestras que
se ha realizado para el modelo es mejor que cualquier otra clasificacion
escogida al azar (Westerhuis e/ a/. 2008). De este modo, durante la prueba
de permutacién (que se realiza de forma iterativa un nimero # de veces
predeterminado) se puede calcular un nuevo modelo mediante una
clasificacion aleatoria, la cual nos proporcionara también un nuevo valor
R’y Q’, los cuales podran ser comparados con los del modelo real PLS-
DA con los que se esta evaluando. El grafico resultante de la prueba de
permutacién, nos da en el extremo superior derecho los valores R* y Q?
originales, y a la izquierda y cuanto mas inferior mejor, los valores R* y Q°
finales obtenidos en el test de permutacién (valores de limite de
intercepcion) (Figura 4.7). Se pueden considerar para un modelo valido
unos valores de limite de intercepciéon de R* y Q* menores de 0.4 y 0.05,

respectivamente (van der Voet 1994).

Para los resultados que se presentan en esta Tesis Doctoral se realizaron
pruebas de permutacion de n=200 y de validaciéon cruzada de 7
iteraciones, es decir, el conjunto de los datos se dividié en 7 grupos, uno

de los cuales se consider6 como grupo de validacién y el resto como
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grupo de entrenamiento, repitiendo este proceso 7 veces, siendo cada vez

uno de los grupos el grupo de validacion.

! R2
g :Qz

H N E® @oump
]

Figura 4.7. Ejemplo de prueba de

permutacion.

Para una doble validacidon cruzada, se puede utilizar un grupo de
entrenamiento (cogiendo por ejemplo el 75%) y utilizar como grupo de
validacion, la poblacion restante (el 25%). Por lo tanto, con el grupo de
entrenamiento se crea el modelo, mientras que con el grupo restante se
utiliza para validar el modelo creado previamente. Este procedimiento se
repite varias veces hasta que todas las muestras hayan entrado una vez en
el grupo de validaciéon (del mismo modo que en la validacién cruzada
simple, aqui la unica diferencia es el tamafio de los grupos de
entrenamiento y validacion). Si el modelo encaja razonablemente en el
grupo de validacion, entonces, se puede considerar un modelo valido
(Szymanska ez al. 2012a). Este procedimiento se utilizé para el OSC-PLS-

DA del estudio de patrones alimentarios (publicacion 5).
Seleccion de las variables discriminantes

La seleccion de variables es una importante estrategia en metabolomica.
Puede utilizarse para construir un modelo (con el objetivo de que sea
mejor y mas parsimonioso), o bien para la seleccion de biomarcadores.
Hay varias estrategias para la seleccion de variables, entre ellas el valor

VIP, o el p(eorr) (o la correlacion entre la variable X y el valor p o peso de
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cada metabolito), y una forma de visualizarlos es por ejemplo mediante los

graficos S-plot.

Los valores VIP (en inglés, Variable Importance in the Projection) es una
medida de la importancia de una variable, concretamente es una suma

25

ponderada de los cuadrados del “hading’ PLS que tiene en cuenta la
cantidad de varianza explicada - Y de cada componente (Xia ez a/. 2011).
Expresado de otra manera, es la contribucién que tiene cada variable en el
modelo PLS-DA. Por lo tanto, valores VIP mas altos, indican una mayor
contribucién de esa variable, es decir sera mas importante en el modelo.
En la mayoria de estudios metabolémicos se utiliza normalmente un valor
VIP>1, considerandose este valor apropiado para la selecciéon de las
variables como discriminantes (Chong ez a/. 2005; Eriksson 2006; Gosselin
et al. 2010). Para las muestras utilizadas en esta Tesis, se han seleccionado
valores mas elevados, VIP >1.5, siendo de este modo, mas restrictiva la

seleccion de dichas variables, reduciendo la posibilidad de obtener falsos

positivos.

El grafico S-plot es un tipo de grafico dénde muestran el peso (p) que
cada sefal presenta dentro del modelo y la correlacion entre la variable X
y el valor p [p(eorr)]. Se denominan S-plot debido a que habitualmente
estos graficos tienen una forma que tiende a recordar a una S. El p(corr)
toma valores entre -1 y +1. Para nuestro estudio hemos considerado
valores | p(corr) | 20.5 como punto de corte para la seleccion de variables

(Llorach et al. 2009) (Figura 4.8).

Figura 4.8. Ejemplo de S-plot para la

selecciéon de las variables. Los circulos

indican las sefiales discriminantes.
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III) Regresion logistica y curvas ROC

Para el estudio de la sensibilidad y especificidad de biomarcadores
nutricionales (publicacion 2), el analisis se dividié en 3 pasos: (1) la
seleccion de biomarcadores, (2) la evaluacién de dichos biomarcadores, (3)

la creacién de un modelo.

Para la seleccion de los biomarcadores se utilizo el test no paramétrico de
Mann-Whitney. De ¢él, los biomarcadores con un p-valor <0.05 fueron
seleccionados para ser evaluados. El siguiente paso fue la evaluacién de
dichos biomarcadores. Para ello se testaron uno a uno mediante curvas
ROC y se evaluaron mediante el area bajo la curva (sus siglas en inglés

corresponden a AUC) de dichas curvas.

A continuacién se procedié a la creaciéon de un modelo que incluyera
varios marcadores, pero que fueran los minimos necesarios y que dieran la
mayor informacién posible como biomarcadores con el objetivo de
discriminar la poblaciéon entre consumidores/no consumidores. Para la
creacion de dicho modelo se utiliz6 la regresion logistica por pasos

“stepwise”.
» Regresion logistica por pasos (stepwise)

La regresion logistica es un tipo de analisis de regresion utilizado para
predecir el resultado de una variable categérica (una variable que puede
adoptar un nimero limitado de categorias) en funcién de las variables

independientes o predictoras. Se basa en la siguiente ecuacion:

y = ot Bix +Bx ... + kak,
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doénde y es la variable dependiente, y x; son las variables independientes, a
es una constante, mientras que f es el coeficiente de regresiéon o pendiente
de la variable x,. Para realizar una regresion logistica es necesario que la
variable dependiente sea dicotomica; siendo 0 los controles y 1 los casos

(Martinez-Gonzalez 2000).

El método por pasos (o stepwise) es una estrategia de seleccion de variables.
Consiste en seleccionar, en cada paso, aquella variable que mejor cumple
un criterio prefijado basado en la significacién estadistica de inclusion

(para afiadirla al modelo) o el criterio de exclusion (para eliminarla).
» Curvas ROC

Los graficos de curvas ROC (del inglés, “recezving operating characteristics”)
muestran el poder predictivo y de discriminacién del modelo, y por tanto,
son utiles para visualizar, organizar y seleccionar los clasificadores. La
forma de cuantificar el poder discriminatorio del modelo es a través de la
determinacion del area bajo la curva ROC (AUC, del inglés Area Under the
Curve).

Para una mayor aproximaciéon en la evaluacién de biomarcadores es
importante considerar la frecuencia en que el test produce verdaderos
positivos (en inglés true positives [TP]), verdaderos negativos (en inglés zue
negatives [TIN]), falsos positivos (false positives, FP) y falsos negativos (false
negatives, FIN). La sensibilidad es la capacidad que posee el modelo
logistico de prediccion para identificar correctamente a los positivos
(casos). Es decir, a la probabilidad de que un sujeto en este caso
consumidor sea clasificado correctamente como tal. Por otro lado, la
especificidad sera la capacidad que dispone el modelo para clasificar
correctamente a los sujetos negativos (controles, o no-consumidores en

este caso).
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Sensibilidad= TP/ (TP+FN)
Especificidad= TN/ (TN+FP)

Si todas las muestras positivas se clasifican correctamente, e igual sucede
con las negativas (es decir, un perfecto clasificador), la AUC tiene como
valor 1. Una AUC de 0.5 es equivalente a una clasificacion aleatoria de los

sujetos.

Por tanto, la curva ROC es una curva representada en un diagrama de 2
ejes, donde en este caso, el eje Y es la sensibilidad, y el eje X es la
especificidad (Figura 4.9). La linea diagonal del grafico de curva ROC
representa la clasificacion aleatoria de una variable. Por consiguiente, se
puede clasificar la utilidad de los biomarcadores basindose en la curva
AUC en funcién del rango en el que se encuentre (Xia ef a/. 2013). Si la

curva AUC se encuentra entre el rango:

0.9-1.0 =excelente

0.8-0.9 = buena
0.7-0.8= regular
0.6-0.7= pobre
0.5-0.6= mala

A partir de la férmula:
d= rafz cuadrada [(1-Sensibilidad)® + (1-Especificidad)’].

Donde 4 es la distancia desde la esquina superior izquierda a cualquier
punto de la curva ROC. El minimo valor de & correspondera al 6ptimo
punto de corte el cual determina la sensibilidad y especificidad para ese

punto.
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Curva ROC con
excelente capacidad
predictiva

Figura 4.9. Ejemplo de curva ROC
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La regresion logistica por pasos se calculé mediante el programa SPSS.
Para calcular la curva ROC y la comparacion entre las dos curvas ROC del
modelo en el estudio de intervencién y en la poblaciéon de vida libre se
utilizé la libreria pROC (Robin e a/. 2011) del paquete estadistico R, que
ademas del analisis y la visualizacién de las curvas, también permite la
comparacion entre dos curvas ROC, devolviéndote una p de significancia.
Este paquete fue utilizado para analizar, visualizar y comparar las curvas

generadas entre ambas poblaciones.

IV) Analisis de correlaciones

La finalidad de la correlacién es examinar la direccion y la magnitud de la
asociacion entre dos variables, es decir, como varfan conjuntamente. Por
tanto, podremos tener una correlacién positiva (ambas variables aumentan
de la misma manera) o bien negativamente (una variable aumenta mientras
que la otra disminuye). Hay dos coeficientes de correlacion que se usan
frecuentemente: el de Pearson (paramétrico) y el de Spearman (no

paramétrico).
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El coeficiente de correlacion » puede ir de -1 a 1, por tanto:
r<0 correlacion negativa;
r=0 no existe correlacion;
r>0 correlacion positiva.
Y la correlacién puede clasificarse en:
| r | <0.3 asociacién débil
03 =< | r | < 0.7 asociacién moderada
| t | > ().7 asociacion fuerte

En los trabajos aqui expuestos se han utilizado los anilisis de
correlaciones de la siguiente manera: (a) para la identificacion:
correlaciones entre picos correspondientes a una misma sefal; (b)
correlaciones entre metabolitos y alimentos mediante datos provenientes
del cuestionario de frecuencia de consumo de alimentos (del inglés food

[frequency questionnaire, FFQ).

Para datos que segufan una distribucién normal se utilizaron las
correlaciones de Pearson, en cambio, para datos no normales, se utilizo la
correlacion de Spearman, dependiendo con que programa se realizaron el
resto de analisis se utiliz6 Metaboanalyst o SPSS. Para las correlaciones con
los datos provenientes del cuestionario FFQ, solo se aplicé SPSS, ya que

los datos descriptivos de ingesta no se podian introducir en Metaboanalyst.

Para correlaciones entre picos dentro de un mismo metabolito se utilizo
como valor de corte aceptable que las sefiales tuvieran una correlacion
r=0.7. Para correlaciones con datos provenientes de cuestionarios de
ingesta de alimentos, se consideré un valor a partir de r = 0.3 para
considerar una correlacién moderada entre un alimento y un metabolito

correlacionado con éste (Scalbert ef al. 2014).
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4.1.2.3 Identificacidon y cuantificacion de metabolitos

I) Identificaciéon de metabolitos

La identificacion de los metabolitos de los resultados que se exponen en la
presente Tesis se realiz6 mediante el uso o combinaciéon de 3 métodos

diferentes:

1) Utilizando el programa de identificacién Chenomx NMR Suite 7.0 profiler
(Chenomx Edmonton, Canada). Chenomx es un programa de “spiking’ o
fortificacién virtual que permite la identificacién de compuestos en
espectros de 1 dimensiéon (1D). Contiene una biblioteca de referencia
espectral interna con mas de 260 compuestos teniendo en cuenta el pH y

la frecuencia de trabajo del equipo utilizado.

2) Mediante la busqueda del desplazamiento quimico y la asignacién de
picos para cada metabolito, en bibliografia existente de datos espectrales
de RMN de libre uso. Algunos ejemplos son “Human Metabolome Database”
(HMDB, www.hmdb.ca), “Biological Magnetic Resonance Data Bank” (BMRB,
http://www.bmtb.wisc.edu) 'y la  “Madison  Metabolomics — Consortinm

Database” (MMCD, mmcd.nmrfam.wisc.edu)

3) Finalmente en algunos de los dltimos analisis se realizaron pruebas
adicionales con técnicas 2D de espectroscopia ya comentadas

anteriormente (apartado 4.1.1.2).
IT) Cuantificacion metabdlica

Los compuestos son identificados y cuantificados antes del analisis
estadistico. Este método ha sido utilizado en el estudio presentado en la

publicacion 3.
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En este caso, los compuestos son cuantificados mediante el programa de
identificacién y cuantificacion Chenomxe NMR  Profiler 7.0 (Edmonton,
Canada). Es un programa de “Spiking’ o fortificacién virtual con una base
de datos espectrales de RMN de metabolitos puros recolectado a

diferentes pH y frecuencias espectrométricas (500, 600, S00MHz).

4.1.2.4 Interpretacion biologica

Una vez se ha procedido a identificar los metabolitos relevantes es
necesario una interpretaciéon biolégica para entender y pretender
responder la hipotesis generada. Hay varias herramientas que permiten
llevar a cabo este objetivo. La HMDB a parte de proporcionarte
informacién quimica del compuesto, te da una breve descripcion, asi
como informacion de otros estudios cientificos donde se ha desctrito,
ademas te proporciona paginas de enlace a otros programas de
identificacion e interpretacion. También ha sido de gran utilidad el uso de
bases de datos que permiten situar los metabolitos en las correspondientes
rutas metabolicas como la KEGG (Kyoto Encyclopedia of Genes and Genomes)
(Kanehisa ez al. 20006), y asi ver una visiéon global de la ruta/s metabdlica/s
que pertenece el metabolito y las posibles interacciones en esa misma ruta
con otros metabolitos. Paralelamente, se ha buscado en la bibliografia
cientifica informacion perteneciente a los metabolitos de interés y las rutas

relacionadas, asi como estudios similares y/o relacionados.
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4.2 MEDOLOGIA CLINICA:

Estudios clinicos para el desarrollo de
biomarcadores nutricionales

4.2.1 ESTUDIO DEL EFECTO DE LA
INTERVENCION CON UN ALIMENTO:

ESTUDIO EN VINO

Este estudio se realizé en el marco del proyecto AGL2006-14228-C03-02,
coordinado entre la Universidad de Barcelona y el Hospital Clinico de
Barcelona. Este estudio se ha utilizado para diferentes objetivos: (1)
Aplicacion de la Resonancia Magnética Nuclear (RMN) a un estudio de
intervenciéon y busqueda de marcadores de consumo y efecto mediante y
el efecto de la matriz alimentaria (publicacion 1). (2) Analisis de paneles de
biomarcadores de exposicion mediante la determinacion de la
especificidad y sensibilidad de los biomarcadores hallados (publicacion 2).
(3) Evaluar el efecto del vino desalcoholizado sobre distintos fenotipos
metabodlicos dentro de una misma poblacién a partir de marcadores

bioquimicos y antropomorficos (publicacion 3).
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I. Estudio de un alimento y el efecto sobre la matriz

alimentaria

Se trata de un estudio de intervencién aleatorizado, cruzado y controlado,
se llevd a cabo en periodos de 4 semanas. Se analizaron un total de 61
individuos mayores de 55 afios con elevado riesgo cardiovascular. Los

criterios de inclusién fueron: voluntarios consumidores moderados de

alcohol (1-3 copas al dia) y tener Diabetes Mellitus y/o 3 o mas de los
siguientes factores de riesgo de enfermedad cardiovascular: consumo
habitual de tabaco, hipertensién, hipercolesterolemia ([LDL] plasmatico
>160 mg/dL, [HDL] plasmatico <40 mg/dL, obesidad (IMC>30 kg/m?)
y/o antecedentes familiares de enfermedad cardiovascular. Los criterios de
exclusién fueron haber padecido anteriores episodios de enfermedad
cardiovascular y/o alcoholismo. Los voluntarios siguieron un petiodo de
lavado durante 15 dias, en el cual se pidi6 que siguieran una dieta sin
bebidas alcohélicas ni productos derivados de la uva. Se recogié la orina
de 24h de los voluntarios al inicio y después de 28 dias de cada
tratamiento: 30 g de alcohol/dia (272 mL) de vino tinto, 272 mL al dia de
vino tinto desalcoholizado (igual contenido de polifenoles en ambos
vinos), o 100 mL al dfa de ginebra (30 g de alcohol/dia), durante 4
semanas (28 dfas) en cada intervenciéon. En todos los periodos se
siguieron las mismas restricciones dietéticas que en el periodo de lavado.
Una vez transcurridas estas cuatro semanas, la intervencion se repitio en el
orden inverso, y asi hasta completarlo con las tres bebidas del estudio (ver

Figura 4.10).
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Figura 4.10. Estudio en un alimento y el efecto sobre la matriz alimentaria.
Disefio del estudio controlado, aleatorizado y cruzado de intervenciéon en

humanos con consumo de vino tinto, vino tinto desalcoholizado y ginebra. CV:

cardiovascular.
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II. Estudio de la sensibilidad y especificidad de los

biomarcadores nutricionales

Para este objetivo se ha utilizado (1) un estudio de intervencién y (2) un
estudio cohorte sin intervencion (individuos en estado basal del estudio

PREDIMED).

Se incluyeron 56 participantes del estudio de intervenciéon con vino
(descrito en el apartado anterior) en estado basal (después del periodo de
lavado)- orina basal, y después de la intervenciéon de 28 dias con vino
tinto. Ademas, se consideré una sub-muestra aleatoria de los participantes
del estudio PREDIMED (http://www.predimed.es). Esta sub-muestra se
obtuvo gracias a la cesiéon de las muestras de los nodos de Barcelona y
Valencia correspondientes al estudio PREDIMED en el marco del
proyecto  AGL2009-13906-C02-01/02. Para la poblacion cohorte
PREDIMED (poblacién 2), se analizé la orina de primera hora de la
mafiana en condiciones de ayuno de los individuos en estado basal, en el
momento de la inclusion al estudio (antes de iniciar la intervencion
dietética), para evitar cualquier efecto de la intervencién nutricional
durante el transcurso del estudio. Para la division de individuos en
consumidores 5 no consumidores de vino se utilizé un cuestionario de
frecuencia de consumo de alimentos (del inglés food frequency questionnaire,
FFQ) donde se recogfan los habitos alimentarios de los participantes.
Ademas se utilizé un recordatorio de 24 horas, donde se recolectaron los
datos de ingesta donde aparecia la frecuencia de consumo de vino de los
participantes. Para la evaluacion de la detecciéon de biomarcadores en
tiempo transcurrido después de la dltima copa, se consideraron
voluntarios con ingesta de vino el dia anterior (n=53), entre 2-3 dias antes

(n=14) y mas de 3 dias (n=15) frente a los no consumidores (n=69).
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La estratificacién del estudio cohorte (n=205) fue del siguiente modo: no
consumidotres de vino (0 ml/dia, n=69), consumidores intermitentes
(<180 ml/dia, n=87), y consumidores habituales (=180 ml/dia, n=22).
Los participantes no consumidores de vino pero si consumidores de otras
bebidas alcohélicas no fueron evaluados (n=27). Para este estudio se
analizaron los consumidores diarios de vino y los no consumidores, por
tanto, los consumidores no habituales (intermitentes) tampoco fueron

considerados (Figura 4.11).

Poblacion 1 Poblacién 2

Estudio intervencion Sub-cohorte PREDIMED
n=56 n=91
Cuestionario
! frecuencia
* o (R TT R : consumo
1 i| oo\ Il | alimentos
o o o ™ 272mL/dia 8ve=by b (FFQ) 1Ty
i i i i nuEp
l.. ... ..i. ' ii.il
!! 1] = 2180ml/dia Oml/dia i .* |*
n=22 n=69

T/ T/ U/ U
D D Basal Basal
tiempo 0 28 dias (ayuno) (ayuno)

Figura 4.11. Estudio de la sensibilidad y especificidad de biomarcadores
nutricionales. Diseflo del estudio con las dos poblaciones: estudio de

intervencién de vino (poblacién 1) y poblacion cohorte consumidores/no

consumidores de vino del estudio PREDIMED (poblacién 2).
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I1I. Estudio del fenotipo metabolico tras el consumo de

un alimento

En este caso los individuos son divididos en 4 grupos segun su perfil
bioquimico a partir de los datos plasmaticos y urinarios mediante el
algoritmo de &-means, con el objetivo de observar diferencias metabdlicas
tras el consumo de polifenoles provenientes de la ingesta de vino, 733
Equivalentes de Acido Galico [GAE/dia], en forma de vino tinto

desalcoholizado (Figura 4.12).

Los parametros antropométricos y bioquimicos que se utilizaron fueron la
medida del Indice de Masa Corporal (IMC), el ratio cintura-cadera (estos
dos parametros para evaluar la obesidad): niveles de glucosa, colesterol
total, HDL, LDL, ratio HDL/LDL, triacilglicéridos, diuresis 24h, creatina
plasmatica, acido urico, aminotransferasas, bilirrubina, ferritina, y otras
proteinas como albumina o proteina C reactiva, enzimas como la fosfatasa
alcalina, la lactato deshidrogenasa, e iones (sodio, potasio, etc.), asi como
también globulinas, niveles de apolipoproteinas, hemoglobina y recuento
de glébulos rojos, a la vez que algunos parametros de coagulacion como la

protrombina, trombina y fibrinégeno.
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Figura 4.12. Estudio del fenotipo metaboélico tras el consumo de un
alimento. Formacién de grupos de similitud mediante &-means a partir de los
datos clinicos de los individuos. CV: cardiovascular; EAG: equivalentes de acido

galico

158



Metodologia

4.3.2 ESTUDIO DEL EFECTO DE LA
INTERVENCION CON UN COMPLEMENTO
ALIMENTICIO:

Estudio de un complemento alimenticio probiotico

Este estudio se realiz6 en el marco del programa Ingenio-CONSOLIDER
FUN-C-FOOD (CSD2007-063) y con una colaboracién de la Universidad
de Barcelona y la Universidad Complutense de Madrid (Dr. Juan Miguel
Rodriguez).

En este estudio de intervencion se reclutaron 30 mujeres con sintomas de
mastitis. De las 30, 7 de ellas abandonaron la intervencion durante el
estudio debido a varios motivos: 2 mujeres suftieron anemia severa, 4 de
ellas estuvieron tomando antibibticos, y por ultimo, una se mudé a otro
pais por lo que no pudo finalizar el estudio. Las 23 mujeres que
completaron el estudio debian cumplir las siguientes caracteristicas: sufrir
inflamacién mamaria, lactancia dolorosa, un recuento de bacterias de la
leche >3log,,UFC/mL, y un recuento de leucocitos de la leche > 6 log,,
células/mlL. Ninguna de ellas consumié probidticos comerciales ni
suplementos durante la intervencion. Los criterios de exclusion fueron
aquellas mujeres con abscesos mamarios (coleccién de pus en la mama sin
apertura para drenar), sindrome de Raynaud’s (falta de riego sanguineo en

la mama) o cualquier otra patologfa mamaria.

El disefio del estudio consistié en la ingestion diaria de una capsula con
200 mg de probidtico liofilizado el cual contenfa ~9 log,, UFC de la
especie L. Salivarins PS2 durante 21 dias. Se recolectd la orina durante 24h
al inicio del estudio (dia cero, basal) y al final del estudio (dia 21) (Figura

4.13). Ademas, para ver la evolucién de las participantes, se les pidié que
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mientras durara el estudio rellenaran un cuestionario relacionado con la

evolucion de la mastitis y la presencia de cualquier potencial efecto

secundario efecto del tratamiento con el probiético.

’ Lactobacillus ) “ “
e l. salivarius PS2 / dia

e 1'0 e fo o e
Y- \es 21dias | €0 €@ &
Mujeres lactantes

con mastitis
(n=23) l
T 24h T 24n

Figura 4.13. Estudio de un complemento alimenticio: Estudio de un
probiotico. Disefio del estudio de intervencion de consumo de probidtico en

mujeres con mastitis. ufc: unidades formadoras de colonias.
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4.3.3 ESTUDIO DE PATRONES ALIMENTARIOS:

Estudio PREDIMED

El estudio PREDIMED es un ensayo clinico aleatorizado y multicéntrico
de intervencién, de una media de 5 afos de duracién que tiene como
principal objetivo la evaluacién de los efectos de la Dieta Mediterranea en
la prevencion primaria de la enfermedad cardiovascular en individuos con
alto riesgo (Estruch ez a/. 2013). Este estudio consiste en la evaluacién del
efecto de la dieta Mediterranea suplementada bien con aceite de oliva
virgen extra o con una mezcla de frutos secos comparadas ambas con una
dieta control baja en grasa (Figura 4.14). El disefo de este estudio
metabolémico se realizé en el marco del proyecto nacional AGL2009-
13906-C02-01/02 “Desarrollo de biomarcadores de consumo y de efecto
de un patrén de alimentacién Mediterranea en la prevenciéon de la
enfermedad cardiovascular: una aproximaciéon metabolémica” coordinado

en colaboracién entre la Universidad de Barcelona y la Fundacié Clinic.

Los participantes del estudio PREDIMED eran hombres de edades
comprendidas entre los 55 y 80 afios, y mujeres desde los 60 hasta los 80
afios de edad. Ninguno de los participantes presentaba enfermedad
cardiovascular diagnosticada y debian presentar al menos alguno de los
siguientes criterios: Diabetes Mellitus tipo 11, y/o presentar al menos tres
factores de riesgo cardiovascular: fumadores de tabaco habituales,
hipertensién, hipercolesterolemia, IMC 225 kg/m2, o antecedentes
familiares de enfermedad cardiovascular. Como criterios de exclusién no
debfan presentar enfermedad cardiovascular, o cualquier enfermedad
crénica de caracter grave, drogadicciéon o alcoholismo, antecedentes de

alergia o intolerancia al aceite de oliva o frutos secos.
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En el presente estudio se seleccionaron 98 participantes evaluados
clinicamente como no diabéticos con alto riesgo cardiovascular (Figura
4.15). Como parametros de inclusiéon debfan tener al menos los tres
factores de riesgo cardiovascular (comentados anteriormente). Como
criterios de exclusion fue ser diagnosticado con Diabetes Mellitus tipo 11

(para_este estudio concreto), ademas de los criterios de exclusiéon del

estudio clinico anteriormente comentados. Los participantes asignados a
la dieta baja en grasa se les aconsejo reducir todos los tipos de grasa y se
les dio las recomendaciones por escrito de acuerdo con las directrices de la
American Heart Association. Por otra parte, los participantes asignados a los
grupos de dieta mediterranea (tanto el grupo de aceite de oliva como el de
frutos secos) recibieron instrucciones segun el cuestionario de 14 puntos
de medida de adherencia a la dieta mediterranea, que inclufa el aceite de
oliva extra virgen para cocinar y alifiar los platos, el aumento de consumo
de vegetales, frutos secos y pescado; el consumo de carne blanca en lugar
de carne roja o procesada, y con un moderado consumo de vino tinto. No
se sugirid ni la restricciéon energética ni la promocioén de actividad fisica
para ningin grupo participante en la intervencién. Se proporcioné a los
patticipantes para que pudieran seguir el estudio 1 L/semana de aceite de
oliva extra-virgen/una mezcla de frutos secos (30 g/dfa) siendo 15 g
nueces, 7.5 g de avellanas y 7.5 g de almendras. Ademas, todos los
participantes tenfan libre acceso a los nutricionistas durante el transcurso

del estudio.
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frente a una dieta control baja en grasa. CV: cardiovascular

Eligibilidad y aleatorizacion

(n=327)
l Asignacién | l
MD+EVOO — MD+Nuts , LFD
(n=126) Excluidos: (n=98) Excluidos: (n=103) Excluidos:
No suficiente No suficiente No suficiente
muestra de orina muestra de orina l muestra de orina
(< 300pL, n=41) (< 300pL, n=40) (< 300pL, n=36)
MD+EVOO MD+Nuts LFD bL, =
(n=85) - n=58 (n=67)
Excluidos: ( ) Excluidos: Excluidos:
DlabEt'CUS_ Diabéticos basales l Diabéticos
basales (n=44) (n=31) basales(n=37)
MD+EVOO MD+Nuts LFD
(n=41) (n=27) (n=30)

| Seguimiento 1-afio l Seguimiento 1-afio Seguimiento
T | 1

Analizados Analizados Analizados
(n=41) (n=27) (n=30)
i Seguimiento ]—| 3-afios Seguimiento 3-afios Seguimiento
1]
Analizados Analizados Analizados
(n=41) (n=27) (n=30)

Figura 4.15. Diagrama de flujo de los participantes
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5.1. BIOMARCADORES NUTRICIONALES
TRAS EL CONSUMO DE UN ALIMENTO

I. Estudio de un alimento y el efecto de la matriz

alimentaria

Los resultados de este estudio se publicaron en la revista Electrophoresis
indexada en el Journal Citation Reports con un factor de impacto de 3.161
(2013) y situada en el primer cuartil de la categoria CHEMISTRY,
ANALYTICAL (16/76) (2013).

Rosa Vazquez-Fresno, Rafael Llorach, Francesca Alcaro, Miguel

Angel Rodriguez, Maria Vinaixa, Gemma Chiva-Blanch, Ramon
Estruch, Xavier Correig, Cristina Andrés-Lacueva C. "H-NMR-
based metabolomic analysis of the effect of moderate wine
consumption on subjects with cardiovascular risk factors.
Electrophoresis. 2012, 33, 2345-2354. doi: 10.1002/elps.201100646.

Resumen:

El consumo moderado de vino se ha visto asociado a una actividad
promotora de la salud. Se utiliz6 un enfoque metabolémico basado en
la 'H-RMN para identificar diferencias metabdlicas urinarias tras el
consumo moderado de vino en el marco de un estudio prospectivo
aleatorizado, cruzado y controlado. Sesenta y un voluntarios varones
con factores de alto riesgo cardiovascular siguieron tres intervenciones
dietéticas (28 dias): de vino tinto (RWA) (30 g alcohol, 272 ml./dia),
vino tinto desalcoholizado (RWD) (272 mlL/dia, control de
polifenoles), y ginebra (GIN) (100 ml/dfa, control de alcohol). Después
de cada periodo, se recogieron y se analizaron mediante 'H-RMN las
muestras de orina de 24h. De acuerdo con los resultados del analisis
ANOVA, los biomarcadores significativos fueron agrupados en cuatro
categorfas: marcadores relacionados con el alcohol (etanol); marcadores

relacionados con ginebra; marcadores relacionados con vino; y
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marcadores de la microbiota intestinal. Los metabolitos del vino se
clasificaron en dos grupos; en primer lugar, los metabolitos del food
metabolome: tartrato (RWA y RWD), etanol y manitol (RWA); y en
segundo lugar, biomarcadores que se relaciona con modificaciones
endogenas después del consumo de vino, que comprende un
metabolito derivado de aminoacidos de cadena ramificada (3-metil-
oxovalerato). Ademas, se ha identificado una posible interaccioén entre
el alcohol y los biomarcadores relacionados con los metabolitos
derivados de la microbiota intestinal (hipurato y 4acido 4-
hidroxifenilacetato). Desde nuestro conocimiento, esta es la primera
vez que este enfoque ha sido aplicado en una intervencién nutricional
con vino tinto. Los resultados muestran la capacidad de este método
para obtener una imagen completa del metaboloma incluyendo tanto el
food metabolome como biomarcadores endégenos del consumo moderado
de vino.

168



Resultados

Electrophoresis 2012, 33, 23452354

Rosa Vazquez-Fresno'-2*
Rafael Llorach'2*
Francesca Alcaro'-2
Miguel Angel Rodriguez®
Maria Vinaixa®

Gemma Chiva-Blanch*5
Ramon Estruch*®

Xavier Correig®

Cristina Andrés-Lacueva'2

"Nutrition and Food Science
Department, XaRTA, INSA,
Pharmacy Faculty, University of
Barcelona, Barcelona, Spain

2INGENIO-CONSOLIDER
Program, Ministry of Science
and Innovation, Barcelona,
Spain

3Metabolomics Platform, CIBER
de Diabetes y Enfermedades
Metabolicas Asociadas
(CIBERDEM), IISPV, Universitat
Rovira i Virgili, Tarragona, Spain

4Department of Internal
Medicine, Hospital Clinic,
Institut d’Investigacio
Biomeédica August Pi i Sunyer
(IDIBAPS), University of
Barcelona, Barcelona, Spain

5CIBER 06/03: Fisiopatologia de
la Obesidad y la Nutricion and
RETIC 06/0045 Alimentacion
Saludable, Instituto de Salud
Carlos lll, Madrid, Spain

Received November 24, 2011
Revised March 16, 2012
Accepted April 2, 2012

1 Introduction

2345

Research Article

TH-NMR-based metabolomic analysis of the
effect of moderate wine consumption on
subjects with cardiovascular risk factors

Moderate wine consumption is associated with health-promoting activities. An H-NMR-
based metabolomic approach was used to identify urinary metabolomic differences of
moderate wine intake in the setting of a prospective, randomized, crossover, and con-
trolled trial. Sixty-one male volunteers with high cardiovascular risk factors followed three
dietary interventions (28 days): dealcoholized red wine (RWD) (272mlL/day, polyphenol
control), alcoholized red wine (RWA) (272mL/day) and gin (GIN) (100mL/day, alcohol
control). After each period, 24-h urine samples were collected and analyzed by "H-NMR.
According to the results of a one-way ANOVA, significant markers were grouped in four
categories: alcohol-related markers (ethanol); gin-related markers; wine-related markers;
and gut microbiota markers (hippurate and 4-hydroxphenylacetic acid). Wine metabolites
were classified into two groups; first, metabolites of food metabolome: tartrate (RWA and
RWD), ethanol, and mannitol (RWA); and second, biomarkers that relates to endogenous
modifications after wine consumption, comprising branched-chain amino acid (BCAA)
metabolite (3-methyl-oxovalerate). Additionally, a possible interaction between alcohol and
gut-related biomarkers has been identified. To our knowledge, this is the first time that this
approach has been applied in a nutritional intervention with red wine. The results show
the capacity of this approach to obtain a comprehensive metabolome picture including
food metabolome and endogenous biomarkers of moderate wine intake.

Keywords:
Biomarkers / Metabolomics / Nuclear Magnetic Resonance / Urinary profile /
Wine intake DOI 10.1002/elps.201100646

showed the protective effect of a moderate wine consump-
tion against CVD [7], particularly with regards to oxidative
stress [8,9], inflammation, and vascular function [10-12], the

Cardiovascular disease (CVD) is one of the main causes of
mortality in western countries. Diet and lifestyle are recog-
nized as the major modifiable risk factors in CVD [1]. The low
incidence of coronary heart disease (CHD) in Mediterranean
countries has been partly ascribed to the dietary habits of their
inhabitants [2,3]. As one of the main components of Mediter-
ranean diet, wine and its constituents, especially polyphe-
nols, may provide additional health-promoting benefits [4-6].
Results of several clinical and epidemiological studies have

Correspondence: Professor Cristina Andrés-Lacueva, Nutrition
and Food Science Department, Pharmacy Faculty, University of
Barcelona, Av. Joan XXIIl s/n, 08028 Barcelona, Spain

E-mail: candres@ub.edu
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Abbreviations: &, chemical shift; BCAA, brached-chain amino
acids; CHD, coronary heart disease; CVD, cardiovascular dis-
ease; d, doublet; m, multiplet; g, quadruplet; RWA, red wine
alcoholized; RWD, dealcoholized red wine; s, singlet; t, triplet

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

main causes behind the development of CVD [13]. However,
there are discrepancies on the effects of the different types of
alcoholic drinks (wine, beer, and liquors) on the cardiovascu-
lar system and whether the possible protective mechanisms
of alcoholic beverages are due to their alcoholic component
(ethanol), their nonalcoholic constituents, mainly polyphe-
nols, or both [14, 15]. Therefore, new biomarkers of wine
and alcohol consumption are needed in order to increase the
knowledge on the effects of these beverages on the cardio-
vascular system and to clarify their protective mechanisms of
CVD.

Foodomics is considered a new discipline that stud-
ies food and nutrition fields through advanced omics
technology application: genomic, transcriptomic, proteomic,
and /or metabolomic [16] using sensitive methods (NMR,

*These authors contributed equally to this work.

Colour Online: See the article online to view Figs. 1 and 3 in colour.
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GC-MS, LC-MS, CE) to detect and quantify changes in di-
etary patterns [17]. "H-NMR-based metabolomics is a very
robust technique for metabolomic applications enabling the
simultaneous detection of a wide range of structurally differ-
ent metabolites [18], and it can facilitate the discovery of new
candidates for biomarkers of disease risk [19-21]. Similarly,
NMR-based metabolomics can provide information, in com-
bination with dietary intake, about the development of differ-
ent diseases, as published by Vinaixa et al., who assessed the
effect of dietary cholesterol on the progressive development
of fatty liver disease [22]. As far as red wine polyphenol intake
is concerned, van Dorsten et al. used a dry mix of red wine and
red grape juice extracts to assess the metabolic fate of red wine
polyphenols in humans by GC-M$ and NMR metabolomics
[23]. Despite this use of extracts from red wine, as far we
know, no reports on metabolomic studies using wine (as a
beverage) in a nutritional intervention with either animals or
humans are available.

As aresult, the aim of the present study is to apply, for the
first time to our knowledge, an 'H-NMR-based metabolomic
strategy in order to investigate the effect of wine intake on
the human metabolome in a urinary profile, identifying the
most relevant markers of consumption and the endogenous
effect of this beverage on human volunteers.

2 Material and methods
2.1 Subjects and study design

A total of 61 high-risk subjects aged =55 years without docu-
mented CHD (CHD: ischemic heart disease—angina/recent
or past myocardial infarction/previous or cerebral vascu-
lar accident, peripheral vascular disease) were recruited for
the study. The subjects included had diabetes mellitus or
more than three of the following CHD risk factors: to-
bacco smoking, hypertension, hypercholesterolemia, plasma
LDL cholesterol =160 mg/dL, plasma HDL cholesterol <40
mg/dL, obesity (BMI (in kg/m?) =30), and/or a family his-
tory of premature CHD (first-line male relatives <55 years
or fermales <65 years). Participants had to voluntarily give
signed informed consent. Subjects with a previous history of
CVD, any severe chronic disease, alcoholism, or other toxic
abuse were excluded. The study was a prospective, random-
ized, crossover, and controlled trial. As a result of random
computer-generated selection, participants were asked to take
either, 272mL/day of red wine (hereafter, RWA) (about 30g
ethanol/day), 272mL/day of dealcoholized red wine (here-
after, RWD, polyphenols control), or 100mL/day of gin (here-
after, GIN, alcohol control), every day for 4 weeks (28 days).
Twenty-four-hour urine samples were collected on the last
day of each period as well as the basal time. In order to eval-
uate the metabolic profiles, urine samples were analyzed by
"H-NMR after each intake. All participants received all three
interventions. Subjects had forbidden other alcoholic bev-
erages 15 days before the first intervention and during the
study, also asked not to change their dietary pattern during
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the study. A 7-day food record questionnaire was validated in
our population [24] monitoring nutrient intake at the begin-
ning of the study and after each intervention, also a medical
record and Minnesota Leisure Time Physical Activity Ques-
tionnaire validated in Spain [25] were performed. The wine
used for the interventions (RWA and RWD) was elaborated
with Merlot grape variety. The daily dose of alcohol was the
same in both the RWA and GIN periods and the polyphenol
composition of the wine is detailed in Table 1 [26]. The total
phenolic content of the three beverages was determined by
the Folin—Ciocalteu method [27], the phenolic profile of RWA
and RWD and resveratrol and piceid contents were measured
by using HPLC-diode-array detection 28], [29).

2.2 Sample preparation

The urine samples were thawed, vortexed, and centrifuged
at 13 200 rpm for 5 min. The supernatant (600 pl) from
each urine sample was mixed with an internal standard so-
lution (120 pL, consisting of 0.1% TSP (3-(trimethylsilyl)-
proprionate-2,2,3,3-d4, chemical shift reference), 2 mM of
sodium azide (NaN; bacteriostatic agent), and 1.5 M KH, PO,
in 99% deuterium water (D,0)). The optimized pH of the
buffer was set at 7.0, with a potassium deuteroxide (KOD)
solution, to minimize variations in the chemical shifts of the
NMR resonances. This mixture was transferred to a 5-mm
NMR tube.

2.3 'H-NMR data acquisition and processing

The 'H-NMR spectra were acquired on a Varian-Inova-500
MHz NMR Spectrometer with presaturation of the water res-
onance using a NOESYPRESAT pulse sequence. During the
acquisition, the internal temperature was kept constant at 298
K. An exponential window function was applied to the free
induction decay (FID) with a line-broadening factor of 0.3 Hz
prior to the Fourier transformation. For each sample, FIDs
were collected into 32 K data points (128 scans) with a spec-
tral width of 14 ppm, an acquisition time of 2 s, relaxation
delay of 5 s, and a mixing time of 100 ms. NMR spectra were
phased, baseline corrected, and calibrated (TSP, 0.0 ppm)
using TopSpin software (version 3.0, Bruker, BioSpin, Ger-
many). After baseline correction, two different approaches
were subsequently used to summarize spectral data. On the
one hand, original spectral data were bucketed in equal-size
domains of 0.005 ppm [30-32] using ACD/NMR Processor
12.0 software (Advanced Chemistry Development, Toronto,
Canada). On the other hand, intensities of each 1H-NMR
region conveniently identified in the urine 1D-NMR spectra
were integrated for each sample entering the study (profiling
integration) using the AMIX 3.8 software package (Bruker).
In both cases, the spectral region between 4.68 and 5.08 ppm
was excluded from the dataset to avoid spectral interference
from residual water.
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Table 1. Phenolic composition of beverages used in the study

RWA RWD GIN
Alcohol (%) 142 0.42 38
Total phenols (mEqGA/L) 2933.35 + 377.31 2694.92 + 86.79 ND
Gallic acid (mg/L) 68.48 + 6.40 7317 £+ 7.01 ND
Protocatechuic acid (mg/L) 5.22 + 0.62 5.85 + 0.51 ND
Tyrosol (mg/L) 4359 + 4.73 47.81 + 3.90 ND
Catechin (mg/L) 12351 £+ 11.30 126.45 + 13.35 ND
Epicatechin (mg/L) 67.86 = 7.74 7057 + 8.22 ND
trans-Caftaric (mg/L) 18.62 &+ 1.45 19.21 + 1.62 ND
trans-Caffeic (mg/L) 11.50 £+ 0.79 1218 + 0.92 ND
trans-Coutaric (mg/L) 521 + 045 562 + 0.52 ND
2-S-glutationylcaftaric (mg/L) 10.30 &+ 1.00 10.76 + 1.26 ND
Quercetin-3-glucuronide (mg/L) 11.88 + 1.38 11.25 + 142 ND
Quercetin (mg/L) 26.66 + 0.78 23.82 + 2.37 ND
Isorhamnetin (mg/L) 3.34 + 027 296 + 0.14 ND
Delphinidin-3-glucoside (mg/L) 15.25 + 0.89 14.71 £ 1.62 ND
Petunidin-3-glucoside (mg/L) 12.29 £+ 1.06 1204 £ 1.15 ND
Peonidin-3-glucoside (mg/L) 6.78 & 0.62 6.68 + 0.57 ND
Malvidin-3-glucoside (mg/L) 4883 + 4.45 49.86 +4.27 ND
Malvidin-(6-acetyl)-3-glucoside (mg/L) 10.97 + 0.96 1041 + 1.20 ND
Malvidin-(6-coumaroyl)-3-glucoside (mg/L) 415 + 0.27 354 4+ 0.33 ND
trans-Resveratrol (mg/L) 292 + 0.36 273 +0.23 ND
cis-Resveratrol (mg/L) 279 £+ 0.15 2.75 4+ 0.15 ND
trans-Piceid (mg/L) 941 £ 1.12 1053 + 0.96 ND
cis-Piceid (mg/L) 771 + 034 7.08 + 0.87 ND

RWA, RWD, and GIN (nonsignificant differences were found for any of the phenolic compounds between RWA and RWD (student’s t-test

for independent samples). Mean + SD.

2.4 Statistical analysis

Datasets derived from the two above-mentioned integrations
were submitted to MetaboAnalyst, a web-based platform for
comprehensive analysis of metabolomic data [33]. The two dif-
ferent matrices were row-wise normalized (rows were sam-
ples) by the sum of the intensities of the spectra [34] and
column-wise normalized (columns were metabolites) using
Pareto scaling [21] prior to being analyzed by ANOVA test.
Fisher’s LSD test for multiple comparisons was applied as a
post hoc test; a p <0.05 was considered to indicate statisti-
cal significance. In addition, we performed a correlation test
(Pearson’s correlation) [33] for verification when two or more
signals came from the same metabolite. Correlation values
close to 1 indicate a strong correlation, while values lower
than 0.5 indicate a weak correlation, and values very close to
0 indicate no correlation.

2.5 Metabolite identification

Metabolite identification was performed according to
Chenomx NMR Suite 7.0 profiler (Chenomx Edmonton,
Canada) by comparing NMR spectral data to those avail-
able in databases such as the Human Metabolome Database
(HMDB; http://www.hmdb.ca), the Biological Magnetic Res-
onance Data Bank (BMRB, http://www.bmrb.wisc.edu), and

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the Madison Metabolomics Consortium Database (MMCD,
www.mmcd.nmrfam.wisc.edu), along with the existing
NMR-based metabolomics literature [35-37].

3 Results and discussions

The total phenolic content of the three beverages used in this
study, the phenolic profile of RWA and RWD, and resvera-
trol and piceid content are presented in Table 1. 'H- NMR
resonance assignments with chemical shifts and multiplic-
ity of the signals elucidated in 'H- NMR spectra of urine
of the participants are shown in Table 2. Results performed
by multivariate techniques were not consistent and difficult
to interpret so we choose ANOVA test to analyze selected
NMR signals to determine statistical differences between in-
terventions of the individuals [38,39]. ANOVA test is effective
determining whether a given set of NMR signals contains in-
teresting information. The significant bins returned by the
ANOVA test (p <0.05) for both techniques are shown in
Table 3. Results showed that significant bins from the two
above-mentioned integrations were in consonance. The box
plots with the Fisher’s LSD test for multiple comparisons are
shown in Fig. 1. Additionally, in order to present an overview
of the whole representative spectrum, the significant metabo-
lites of each spectrum in basal and the three dietary interven-
tions are shown (Fig. 2). Identified markers were grouped in

www.electrophoresis-journal.com
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Table 2. "H-NMR resonance assignments with chemical shifts for signals identified in samples of human urine

Code Metabalite & (H' shift) ppm Multiplicity
1 Acetate 1.93 5

2 Acetoacetate 2.27 5

3 Acetone 2.24 H

4 cis-Aconitate 3.11;5.75 S; S

5 Acetylcarnitine 215 s

6 Alanine 1.49 d

7 Betaine 321 5

8 Carnitine 3.23 s

9 Citrate 2.68 + 2.55 d+d
10 Creatine 3.94,3.04 5,8

n Creatinine 3.06; 4.06 5§

12 Dimethylamine (DMA) 2.72 5

13 Ethanol 1.19; 369 tq

14 Farmate 8.46 s

15 Fucose 5.20 d

16 Glycine 3.57 s

17 Glycylproline 3.94 5

18 Glucose 3.50; 4.66; 5.25 m; d; d
19 Hippurate 3.98;,7.57,7.64;, 7.84 d; tt; t; dd
20 Histidine 7.08 5

21 2-Hydroxyisobutyrate 1.36 5

22 3-Hydroxyisovalerate 1.26 5

23 3-Hydroxymandelate 6.82 s

24 4-Hydroxyphenylacetate 6.87 d

25 Indole-3-acetate 7.51 d

26 Lactate 1.33 d

27 Leucine 0.96 t

28 Lysine 1.73 m

29 Malonate 312 s

30 Mannitol 3.69; 3.77; 3.80; 3.87 dd; m; d; dd
31 n-Methylhistidine 7.09 s

32 1-Methylnicotinamide 447 s

33 Methylsuccinate 1.07 d

34 3-Methyl-2-oxovalerate 1.10 d

35 N-N Dimethylglycine (DMG) 2.93 s

36 Tartrate 4.35 S

37 N-Phenylacetylglycine (PAG) 7.35;7.43 m; m
38 Succinate 2.4 s

39 Taurine 3.43;3.26 tt

40 Trigonelline 443, 8.08; 8.85,9.13 s;m;m;s
4 Trimethylamine (TMA) 2.89 S

42 Trimethylamine-N-oxide (TMAQ) 3.27 s

43 Threonine 1.33 d

44 Tyrosine 6.90 d

45 Urea 5.75-5.90 m

46 Valine 0.98; 1.05 d; d

s: singlet; d: doublet; dd: double doublet; t: triplet; tt: double triplet; g: quadruplet; m: multiplet.

four categories, namely: alcohol-related markers; gin-related
markers; wine-related markers; gut microbiota markers.
3.1 Alcohol-related markers

A significant presence of ethanol (51.19 (1), and §3.69 (q))
was detected in the urine of participants after RWA and GIN

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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consumption, which suggests that this presence may corre-
spond to the ethanol from the beverage (both gin and red
wine). In fact, ethanol has been found in wine by NMR [40].
With regard to human samples, ethanol has been identified
in the urine of healthy Caucasian volunteers who, after 2 days
of abstinence from alcoholic beverages, consumed sake and
rice wine [41]. The presence of ethanol in urine was recently
used as an indicator of noncompliance of dietary protocol

www.electrophoresis-journal.com
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Table 3. Metabolites detected after the three treatments

Compound TH-NMR Chemical After RWA  After RWD  After GIN Metabolites information
shift (ppm) intake intake intake p-value
0.005 ppm  Profiling 0.005 ppm  Profiling
integration integration integration  integration
Tartrate 435 4.35 1 1 - 481 x 107 1.0147 x 107 Wine compound
Mannitol 3.77 369-387 1 - - 368 x 102 343 x 1072 Wine alcoholized compound
3.87 469 x 1072
Ethanol 119 119 t - p 143 x 107* 3.0324 x 10~* Alcohol from beverage
369 860 x 107*
3-Methyl-2-oxovalerate  1.10 1.10 1t [y - 163 x 105 348 x 10~2 Valine, leucine, and
isoleucine degradation
4-Hydroxyphenylacetate 6.87 6.87 1 t - 1.89 x 1072 431 x 1072 Phenylalanine and tyrosine
metabolism
Gut microbiota
Hippurate 7.84 7.84 - t - 6.56 x 10~ 1.26 x 102 Phenylalanine metabolism
398 398 259 x 1072 149 x 1072 Gut microbiota
7.64 7.64 258 x10° 305 x 1072
757 757 104 x 1072 329x 1072
-: no changes.

p-values of each metabolite (p <0.05; ANOVA).

Tar trate § 4.35 *** Ethanol § 1.19 ** Mannitol & 3.87 *
a2 e b b = a b b a - @ @ b a
. o : = : :' ' 5 1 3 =
ERES | I | o
BAS GN RWA L ‘ ‘ ‘ . B;S GIN I'WVVA RWOD
3-methyl- 2-oxovalerate §1.10 ** Hippurate § 7.84 ** 4-hydroxyphenylacetate § 6.87 *

20

b b I @ = a b. a a ab b

10

0o
[
o 0s 10 15

a a
3l. 114 & 24T - 4
I."* “ =m
< = -
= = | E=ERE

_— ] $ T
BAS GN RWA RWD BAS GN RWA RWD BAS GN RAWA RWO

Figure 1. Box plots of the intensities of significant metabolites. ***p <0.00001; **p <0.005; *p <0.05. Different letters indicate significant
differences between interventions. BAS (basal time); RWA (red wine), RWD (dealcoholized red wine), and GIN (Gin).

in a metabolomic experiment in which alcohol intake was 3.2 Gin-related markers

forbidden [42]. In our case, we view the presence of ethanol

in the interventions that has the alcoholic component in the Two correlating signals (52.13 (s) and 5.69 (s), Fig. 3A) were
dietary protocol (RWA and GIN), concluding that the identi- excreted in statistically higher concentrations after GIN in-
fied ethanol could be considered as a biomarker of the overall take. These two signals are also present in some volunteers
compliance of dietary interventions. in basal time and after a RWA or RWD period, without a
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.els ph is-j l.com
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1 Tartrate 2 ethanol
mannitol

3-methyl-2-oxovalerate

MLW M'lew\" WM aprmtAIma

BAS
RWD 4-hydroxyphenylacetate
hippurate
!
SIS 7 . [ (PO | SV 8 T 10 Y S
RWA
Y-\ o an ] Figure 2. Representative 500-MHz '"H-NMR
GIN region of spectra in basal time (BAS), RWD
(dealcoholized red wine); RWA (red wine),
GIN (gin). The figure exhibits the significant
_L metabolites in ANOVA test. Zoomed regions
———a— —— R S e are performed. Spectral area zoomed be-
T A S i s e e s e tween 3.55 and 4.50 ppm (1); 0.80-1.30 ppm
e 2 om interval area (2).
clear pattern in terms of volunteers and interventions fol- classes of wine (RWA and RWD) intake, a chemical shift at
lowed. This behavior indicates either possible gin compound 4.35 ppm (s), corresponding to tartrate, was detected. The
or an endogenous compound because not all gin volunteers box plot in Fig. 1 shows the significant differences between
presented these peaks in their urinary metabolome. Query- the wine, basal, and gin periods, with no differences between
ing to the NMR database failed to confirm the assignation wines. Tartaric acid is the major acid in grapes and so it is also
of these signals. However, the 52.13 peak could suggest the present in wine [40,43]. Lord et al. tested the frequent inges-
presence of acetylcholine or acetylcarnitine, but this hypoth- tion of grape juice (28 mL) in a human population producing
esis could not be confirmed by comparing the sample with urinary tartrate concentrations >300 g/mg creatinine [44]. Di-
a urine sample spiked with commercial standards, so it has etary sources strongly influence the concentration of urinary
been rejected. Therefore, we have not been able to identify tartrate, and its production by intestinal yeast or bacteria is
these two correlated signals and they have been termed as insignificant because the majority of tartaric acid is destroyed
“unknown 1.” by microbial action [45, 46], indicating that the urinary tar-

trate in our samples was provided by the wine composition.
In addition, Yamashita et al. demonstrated that tartaric acid
has the beneficial effect of enhancing the bioavailability of
wine polyphenols [47].

In this context, an endogenous product of the degra-

3.3 Wine-related markers

This group comprises those markers related to the intake

of red wine (RWA and/or RWD). With regards to these two dation of branched-chain amino acids (BCAA) termed
A C
57,84
Unknown 1{“" | | 8787
bl | el B 7 Figure 3. Correlation plot from in-
" 8 W 1 m 6398 tegration bucketing corresponding
o toioed 9 pa o o ., to signals of wunknown 1 (A);
Lot ety Aliphatic region metabolites, 0.84-
B 0.86: unknown 2; 1.09-1.11: methyl-
Unknown 2 - 60.85 | 2-oxovalerate; 0.90-0.92: unknown 3;
3""“"*““:"‘:';":‘; :2;';2 | ——T 1.13-1.15: unknown 4; 1.23-1.24: un-
R I known 5 (B); and Hippurate (C). Cor-
Unknown 5 - 61.23 —_— relation coefficient >0.5, for all the
—_— figures. The compounds are repre-
0 5 7] ] (1] sented as horizontal bars. Light pink
Conviatn coeices color indicates positive correlations.
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3-methyl-2-oxovalerate (81.10, d) was identified in urines af-
ter the intake of RWA and RWD (Fig. 1, Table 2). This iden-
tification was confirmed by spiking urine samples with the
commercial standard. According to the results obtained, Con-
nor et al. found an increase in urinary levels of the BCAA
valine and its metabolite 3-methyl-2-oxovalerate in diabetic
mice [48]. Moreover, it was discovered that cardiovascular
subjects such as diabetic [48,49] and obese subjects [50, 51]
have elevated plasma levels of BCAAs [52], because of the re-
duction in BCAA catabolism. The first step in the catabolism
of BCAAs is a reversible step and is carried out in the brain
and several nonhepatic tissues by branched-chain amino-
transferase (BCAT) to convert BCAAs into branched-chain
alpha ketoacids (BCKAs) such as 3-methyl-2-oxovalerate. Our
results show an increase in 3-methyl-2-oxovalerate in urine
as a result of the first step of BCAA catabolism, suggesting
a possible upregulation of this pathway carried out by BCAT
enzyme after RWA and RWD intake.

In the aliphatic region comprising 0.85-1.24 ppm, where
3-methyl-2-oxovalerate is also present, there were statistical
differences between wine intake (RWA and RWD) and basal
or gin treatment. An increase in several signals in this region
(see nomenclature in Fig. 3B: unknown 2: 80.85 (s), unknown
3:80.92 (s), unknown 4: §1.15 (d); unknown 5: 81.24 (d-+d))
was detected after wine consumption, with a good correla-
tion between them and with 3-methyl-2-oxovalerate (Fig. 3B).
The identification of these unassigned signals (overall the
0.80-1.00 ppm region) was hampered by their low signal in-
tensities, a broadband signal area, and the absence of other
resohance patterns.

With regard to RWA intake, mannitol (83.78, dd) showed
a significant increase in the sugar region. Mannitol is a polyol
produced by heterofermentative lactic acid bacteria from the
reduction of fructose [53] and is present in wine. Liu et al.
tested mannitol concentration in different wines and fruit
juices, finding higher values in Cabernet Sauvignon, a red
wine from the same family as Merlot (the wine used in this
study) [54], than in sweet white, medium-dry white, or Pinot
noir wine. The presence of this polyol in urine samples after
RWA intake could be explained by the fact that it is largely
eliminated from the body before any metabolism can take
place [55], and the absence after RWD intake suggests a pos-
sible elimination of this compound during the process of
dealcoholization.

3.4 Gut microbiota markers

In samples from the RWD intake period, the intensity sig-
nals of hippurate (83.98 (d), 87.57 (tt), 8 7.64 (t), 87.84 (dd),
Fig. 3C) increased in comparison with GIN and basal time.
An interesting significant difference was observed between
RWA and RWD (Fig. 1 and Table 3). Hippurate is a metabo-
lite belonging to the phenylalanine and tyrosine degradation
pathways and it has also been related to polyphenol micro-
biota catabolism. There have been several studies in rats and
humans showing an increase in hippurate excretion after

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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wine polyphenol consumption [56, 57]. Another gut micro-
biota metabolite, 4-hydroxyphenylacetate (86.87), showed an
effect of wine intake, with no significant differences between
RWD and RWA; however, it did show significantly higher
levels after RWD intake compared to the GIN and basal pe-
riod. This metabolite has been identified in urine and fae-
ces [32,56] after consumption of polyphenolic compounds in
wine [57,58], it could explain no differences in these results
between wines (RWD and RWA) in the currentresults. In ad-
dition, this metabolite is also related to tyrosine metabolism.
An interesting result was that no significant differences be-
tween the alcohol-containing diets (RWA and GIN) were de-
tected (Fig. 1, Table 3).

The two markers related to gut microbiota showed a sim-
ilar behavior (Fig. 1); however, slight differences were ob-
served. The similarities were found in relation to the influ-
ence of alcohol intake where for both metabolites, RWA and
GIN showed no significant difference. This fact suggests a
possible impact of ethanol on the metabolic pathways related
to the production of both compounds, probably modifying the
relationship between microbiota and human metabolism. A
recentstudy conducted by Gao et al. [59] compared urine from
Wistar and Spraguel-Dawley rats after ethanol administra-
tion. The authors demonstrated a different excretion pattern
in some metabolites affected by alcohol intake. Concretely,
hippurate showed less excretion after ethanol administration,
and in another hand, excretion of 4-hydroxyphenylacetate in-
creased with alcohol administration. With regard to differ-
ences in the present results, while hippurate content was
significantly different when comparing RWA and RWD, the
amount of 4-hydroxyphenylacetic acid did not differ signifi-
cantly between wine diets (RWA and RWD). This behavior
could be explained because 4-hydroxyphenylacetate is a com-
pound increased with wine consumption, counteracting with
the effect of alcohol administration. As a result, no differences
between wines (RWD and RWA) (Fig. 1, Table 2) and between
alcohol-containing beverages (RWA and GIN) were observed.
Hippurate could arise from different sources, such as diet
(mainly polyphenols), oxidative stress, and intestinal micro-
biota [20]. In contrast, in the case of 4-hydroxyphenylacetic
acid, this behavior (no differences between wine diets) sug-
gests that an important part of this compound should be
associated with wine intake from the intervention.

4 Concluding remarks

The results of the current work show the capability of
an NMR-based metabolomic approach to detect significant
changes in metabolites after moderate wine consumption.
Wine-related biomarkers may be classified into two groups.
The first group comprises those metabolites coming from the
metabolism of food components (food metabolome), where
mannitol is related to an RWA diet, and tartrate is a biomarker
of wine intake (RWA and RWD). These results support the
notion that this compound (tartrate) could be considered
to be a possible marker of wine intake. The second group
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comprises those markers related to endogenous modifica-
tions after wine consumption: BCAA metabolites and other
signals in the same spectral area. In spite of this, more about
BCAAs and wine intake needs to be known in order to under-
stand the connection between the catabolic pathway of BCAA
and moderate wine intake.

Despite these biomarkers, ethanol was a robust
biomarker of alcohol consumption as it was related to GIN
and RWA diets. In fact, combining tartrate and ethanol, we
observed a global compliance of dietary intervention, impor-
tant factor in metabolomics studies that other authors also has
been investigated [60]. Finally, the gut microbiota metabolites,
4-hydroxyphenylacetate, and hippurate, showed a particular
effect in combination with alcohol, providing new insights
into the assimilation of polyphenol metabolites.

One of the main limitations of our study is that there
we have no washout periods between interventions. Washout
periods between interventions would have extended the study
6 weeks more, which would have made it difficult to ensure
compliance and any increase in study length may increase
participant dropout rate [61]. Previous studies carried out at
the Hospital Clinic of Barcelona confirmed that changes in
cellular and endothelial adhesion molecules due to the in-
tervention were already observed after 15 days of treatment
[62,63], and no carryover effect was observed, the absence of a
washout period would probably not have changed the results.
Therefore, the results observed at the end of the 4-week pe-
riod could be attributed to the intervention and should only
be compared with those observed at the end of the other
interventions.

In conclusion, to our knowledge, this is the first time
that this approach has been applied in a nutritional interven-
tion with red wine. The results showed that H-NMR-based
metabolomics is a powerful strategy for obtaining biomark-
ers in nutritional intervention studies. In fact, the results
obtained generate new perspectives on understanding the re-
lationship between moderate wine intake and human health.
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biomarcadores nutricionales
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impacto de 3.965 (2013) perteneciente al segundo  cuartil
ENDOCRINOLOGY & METABOLISM (35/125)

Rosa Vazquez-Fresno, Rafael Llorach, Mireia Urpi-Sarda, Olha

Khymenets, Monica Bull6, Dolores Corella, Montserrat Fit6, Miguel
Angel Martinez-Gonzalez, Ramon Estruch, Cristina Andres-Lacueva. An
NMR metabolomics approach reveals a combined-biomarkers model in a
wine interventional trial with validation in free-living individuals of the
PREDIMED study. Metabolonics [In press] doi:10.1007/s11306-014-0735-x.

RESUMEN:

El desarrollo de biomarcadores robustos de consumo puede mejorar la
clasificacion de los individuos con respecto a su exposicion dietética.
Ademas, la validacion de ellos en una poblacién de vida libre sigue siendo
un importante reto. El objetivo de este estudio es evaluar los
biomarcadores de ingesta de vino utilizando un enfoque metabolémico
por RMN para medir la utilidad de estos biomarcadores en un estudio de
intervencion con vino (WIS, n = 506), ademas de evaluar en una poblacion
de individuos de vida libre (estudio PREDIMED, n = 91). Se encontraron
nueve metabolitos con una mayor excrecion urinaria después de la ingesta
de vino en el estudio WIS: cinco metabolitos pertenecientes al food
metabolome (tartrato, etil glucurénido [EtG|, 2,3-butanediol, manitol y
etanol); uno relacionado con la respuesta endégena a la exposicion de vino
(3-metil-2-oxovalerato) y tres compuestos no identificados. Se evalué cada
metabolito mediante curvas ROC vy el area bajo la curva (AUC) exhibi6
entre el 67,4% vy el 86,3% cuando se evaluaron de forma individual. A
continuacién, con estos metabolitos, se gener6 un modelo de
combinacién de biomarcadores mediante una regresiéon logistica. El
modelo generado incluyé la combinacién tartrato-EtG, mostrando una
AUC de 90,7% en el estudio WIS. Del mismo modo el AUC en el estudio
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PREDIMED fue de 92,4%. Asi, los resultados mostraron que un modelo
con la combinacién de biomarcadores tartrato-EtG es mas util para
evaluar la exposicion a vino que biomarcadores individuales, tanto en el
estudio de intervenciéon como en los datos epidemiolégicos. A nuestro
entender, esta es la primera vez que un modelo de biomarcador
combinado usando una plataforma basada en RMN para la investigacién
de biomarcadores de vino asi como su reproduccién en una poblacion de
vida libre.
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Abstract The development of robust biomarkers of

consumption would improve the classification of partici-
pants with regard to their dietary exposure. In addition,
validation of them in free-living individuals remains an
important challenge. The aim of this study is to assess wine
intake biomarkers using an NMR metabolomic approach to
measure the utility of these biomarkers in a wine inter-
ventional study (WIS, n = 56) and also to evaluate them in
a free-living individuals (PREDIMED study, n = 91).
Nine metabolites showed a significantly higher presence in
urinary excretion in WIS after wine intake: five food me-
tabolome metabolites (tartrate, ethyl glucuronide [EtG],
2.3-butanediol, mannitol, and ethanol); one related to the
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endogenous response to wine exposure (3-methyl-2-ox-
ovalerate) and three unidentified compounds. Receiver
operating characteristic (ROC) curve for each single
metabolite were evaluated and exhibited areas under the
curves (AUC) between 67.4 and 86.3 % when they were
evaluated individually. Then, a logistic regression model
was fitted to generate a combined-biomarkers model using
these metabolites. The model generated which included
tartrate-EtG, showed an AUC of 90.7 % in WIS. Similarly,
the AUC in the PREDIMED study was 92.4 %. Results
showed that a model combining tartrate-EtG is more useful
for evaluating exposure to wine than single biomarkers,
both in interventional studies and epidemiological data. To
our knowledge, this is the first time that a combined-bio-
marker model using an NMR platform in wine biomarkers’
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research has been generated and reproduced in a free-living
population.

Keywords Biomarkers - Nutrimetabolomics - NMR -
Wine - Interventional study - Cohort study
Abbreviations

AUC Area under the curve

CI Confidence interval

COSY Correlation spectroscopy

d Doublet

EtG Ethyl glucuronide

FFQ Food frequency questionnaires
M Food metabolome

IQR Interquartile range

J J-coupling

m Multiplet

ROC  Receiver operating characteristic
s Singlet

t Triplet

U Unassigned compound

WIS Wine interventional study

1 Introduction

The food metabolome is very complex and variable and
could constitute an extremely useful source of information
on the human diet. Accurate characterization of the food
metabolome should allow precise monitoring of dietary
exposure and identification of foods that influence discase
risk (Scalbert et al. 2014). Nowadays, evaluation of food
intake is a big challenge, particularly if the relation
between diet and health is taken into consideration. In this
context, the moderate wine intake included in the Medi-
terranean food pattern has been related to some health
benefits (Estruch 2000). In addition, wine is of special
interest in Mediterranean countries because it is a common
constituent of the daily pattern of Mediterranean diets.
Therefore, in the biomarker research field, studies testing
biomarker exposure conducted in countries with a regular
wine intake are an interesting focus for resecarch.
Metabolomics offers a conceptual breakthrough for
biomarker discovery (Pujos-Guillot et al. 2013). NMR is a
robust technique for metabolomic applications enabling the
simultaneous detection of a wide range of structurally
different metabolites. As it is a non-hypothesis-driven
approach, this enables new biomarkers to be discovered in
the field of food research (O’Sullivan et al. 2011). Several
studies apply metabolomic approaches to identify novel
dietary biomarkers (Llorach et al. 2012), while the number
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of metabolomics studies that use an ROC curve procedure
is still very limited (<2 % in the last 10 years) (Xia et al.
2013), and only a few are applied in food biomarker
research (Lloyd et al. 2013). To date, robust NMR-based
metabolomics has rarely been applied to identify new
biomarkers of wine intake. However, two metabolomics
studies have evaluated a mix of red wine and red grape
juice extracts to assess the wine polyphenols in humans
subjected to microbial metabolism by NMR analysis
(Jacobs et al. 2008; van Dorsten et al. 2010).

Traditionally, in nutrition a single biomarker has been
used to define exposure to complex foods (e.g., red wine)
or complex dietary patterns in interventional trials and/or a
free-living population. However, in clinical research, the
evaluation of a combination of several biomarkers by a
logistic regression model is frequently applied. For
instance, Hwa and co-workers demonstrated that a com-
bination of more than one biomarker with a logistic
regression model can improve the predictive sensitivity of
breast cancer and lymph node metastatic status (Hwa et al.
2008). The goal of biomarker development in metabolo-
mics is to create a predictive model from a collection of
multiple compounds, which can be used to classify indi-
viduals into specific groups with optimal sensitivity and
specificity (Xia et al. 2013). All this suggests a change in
biomarker discovery research conventionally focused on a
single biomarker, shifting towards a combination of bio-
markers to assess dietary exposure.

A few limited studies have been carried out to determine
biomarkers of wine consumption in human individuals,
reporting gallic acid, 4-O-methylgallic acids (Mennen ct al.
2006), caffeic acid (Simonetti et al. 2001) and catechins
(Donovan et al. 2002) as biomarkers of wine intake in
interventional studies, with only resveratrol and resveratrol
metabolites assessed in epidemiological data (Zamora-Ros
et al. 2009). Morcover, procyanidin metabolites derived
from the microbiota are well described after wine poly-
phenol intake (Gonthier et al. 2003). In this context, human
gut microbiota variability and the presence in other
procyanidin dietary sources such as green tea (Roowi et al.
2009), cocoa products (Urpi-Sarda et al. 2009b) or almond
skin (Bartolomé et al. 2010; Urpi-Sarda et al. 2009a)
increase the variability between subjects and decrease the
specificity of these metabolites as candidate biomarker of
wine intake.

The purpose of the present study is to identify wine
intake biomarkers in the context of a Mediterranean wine
interventional study using the robust and reproducible 'H-
nuclear magnetic resonance spectroscopy analysis, and
subsequently measure the utility of these biomarkers by
evaluating them in a free-living independent Mediterranean
sub-cohort.
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2 Materials and methods
2.1 Subjects and study design
2.1.1 Wine interventional study (WIS)

Wine intervention study was a prospeclive, randomized,
crossover and controlled trial (Chiva-Blanch et al. 2012).
High-risk subjects aged =55 years without documented
CHD (CHD: ischemic heart disease—angina/recent or past
myocardial infarction/previous or cerebral vascular acci-
dent, peripheral vascular disease) were recruited for the
study. The subjects included had diabetes mellitus or more
than three of the following CHD risk factors: tobacco
smoking, hypertension, hypercholesterolemia, plasma LDL
cholesterol =160 mg/dL, plasma HDL cholesterol
<40 mg/dL, obesity (BMI (in kg/m2) =30), and/or a
family history of premature CHD (first-line male relatives
<55 years or females <65 years). Participants had to vol-
untarily give signed informed consent. Subjects with a
previous history of CVD, any severe chronic disease,
alcoholism, or other toxic abuse were excluded. The study
was a prospective, randomized, crossover, and controlled
trial. As a result of random computer-generated selection,
participants were asked to take either, 272 mL/day of red
wine (about 30 g ethanol/day), 272 mL/day of dealcoho-
lized red wine (polyphenols control), or 100 mL/day of gin
(alcohol control), every day for 4 weeks (28 days).
Twenty-four-hour urine samples were collected on the last
day of each period as well as the basal time. All partici-
pants received all three interventions. To fulfil the objec-
tives of the present study, we evaluated the urinary
metabolome modifications from 56 participants between
baseline and after 28 days of red wine intake, analysed by
"TH-NMR spectroscopy.

2.1.2 PREDIMED sub-cohort study

A random subsample of participants in the PREDIMED
study was used to test the WIS results. The PREDIMED
study is a parallel-group, single-blind, multicentre, ran-
domized, controlled, 5-year feeding trial assessing the
effects of the Mediterranean diet (MD) supplemented either
with extra virgin olive oil (MD + EVOO) or mixed nuts
(MD + Nuts) on the primary prevention of CHD compared
to advice on a low-fat diet (LFD). The participants from the
present study had between 53 and 79 years of age and ful-
filled more than three cardiovascular risk factors (current
smoking, hypertension, hypercholesterolemia, body mass
index (BMI) =25 kg!mz, or a family history of premature
cardiovascular disease). Exclusion criteria were type 2 dia-
betes mellitus, cardiovascular disease, any severe chronic
illness, drug or alcohol addiction, history of allergy, or

intolerance to olive oil or nuts. The sub-cohort consisted of a
random sample of 205 participants at high cardiovascular
risk, recruited from the Barcelona and Valencia PREDIMED
centres. Urinary metabolome was analysed at baseline
(before to start the dietary intervention). The PREDIMED
study design and 137-item validated food frequency ques-
tionnaire used have been reported elsewhere (Estruch et al.
2006, 2013; Ferndndez-Ballart et al. 2010). Data reported
included information on drinking habits, such as amount,
frequency and type of alcohol intake. The question “how
long ago did you consume your last glass of wine?” was also
asked.

2.2 Untargeted "H-NMR metabolomics analysis
2.2.1 Wine interventional study (WIS)

A procedure based on previous published methodology
(Vazquez-Fresno et al. 2012) was applied for the meta-
bolomics analysis. The urine samples were thawed, vor-
texed, and centrifuged at 13200 rpm for 5 min. The
supernatant (600 pL) from each urine sample was mixed
with an internal standard solution (120 pL, consisting of
0.1% TSP  (3-(trimethylsilyl)-proprionate-2,2,3,3-d4,
chemical shift reference), 2 mM of sodium azide (NaN3,
bacteriostatic agent), and 1.5 M KH,PO, in 99 % deute-
rium water (D>0)).

2.2.2 PREDIMED sub-cohort study

Briefly, the initial volume of urine from the sub-cohort
study participants was 300 pL of urine sample diluted with
200 pL of H-0/D-0 (8:2) and mixed with the internal
standard solution. (120 pL, consisting of 0.1 % TSP (3-
(trimethylsilyl)-proprionate-2,2,3,3-d4, chemical shift ref-
erence), 2 mM of sodium azide (NaN3, bacteriostatic
agent), and 1.5 M KH>PO4 in 99 % deuterium water
(D,0)).

For both studies, the optimized pH of the buffer was set at
7.0, with a potassium deuteroxide (KOD) solution, to mini-
mize variations in the chemical shifts of the NMR reso-
nances. Mixture was transferred to a 5-mm NMR tube. The
spectral data processed were intelligent bucketed in domains
of 0.005 ppm (Sousa et al. 2013) and integrated using ACD/
NMR Processor 12.0 software (Advanced Chemistry
Development, Inc.). The spectral region between 4.75 and
5.00 ppm was excluded from the data set to avoid spectral
interference from residual water. Significant unassigned
compounds were further characterized using 2-D NMR
experiments in 600 MHz Bruker Avance TII: a previous 'H-
NMR experiment, followed by a'H-"H homonuclear "H/'H
correlation spectroscopy (COSY) experiment. The "H-NMR
experiment was processed with 128 scans with a spectral
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widthof 14 ppm,anacquisitiontime of 3.2 sand arelaxation
delay of 3 s. Inthe COSY analysis, 512 x 1,024 data points
were collected and processed in a 1,024 x 1,024 matrix
using 48 scans per increment, a relaxation delay of 1.1 s, an
acquisition time of 0.16 s and 16 dummy scans. To exclude
data points showing little variance across experimental
conditions, data were interquartile range (IQR) filtered, and
row-wise normalized by sum to reduce systematic bias
during sample collection (Xia and Wishart 2011).

2.3 Metabolite identification

Discriminant metabolites were identified using the Che-
nomx NMR Suite 7.5 (Chenomx Inc., Edmonton, Canada)
library, by comparing NMR spectral data to those available
in databases such as the Human Metabolome Database
(HMDB; www.hmdb.ca), the Biological Magnetic Reso-
nance Data Bank (BMRB, www.bmrb.wisc.edu) and the
Madison Metabolomics Consortium Database (MMCD,
mmed.nmrfam.wisc.edu).

2.4 Classification of the free-living population
in the cohort study in terms of wine intake

The population from the cohort study (n = 205) was strati-
fied using food frequency questionnaires (FFQs) for non-
wine consumers (0 mL/d, n = 69), intermittent wine con-
sumers (<180 mL/d, n =87) and wine consumers
(=180 mL/d, n = 22), based on a daily wine intake (Te-
issedre and Landrault 2000). Wine consumers concern
individuals that were drinking red, white, rosé or Muscat
wine. No sparkling wines were considered. Non-wine con-
sumers that drink other kinds of alcohol-containing bever-
ages were excluded from the study (n = 27). Besides, the
intermittent wine consumers were not considered for the
assessment of biomarkers of wine intake. Alcoholintake was
assessed at baseline with a validated 137-item semi-quanti-
tative FFQ. In the validation study for the Spanish version of
this questionnaire, the intra-class correlation coefficient
between alcohol intake from the FFQ and repeated food
records was 0.82 (Fernindez-Ballart et al. 2010). The use of
FFQ in metabolomics (Menni et al. 2013) and the stratifi-
cation of the cohort individuals by consumption is reported
as being an effective strategy for discovering sensitive bio-
markers of consumption (Pujos-Guillot et al. 2013).
Because very few participants consumed wine on a daily
basis, a skewed consumption frequency pattern emerged
(Lloyd et al. 2013), resulting in a different number of
samples in the sub-cohort study tested for each group. In
this context, the receiver operating characteristic (ROC)
curve is a non-parametric measure of biomarker utility and
there is no need for the two distributions to have an equal
number of individuals and equal variance (Xia et al. 2013).

184

In the analysis of the last time of wine consumption, the
population analysed were participants who consumed their
last glass of wine the day before (n = 53), between 2 and
3 days before (n = 14), and up to 3 days (n = 15) among
the non-wine consumers group (n = 69). Each group was
compared individually with the non-wine consumers

group.
2.5 Statistical analysis of potential biomarkers

The Mann—Whitney U test was used to explore differences
in the NMR data to compare baseline and wine intake
periods in the WIS, and in PREDIMED sub-cohort con-
sumers and non-consumers. Significant metabolites from
WIS study which were tested in ROC curve analysis were
those previously found (Vazquez-Fresno et al. 2012) and
those significant after Bonferroni correction. ROC curves
for each metabolite that was statistically significant were
calculated (each ROC curve was constructed using a
dichotomous wvariable of wine consumption).Then, a
logistic regression model was generated by forward step-
wise selection procedures as previously described (Bahado-
Singh et al. 2012; Murabito et al. 2009). The area under the
curve (AUC) was calculated and used to assess the ade-
quacy of the prediction model in the WIS. Then, this model
was evaluated in the sub-cohort PREDIMED study with the
subsequent ROC analysis to test the accuracy of the model
in the free-living population. Spearman’s rank correlation
coefficient was calculated to estimate correlations between
wine intake from FFQ and the combined model. The
Mann—Whitney test was also applied in the analysis of
“last time of drinking wine™ among the groups of con-
sumers and the non-consumers. Mann—Whitney U test
analysis and a logistic regression model were conducted
using SPSS 20 and statistical significance was set at
p <005, AUC in ROC curve and p value resulting from
comparing AUCs were calculated with the pROC package
from www.r-project.org (Robin et al. 2011).

3 Results and discussion

Descriptive baseline characteristics of the participants from
both studies are summarized in Online Resource 1. Com-
position of wine provided for WIS study is detailed in
Online Resource 2.

3.1 Detection of potential wine intake biomarkers

Statistically significant metabolites evaluated at baseline
and after consumption of wine in the WIS study were food
metabolome biomarkers related to wine (tartrate, ethyl
glucuronide, 2,3 butanediol, ethanol and mannitol), the
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Table 1 Significant metabolites resulting from the analysis comparing the baseline values and the values after red wine intake (WIS study:
n = 56) and PREDIMED sub-cohort (epidemiological data, n = 91) with the Mann—Whitney U statistical test

Biomarker NMR assignment WIS PREDIMED  Metabolite information
sub-cohort
& '"H-'"H CosY* p P
EtG 1.24 (t, J = 7.10 Hz) - 340 x 107" 584 x 107  Ethanol metabolite (FM)
448 (d, J =7.97 Hz)
Tartrate 4.35 (s) - 743 x 107" 6.86 x 10°*  Wine compound (FM)
Ethanol 1.19 (t, J = 7.05 Hz) - 297 x 107°  0.008 Compound of alcohol-containing
beverages (FM)
2 3-butanediol 1.15 (d, J = 5.90 Hz) - 115 % 107°  0.004 ‘Wine compound (FM)
3-methyl-2- 1.10 (d, J = 6.36 Hz) - 145 x 107 0.002 Branched-chain amino acid metabolites
oxovalerate
Mannitol 3.69 (dd, J = 6.27 Hz, 11.93 Hz) - 0.001 0.006 ‘Wine compound (FM)
U1 1.26 (t, J = 7.21 Hz) 4.171 137 x 107° 724 x 107° -
u2 0.85 (d, J = 6.80 Hz) 1.863 342 % 107°  0.009 -
U3 0.92 (d, J = 6.58 Hz) 1.867 142 x 107 0.01 -

p < 0.05 in Mann—Whitney U test

EtG ethyl glucuronide, FM food metabolome, & chemical shift, in parenthesis multiplicity and J-coupling, U/ unassigned compound, WIS wine

interventional study, d doublet, r triplet, s singlet. J J-coupling

4 2D analysis from unidentified compounds

endogenous metabolite 3-methyl-2-oxovalerate, and three
unidentified compounds (U1, U2, U3). Two metabolites
previously described associated with dealcoholized wine
(Vazquez-Fresno et al. 2012) and derived from gut mic-
robiota were hippurate and 4-hydroxyphenylacetate. These
two metabolites were also tested with wine versus baseline
participants showing no significant association after logis-
tic regression analysis (p > 0.05). Significant metabolites
comparing the baseline values and the values after the
intake of red wine in WIS (crossover intervention, n = 56),
and in the PREDIMED sub-cohort (epidemiological data,
n = 91), are presented in Table 1.

The subsequent ROC curve analysis for each single
metabolite tested in WIS study, revealed the best AUC for the
ethyl glucuronide (EtG) (AUC = 86.3 %) and tartrate
(AUC = 85.7 %) metabolites, followed by 2 3-butanediol
(AUC = 76.7 %). ethanol signal (AUC = 75.6 %) and the
unassigned  metabolites Ul (AUC = 76.5 %), U2
(AUC = 754 %) and U3 (AUC = 73.8 %), 3-methyl-2-
(AUC = 70.8 %) and mannitol (AUC =
069.9 %). Sensitivity and specificity in each case were also

oxovalerate
determined (Online Resource 3).

3.2 Combined biomarkers model in the wine intake
study

Subsequently, to achieve greater accuracy with the poten-
tial wine biomarkers, the significant metabolites in the WIS
study were subjected to a forward logistic regression

analysis to create a model in order to optimally allocate
each individual as a wine/non-wine intake subject. The
resulting model included tartrate and EtG biomarkers of
wine intake. The ROC curves for tartrate and EtG within
the model and separately are presented in Fig. 1.

100
|
1

Cap—

—  Model AUC: 90.7%
EiG AUC: 86.3%

Sensitivity (%)

Tartrate AUC: 85.7%

T T T T T T
100 80 60 40 20 0

Specificity (%)
Fig. 1 Comparison of ROC curves for combined-biomarkers model

and for individual metabolites (WIS study). Area under the curve
(AUC) is calculated for each case
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3.3 Combined biomarkers model in the PREDIMED
sub-cohort study

To assess the reproducibility our experimental findings, the
resulting model for potential biomarkers of wine intake
was tested in the sub-cohort of the PREDIMED study. A
significant correlation of daily wine intake reported in
PREDIMED study and the combined model (r = 0.6,
p < 0.001) was observed. The result of the ROC curve
analysis in this case, was a comparable and slightly greater
AUC with very similar sensitivity and specificity to those
obtained in the WIS. The ROC curves for the logistic
regression in the WIS and the prediction of consumers and
non-consumers from the free-living population are pre-
sented in Fig. 2. The equation generated rom the logistic
regression and the AUCs from both the model in the WIS
and the PREDIMED study with their sensitivity and
specificity are shown in Table 2. A comparison between
the curves was also made, and the results exhibited no
statistical differences (p = 0.7) between the both ROC
curves. The similar AUC curve for both studies could be
explained by the similar consumption of wine among the
participants for both studies. The mean + SD reported
consumption of daily wine consumers (n = 22) in the
PREDIMED study was 343.07 £ 139.41 ml, while the
WIS study participants™ consumption was fixed at 272 mL/
day. Figure 3 shows the distribution by boxplot analysis
and the statistical significance of the metabolites that
generated the model comparing both studies.

The additional information concerning to the last time
that the participants consumed wine before urine collection
(1 day, between 2 and 3 days, and >3 days), and the results
of combined wine biomarkers (tartrate-EtG) comparing
wine consumers and non-wine consumers, are presented in
Fig. 4. Statistically significant were the participants who
had their last drink of wine one day before (1 day) the urine
collection (p =4 x lﬂ_") and between the second and
third day (2-3 days) (p = 0.01), both compared with the
non-wine consumers group. No differences were shown
between non-wine consumers and consumers whose last
glass of wine was reported more than 3 days before.
Therefore, using these data the applied methodology could
allow the detection of wine consumers up to 3 days after
the last glass of wine consumed.

3.4 Biomarkers associated with wine exposure
and classification of wine consumers in both WIS
and PREDIMED studies

The obtained results showed that several metabolites, both
exogenous (food metabolome) and endogenous, were
associated with wine consumers. Tartrate, 2,3-butanediol,
ethanol, ethyl glucuronide and mannitol are described
compounds present in wine (Liu 2002; Son et al. 2008,
2009), while 3-methyl-2-oxovalerateis a product of deg-
radation of branched-chain amino acids. Elsewhere, in a
previous work conducted by our group, hippurate and
4-hydroxyphenylacetate were significantly associated with

84 =
- E!: m
£ 89 F 89
z z
w s o 94
AUC: 90.7% (84.5-96.4%) AUC: 92.4% (84.1-100%)
o4 (= |
T T T T T T T T T T T T
100 80 60 40 20 0 100 80 60 40 20 0
Specificity (%) Specificity (%)

Fig. 2 Receiver operating characteristic (ROC) curve analysis using
model (a) in the intervention WIS study, and applying the same
model to the PREDIMED sub-cohort study (b). with the AUC (CI)
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discriminating between wine consumers and non-wine consumers.
Comparison between both curves, p = 0.7
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Table 2 Metabolites included in the logistic classification model from the Mann—Whitney U test

Regression model AUC (95 % CI)

Sensitivity (%) Specificity (%)

Intervention study

Metabolites (tartrate-EtG)* 90.7 (84.5-96.4) 839 91.1
Sub-cohort study
Metabolites (tartrate-EtG)* 924 (84.1-100) 90.9 9238
Equation of the model = —5.400 + (4.65 x (8 EtG)) + (2.315 x (8 tartrate))
AUC area under the ROC curve, CI confidence interval
# Metabolites included in the model
Tartrate EtG
60000 Invervention study Sub-cohort study 40000 Invervention study Sub-cohort study,
* * @ * * °
50000 4
°
30000 1
°
4.0000 - °
°
30000 @ 2,0000
20000 < ]
8
o 10000 1
10000 7 H & .
X B ° H
¢ o
0.0000 0.0000 1 e
haschnlc Wine intake Non-consumers Wine consumers baseline Wine ir‘nakc Nun-n:nwmm \\’ir\:'mmsumm

Fig. 3 Boxplot of urinary tartrate and ethyl glucuronide (EtG) at baseline and after wine intake in the WIS intervention study; and in wine and

non-wine consumers from the sub-cohort PREDIMED study.*p < 0.001

Median (95% CI) tartrate - EXG model

Nor-consumers 1 day 23 days >3 dys

Fig. 4 Combined wine biomarkers model (tartrate-EtGG) comparing
consumers that consume their last glass of wine 1 day. between 2 and
3 days, and more than 3 days before the urine collection, between the
non-wine consumers in the PREDIMED sub-cohort. *Mann-Whitney
U test (p < 0.01)

consumers of dealcoholized wine (Vazquez-Fresno et al.
2012). This fact suggests a possible impact of ethanol on
the metabolic pathways related to the excretion of both
compounds.

With regard to the AUC curves, the results show that wine
and non-wine consumers can be classified with good accuracy
using a combination of two biomarkers. One of them, tartrate,
is the major acid in grapes and is also present in wine (Son
et al. 2008). Even though tartrate is also used in the food
industry as an additive (Bemrah et al. 2012), the amount
present in wine is considerably higher (2-8 g/L) in red wine
(Pérez-Magarifio and Gonzalez-San Joseé 2004), white wine
(Darias-Martin et al. 2000; Lopez-Tamames et al. 1996; Re-
camales et al. 2006), rosé (Salinas et al. 2005) and Muscatel
wines (Roussis et al. 2005). In addition, some human studies
have detected tartrate in urine after wine consumption
(Heinzmann et al. 2011; Vazquez-Fresno et al. 2012). The
other metabolite present in the model, ethyl glucuronide, is a
metabolite of ethanol and has received much recent attention
as a sensitive and specific biological marker of acute ethanol
consumption after intake of alcoholic beverages (Lande and
Marin 2013). In addition, the results demonstrated the good
accuracy of the classification of wine consumers, in spite of
including non-wine consumers who drink other kinds of
alcohol-containing beverages in the non-consumer group.
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The combination of tartrate and ethyl glucuronide
exhibited good accuracy in interventional data. Furthermore,
our analysis of the epidemiological data showed good clas-
sification of wine consumers reported from the FFQs and
confirmed by NMR urinary biomarker excretion. These
results are in line with those published by Zamora-Ros
ctal.(Zamora-Ros et al. 2009) using an LC-MS/MS targeted
approach. The authors showed that using resveratrol
metabolites, instead of single resveratrol, could increase the
ability to discriminate between wine consumers and non-
wine consumers (Zamora-Ros et al. 2009). Compared with
NMR-based metabolomics studies, potential biomarkers of
citrus consumption were evaluated in an interventional as
well as in an epidemiological assay (Heinzmann et al. 2010),
showing similar results in terms of accuracy to the model
currently being used for wine intake.

3.5 The use of the modelling process

With regard to the modelling process, several studies have
used this approach in metabolomics-based clinical bio-
marker investigation, obtaining a variety in terms of the
number of biomarkers included. An NMR-based study on
epithelial cancer detection (Odunsi et al. 2005) had a perfect-
fitting model with an AUC = 1.0 combining two signals. In
this context, Bahado-Singh ¢t al. (2012) reported that with
three metabolites cases can be distinguished from controls.
Altogether, these findings demonstrate that there are several
results on combining biomarkers in a model, although it is
important to find the simplest combination of metabolites
that can produce a proper effective outcome (Xiaet al. 2013).
The development of robust food biomarkers has important
goals aimed at providing better classification of individuals
in terms of dietary exposure (Garcia-Aloy et al. 2014), and
in turn this would improve assessment of the relationship
between diet and chronic disease (O’Gorman et al. 2013).

3.6 Detection times of biomarkers from the model

The concentration of EtG in urine after a given dose of
cthanol may vary considerably between, but also within,
individuals as it is influenced by several factors besides the
amount of alcohol consumed, such as urine dilution and time
of voiding (Hgiseth et al. 2007). Detection times for EtG
ranging from <24 h to >90 h were demonstrated after
alcohol ingestion depending on the ethanol ingested (Beck
et al. 2007). Our data reported a mean £+ SD alcohol intake
in the total wine consumers of 16.92 + 19.85 g/day with a
mean = SD 78.25 £ 13.32 g/kg of body weight, therefore,
a mean alcohol intake of 0.22 g/kg of body weight. Wein-
mann et al. confirmed by mass spectrometry that after 9 g of
ethanol intake (0.16 g/kg), EtG reached a maximum con-
centration at 8-10 h and is detectable over 30 h (Weinmann
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et al. 2004), this fact is in line with our results. Similarly
other studies reported detection up to 48 h (~0.5 g/kg)
(Wojcik and Hawthorne 2007)and up to 130 h (~5 days) in
extreme cases of alcohol intoxication (Helander et al. 2009).

Tartrate is reported excreted over 24 h after acute intake
of grape juice (Stalmach et al. 2013). Further, Lord and co-
workers reported urinary tartrate excretion after restricted
tartrate intake and after ingestion of 280 mL of grape juice
the day after (Lord et al. 2005). As far as we know, there
are no further studies testing tartrate excretion beyond the
day after its consumption. In any case, the values of the
combined model of tartrate-EtG of consumers >24 h and
<72 h are in keeping with the Kinetics results of studies
presented above (Helander et al. 2009: Stalmach et al.
2013; Weinmann et al. 2004; Wurst et al. 20006).

4 Concluding remarks

This study shows the potential for identifying wine intake
biomarkers in interventional studies using an NMR-based
metabolomics approach with a good accuracy and repro-
ducibility in free-living individuals. Also, these results
confirm that a model combining tartrate and EtG is a better
biomarker of exposure to wine than a single biomarker.
Additionally, these combined wine biomarkers could be
still descriminative up to 3 days after the last consumption
of wine. To our knowledge, this is the first time that the
strategy of combined biomarkers defined on the base of
NMR-based untargeted approximation was successfully
applied in wine consumption research. Such robust meta-
bolomic approach should be of great interest to future
studies planning to use NMR technique to discriminate
between individuals in terms of their dietary patterns in the
search for new biomarkers and their association with health.
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SUPPLEMENTAL MATERIAL

Online Resource 1. Baseline characteristics of the participants in both

studies examined.

WIS PREDIMED sub-cohort

Acute .. Intermitte .. P
wine nt wine y

oo consumers o consumers
(n=56) (n=69) (n=87) (n=22)

Mean £ SD 60.5+84 67.8+54 67161 64.2x+44 0.03
age, years

-2 79.7(f); 66 (f);35 22.7(f);77. <0.001
Gender (%) 20.3 (m) (m) 3(m)
Mean+SD  29.6+4.0 305+39 302+43 298+34 0.54
BMI, kg/m?
% Current 25.0 8.7 8.0 27.3 0.02
smokers
% Type 2 23.2 56.5 54.0 54.5 0.95
diabetes
mellitus
% 48.2 87.0 81.6 86.4 0.63
Hypertension
% 30.4 78.3 74.7 63.6 0.39
Dyslipidemia

WIS: wine interventional study; f: female, m: male. P<0.05, comparing the
three groups of consumers in the cohort study in a Chi-square test to compare
qualitative traits and analysis of variance test to compare means of
quantitative variables. ®only men were recruited in the study.
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Online Resource 2. Composition of wine used in WIS study. Mean £

SD.

Alcohol (%)

Tartaric acid (g/L)

Total phenols (MEqGA/L)
Gallic acid (mg/L)
Protocatechuic acid (mg/L)
Tyrosol (mg/L)

Catechin (mg/L)

Epicatechin (mg/L)

trans-Caftaric (mg/L)

trans-Caffeic (mg/L)

trans-Coutaric (mg/L)
2-S-glutationylcaftaric (mg/L)
Quercetin-3-glucuronide (mg/L)
Quercetin (mg/L)

Isorhamnetin (mg/L)
Delphinidin-3-glucoside (mg/L)
Petunidin-3-glucoside (mg/L)
Peonidin-3-glucoside (mg/L)
Malvidin-3-glucoside (mg/L)
Malvidin-(6-acetyl)-3-glucoside (mg/L)
Malvidin-(6-coumaroyl)-3-glucoside (mg/L)
trans-Resveratrol (mg/L)
cis-Resveratrol (mg/L)

trans-Piceid (mg/L)

cis-Piceid (mg/L)

14.2
5.20
2933.35 + 377
68.48 + 6.40
5.22 +0.62

43.59 +£4.73

123.51+£11.30

67.86 +7.74
18.62 +1.45
11.50 +0.79
5.21+0.45
10.30 +1.00
11.88 +1.38
26.66 +0.78
3.34+£0.27
15.25+0.89
12.29 +1.06
6.78 £ 0.62
48.83 £4.45
10.97 £ 0.96
4.15+0.27
2.92 +0.36
2.79£0.15
941+1.12
7.71+0.34
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Online Resource 3. ROC curve analysis for each significant

metabolite.
Biomarker AUC (95% CI)  Sensitivity Specificity
(%) (%)
EtG 86.3 (79.4-93.2) 78.57 83.93
Tartrate 85.7 (78.2-93.1) 76.79 85.71
Ethanol 75.6 (66.4-84.8) 75.0 76.79
2,3 butanediol 76.7 (67.6-85.7) 71.42 73.21
U1 76.5 (67.6-80.5) 69.64 73.21
U2 75.4 (66.3-84.6) 73.21 71.43
U3 73.8 (64.4-83.2) 69.64 73.21
3-methyl- 70.8 (61.1-80.6) 69.64 64.29
2-oxovalerate
mannitol 67.4 (57.3-77.5) 78.57 60.71

EtG: ethyl glucuronide. AUC: area under the ROC curve. Cl: confidence interval. U:

unassigned compound
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I1I. Estudio del fenotipo metabdlico en una poblacion tras
el consumo de un alimento

Los resultados de este estudio se han enviado a una revista indexada en el
Journal Citation Reports para su publicacion y actualmente se encuentra en
proceso de revision.

Rosa Vizquez-Fresno, Rafael Llorach, Alexandre Perera, Rupasri
Mandal, Miguel Feliz, Francisco ] Tinahones, David S Wishart,
Cristina  Andrés-Lacueva. Clinical phenotype clustering in
cardiovascular risk patients for the identification of responsive

metabotypes after red wine polyphenol intake. [Ex proceso de revision].

RESUMEN

Los fenotipos metabdlicos (o metabotipos) de los individuos son el
resultado de las interacciones entre los genes, el medio ambiente, el estilo
de vida, la dieta y la microbiota intestinal. El objetivo de este estudio es
evaluar el fenotipo clinico y metabélico en la identificacion de la respuesta
diferencial a una intervencién dietética para la mejora de la condicién
cardiometabdlica. Se realiz6 el fenotipado clinico de 57 voluntarios
varones con altos factores de riesgo cardiovascular mediante analisis de 4-
means en funciéon de 69 parametros bioquimicos y antropométricos en
plasma y orina. Se realizé un analisis de validacion de clister basado en el
analisis de coherencia interna de Dunn, y el andlisis de FOM para la
homogeneidad externa. El analisis de &-means produjo cuatro grupos de
individuos con perfiles clinicos diferenciados. Se exploraron y validaron
las diferencias basales en la orina entre los perfiles metabolémicos entre
fenotipos clinicos mediante modelos OSC-PLS-DA. El analisis
multivariante (OSC-PLS-DA) de datos espectrales de 'H-NMR revel6 que
el modelo comparando el "cluster de obesos y diabéticos" (OD-c) frente
al "claster mas saludable" (H-c) mostré la mejor previsibilidad y robustez
en términos de explicar las diferencias por pares entre los grupos en los
perfiles metabolicos basales. Al considerar estos dos clusters, después de
seguir una intervencion con la ingesta de polifenoles del vino (WPI, 733
equivalentes de 4cido gilico [GAE/dfa] durante 28 dias), se observaron
dos grupos diferentes de metabolitos. Las diferencias entre los valores
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basales y después de la intervencién de los datos metabolémicos se
analizaron mediante ANOVA. Aquel grupo de metabolitos asociados a un
metabotipo  especifico (OD-c), como la glucosa como significativamente
caracteristica del grupo (correcciéon por FDR, p <0,01), y siguiendo una
tendencia, el lactato, la betaina y la dimetilamina; asi como el grupo de
metabolitos asociados a la intervencin con polifenoles del vino (OD-c_WPI y
H-c_WPI), tartrato como caracteristico del grupo (correccion por FDR, p
<0,001), y con una tendencia similar en su perfil, manitol, metanol
treonina, fucosa y 3-hidroxifenilacetato. Por otro lado, el 4-
hidroxifenilacetato (metabolito derivado del metabolismo microbiano del
intestino después de la ingesta de polifenoles de vino) aumentd
significativamente (correccion por FDR, p <0,05) para H-c_WPI en
comparacién con OD-c_WPI y los puntos basales (H-c_BAS y OD-
c_BADS), el cual muestra un efecto de la intervencion sobre el metabotipo. Con ello,
este estudio proporciona estrategias eficientes para caracterizar la
heterogeneidad en la respuesta del individuo a la intervencién dietética y la
identificacién de los beneficios para la salud en grupos especificos de la

poblacion.

196



Resultados

Clinical phenotype clustering in
cardiovascular risk patients for the
iIdentification of responsive metabotypes
after red wine polyphenol

Rosa Vézquez-Fresno®, Rafael Llorach'” Alexandre Perera®, Rupasri
Mandal®, Miguel Feliz®, Francisco J Tinahones®, David S Wishart?,
Cristina Andrés-Lacueva'

'Biomarkers & Nutrimetabolomic Lab, Nutrition and Food Science
Department, XaRTA, INSA, Campus Torribera, Pharmacy Faculty, University
of Barcelona, Barcelona 08028, Spain. INGENIO-CONSOLIDER
Programme, Fun-C-Food CSD2007-063, Ministry of Science and Innovation,
Barcelona, Spain. “Dept. ESAII, Technical University of Catalonia (UPC),
Barcelona, Spain. Biomedical Engineering Research Center (CREB),
Barcelona, Spain. CIBER-BBN in Bioengineering, Biomaterials and
Nanomedicine, Spain. *Department of Computing Science & Department of
Biological Sciences, Faculty of Science, University of Alberta, Edmonton, AB,
Canada T6G 2E9. “Unitat de RMN, Centres Cientifics i Tecnologics,
Universitat de Barcelona, Baldiri Reixac, 10-12, 08028 Barcelona, Spain
°Fundacion IMABIS, and Servicio de Endocrinologia y Nutricion, Hospital
Universitario Virgen de la Victoria, Spain. CIBER Fisiopatologia de la
Obesidad y Nutricion (06/03), Instituto de Salud Carlos I, Malaga, Spain.

*Corresponding authors: Dr. Cristina Andrés-Lacueva (e-mail:
candres@ub.edu) and Dr. Rafael Llorach, (e-mail:
rafallorach@ub.edu). Biomarkers & Nutrimetabolomic Lab, Nutrition
and Food Science Department, XaRTA, INSA, Campus Torribera,

Pharmacy Faculty, University of Barcelona, Barcelona 08028, Spain

KEYWORD: metabolic phenotype, metabolomics, metabotype,
cardiovascular disease, wine polyphenols, NMR, 4-

hydroxyphenylacetate, gut microbiota

197



Resultados

ABSTRACT

Metabolic phenotypes of individuals are the result of genes,
environment, lifestyle, diet and gut microbiota interactions. The aim of
this study is to evaluate the robustness of clinical and metabolic
phenotyping in identifying differential responsiveness to dietary
strategies in the improvement of cardiometabolic status. Clinical
phenotyping of 57 male volunteers with high cardiovascular risk factors
was performed using K-means cluster analysis based on 69
anthropometric and plasma biochemical parameters. Cluster validation
analysis based on Dunn analysis for internal coherence and FOM
analysis for external homogeneity was applied. The K-means analysis
produced four clusters with particularly significant clinical profiles.
Basal differences on the urine metabolomic profiles among clinical
phenotypes were explored and validated by OSC-PLS-DA models.
Multivariate analysis (OSC-PLS-DA) of *H-NMR spectra revealed that
the model comparing the “obese and diabetic cluster” (OD-c) against
the “healthier cluster” (H-c) showed the best predictability and
robustness in terms of explaining the pairwise differences between
clusters. When considering just these two clusters, two different groups
of differentiating metabolites were observed following an intervention

with wine polyphenol intake (WPI, 733 Equivalents of Gallic Acid
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[GAE/day] per 28 days). Glucose was significantly associated with the
OD-c metabotype (FDR correction, p<0.01,) while lactate, betaine and
dimethylamine showed a less significant trend. Tartarate was
significantly associated with wine polyphenol intervention (OD-c_WPI
and H-c_WPI) (FDR correction p<0.001), while mannitol, threonine
methanol, fucose and 3-hydroxyphenylacetate exhibited a less
significant trend. 4-HPA (a metabolite derived from gut microbial
metabolism after wine polyphenol intake) significantly increased (FDR
correction, p<0.05) for H-c_ WPl compared to OD-c_WPI and
compared to both basal states (H-c_BAS and OD-c_BAS), thereby
exhibiting a clear metabotypic intervention effect. This study illustrates
how metabolomics can be used to characterize the heterogeneity in
individual responsiveness to dietary intervention and the identification

of health benefits in specific population groups.
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1 INTRODUCTION

Metabolic phenotypes (metabotypes) are the result of interactions
among several different factors (diet, lifestyle, gut microbiota, genetics,
etc.), and describe characteristic metabolic profiles reflecting the
biochemistry, the physiological status, and the environmental exposure
in a population (Rezzi, Ramadan et al. 2007; Holmes, Wilson et al.
2008). Applications of metabolic phenotyping in nutrition research
could be very useful in terms of assigning individuals to a particular
metabolic phenotype. This could help improve our understanding of the
linkage between both diet and disease with the different individual

metabotypes (McNiven, German et al. 2011; Kinross, Li et al. 2014).

Metabolomic technologies permit the characterization of large numbers
of small molecules in human biofluids. *H-NMR-based metabolomics
is a very robust technique for performing metabolomic studies,
enabling the simultaneous detection and quantification of a wide range
of different metabolites. Because of this, NMR-based metabolomics
has been applied in a variety of disciplines. In the field of nutrition,
NMR-based metabolomics has been used to identify the most
significant changes in a metabolic profile arising from dietary
intervention studies, dietary biomarker studies and diet related disease

studies (Brennan 2014). It can also be used to identify new small
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molecule candidates for disease biomarkers, including conditions such
as cardiovascular disease (Rupérez, Ramos-Mozo et al. 2012; Yang,

Wang et al. 2013)

Cardiovascular disease (CVD) is the leading cause of mortality
worldwide, with CVD-associated deaths rising very quickly in low-to-
middle income countries. Modifiable risk factors for CVD—which
include hypertension, smoking, abdominal obesity, abnormal lipids,
diabetes mellitus, stress, low consumption of fruits and vegetables, and
lack of regular physical activity—are the major contributors to CVD
morbidity and mortality (Dahlof 2010). Additionally, reduced plasma
HDL levels and elevated plasma TAG concentrations are known to be
significant risk factors for ischemic heart disease (IHD) (Lewington,
Whitlock et al. 2007; Frikke-Schmidt, Nordestgaard et al. 2008). C-
reactive protein (CRP) is another CVD risk marker (Ridker, Danielson
et al. 2009). In addition, high plasma levels of homocysteine are
considered to be a risk factor for vascular disease, heart failure and
strokes (Kaptoge, Di Angelantonio et al. 2010). Another important risk
factor is type 2 diabetes mellitus (T2D). The prevalence of T2D is
increasing rapidly around the world. Clinical predictors such as body
mass index (BMI), fat distribution measured by Waist-hip ratio (WHR),

CRP and fasting blood glucose levels can be helpful in measuring
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diabetes risk (Pradhan, Manson et al. 2001; Wilson, Meigs et al. 2007;

Wannamethee, Papacosta et al. 2010; Wang, Larson et al. 2011).

The low incidence of cardiovascular and coronary heart disease (CHD)
in Mediterranean countries has been partly assigned to their distinct
dietary habits (Dauchet, Amouyel et al. 2009). Several studies have
shown an inverse association between the Mediterranean diet and the
incidence of CVD (Estruch, Ros et al. 2013). As one of the main
constituents of Mediterranean diet, wine and its components, especially
polyphenols, may provide additional health benefits (Chiva-Blanch,
Urpi-Sarda et al. 2013). In particular, the regular consumption of wine
polyphenols used in this study appears to mitigate CVD risk factors,
leading to reduced blood pressure (Chiva-Blanch, Urpi-Sarda et al.
2012) and inflammatory parameters (Chiva-Blanch, Urpi-Sarda et al.
2012). The health benefits of polyphenols provided by wine intake are
of particular interest. In the present study, a long-term feeding trial was
performed to determine changes in urinary metabolites between
different metabotypes. Therefore, the aim of the present work was to
classify a specific population into phenotypic groups according to their
biochemical characteristics, and then to use *H-NMR-based urinary
metabolomics to observe the different metabolic responses after red

wine polyphenols intake.
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2 MATERIAL AND METHODS

2. 1 Subjects and Study Design

The study was a prospective, randomized, crossover, and controlled
trial (Chiva-Blanch, Urpi-Sarda et al. 2012). High-risk subjects aged
>55 years without documented CHD (CHD: ischemic heart disease—
angina/recent or past myocardial infarction/previous or cerebral
vascular accident, peripheral vascular disease) were recruited for the
study. The subjects included had diabetes mellitus or more than three of
the following CHD risk factors: tobacco smoking, hypertension,
hypercholesterolemia, plasma LDL cholesterol >160 mg/dL, plasma
HDL cholesterol <40 mg/dL, obesity (BMI (in kg/m2) >30), and/or a
family history of premature CHD (first-line male relatives <55 years or
females <65 years). Participants had to voluntarily give signed
informed consent. Subjects with a previous history of CVD, any severe
chronic disease, alcoholism, or other toxic substance abuse were

excluded.

To fulfil the objectives of the present study, we used 'H-NMR
spectroscopy to evaluate the urinary metabolomes from 57 participants
between baseline and after 28 days of red wine polyphenols intake

(WPI, polyphenol content:733 Equivalents of Gallic Acid [EGA/day])
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in form of dealcoholized wine from a Merlot grape variety. Results of
polyphenol composition analysis of the beverages are shown in
Supplemental material, Table S1. The Institutional Review Board of the
hospital approved the study protocol, and all participants gave written
consent before participation in the study. The trial has been registered
in the Current Controlled Trials in London, International Standard

Randomized Controlled Trial Number (ISRCTN88720134).

2.2 Anthropometric Measurements and Biochemical Analyses

Anthropometric measurements and biochemical analyses were
performed using standardized methods (Estruch, Martinez-Gonzélez et
al. 2006). BMI and WHR were measured in all the participants to
evaluate their obesity status. Systolic and diastolic blood pressures as
well as heart rate were also measured. Clinical parameters were tested
in the blood and urine of participants at the beginning of the study
(baseline) in order to characterize the biochemical status of each
participant. Blood glucose levels, total cholesterol, high-density
lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol
(LDL), LDL/HDL ratio, triacylglycerides (TAG), 24h-diuresis,
plasmatic creatine, uric acid, aminotransferases, bilirubin, ferritin, C-

reactive protein, albumin, enzymes (alkaline phosphatase, lactate
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dehydrogenase), ions (Na*, K%), as well as globulins, apolipoprotein
levels, hemoglobin and red blood cell count; with several coagulation
parameters (prothrombin, thrombin, fibrinogen) were measured. In
total, 69 anthropometric and biochemical baseline parameters were

evaluated. These are shown in Table 1.

2.3 Biochemical Biomarkers and Clinical Phenotype by a k-means

Algorithm

The final data set contained 69 variables from 57 samples (of the initial
set of 61 individuals, 4 were excluded because of incomplete data
regarding clinical and anthropometric parameters). Prior to k-means
analysis all variables were typified. All cluster metrics were computed
with 1000 different random initializations of the k-means algorithm in
order to avoid local minima. A maximum number of 100 iterations
were allowed in the k-means calculations. All computations were
carried out using the R package for Statistical Computing v. 2.14.1.
This included the statistics package for the k-means algorithm and the
clValid package for the cluster validation analysis. Dunn analysis for
internal coherence and FOM analysis for external homogeneity were
applied to the dataset employing Euclidean distances and a k-means

clustering algorithm. Our results suggest that a cluster solution
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consisting of 4 centers or groups (4 clusters) showed the optimal
properties of internal coherence and grouping stability (the detailed
methodology and the validation procedure are in the supplemental

material).
2. 4 Metabolomic NMR Spectroscopy
2.4.1'H-NMR sample preparation, data acquisition and processing

The protocols used for this work were based on previously published
methodology (Vazquez-Fresno, Llorach et al. 2012). The urine samples
were thawed, vortexed, and centrifuged at 13,200 rpm for 5 min. The
supernatant (600 ulL) from each urine sample was mixed with an
internal standard solution (120 pL, consisting of 0.1 % TSP (3-
(trimethylsilyl)-proprionate-2,2,3,3-d4, chemical shift reference), 2 mM
of sodium azide (NaNs, bacteriostatic agent), and 1.5 M KH,PO, in 99
% deuterium water (D,0)). The optimized pH of the buffer was set at
7.0, with a potassium deuteroxide (KOD) solution, to minimize
variations in the chemical shifts of the NMR resonances. The mixture
was transferred to a 5-mm NMR tube. The processed spectral data were
bucketed in domains of 0.005 ppm and integrated using ACD/NMR

Processor 12.0 software (Advanced Chemistry Development, Inc.). The
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spectral region between 4.75 and 5.00 ppm was excluded from the data

set to avoid spectral interference from residual water.
2.5 Statistical Analysis
2.5.1 Biochemical biomarkers and phenotyping cluster differences

Clusters were performed using k-means cluster analysis as described
previously. A Kolmogorov-Smirnov test (p<0.05) was used to test the
normality of the all variables using SPSS, version 18.0 for Windows
(SPSS®, Chicago, IL, USA). ANOVA analysis was performed to
evaluate differences in the mean biochemical measurements across
clusters where statistical differences were analyzed (p<0.05).
Comparisons between clusters were assessed using a Tukey post-hoc
multiple comparison test. In the case of non-parametric variables, a
Kruskall Wallis test was used to test significant differences.
Additionally, a Mann-Whitney test was used to detect significances
between clusters. All these tests were performed by SPSS, version 18.0

for Windows (SPSS®, Chicago, IL, USA).
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2.5.2 Metabolomic cluster analysis- OSC-PLS-DA multivariate

analysis

Data generated from the NMR spectral integration were submitted to
MetaboAnalyst (Xia, Mandal et al. 2012). Data were normalized using
the sum of the spectral intensities, then log transformed and Pareto
scaled. Data were then analyzed using the SIMCA-P+ 13 software
(Umetrics, Umea, Sweden) by multivariate discriminant analysis OSC-
PLS-DA. A pairwise comparison analysis between the four clusters
was carried out. The quality of the models was evaluated by the
goodness-of-fit parameter (R?X), the proportion of the variance of the
response variable that is explained by the model (R*Y) and the
predictive ability parameter (Q), which was calculated using seven-fold
internal cross-validation (Vazquez-Fresno, Llorach et al. 2014).
Validation of the OSC-PLS-DA models was carried out by a
permutation test (n=200). Additional information about the
methodology is provided in the supplementary data. After untargeted
analysis with baseline samples which characterized two most
discriminant clusters, then, the quantification of the samples was

performed for these two clusters.
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2.5. 3 Metabolomic phenotype analysis by ANOVA

Quantified data were submitted to MetaboAnalyst in order to find
possible differences between clusters after WPI and normalized (24-h
urine volume normalization, cube root transformed and Pareto scaled)
(Xia, Mandal et al. 2012) before further analysis. Metabolites were
analyzed by a one-way ANOVA test followed by Fisher’s LSD test for
multiple comparisons. The false discovery rate (FDR) test, a statistical
approach to the problem of multiple comparisons, was used in this
study to counter the effect of multiple testing and verify the most
discriminating metabolites (Benjamini and Hochberg 1995). Box-plots
were used to show the statistical differences between treatments with P
values <0.05 being considered significant. Figure 1 displays a

summary of the steps followed in this study.
2.6 Metabolite Identification and Quantification

The methyl singlet produced by a known quantity of TSP (0.97mM)
was used as an internal standard for chemical shift referencing (set to 0
ppm) and for quantification. The *H-NMR spectra were analyzed using
the Chenomx NMR Suite Professional Software package (version 7.8;

Chenomx Inc, Edmonton, ALB, Canada), which permitted both
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identification and quantification by manually fitting the NMR spectra

to an internal metabolite database.

3 RESULTS AND DISCUSSION

3. 1 Characterization of Clinical Phenotypes.

61 participants were initially recruited into this study; of these, 57
participants were included in the final cluster analysis (4 were removed
from the study because an incomplete biochemical profile). Of the 69
baseline biochemical parameters, k-means cluster analysis classified 4
distinct phenotypic groups: cluster 1 (n= 12), cluster 2 (n= 13), cluster
3 (n= 14) and cluster 4 (n= 18). Age, smoking habits, mean dietary
intake, mean concentrations of biochemical parameters and statistical
tests for each cluster are presented in Table 1. Cluster 1 was defined by
a significantly lower systolic blood pressure (mmHg), a2-globulin (%)
and neutrophil levels (%); higher total cholesterol (mg/dL), LDL
cholesterol (mg/dL), apolipoprotein B (mg/dL), and apolipoprotein
B/apolipoprotein A ratio (APOB/APOA), compared with all other
clusters. Cluster 2 showed lower LDL/HDL ratio compared with all
other clusters and significantly higher blood glucose levels compared to
cluster 4. Cluster 3 was characterized by significantly higher BMI

values, a2-globulin (%), B-globulin (%),albumin/globulin ratio, and
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homocysteine (umol/L) levels and a lower albumin percentage (%)
compared with the other clusters. In addition, CRP values were the
highest in cluster 3 and statistically significant compared with clusters
1 and 4. Furthermore, glucose levels were significantly higher in cluster
3 (>126mg/dL) compared with cluster 4 (<110mg/dL). More than
>126mg/dL is diagnostic of T2D following the American Diabetes
Association (ADA) criteria. Cluster 3 had the highest but not
statistically significant values of the WHR index, a measure of fat
distribution and also a BMI>30 indicating an obese participants cluster
(Apovian and Gokce 2012). There is a strong positive association
between obesity (measured by BMI) and risk of T2D in men
(Wannamethee, Papacosta et al. 2010). In epidemiological studies, high
plasma levels of homocysteine (hyperhomocysteinemia) are considered
to be a risk factor for vascular disease (Welch and Loscalzo 1998),
heart failure and strokes (Collaboration 2002). Among persons with
T2D, the association between homocysteine levels and cardiovascular
disease may be stronger than that in non-diabetic individuals
(Ndrepepa, Kastrati et al. 2008). Moreover, cluster 3 showed the lowest
HDL-cholesterol levels and the highest TAG levels compared to the
other clusters. These features are considered risk factors for IHD

(Lewington, Whitlock et al. 2007; Frikke-Schmidt, Nordestgaard et al.
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2008). Finally, cluster 4 showed significantly lower concentrations of
TAG (mg/dL), leucocyte count (x10%L), neutrophils (x10%L),
lymphocytes (x10%/L) and erythrocyte sedimentation rate (mm/h) than
cluster 3; also K (mEqg/L) presented lower levels compared to other
clusters. The elevated circulating white blood cell count (neutrophils,
lymphocytes and monocytes) has been proposed as one of a few
biomarkers of potential utility for cardiovascular disease risk prediction
(Horne, Anderson et al. 2005). Moreover, the erythrocyte
sedimentation rate (<10 mm/h) may be indicative of inflammation and
a useful additional diagnostic criterion for coronary heart disease
(Yayan 2012). On the other hand, low serum potassium levels (<4
mEQ/L) in a propensity-matched study was associated with higher
mortality and chronic heart failure (Ahmed, Zannad et al. 2007).
Overall, cluster 4 had lower levels of cardiovascular disease biomarkers

than all other clusters (Table 1).
3.2 Clinical Phenotypes and NMR-based Metabolomic Profiles

After separation of the participants into 4 biochemically distinct
clusters, an OSC-PLS-DA analysis was performed to discriminate the
clusters by their NMR-derived urinary profiles. The results obtained by

OSC-PLS-DA showed that the most strongly discriminated clusters
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were cluster 3 versus cluster 4 (see Supplemental Material); for this
reason, all subsequent analyses were focused on further characterizing
cluster 3 which was named the “obese and diabetic cluster” (OD-c),

versus cluster 4 or named the “healthier cluster” (H-c).

3. 3 Metabolomic Phenotype Analysis to Responses to Wine

Polyphenol Intake

Table 2 presents the results from the multiple comparison ANOVA
analysis comparing cluster OD-c and H-c before and after wine
polyphenols intake (WPI). Several metabolites exhibited to be
associated to wine polyphenols intervention including tartrate, 4-
hydroxyphenylacetate (4-HPA), 3-hydroxyphenylacetate (3-HPA),
mannitol, methanol threonine and fucose. Further, 4 metabolites
presented an association to metabolic phenotype (OD-c) which includes
glucose, lactate betaine and dimethylamine, associated to obesity and

TD2 (Xie, Waters et al. 2012; Menni, Fauman et al. 2013).

After false discovery rate (FDR) correction, tartrate, glucose and 4-
hydroxyphenylacetate (4-HPA) exhibited significant results. Different
patterns of response were observed for these 3 metabolites: Tartrate
was higher for both clusters after WPI (OD-c_ WPI and H-c_WPI)

(wine polyphenols intervention metabolite). Glucose was higher in the
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baseline group and after intervention in cluster OD-c (OD-c_BAS, OD-
c_WPI) compared with cluster H-c (H-c_ BAS and H-c_WPI)
(metabolic phenotype related metabolite) characteristic for cluster OD-
c. Finally, 4-HPA showed higher urinary excretion after WPI among
subjects H-c_WPI than those in OD-c_WPI and at baseline (OD-
c_BAS, H-c_BAS), exhibiting a distinct post-intervention metabolic
response in individuals for different clusters (metabotypic intervention
effect). Box-plots show the statistical differences observed for these

metabolites by multiple comparison ANOVA analysis (Figure 2).

Tartrate is the major organic acid in grapes and so it is also present in
wine (Son, Kim et al. 2008; Son, Hwang et al. 2009). Recently, it has
been proposed to be a biomarker of wine consumption for both
interventional and epidemiological studies (Vazquez-Fresno, Llorach et
al. 2014). The quantity of excreted urinary tartarate for OD-c_WPI was
1.06£0.19 mmols (84.57+14.58 uM/mM creatinine), as well as H-
c_WPI 1.29+0.29 pmols (107.89+£16.69 pM/mM creatinine) in 24h-
urine samples (Table 2). Similar to our results, a recent study reported
a tartrate concentration of 91.8ug/mg creatinine (73.69 pM/mM
creatinine) measured after 10h of acute wine intake (200 ml) (Regueiro,
Vallverdd-Queralt et al. 2013). Additionally, the presence of this

metabolite at statistically significant levels in both groups after WPI
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demonstrated a global compliance by all individuals in this intervention

study.

The presence of glucose in urine has long been used as an indicator of
diabetes mellitus (Urakami, Kubota et al. 2005). T2D is characterized
by the presence of glucose in urine, obesity, as well as high serum
levels of homocysteine and CRP, which are all characteristics of the
OD-c subjects (Table 1). Moreover, there is a strong positive
association between obesity (measured by BMI) and T2D risk
(Wannamethee, Papacosta et al. 2010). The amount of glucose excreted
for volunteers corresponding to the OD-c were 14.04+7.56 mmols
(2157.79£1108.56 pM/mM creatinine) and 13.78+7.85 mmols
(1613.70£1042.12 uM/mM creatinine) in 24h-urine samples for the
OD-c_BAS and OD-c_WPI groups, respectively. These values were
significantly higher than concentrations found in normal urine (12.5 -
58.4 uM/mM creatinine) (Bouatra, Aziat et al. 2013). When reported
values of glucose in urine are >100 mg/dl (5.5 mM) it is considered to

be a positive test for diabetes (Urakami, Kubota et al. 2005).

Lastly, 4-hydroxyphenylacetate (4-HPA) is a metabolite involved in
tyrosine and phenylalanine metabolism. 4-HPA is also a compound that

is known to be increased in urine after consumption of wine (Vazquez-
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Fresno, Llorach et al. 2012), chocolate (Martin, Rezzi et al. 2009), or
cranberries (Prior, Rogers et al. 2010). This is because it is also a
metabolic byproduct of polyphenol degradation by gut microbiota
(Moco, Martin et al. 2012), particularly F. prausnitzii, Bifidobacterium,
Clostridium difficile, Subdoligranulum, Lactobacillus sp. are thought to
be responsible for the metabolism of 4-HPA (Nicholson, Holmes et al.
2012). The amount of 4-HPA excreted for the differential response
cluster (H-c_WPI) was 0.28+0.03 mmols (25.35+1.48 pM/mM
creatinine), significantly higher than excretion values described in the
literature under normal conditions (1.4-14.6 pM/mM creatinine)
(Bouatra, Aziat et al. 2013). It has been suggested that obese and
diabetic people experience changes in gut microbial metabolites as a
result of cardiovascular related pathologies (Shen, Obin et al. 2013).
Several studies have found a decrease in Bifidobacterium, F.
prausnitzii, and certain species of Clostridium and Lactobacillus in
obese (Tagliabue and Elli 2013) and diabetic subjects (Everard and
Cani 2013). These findings are in agreement with our results, as lower
levels of 4-HPA were found in cluster OD-c than in cluster H-c after

wine polyphehols intake.
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4 CONCLUSIONS

The present study has shown that phenotypic analysis using an
unsupervised clustering technique (k-means analysis) can identify
clusters according with their biochemical profiles. The two most
discriminating clusters were named according to their clinical
parameters and identified as the “obese and diabetic cluster” (OD-C)
and the “healthier cluster” (H-c). Moreover, metabolomic phenotyping
using NMR detected a distinct metabolic response between individuals
grouped in these phenotypic clusters. In particular, comparisons
between OD-c and H-c exhibited different levels of excretion of 4-HPA
after wine polyphenols intake. Likewise, a metabolite linked with a
specific metabotype (glucose) and another metabolite linked with
dietary intervention (tartrate) were also observed. According to our
results, the subjects in OD-c appear to have an altered gut metabolism
compared to individuals in H-c. Lastly, this approach showed efficient
strategies for characterizing the heterogeneity of inter-individual
responses to a dietary intervention and for identifying associations with

health, and health benefits in specific population groups.
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TABLES

Table 1. Biochemical and anthropometrical parameters of subjects and

mean baseline concentration of individuals clusters.

P-values of

ANOVA test (*) for parametric variables and Kruskall Wallis test (*)
for non-parametric variables, (p<0.05) for both tests. Superscript

numbers (+%3#

) indicate differences between number cluster shown, in

Tukey post-hoc test (for parametrical variables) and Mann-Whitney
test.(for non-parametrical variables).

Cluster  Cluster  Cluster  Cluster  p-value
1(n=12) 2(n=13) 3 (n=14) 4 (n=18)

Characteristics

Age (y) 59.83 62.08+ 61.21+ 59.78+ 0.87"
18.62 10.84 5.98 8.13

Current 1.75 % 1.85+ 1.86 + 172 + 0.14°

smokers (%) 0.45 0.38 0.36 0.46

Dietary Data

Energy (MJ) 8074.70  8046.42+ 8347.50+ 7387.47 0.54"
+211.65 1738.63 1909.31 +

1838.73

TE protein (%) 21.37+ 2055+ 19.86+ 2112+ 0.70
1.97 3.17 4.04 3.94

TE 43.19+ 4057+ 43.05x 41.90 0.83"

carbohydrates 7.02 8.58 8.27 +7.03

(%)

TE fat (%) 3368+ 3731+ 3644+ 3622+ 0.56"
6.60 7.36 6.26 4.54
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Anthropometrical and biochemical parameters

BMI (kg/m?) 2817+ 2733 3356+ 29.02% <0.001°

2.62 2.78 4.01%**  3.86
Waist-hip ratio  0.94 + 0.98 + 0.99 + 0.96 + 0.01"
0.05 0.03 0.05* 0.04
Heart Rate 7217+ 6969+ 6871+ 6878+ 0.78"
(beats/min) 11.85 7.09 10.71 8.94

Systolic blood 12458+ 15354+ 14314+ 14122+ <0.001"
pressure (mm 15.08>3* 17.58 13.79 12.06

Hg)
Diastolic blood 8158+ 79.23+ 77.00+ 8450+ 0.098"

pressure (mm 9.1 7.36 9.14 8.59

Hg)

CRP (mg/dL) 0.15 + 0.27 + 0.37 + 0.14 + 0.028*
0.09 0.31 0.29*4  0.18%3

Glucose (mg/dL) 101.25+ 119.92+ 132.07+ 9522+ 0.01*
20.87 28.62 53.84  18.10%°

Diuresi 24h 1587.50 1946.15 1470.00 1339.56+ 0.03"

(mL) +621.35 +753.45% +441.46 425.43

Plasmatic 1.01 + 096 + 1.02+ 096+ 052°

creatinine 0.17 0.19 0.11 0.11

(mg/dL)

Uric acid 658 + 610+ 689+ 611+ 019

(mg/dL) 1.47 0.85 1.38 0.78

Na (mEg/L) 141.75 + 141.15 + 141.36 + 140.72 + 0.50"
2.14 1.77 2.06 1.49

K (mEg/L) 428 + 419+ 424+ 390+  0.002
0.23 0.36 0.33 0.24%23
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P (mEqg/L)

Mg (mEg/L)

Fe (mEq/L)

Total cholesterol
(mg/dL)

LDL cholesterol
(mg/dL)

HDL cholesterol
(mg/dL)

LDL
cholesterol:HDL
cholesterol ratio

Triglycerides
(mg/dL)

Apolipoprotein
APOAL (mg/dL)

Apolipoprotein
APOB (mg/dL)
APOB/A ratio

ASAT (UI/L)

ALAT (UI/L)

3.66 +
0.612

2.07
0.19

85.00 +
23.65

243.83+3
6.28%34

167.33
+32.82%%

4

48.92 +
13.14

3.61 +
1.06

138.17
59.29

I+

146.58
23.36

I+

136.42 +
24.98%34

0.95 +
0.23234

30.08
13.56

I+

44.42
41.39

I+

3.02
0.49

I+

2.21
0.31

I+

99.38
26.96

+

189.69 +

14.68

116.92 +

14.14

52.46
9.98

231 +

+

0.54%34

101.69
33.27

157.92
14.83°

98.85
13.37

0.63 +
0.095

23.23
4.92

26.15
8.97

t

I+

I+

I+

I+

3.40
0.58

I+

2.02
0.15

I+

75.43 *
21.18

184.79
20.79

I+

114.71
17.87

I+

37.86 +
5.07%2

3.06 +
0.50

160.71 +
73.14%4

138.43
15.16

I+

103.36
13.89

I+

0.76 +
0.15

28.14
10.6

I+

31.21
16.33

I+

3.09
0.67

I+

2.12
0.16

I+

94.89 +
30.19

203.28 +
40.97

137.67 *
33.57

46.61 +
10.09

2.98 +
0.53

95.61 +
35.28

147.33
17.28

I+

106.50
19.96

I+

0.72
0.086

24.39 +
6.05

28.83
15.038

0.03"

0.13"

0.084"

<0.001"

<0.001"

0.003"

<0.001"

0.03"

0.05"

<0.001"

<0.001"

0.203*

0.230*
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GGT (UI/L)
Bilirubin
(mg/dL)

Alkaline
phosphatase
(UI/L)

Lactate DH
(UI/L)

Total proteins
(/L)

Albumin (g/L)

Albumin (%)

al globulin (%)

a2 globulin (%)

B globulin (%)

I' globulin (%)

Albumin:globuli

n ratio

Ferritine(ng/mL

)

42.00 +
33.68

0.77 +
0.31

135.00
20.69

I+

327.83
64.77

I+

74.08
2.64

I+

47.33
1.92

I+

65.87
2.11

I+

2.76 +
0.22%4

5.93 +
0.74234

11.19
0.76

I+

14.25
1.99

I+

1.94 +
0.18

167.92 *
102.02

26.08 +
7.95

0.85 +
0.26°

162.54
53.67

I+

305.31
16.25

I+

73.46 *
3.69

4731 +
1.88%4

64.79 *
2.49

3.10
0.46

I+

7.39
1.14

I+

11.21
1.28

I+

13.52
2.04

I+

1.85 +
0.21

187.85 *
166.93

36.71 +
25.78

0.56 +
0.12°

127.29
31.30

I+

340.50
63.66

I+

72.14
2.69

I+

44.00
2.77

I+

60.32 +
3.82%4%4

3.53 +
0.48

0.10 +
1.624%4

12.80 +
1.83%4%4

1425 +
2.68

1.54 +
0.24%24

179.07 *
144.77

27.22
17.36

0.73 *
0.25

135.28+3
4.03

357.39+4
6.26

69.94+2.
7512

43.39
1.82

I+

63.36
2.53

I+

3.27
0.62

I+

7.25
1.49

I+

11.02
0.87

I+

15.10
1.77

I+

1.74 *
0.19

208.56x1
52.61

0.450*

0.024*

0.082"

0.104"

0.001"

<0.001"

<0.001"

0.002"

<0.001"

0.001"

0.25"

<0.001"

0.89"
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Folic acid

(serum) (ng/mL)

Intra-
erythrocytary
folic acid
(ng/mL)

Vitamin B-12
(pg/mL)

Homocysteine
(umol /L)

Hemoglobin
concentration

(g/L)

Hematocrit
(L/L)

Erythrocyte
mean

corpuscular
volume (fL)

Mean
corpuscular

hemoglobin (pg)

Mean
corpuscular
hemoglobin
concentration

(g/L)

Erytrocyte
sedimentation
rate (mm/h)

9.50 *
3.43

333.27
79.13

I+

525.58
368.70

I+

11.07 +
2.60

152.75 +
9.92

0.45 *
0.03

89.80
2.59

I+

30.20
0.93

I+

336.25 +
5.15

7.08 *
4.44

10.98 *
2.79

401.54 +
69.95

428.85 *
145.05

11.17 +
1.24%%%

151.00 *
11.77

0.45 *
0.03

91.05
3.73

I+

30.82
0.98

I+

338.45 +
4.74

8.08 +
3.86

8.51 +
3.52

417.57
107.39

I+

377.07
139.37

I+

1431 +
4.28

143.57 *
9.15

0.43 =
0.03

90.35
5.30

I+

30.31
1.89

I+

335.57 +
7.44

11.07 +
5.26%4

10.27 =
4.65

374.38 +
80.27

380.44
+110.63

11.26 +
1.79

147.33 +
8.09

0.44 +
0.025

88.78
3.35

I+

29.88
1.16

I+

336.56 +
9.99

5.44 +
2.31%3

0.36"

0.08"

0.29*

0.005"

0.08"

0.16"

0.42*

0.28"

0.78"

0.003*
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Resultados

Reed
distribution
width (%0)

Hemoglobin
distribution
width (g/L)

Platelet count
(x109/L)

Mean platelet
volume (fL)

Leucocyte count
(x10%/L)

Neutrophils (%)
Lymphocytes
(%)

Monocytes (%)

Eosinophils (%)

Basophils (%)

Unclassified
cells (%)

Neutrophils (
x10°%/L)

Lymphocytes (
x10°%/L)

13.06
0.58*

25.74
1.46

282.17 *

56.36

8.27
0.47

6.84
1.73

50.45
5.82%

35.83
4.42%

6.58
1.07

4.12
2.04%

0.71
0.25

2.16
0.95

3.49
1.11

2.43
0.61%

I+

I+

4

+

I+

*
34

+
4

t

+
4

t

I+

I+

+
4

13.17
0.59

I+

24.49
1.96

I+

233.54 +
45.98

9.11 +
0.74

7.09 *
0.88

63.84
8.78

I+

24.90
7.07

I+

5.85
1.09

I+

2.65
1.23

I+

0.79 +
0.39%

1.99 +
0.93

455 +
0.8914

1.75 +
0.46%3

13.59
0.66

I+

25.51
2.65

I+

264.64 +
63.99

8.85 *
0.72

7.96 +
1.23*

58.26 +
4.43

29.90 *
5.06

6.44 +
0.88

2.77
1.19

0.57 =
0.2

2.05+
0.50

4.63 +
0.79%*

2.39 +
0.56%4

13.68
0.53

I+

26.03
2.18

I+

220.17 +
33.78

8.89 *
0.99

6.15 +
1.30

I+

58.21
6.32

29.83
5.87

I+

7.47 +
0.63%3

2.15
0.72

I+

0.49
0.19

I+

1.86
0.56

I+

3.56
0.84

I+

1.85
0.57

I+

0.01"

0.24*

0.006"

0.05"

0.004"

<0.001"

<0.001"

<0.001"

0.002*

0.01"

0.726"

0.001"

0.002"
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Monocytes ( 045+ 042+ 052+ 045+ 0.24°
x10°/L) 0.12 0.10 0.13 0.10
Eosinophil ( 027+ 019+ 021+ 013+ 0.001
x10%/L) 0.15 0.086 0.09 0.05%%3
Basophils ( 005+ 005+ 003+ 008+ 0002
x10%/L) 0.03 0.04 0.04 0.01'2
Unclassified 016 + 015+ 017 £+ 011 +  0.029°
cells ( x10%/L) 0.06 0.06 0.05* 0.05"3
Prothrombin 9758 + 9554 + 96.00 + 9250 + 0.126°
time (%) 3.68" 5.72 4.93 5.83
Prothrombin 13.07 + 1323 + 1329 + 1356 + 0.186"
time (seg) 0.45 0.78 0.47 0.67
Thromboplastin  28.48 + 26.65 + 26.38 + 29.35 + 0.386"
partial time 0.89 7.97 7.55 2.11
(se9)
Fibrinogen (g/L) 3.18 % 4.08 3.73 3.18 + <0.001"
0.51 0.82"*  0.62 0.37

All values are mean + SD, p-values are based on simple ANOVA test (%) for
parametric variables and Kruskall Wallis test (*) for non-parametric variables,
(p<0.05 for both tests); Superscript numbers adjacent to values from each
cluster denote a significant difference between indicated cluster number based
on Tukey post-hoc test (for parametrical variables) and Mann-Whitney
test.(for non-parametrical variables). TE protein %: protein as percentage of
total energy intake; TE carbohydrate%: carbohydrate as percentage of total
energy intake; TE fat %: fat as percentage of total energy intake. PCR: c-
reactive protein; BMI: body mass index; ASAT: aspartate aminotranspherase;
ALAT: alanine aminotransferase; GGT:gamma-glutamyl transpeptidase; Na:
sodium; K: potassium; P: phosphorous; Mg: Magnessium; Fe: iron. DH:
dehydrogenase.
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Figure 2. Box-plots of the metabolites derived from ANOVA test (p<0.05
after FDR correction). Different letters indicate significant differences
between interventions. OD-c_BAS: obese and diabetic cluster in basal period;
H-c_BAS: healthier cluster in basal period; OD-c_WPI: obese and diabetic
cluster after wine polyphenols intake; H-c_WPI: healthier cluster after wine
polyphenols intake.
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Supplemental Material

Table S1. Phenolic composition of wine polyphenols from
the study. Mean = SD.

Alcohol (%) 0.42

Total phenols (MEgGAJ/L) 2694.92 + 86.79
Gallic acid (mg/L) 73.17+7.01
Protocatechuic acid (mg/L) 5.85+0.51
Tyrosol (mg/L) 47.81 +3.90
Catechin (mg/L) 126.45 + 13.35
Epicatechin (mg/L) 70.57 £ 8.22
trans-Caftaric 19.21 +1.62
trans-Caffeic (mg/L) 12.18 £0.92
trans- Coutaric (mg/L) 5.62 £0.52
2-S-glutationylcaftaric (mg/L) 10.76 £1.26
Quercetin-3-glucuronide (mg/L) 11.25+1.42
Quercetin (mg/L) 23.82 £2.37
Isorhamnetin (mg/L) 2.96 +0.14
Delphinidin-3-glucoside (mg/L) 1471 £1.62
Petunidin-3-glucoside (mg/L) 12.04 £1.15
Peonidin-3-glucoside (mg/L) 6.68 £ 0.57
Malvidin-3-glucoside (mg/L) 49.86 +4.27
Malvidin-(6-acetyl)-3-glucoside (mg/L) 10.41+£1.20
Malvidin-(6-coumaroyl)-3-glucoside (mg/L) 3.54£0.33
trans-Resveratrol (mg/L) 2.73+£0.23
cis-Resveratrol 2.75%0.15
trans-Piceid (mg/L) 10.53 £0.96
cis-Piceid (mg/L) 7.08 £0.87
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Supplemental Methodology
1.- K-means clustering

Given the experimental structure, there is no prior knowledge on the
number of possible clusters in the dataset. Thus, a cluster-complexity or
number-of-clusters analysis has been performed by taking into
consideration the number of clusters ranging from 2 to 6, limiting the
analysis to 6 clusters in order to obtain at least 10 samples/cluster.

The cluster complexity analysis consisted of two principal measures.
The first index is an internal clustering measurement proposed by J.C.
Dunn (Dunn 1974). This index is based on the principle that clusters
should be compact and separated, as measured in (1),

d(cj,c;

D = min; <<y (min1 < j<n,i#j (W&ck)))) 1)

where n is the number of clusters, d(ci,cj) is the distance function
between cluster i and j (distance between centroids), and d’(ck) is the
intracluster distance for cluster k (mean sum of distances between the
objects in the same cluster, sometimes approximated as its maximum).
For a given clustering solution, a higher Dunn index indicates a better
cluster structure.

The second index is the Figure of Merit (FOM), which is an estimate of
the predictive power of a clustering algorithm. FOM was proposed by
Yeung et al. to compare the overall homogeneity of clusters formed by
different clustering methods on the same data (Yeung, Haynor et al.
2001). Thus, it deems the cluster solution that generates the most
homogenous clusters as optimal. FOM is based on the assumption that
validity of a cluster is increasing in value if in a second experiment the
same samples would group together and reveal similar values. (2),

FOMAK) = 3 Seq dsung D) @)

where pc, (1) is the mean peak value for cluster k, X is the
measurement of the variable | for sample i. The expression in (2) is

234



Resultados

adjusted with a factor ( /%) before it is aggregated over all variables.

In contrast to the Dunn index, smaller values indicate better
homogeneities.

Both analyses (the Dunn analysis for internal coherence and FOM
analysis for external homogeneity are shown in Figure 1) were applied
to the dataset employing Euclidean distances and a k-means clustering
algorithm (MacQueen 1967). Results suggest that a cluster solution of 4
centers is revealing some group structure from the dataset showing
optimal properties of internal coherence and grouping stability.

Figure 1. Results of Dunn analysis for internal coherence and FOM
analysis for external homogeneity

o Dunn
o0 FOM

Dunn
FOM

049
095

T T
2.0 2.5 3.0 3.5 4.0 4.5 5.0

centers

2.- OSC-PLS-DA.

The dataset derived from the peak integration was submitted to
MetaboAnalyst. The dataset was normalized by the sum of the
intensities of the spectra. A normalized dataset was then submitted to
SIMCA-P+ 11.5 (Umetrics,Umea, Sweden). To improve the data
analysis, a preprocessing filter, termed an orthogonal signal correction
(OSC) was selected. The OSC filter can selectively remove the
variation of data X (NMR data set) having no correlation with Y
(cluster assignation). This filter was carried out by the SIMCA-P
software.
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The data set was log transformed and Pareto-scaled before partial least
squares discriminant analysis with orthogonal signal correction (OSC-
PLS-DA). Pairwise comparison between the four clusters was carried
out. The quality of the models was evaluated by parameters largely
used in most metabolomics studies, namely the goodness-of-fit
parameter (R2X), the proportion of the variance of the response
variable that is explained by the model (R2Y) and the predictive ability
parameter (Q2), which was calculated by a seven-round internal cross-
validation of the data using a default option of the SIMCA-P+ 11.5
software. Values of Q2 < 0 suggests a model with no predictive ability,
with the reliability increasing as Q2 approaches 1. The results obtained
by OSC-PLS-DA showed that the most discriminated clusters were 3
versus 4 (Supplemental Table 1).

Supplemental Table 1. OSC-PLS-DA scores based on 'H-NMR
signals of urine samples comparing the four clusters (c1, c2, c3 and c4).

R’X R*Y Q°cum) Comparison Permutation test,

n=200
(intercept R?, Q%)
0.103 0.881 0.581 clvsc2 0.67,-0.13
0.165 0.985 0.914 clvsc3 0.53,-0.20
0.077 0.858 0.458 clvscd 0.64, -0.08
0.138 0.942 0.834 c2vsc3 0.57,-0.19
0.117 0.976 0.880 c2vscd 0.58, -0.20
0.207 0.991 0.962 c3vschd 0.40, -0.23*

* The y-axis intercept (R® and Q° when the correlation coefficient is zero) is
an indication of over fit; lowest R? intercept limit and a negative Q- intercept
limit for comparison of ¢3 vs ¢4, indicating a valid model (Llorach-Asuncion,
Jauregui et al. 2010; Pujos-Guillot, Hubert et al. 2013).
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5.2. BIOMARCADORES NUTRICIONALES DE
SALUD TRAS LA INGESTA DE
COMPLEMENTOS ALIMENTICIOS

Evaluacion de un probiético sobre la huella metabolica en
una poblacién de mujeres con mastitis

La determinacién de la huella metabdlica en la orina de mujeres con
mastitis después de la ingesta de un probidtico después de 21 dias se ha
publicado en la revista Pharmacological Research indexada en el Journal
Citation Reports con un factor de impacto de 3.976 (2013) y situada en el
primer cuartil de la categorfa PHARMACOLOGY & PHARMACY
(38/250).

Rosa Vazquez-Fresno, Rafael Llorach, Jelena Marinic, Sara Tulipani,

Mar Garcia-Aloy, Irene Espinosa-Martos, Esther Jiménez, Juan Miguel
Rodriguez,  Cristina  Andres-Lacueva.  Urinary  metabolomic
fingerprinting after consumption of a probiotic strain in women with
mastitis.  Pharmacological ~ Research 2014 Sep;87:160-5.  doi:
10.1016/j.phrs.2014.05.010.

RESUMEN:

LLa mastitis infecciosa es una condicién comun entre las mujeres
lactantes, siendo los estafilococos y estreptococos los principales
agentes etiolégicos. En este contexto, algunas cepas de
lactobacilos aislados a partir de la leche materna parecen ser
particularmente eficaces para el tratamiento de mastitis y, por lo
tanto, constituyen una alternativa atractiva a la medicacién con
antibiéticos. Se aplicé un enfoque metabolémico basado en 'H-
RMN para detectar diferencias metabolomicas después del
consumo de una cepa probiodtica (Lactobacillus salivarins PS2) en
mujeres con mastitis. Se recogié la orina de 24 h de las mujeres
lactantes con mastitis al inicio del estudio (estado basal) y después
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de 21 dias de la administracién del probiético (PB). Los analisis
multivariantes (OSC-PLS-DA 'y hierarchical = clustering — analysis)
mostraron diferencias en el metaboloma después del tratamiento
con PB. Los metabolitos discriminantes detectados al inicio del
estudio fueron la lactosa, el ibuprofeno y el acetaminofén
(paracetamol), dos farmacos (anti-inflamatorio y analgésico)
utilizados comunmente para el dolor producido por la mastitis.
Mientras que, después de la ingesta de PB, se detecté la creatina y
los co-metabolitos derivados de la microbiota intestinal hipurato y
TMAQO. Ademis, se observd una desercidon voluntaria de los
farmacos después de la administracién del probidtico. La
aplicacion de la metabolémica basada en la RMN permitié una
caracterizacion de los efectos globales de consumo de probidticos
en las mujeres que sufrian mastitis y destaco el potencial de este
enfoque en la evaluacién de los resultados del consumo de
probioticos. Hasta la fecha, esta es la primera vez que este enfoque

ha sido aplicado en mujeres con mastitis durante la lactancia.
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ARTICLEE TNFO ABSTRACT

Afl"d_t’ history: . Infectious mastitis is a common condition among lactating women, with staphylococci and streptococci
Received 25 April 2014 being the main aetiological agents. In this context, some lactobacilli strains isolated from breast milk
Received in revised form 18 May 2014 appear to be particularly effective for treating mastitis and, therefore, constitute an attractive alternative

Accepted 19 May 2014
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Available online 20 May 2014 to antibiotherapy. A "H NMR-based metabolomic approach was applied to detect metabolomic differ-

ences after consuming a probiotic strain (Lactobacillus salivarius PS2) in women with mastitis. 24 h urine
of women with lactational mastitis was collected at baseline and after 21 days of probiotic (PB) adminis-

Keywo"ds: . tration. Multivariate analysis (OSC-PLS-DA and hierarchical clustering) showed metabolome differences
Nutrimetabolomics ARG g . S

Metabolic bibmarker after PB treatment. The discriminant metabolites detected at baseline were lactose, and ibuprofen and
Mastitis acetaminophen (two pharmacological drugs commonly used for mastitis pain), while, after PB intake,
NMR creatine and the gut microbial co-metabolites hippurate and TMAO were detected. In addition, a volun-
Probiotics tary desertion of the pharmacological drugs ibuprofen and acetaminophen was observed after probiotic
Lactobacillus salivarius administration. The application of NMR-based metabolomics enabled the identification of the overall

effects of probiotic consumption among women suffering from mastitis and highlighted the potential of
this approach in evaluating the outcomes of probiotics consumption. To our knowledge, this is the first
time that this approach has been applied in women with mastitis during lactation.

© 2014 Published by Elsevier Ltd.

Introduction defined as an inflammation of the mammary gland, characterized

by a variety of local and, sometimes, systemic symptoms [3]. These

Mastitis is a common disease during lactation with an incidence symptoms of mastitis are accompanied by changes in the biochem-

of up to 33% of lactating mothers [ 1], and 74-95% of cases observed ical and immunological composition of milk, and in its sensorial
in the first 3 months post-partum [2]. This condition is usually properties.

The infectious aetiology of lactational mastitis is usually so high

that some authors define the term “mastitis” as an infectious pro-

Abbreviations: A, acetaminophen; CFU, colony-forming unit; FID, free induction ces:js Of the ma[bnmary gland, ln\-loc:\'ll.ng Staphsylo‘:’?clc" streptococel

decay; HCA, hierarchical cluster analysis; IB, ibuprofen; NMR, nuclear magnetic reso- an /0' coryne_ acteria [2-4]' T_‘a 't'_ona“y- taphylococcus a“rﬂfs

nance; 0SC-PLS-DA, orthogonal signal correction partial least squares-discriminant has been considered as the main aetiological agent of acute masti-

analysis; PB, probiotic; TMA, trimethylamine; TMAO, trimethylamine-N-oxide; TSP, tis, although Staphylococcus epidermidis is emerging as the leading

F{trimethylslyl:proprionate: 223304, B ) N cause of both subacute and chronic mastitis in human medicine

Cmrespondmg_ author at: Department of NuEnnon and Food Science, XaRI_A. [5-7]. Multiresistance to antibiotics and/or formation of biofilms

INSA, Campus Torribera, Pharmacy School, University of Barcelona, Barcelona, Spain. ;5 & lini isol h

Tel.: +34 4033798: fax: +34 4035931, is very common among c| inical isolates pft ese two staphylpcoc-

E-mail address: rafallorach@ub.edu (R. Llorach). cal species. This explains why this condition used to be elusive to
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1043-6618/© 2014 Published by Elsevier Ltd.
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antibiotic therapy. In addition, maternal antibiotic therapy may dis-
turb the normal microbiota of the respiratory and digestive tracts
of the mother and breastfed infant pair, a fact that may itself fur-
ther inhibit defence against infection [8]. Therefore, there is a need
to develop strategies that represent an alternative to the use of
antibiotics and, in this context; probiotics seem to be an appealing
approach.

Dysbiosis is the change in the balance of microbiota composi-
tion such that it may become harmful to host health [9]. Mammary
dysbiosis may lead to mastitis, a condition that represents the first
medical cause for undesired weaning [3,10]. Probiotics which have
been defined by the WHO/FAO as “live microorganisms that when
administered in adequate amounts confer a health benefit on the
consumer, can potentially influence systemic health with several
mechanisms of action” [11]. In this regards, probiotics in several
studies are focused of research [9].

Human milk is a source of bacteria to the infant gut. In addi-
tion, modulation of maternal gut microbiota during pregnancy and
lactation could have a direct effect on infant health [10]. Recent
studies indicate that the mammary gland contains its own micro-
biota during late pregnancy and lactation. Particularly, selected
strains isolated from breast milk can be good candidates for use as
probiotics [12,13]. Noticeably, probiotic bacteria that are originally
isolated from human milk are specifically attractive organisms
since they would fulfil some of the main criteria generally rec-
ommended for human probiotics, such as human origin, a history
of safe prolonged intake by a particularly sensitive population
(neonates, infants), and adaptation to mucosal and dairy substrates
[14].

The advent of “-omics” approaches, particularly, metabolomics
analysis promises to accelerate progress in our understanding
to discern the molecular pathways and biochemical mechanisms
under the influence of the microbiota [15]. 'H nuclear mag-
netic resonance ('H NMR) based on metabolomics, combined with
multivariate statistical analysis, has proven to be a powerful tech-
nology for providing profiles of numerous components present
in biological fluids, enabling non-discriminant, non-destructive,
highly reproducible, high-throughput analysis [16]. In this regard,
metabolite profiling strategies have shown a remarkable poten-
tial to differentiate and characterize infectious diseases caused by
microorganisms of different strains, species and genera [17], to
obtain a metabolic footprint of microorganisms [ 18], and to assess
the effects of probiotics on the mammalian metabolism [19].

This potential prompted us to examine the applicability of NMR-
based metabolomics for identifying the metabolomics changes
occurring in biofluids (i.e. urine) of these women as a reflect of over-
all biochemical effects that could occur among women suffering
from lactational mastitis after probiotic consumption, an approach
that has not been documented so far. In this context, a metabolomic
approach based on ' H NMR spectroscopy coupled with multivariate
statistical analysis was used in order to investigate the metabolite
composition of urine samples collected from nursing women with
mastitis, before and after the oral administration of the probiotic
strain Lactobacillus salivarius PS2.

Materials and methods
Subjects and study design

Initially, a total of 30 women with mastitis symptoms were
screened and, of these, seven dropped out during the study. The
reasons for dropping out, after the first analysis, were as follows:
two women were suffering from severe anaemia (as assessed by
blood analysis), four were taking antibiotics, and the last one moved
to another country (Denmark) and could not deliver the final
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sample. Finally, 23 women finished the study (characteristics of
the participants are reported in Supplementary Material, Table
S1). All met the following criteria: breast inflammation, painful
breastfeeding, milk bacterial count >31log;o colony-forming unit
(CFU)/mL, and milk leucocyte count >6 logo cells/mL. None of them
ingested commercial probiotic foods or supplements during the
study. Women with mammary abscesses, Raynaud’s syndrome
or any other mammary pathology were excluded. All volun-
teers gave written informed consent to the protocol, which was
approved by the Ethical Committee of the Hospital Clinico of Madrid
(Spain). The study was registered in the ClinicalTrials.gov database
(NCT00716183). All volunteers were asked to follow a controlled
diet for 48 h (see Supplementary Material, Table S2) before the col-
lection of the samples in order to facilitate metabolite detection
in the urine samples. Women were asked to fill in a record ques-
tionnaire related to the evolution of mastitis and the presence of
any potential secondary effect of probiotic treatment. The records
were used to monitor adherence to the study protocol. All the 23
women reported daily ingestion of a capsule over the 21 days with
the exception of two women who reported ingestion over 20 days.

The study lasted 21 days and, during this period, women con-
sumed daily a capsule with 200 mg of a freeze-dried probiotic (PB)
containing ~9log;o CFU of L. SalivariusPS2. The capsules were kept
at 4°C throughout the study. Urine (24 h) samples from all the
women were collected at the beginning (day 0, baseline) and at the
end of the study (day 21, after PB) (see in Supplementary Material:
Collection Procedures).

Sample preparation

A total of 46 urine samples (from the beginning and end of
the intervention) from the 23 women were analyzed. The urine
samples were thawed, vortexed and centrifuged at 13,200 rpm
for 5min. The supernatant (600 1) from each urine sample was
mixed with an internal standard solution [120 L, consisting of
0.1% TSP (3-(trimethylsilyl)-proprionate-2,2,3,3-d4, chemical shift
reference), 2mM of sodium azide (NaN3, bacteriostatic agent) and
1.5 M KH, POy, in 99% deuterium water (D20)]. The optimized pH of
the buffer was set at 7.0, with a potassium deuteroxide solution, to
minimize variations in the chemical shifts of the NMR resonances
[20]. This mixture was transferred to a 5mm NMR tube.

Urine 'H NMR spectra acquisition and processing

'TH NMR spectra were acquired on a Varian Inova-500 MHz
spectrometer (Varian Inc.) operating at a frequency of 500 MHz
and a temperature of 298 K. A NOESY-presat pulse sequence was
applied to suppress the residual water signal. Free induction decay
(FID) were collected into 32K data points (128 scans) with a
spectral width of 14 ppm, an acquisition time of 2s, relaxation
delay of 5s, and a mixing time of 100ms [20]. A 0.3Hz line
broadening function was applied to raw FIDs prior to Fourier
transformation. The resulting NMR spectra were manually phased,
baseline corrected and calibrated (TSP, 0.0 ppm) using ACD Labs
1D NMR Processor 12.0 software (Advanced Chemistry Develop-
ment Inc., Toronto, Canada). Prior to integration, each spectrum
was segmented into 0.025 ppm chemical shift bins (buckets). The
residual water resonance signal (& 4.73-5.00) was excluded, and
the resulting data set in the range from 0 to 10 ppm was then
submitted to MetaboAnalyst 2.0, a web-based platform for com-
prehensive analysis of metabolomic data(www.metaboanalyst.ca).
The matrix was row-wise normalized (rows were samples) by the
sum of the intensities to reduce systematic bias during sample
collection.
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Fig. 1. Tree plot of sample of hierarchical clustering analysis (HCA) with Ward’s aggregation method and sorted by size. Samples of women with mastitis, at the beginning

of the intervention (baseline), and after probiotic intake (after PB).

Multivariate statistical analysis

The multivariate analysis was performed using the SIMCA-
P+13.0 software (Umetrics, Umea, Sweden). The data set was
Pareto-scaled (each variable weighted according to 1//SD), and
then pre-processed using Orthogonal Signal Correction (OSC) filtra-
tion before PLS-DA analysis to reduce the variability not associated
with the intervention effect [21,22]. The application of this filter
was by a corresponding tool provided by SIMCA-P+13.0 software.
The ability to classify each individual in the correct group was
assessed by R2Y and the prediction power of the model was assessed
by the Q% parameter. The OSC-PLS-DA model was calculated by a
seven-round internal cross-validation of the data. Validation of the
models and the evaluation of the degree of overfitting were then
crucial to ensure that models were robust and not overfitted. For
this purpose, a response permutation test (n=200) was performed,
and the correlation coefficient between the original Y and the per-
muted Y plotted against the cumulative R? and Q2 was calculated.
Generally the R2- and Q2-intercept limits for a valid model should
be less than 0.4 and 0.05, respectively [23]. Hierarchical clustering
analysis (HCA), where distance between clusters in the multivari-
ate space is measured according to Ward's aggregation method and
sorted by size, was also applied and results were plotted as a tree
plot.

The contribution of the signals to the separation of the classes
was visualized by using S-plot associated with the OSC-PLS-DA,
which graphically combine the weight (p) of each metabolite within
the model and its correlation (p(corr)) with the modelled class des-
ignation, thus helping in the selection of statistically significant and
potentially relevant metabolites. Chemical shifts showing high cor-
relation coefficients in the S-plots (p(corr) = 0.5 and (p(corr) < —0.5)
arbitrary cut-off, previously adopted by our research group [21,24],
were included in the list of candidate markers explaining the sepa-
ration between baseline and after probiotic intake, which was then
submitted to the metabolite identification procedure.

Metabolite identification

Discriminant metabolites were identified using the Chenomx
NMR Suite 7.5 (Chenomx Inc., Edmonton, Canada) library, by com-
paring NMR spectral data to those available in databases such as the
Human Metabolome Database (HMDB; www.hmdb.ca), the Biolog-
ical Magnetic Resonance Data Bank (BMRB, www.bmrb.wisc.edu)
and the Madison Metabolomics Consortium Database (MMCD,
mmcd.nmrfam.wisc.edu). Metabolites from acetaminophen and
ibuprofen not available in such libraries and databases are identi-
fied by bibliographic support [25,26]. Further, Pearson’s correlation
test was performed to assess correlations between signals corre-
sponding to the same metabolite. Additionally, the Mann-Whitney
test was used to test the significance for identified metabolites
(p<0.05).

Results
Microbiological and clinical outcomes

The staphylococcal/streptococcal mean count at day 0 was 3.60
log CFU/mL(3.34-3.85; 95% CI), while that after the probiotic treat-
ment was 2.83 CFU/mL(2.59-3.07). This difference was statistically
significant (p-value <0.001; Paired t student test, p<0.05). Clini-
cally, most of the women (>85%) that participated in the assay
had improved completely or notably after the administration of
the probiotic strain. The evolution of the symptoms was evaluated
at day 0 (baseline) and at the end of the study by midwives from
women’s health centres. At both times, the volunteers were asked
to score their breast pain from 0 (extremely painful) to 10 (no pain).
At the end of the study, midwives reported that 18 women had no
clinical symptoms of mastitis while the remaining 5 women had
improved but still displayed mild symptoms. The mean score of
breast pain reported by the women at day 0 was 2.35+1.29 (SD),
while it improved in all the participants at the end of the study
(8.56+2.07).

Multivariate analysis of urinary profile and metabolite
identification

A total number of 22 volunteers, after detecting and excluding
one outlier spectral of a volunteer, were considered for analy-
sis (Supplementary Material Fig. S1). The OSC-PLS-DA analysis
resulted in a model characterized by good robustness and pre-
dictability to explain the differences between the two sample
periods, R?Y=0.9 and Q2= 0.7, respectively. In addition, a permuta-
tion test (n=200) was carried out to validate the model. The y-axis
intercept (R? and Q2 when the correlation coefficient is zero) is an
indication of overfit. This test showed an R? intercept of 0.34 and
a Q? intercept of —0.16, validating the model. The samples were
subsequently analyzed using a hierarchical cluster analysis (HCA),
and closer inspection revealed that the clustering of groups cor-
responded to before (baseline cluster) and after probiotic intake
periods (Fig. 1).

To better visualize the contribution of signals in the separation
of the classes, an S-plot was used. The markers with higher p and
p(corr) values were the most relevant signals. The lower-left quad-
rant of the S-plot in Fig. 2 displays the most important signals in
the urine samples at baseline (p(corr) <—0.5) and the upper-right
quadrant of the S-plot displays the most important signals after PB
intake p(corr) > 0.5). The signals in the middle of the figure did not
show any relevance in the model. The tentative metabolites identi-
fied between both time periods with p(corr) derived from the S-plot
and the p-value from the Mann-Whitney test are shown in Table 1.
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Fig. 2. S-plotassociated with the OSC-PLS-DA score plot obtained in women with mastitis at the beginning of the intervention and after 21 days of probiotic intake intervention.
The lower-left quadrant of the S-plot displays the discriminative chemical shifts before the 21-day probiotic intervention (baseline) and the upper-right quadrant of the

S-plot displays the discriminative chemical shifts after 21 days of intervention (after PB). Dashed lines mark the threshold for each period: p(corr)=+0.5 and p(corr)=—0.5. IB:

| tabol

ibuprofen +ibuprofen metabolites. A: acet. hen +acetaminophen me

: TMAO: Trimethylamine-N-oxide. Lactose + 1B +A indicates chemical shifts overlapped

for lactose, ibuprofen and acetaminophen metabolites, achieving the greater values of the S-plot at baseline.

Discussion

The baseline discriminant metabolites found in the urine of
women with mastitis were lactose, ibuprofen and acetaminophen.
Lactose is the major carbohydrate present in breast milk, providing
a primary source of energy for infant growth. Moreover, its excre-
tion in urine in pregnancy and lactation periods is well documented

[27]. Excretion of lactose in urine is a measure of increased perme-
ability of the lactating breast during inflammation [28]. Likewise,
Fetherston et al. [28], in an attempt to identify possible predictors
of mastitis in lactating mothers in the first 3 months post-partum,
observed a significant elevation in the concentration of lactose
in urine over a 24-h period, with the highest levels observed
when breast inflammation symptoms were more severe. These

Table 1
The significant metabolites derived from the S-plot in OSC-PLS-DA comparing women with mastitis at the beginning of the study (baseline) and after probiotic administration
(after PB). 1, indicates higher levels after probiotic intake (p(corr) = 0.5); |, indicates lower levels after probiotic intake (p(corr) < —0.5). *p-Value from Mann-Whitney test.

Metabolites Chemical shift After PB Metabolic information plcorr) p*
(multiplicity)
Lactose 3.55(m)? ! Major carbohydrate present in breast milk -0.76 574 x 107
3.66 (m)? -0.57 6.59 x 10-3
373 () -0.55 8.86 x 105
3.85(m)? -0.57 0.001
4.45(d,J=7.83Hz) -0.57 3.26x10°°
4.67 (d.]=7.83Hz) -0.55 0.001
5.23(d.J=3.91Hz) -0.53 6.60 x 10-5
IB/IB metabolite 0.73 (d,]=6.60Hz)® §; Anti-inflammatory drug -0.56 0.002
1.07 (d.J=6.60 Hz)® —0.68 1.68 x 10-6
1.38(d.J=7.12Hz)* -0.67 5.16x 10-8
1.85 (m)° —0.57 3.00x 103
2.58(d,J=7.34Hz) —-0.68 3.26x 10-°
2.84(d.J=7.34Hz)° -0.67 173 x 104
3.50(s)° -0.60 1.90x 104
A/A metabolites 2.16(s) iF Analgesic drug -0.80 1.33x10-6
7.13(d.]=8.80Hz) -0.78 3.36x 106
Lactose+IB+A 3.62 (m)* s - -0.89 177 x 10-8
TMAO 327 (s)¢ it Product of choline metabolism by gut microbiota 072 265108
Hippurate 7.56 (t,J=7.41 Hz)® t Glycine conjugate of benzoic acid associated with the 0.50 0.001
microbial degradation of certain dietary components
(gut microbiota co-metabolite)
7.66 (t,]=7.41 Hz)® 0.59 251x104
8.54 (br)® 0.52 0.002
Creatine 3.03 (s)f 1 Energy maintenance 0.69 1.74 x 105

PB: probiotic; *p <0.05, Mann-Whitney test; IB: ibuprofen; A: Acetaminophen; superscript numbers indicate correlation among the signals-same number indicates same
metabolite with a correlation r > 0.90. ®These signals also correlate (r > 0.90) with other signals of IBU/IBU metabolites (8 0.85,8 1.21, 8 5.56, 8 7.26, 8 7.31). “These signals also
correlate (r > 0.90) with other signals of A (§ 5.10), TMAO: Trimethylamine-N-oxide; d: doublet, s: singlet, t: triplet, br: broad band, J: J-coupling value. ‘Overlapping signal:
identifications match with Chenomx library and [25]. *¢#fIdentification match with Chenomx library and with standard compound from BMRB database. “Identification
agrees with [25] and [26] and HMDB spectra. The chemical shift corresponding to creatine at § 3.93, as well as hippurate at § 3.96, not shown i in (hls table, mlghl be affected
by interference of the ibuprofen and lactose resonances. Lactose + B+ A: chemical shifts overlapped containing lactose, ibup and ac m
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observations led to the conclusion that urinary excretion of lactose
could beused as areliable indicator of mastitis and a predictor of the
degree and types of symptom experienced by mothers during this
condition. Decreased concentration of lactose in urine following
probiotic intake might, therefore, favourably affect the milk vol-
ume and the milk composition but may also represent an indicator
of changes in breast physiology that allow the recovery of a mastitis
mammary gland to its normal lactating state,

Higher urinary excretion of ibuprofen (IB) and acetaminophen
(A) and their metabolites at baseline, and lower urinary levels after
21 days, exhibited a free desertion (without a medical prescrip-
tion) of the anti-inflammatory and analgesic drugs intake in women
after probiotic administration. These pharmacological drugs are
widely used in the amelioration of mastitis pain [2,29]. Addition-
ally, acetaminophen, ibuprofen and their related metabolites are
readily identifiable in 'H NMR urine spectra, and their spectral sig-
natures are distinctive in human urinary metabolome after their
ingestion [25,30].

After PB administration, the discriminant metabolites found
were trimethylamine-N-oxide (TMAO), hippurate and creatine.
Trimethylamine-N-oxide is an oxidation product of trimethy-
lamine, and both are products of choline metabolism. Choline from
the diet is converted by gut microbiota to form trimethylamine
(TMA), which is mainly oxidized to TMAO [31]. Choline require-
ments are very important during pregnancy and lactation. The
requirements of choline are also likely to increase during pregnancy
and lactation because large amounts of choline must be delivered
to the foetus across the placenta [32] and secreted into breast
milk [33] from maternal circulation. The increased levels of TMAO
in urine could suggest a beneficial probiotic effect in the choline
metabolism of the lactating women from the present study. Addi-
tionally, the presence of TMAO in human urine may also be related
with high meat [34] and fish [35] intake.

Many factors have been found to be associated with changes in
the urinary excretion of hippurate (a metabolite strongly associated
withdietand intestinal microbiota)[36]. To our knowledge, though,
no studies evaluating women with mastitis have found a link with
hippurate; however, a study of cows” milk metabolites found lower
levels of this metabolite in mastitis cows [37]. Thus, an increase in
the levels of this metabolite after probiotic intake in urine could
be reflected by increased levels of hippurate in milk, in consonance
with an improvement in the health of women from the present
study.

Several studies have demonstrated the importance of gut micro-
biota in contributing to the excretion of metabolites such as TMAO
and hippurate. For instance, their excretion was not observed in
germ-free animals; however, after the exposure to intestinal micro-
biota, hippurate and TMAO excretion was detected [38]. Moreover,
some studies reported a reduction in the urinary excretion of
both hippurate and TMAO in rats treated with antibiotics [39,40].
In addition, this fact supports the non-antibiotic intake from the
participants during the study. In this regard, research is ongo-
ing concerning the important effects of gut microbiota on human
health [41,42],

Finally, the creatine pool is important for maintaining ATP lev-
els when energy demand is transiently greater than the rate of ATP
synthesis [43]. Under physiological conditions, creatine is sponta-
neously converted to creatinine, which is subsequently excreted in
urine [44]. However, elevated urinary levels of creatine and creati-
nine are also used as biomarkers of protein intake, associated with
meat consumption [45].

A recent study reported a higher excretion of creatine in the
breastfeeding stage, which indicates the ability of breastfeed-
ing women to adjust to these metabolic demands imposed by
breastfeeding [46]. The increased urinary level of creatine found
after probiotic intervention could exhibit an increased endogenous

synthesis of creatine and may reflect a re-establishment of the nor-
mal lactation stage in these women after the intervention,

A possible lack of the present study is a proper control group
of mastitis women without the administration of the probiotic.
However, the objective of this study was to assess the urinary
metabolomics changes in mastitis women before and after the pro-
biotic administration. The amelioration of mastitis symptoms was
previously tested in two randomly selected groups of women with
mastitis: one group consuming probiotic and the other without
probiotic administration (control group) [13], concluding that the
probiotic administration appear to be an efficient alternative for
the treatment of lactational infectious mastitis during lactation.

Conclusions

Characterization of the urine metabolic profile of the nurs-
ing women with mastitis at the end of the intervention by
an NMR-based metabolomic approach showed that probiotic
supplementation decreased lactose excretion which could sug-
gest a normalization of breast permeability. Additional studies,
examining the correlation of lactose with inflammatory and
immunological mediators, along with the mother's health status,
are needed to confirm this possibility.

The reduction in the urine excretion of ibuprofen and
acetaminophen demonstrates the voluntary desertion of anti-
inflammatory and analgesic drugs intake in these women at the
end of the study. Moreover, an increase of TMAO, creatine and hip-
purate might reflect changes in choline metabolism, in energetic
pathways and in gut microbiota metabolism, in line with a reported
improvement in the health status of the women at the end of the
intervention.

By profiling urinary metabolites we have demonstrated the
applicability of NMR-based metabolomics for identifying the over-
all biochemical effects of oral probiotic administration to women
suffering from lactational mastitis, and highlighted the poten-
tial of this approach in evaluating the outcomes of probiotics
consumption.
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Supplementary Material

Collection Procedures for urine samples
Women were asked to collect 24 h urine samples as follows:

e Onday 1, urinate into the toilet when you get up in the morning.
Note the exact time (e.g., 6:15 AM).
e Afterwards, collect all urine in the provided container for the
next 24 h.
e« On day 2, urinate into the container when you get up in the
morning. This should be within ten minutes before or after the time
of the first morning void on the first day (which was flushed). In this
example, you would try to void between 6:05 and 6:25 on the second
day.
e Cap the container. Keep it in the refrigerator (4-8 °C) during the
whole collection period.
e Label the container with your name, the date and the time of
completion, and return it as instructed.
No preservative was used for urine collection. However, urine bacterial
concentration (CFU/mlI) did not significantly change between 0 and 24
h samples (100 pl) as assessed by BHI (total count), MCK
(enterobacteriaceae) and CNA (bacteria with fastidious growth) agar

plate cultures.
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Table S1. Characteristics of the study women (n = 23).

Characteristic n
1. Age

<32 7
32-37 10
>37 years 6
2. Number of children

1 16
2 5
3 2
3. Type of delivery

Vaginal 21
C-section 2
4. Lactation (days)

<30 days 7
30<days<72 9
>72 days 7

Table S2. Controlled diet for 48 h prior to the volunteers’ urine
collection.

Food Restricted Drinks Prohibited
(from day 3 before to the (from day 3 to the day of
day of the study, both the study, both included)
included)

Foods allowed

Fruits, vegetables, jams, Tea, coffee, beer, wine, Dairy products, meat
garlic, parsley, olives, champagne, smoothies, and meat products,
virgin / extra virgin olive cocoa, cider, fruit juices, poultry, eggs, rice,
oil, potatoes, nuts (walnuts, colas, orangeade, and pasta, white bread

almonds, peanuts etc.), other fruit soft drinks. and pastries without
honey, legumes, soy chocolate, fish,
products, mushrooms, seafood.

chocolate and

confectionery containing it.

Proposed menu for the day before the study day
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Breakfast:

A choice of:

-cookies or pastries (croissant, brioche buns ...) Not whole bread, without
chocolate or fruit, jam or preserves.

-sandwich or snack (sliced bread or white bread (not whole or cereal bread.))
with ham and / or cheese and / or ham (no tomato).

- Glass of white milk or yogurt or any other dairy product (no chocolate,
coffee or fruit).

Lunch (choice of)

Pasta carbonara (cream, bacon, cheese)

- Meat or fish, baked, boiled to taste, but remember not to use extra virgin /
virgin olive oil. White rice can be used as garnish.

- Omelette (or shrimps, cheese, tuna ...) or fried eggs, or boiled.

- White bread or sliced bread (not whole or cereal bread.)

- Egg custard or rice pudding or plain yogurt.

Dinner:

A choice of:

- Rice with ham, prawns, crab sticks and omelettes (not olive oil).
- Omelette with ham and / or cheese

- Chicken or escalope and / or tuna

- White bread or sliced bread (not whole or cereal bread)

- Egg custard or rice pudding or plain yogurt

Mid-morning and afternoon snack (in the case of people who are used to
doing this): no chocolate, coffee or tea.
- Dairy products
- White bread or toast with butter and / or ham or any other sausage (no
mortadella with olives)

- - Pastries /cakes (no chocolate, sweets or fruit).
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Figure S1. Flow-chart of women participants through the present study

involving to the probiotic administration trial.

Lactating women with
mastitis included in the trial
(n=30)

Allocation

Women allocated to receive the
Probiotic intervention (n=30)

D d out (n=7
Follow-Up —_— ropped out (n=7)

(21 days) Reasons:

2 were suffering severe anemia
4 were taking antibiotics

1 moved to another country (not
delivered the final sample)

"

Women who finished the study
(n=23)

Women analyzed (n=23)

Excluded from analysis (n=1)

»| Reason: Outlier spectral profile
evaluated by Multivariate metabolomic
analysis

4

Women urinary
metabolomic
fingerprinting (n=22)
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5.3. BIOMARCADORES NUTRICIONALES Y
DE SALUD TRAS EL SEGUIMIENTO DE
PATRONES ALIMENTARIOS

Determinacion de patrones dietéticos en el perfil urinario
de una poblacion tras 3 afios de seguimiento de
intervencion

Este articulo ha sido publicado en la revista Journal of Proteome Research
indexa con un factor de impacto de 5.001 (2013) perteneciente al primer
cuartil de BIOCHEMICAL RESEARCH METHODS (9/78)

Rosa Viazquez-Fresno, Rafael Llorach, Mireia Urpi-Sarda, Ascension

Lupianez-Barbero, Ramon Estruch, Dolores Corella, Montserrat Fito,
Fernando Arés, Miguel Ruiz-Canela, Jordi Salas-Salvadd, Cristina
Andres-Lacueva. Metabolomic pattern analysis after Mediterranean diet
intervention in a non-diabetic population: a 1- and 3-year follow-up in
the PREDIMED study. Journal of Proteome Research 2015, 14 (1), pp 531—
540. doi: 10.1021/pr5007894

RESUMEN:

La dieta mediterranea (MD) se considera un patrén de dieta con efectos
beneficiosos sobre la salud humana. El objetivo de este estudio fue
evaluar el efecto de la MD en el metaboloma urinario mediante la
comparacion de los sujetos en 1 y 3 afios de seguimiento, después de un
MD suplementada con aceite de oliva virgen extra (MD + EVOO) o
frutos secos (MD + Nuts), frente a un grupo que siguié una dieta control
baja en grasa (LFD). Se evaluaron desde un enfoque metabolémico a
noventa y ocho voluntarios no diabéticos, correspondiente a los grupos
MD+EVOO (n = 41), MD+Nuts (n = 27) o LFD (n = 30). Se
examinaron los perfiles urinarios de "H RMN al inicio del estudio, después
de 1y 3 afios de seguimiento. Se utilizaron analisis de datos multivariante
(OSC-PLS-DA y HCA) como métodos para la identificacion de los
potenciales grupos de biomarcadores discriminantes, exhibiendo una
separacion visible en el metaboloma urinario entre los grupos de MD
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frente al estado inicial y LFD, y por tanto, un efecto de la intervencion
nutricional sobre el metaboloma urinario. Los resultados revelaron que los
grupos de intervencién con MD estaban relacionados con el metabolismo
de hidratos de carbono (3-hidroxibutirato, citrato, ¢s-aconitato), creatina,
creatinina, aminodacidos (prolina, N-acetilglutamina, glicina, aminoacidos
de cadena ramificada y metabolitos derivados), lipidos (acidos oleico y
subérico) y co-metabolitos microbianos (fenilacetilglutamina, p-cresol). De
lo contrario, hipurato, trimetilamina-N-6xido, histidina y derivados
(metilhistidinas, carnosina, anserina) y xantosina fueron predominantes
después de la intervencién con dieta baja en grasa. Estos resultados
muestran que la aplicacién de la metabolomica basada en RMN ha
permitido la clasificacion de los individuos atendiendo a su patron de dieta
y esto pone de relieve el potencial de este enfoque para la evaluacion de
los cambios en el metaboloma urinaria en diferentes puntos de

seguimiento en respuesta a las intervenciones dietéticas especificas.
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ABSTRACT: The Mediterranean diet (MD) is considered a dietary pattern with  ydubsene —— " + B i
beneficial effects on human health. The aim of this study was to assess the effect of ~ *r s’y e | H 2
an MD on urinary metabolome by comparing subjects at 1 and 3 years of follow-up, ‘"' an + s
after an MD supplemented with either extra-virgin olive oil (MD + EVOO) or nuts "" é
(MD + Nuts), to those on advice to follow a control low-fat diet (LFD). Ninety- ""
eight nondiabetic volunteers were evaluated, using metabolomic approaches, —  (Coowmoe )
corresponding to MD + EVOO (n = 41), MD + Nuts (n = 27), or LED (n = 30) ""

groups. The "H NMR urinary profiles were examined at baseline and after 1 and 3
years of follow-up. Multivariate data analysis (OSC-PLS-DA and HCA) methods Moscrson
were used to identify the potential biomarker discriminating groups, exhibiting a :
urinary metabolome separation between MD groups against baseline and LFD.
Results revealed that the most prominent hallmarks concerning MD groups were
related to the metabolism of carbohydrates (3-hydroxybutyrate, citrate, and cis-
aconitate), creatine, creatinine, amino acids (proline, N-acetylglutamine, glycine, branched-chain amino acids, and derived
metabolites), lipids (oleic and suberic acids), and microbial cometabolites (phenylacetylglutamine and p-cresol). Otherwise,
hippurate, trimethylamine-N-oxide, histidine and derivates (methylhistidines, carnosine, and anserine), and xanthosine were
predominant after LFD. The application of NMR-based metabolomics enabled the classification of individuals regarding their
dietary pattern and highlights the potential of this approach for evaluating changes in the urinary metabolome at different time
points of follow-up in response to specific dietary interventions.

KEYWORDS: Nutrimetabolomics, Mediterranean diet, NMR, low-fat diet, olive oil, nuts

Mediterranean Diet

Bl INTRODUCTION beneficial effects in complex disease processes is increasing. For
Nowadays, the importance of a healthy diet is widely instance, the Mediterranean diet (MD) is a dietary pattern that
highlighted, along with the lifestyle needed to prevent several has recently shown beneficial effects on human health.* This

metabolic disorders and nutrition-linked illnesses such as
obesity, diabetes, and cardiovascular disease. Traditionally,
studies centered on diet have focused on a single nutrient or

Special Issue: Environmental Impact on Health

dietary component in the evaluation of dietary intake."” Received: July 31, 2014
However, the assessment of dietary patterns to elucidate the Published: October 29, 2014
< ACS Publications  © 2014 American Chemical Society 531 dxdoi.org/10.1021/pr5007894 | J. Proteome Res. 2015, 14, 531-540
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particular diet is based on the consumption of vegetables, fish,
legumes, nuts, and cereals. Other representative features are the
consumption of olive oil as the main source of fat, moderate
wine intake, relatively low amounts of meat (mainly poultry,
instead of beef and pork), and low to moderate consumption of
dairy prol:luc:ts.4 Likewise, recently studies reported that MD
supplemented with extra-virgin olive oil (EVOO) or nuts can
reduce the incidence and prevalence of major cardiovascular
events.”>™® Moreover, frequency of nut consumption was
recently shown to be inversely associated with the prevalence of
obesity, metabolic syndrome, and diabetes” and lower incidence
of mortality'® in subjects at high cardiovascular risk from the
PREDIMED study. Similarly, EVOO consumption was recently
reported to be inversely related to cardiovascular disease
mortality” and reduced the risk of atrial fibrillation."*

Metabolomics is an interesting tool for assessing the
nutritional status of an individual, as well as for studying the
biological consequences or metabolic mechanisms following a
nutritional intervention.*”™"* For instance, population-based
studies have shown marked differences in metabolic profiles
within and between populations that reflect dietary differ-
917 A number of metabolic profiling studies have been
undertaken to assess the metabolic phenotype of humans due
to their dietary pattem.ls‘w Moreover, a metabolomic approach
has been proposed to evaluate the intricate relationship
between nutrition and health.”

In the present study, we aimed to assess the impact on urine
metabolites of a long-term intervention with a complex diet in a
cohort study population. Specifically, we evaluated the effect on
the urine metabolome of a 1- and 3-year dietary intervention
with an MD plus either EVOO or nuts as supplements in a
subcohort from PREDIMED nondiabetic subjects using high-
throughput screening '"H NMR spectroscopy. To our knowl-
edge, this is the first time that a long-term MD interventional
study has been evaluated on the metabolic profile of individuals
using a metabolomic approach.

B MATERIAL AND METHODS

Study Design and Participants
The PREDIMED study is a parallel-group, single-blind,

multicenter, randomized, controlled, 5-year feeding trial
assessing the effects of a Mediterranean diet (MD)
supplemented either with EVOO (MD + EVOO) or mixed
nuts (MD + Nuts) on the primary prevention of cardiovascular
disease (CVD) compared to a low-fat diet (LFD). Details of
the study protocol were published previously.u_u The present
substudy is an analysis using 98 clinically evaluated nondiabetic
subjects at high CVD risk, recruited from the Barcelona
(IDIBAPS) and Valencia centers of the PREDIMED study’
(ISRCTN 35739639). These participants had at least three
cardiovascular risk factors (current smoking, hypertension,
hypercholesterolemia, body mass index (BMI) > 25 kg/mz, or
a family history of premature cardiovascular disease). Exclusion
criteria were type 2 diabetes mellitus, cardiovascular disease,
any severe chronic illness, drug or alcohol addiction, history of
allergy, or intolerance to olive oil or nuts. Urine samples were
obtained at baseline and after 1 and 3 years of the intervention
period, along with other clinical and dietary data, collected
according to the PREDIMED study protocols.

Dietary Intervention

Participants allocated to the low-fat diet were advised to reduce
all types of fat and were given written recommendations
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according to the American Heart Association guidelines. MD
group participants received instructions directed at upscaling
the 14-item score measuring adherence to MD, including the
use of EVOO for cooking and dressing; increased consumption
of vegetables, nuts and fish products; consumption of white
meat instead of red or processed meat; and following a
moderate pattern of red wine consumption (Supporting
Information, Table S$1). Neither energy restriction nor physical
activity promotion were suggested for any intervention group.
MD group subjects were given free allotments of EVOO (1 L/
week) or mixed nuts (30 g/day, as 15 g of walnuts, 7.5 g of
hazelnuts, and 7.5 g of almonds). All participants had free
access to their dietitian throughout the study. The fatty acid
and minor component composition of the EVOO and nuts
employed in the study was published elsewhere*' The local
research ethics committee approved the study protocol, and all
participants provided written informed consent.

Metabolomic Analysis of Urine Samples

'H-NMR Sample Preparation Data Acquisition and
Processing. A procedure based on previously published
methodology was applied for the metabolomic analysis. Briefly,
the initial volume of urine samples from the study participants
was 300 uL diluted with 200 yL of H,0/D,0 (8:2) and mixed
with a buffer solution** The spectral data processed were
intelligent, bucketed in domains of 0.005 ppm, and integrated
using ACD/NMR Processor 12.0 software (Advanced Chem-
istry Development, Inc.). The spectral region between 4.75 and
5.00 ppm was excluded from the data set to avoid spectral
interference from residual water. The '"H NMR experiment was
processed with 128 scans with a spectral width of 14 ppm, an
acquisition time of 3.2 s, and a relaxation delay of 3 s. To
exclude data points showing little variance across experimental
conditions, data were interquartile range (IQR) filtered, row-
wise normalized by sum to reduce systematic bias during
sample collection, and cube root transformed by a correspond-
ing tool provided by MetaboAnalyst**

Exploratory Data Analysis and Orthogonal Signal
Correction Partial Least-Squares Discriminant Analysis
(OSC-PLS-DA). Data were imported to SIMCA-P+13.0
software (Umetrics, Umed, Sweden) and Pareto-scaled prior
to being analyzed. An exploratory data analysis, principal
component analysis (PCA), which provides a summary
overview of all observations in the data, was performed. After
the initial overview of the data, the aim was to build a model
that could be useful for classifying new samples and at the same
time could allow identification of biomarkers from the distinct
groups.26 Then, the data set was preprocessed using orthogonal
signal correction (OSC) filtration before PLS-DA analysis to
reduce the variability not assaciated with the diet effect.”” The
ability to classify each individual in the correct group was
assessed by the proportion of the variance of the response
variable that is explained by the model (R?Y) and the predictive
ability parameter (Q*), which was calculated by a seven-round
internal cross-validation of the data using a default option of the
SIMCA-P+13.0 software. The values of Q* < 0 suggest a model
with no predictive ability, and 0 < Q* < 1 suggests some
predictive character, with the reliability increasing as Q
approaches 1.*¥ Validation of the models and the evaluation
of the degree of overfitting were then crucial to ensure that
models were robust and not overfitted, as well as to exclude
models that are just due to chance. For this purpose, a response
permutation test (n = 200) was performed, and the correlation

dx.doi.org/10.1021/pr5007894 | /. Proteome Res. 2015, 14, 531-540
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Table 1. Tentative Discriminant Metabolites Derived from the Multivariate Analysis (VIP > 1.5) of NMR Signal Intensities in

Urine”

MD associated metabolites

L-year ANCOVA (p)

3-year ANCOVA (p)

metabolite [D 5 (multiplicity) Ewvs N vs Evs N Nw L Evs N
3-HB 1.20 (d) 1 1% 1* -
leucine 093 (d) 1% 1%* 1% -
isobutyric acid®* 1.06 (d) 1% 1% 1% -
2-oxoisovalerict" 1.14 (d) - - - -
4-DTEA? 122 (d) 1 1o 1% -
N-Ac* 2.06 (s) 1% - -
glycine 3.57 (s) - - 1 -
p-cresol” 2.34 (s) 1 - - 1% 1

7.22 (d)
7.27 (d)
suberic acid 1.29 (m) 1 1% 1 1% 1
1.60 (t)
oleic acid 1.33 (m) 1 1 1 1% -
1.63 (m)
1.80 (m)
2.00 (m)
proline 1.95 (m) 1% 1% 1 1% -
2.06 (m)
3.38dt
4.12dd
U3.46 346 (s) 1 1 1 1 -
U3.33 333 (m) - - - . -
U3.50 3.50 (s) - - 1% 1% -
U3.81 3.81(s) - 1 1# 1% -
MD + Nuts associated metabolites 1-year ANCOVA (p) 3-year ANCOVA (p)
metabolite 1D & (multiplicity) Nyvs E NwvsL EvsL Nvs E NvsL EvsL
PAGN® 1.93 (m) 1* 1* 1* T* 1*
225 (t)
3.67 (m)
4.18 (m)
’73 *
742 (t)
N-AGN 2.08 (m) 1* T 1 T 1* 1
226 (m)
418 (m)
creatine 3.04 (s) - - I 1
393 (s)
U502 5.02 (1) 1* 1* - -
Us.1s 5.15 (t) 1* 1* - - 1% 1
U676 676 (m) . = . = 1

MD + EVOO associated metabolites L-year ANCOVA (p) 3-year ANCOVA (p)
metabolite ID & (multiplicity) Evws N EvwsL NvsL EvsN EvsL NvsL
creatinine 3.05 (s) 1 1 - 1% 1%

4.06 (s)
citrate 2.55 (dd) 1% 1% R 1
269 (dd)
cis-aconitate 574 (s) 1% 1% -
312 (s)
U7.50 7.50 (d) 1* 1 B .
U849 849 (s) - L - 1
LFD associated metabolites 1-year ANCOVA (p) 3-year ANCOVA (p)
metabolite ID 5 (multiplicity) LvE LvsN Evs N Lvs E Lvs N Evs N
hippurate 3.97 (d) 1% 1% _ 1% 1% Ik
7.54 (t)
7.64 (t)
7.83 (d)
8.54 (bb)
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Table 1. continued

LFED associated metabolites

L-year ANCOVA (p) 3-year ANCOVA (p)

metabolite ID & (multiplicity) LvE Lvs N Evs N LvsE Lvs N EvsN
TMAO 3.28 (s) - l T 1*
anserine 3.78 (s) 1 1 ¥ -
828 (s)
histidine’ 7.08 (s) 1 1
7.93 (s)
3-MH' 7.05 (s) 1 1*
7.95(s)
1-MH' 7.73 (s) 1 l
7.01 (s)
carnosine 8.11 (s) 1 - ¥
7.18 (s)
proline betaine" 3.11 (s) 1% 1* 1*
3.30 (s)
xanthosine 5.87 (d) { T 1

“For the direction of change in ANCOVA analysis, (1) indicates a relatively higher metabolite urinary excretion; (1) indicates a relatively lower
excretion. A dash indicates no statistical significance in ANCOVA analysis (p < 0.05). *Statistical significance from the baseline (t-fest, p < 0.05). 3-
HB, 3-hydroxybutyrate; 4-DTEA, 4-deoxythreonic acid; E, MD + EVOO; L, LFD; N, MD + Nuts; N-Ac, N-acetylglycoproteins; N-AGN, N-
acetylglutamine; bb, broad band; d, doublet; m, multiplet; MH, methylhistidine; PAGN: phenylacetylglutamine; s, singlet; t, triplet; TMAO,

trimethylamine-N-oxide; U, unaaslgned sxgnals
Identifications agree with §% 0 (),

r

**Signal excluded from the analysis because it overlapped with a signal of acetaminophen.
28082 7,9 4.8 O,'° HMDB, and Chenomx NMR Suite software.

coefficient between the original Y and the permuted Y plotted
against the cumulative R* and Q* was calculated. Generally, the
R* and Q* intercept limits for a valid model should be less than
0.4 and 0.05, respectively.’” Despite this validation, the
predictive ability of the OSC-PLS-DA models was also
evaluated. In this context, the analysis with a training set
(75% of the samples), removing 25% of the population (as
validation set), was repeated four times, and the ability to
classify each individual in the correct group was also assessed
each time.*” The percentage of correctly classified individuals
for the validation set was further evaluated. Potential markers of
interest were extracted from variable importance in projection
(VIP) scores that were constructed from the OSC-PLS-DA
analysis, and markers were chosen based on their contribution
to the variation and correlation within the data set. VIP value is
defined as the influence that each variable has in the PLS-DA
model. Thus, the higher the VIP value, the more relevant is the
variable in the model. Variables with a VIP value >1.5 were
considered important in discriminating between groups®' and
were selected as the most relevant to explain the differences in
metabolic profile. While a VIP > 1 threshold is generally
accepted,® ** the cutoff applied in this study is more
restrictive, reducing the possibility of obtaining false positive
results.

Two-Way Hierarchical Clustering Analysis (Two-Way
HCA). The data set composed of the important signals (VIP >
1.5) obtained from the OSC-PLS-DA model was submltted to
two-way HCA using PermutMatrix version 1.9. 3. PermutMa-
trix is a freely available program (http://www.lirmm.fr/
~caraux/PermutMatrix/EN/indexhtml). Two-way clustering
means that the NMR signals (rows) and urine samples/
individuals (columns) are clustered simultaneously to obtain
groups of samples (mdmduals) and NMR signals that behave
as similarly as possible.*® Groups of individuals with similar
patterns are adjacent in this tree.”” Two-way HCA was carried
out using Euclidean distance, and aggregation of the
observations was performed using Ward’s method. A heat
map of the peak intensities of the metabolites and samples of
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the individuals was obtained to visualize and characterize
urinary metabolomes constructed based on the potential
candidates of importance.

Statistical Analysis of Covariance (ANCOVA). Before
submitting the data to ANCOVA analysis, the normality of
continuous variables derived from the VIP scores was assessed
by the Kolmogorov—Smirnov test. Then, statistical analysis was
used to evaluate differences among the three intervention
groups and the time periods during the study. Changes among
interventions were analyzed by ANCOVA (covariance test)
with a subsequent Bonferroni post hoc test. Potential
confounding was controlled by baseline values. After 1 and 3
years, changes for each treatment were assessed using a t-test.
Pearson correlation was also applied for significant metabolites
and FFQ data in order to find significant correlations between
metabolites and food records (r > 0.3, p < 0.05). The SPSS 20
statistical package (SPSS, Chicago, IL, USA) was used for the
analysis. Differences were considered significant at p < 0.05.

Metabolite Identification and Interpretation. Signifi-
cant metabolites were tentatively identified using the Chenomx
NMR Suite 7.6 profiler software (Chenomx, Inc., Edmonton,
Canada), by comparing NMR spectral data to those available in
databases such as the Human Metabolome Database (HMDB),
the Biological Magnetic Resonance Data Bank (BMRB), and
the Madison Metabolomics Consortium Database (MMCD),
along with the existing NMR-based metabolomics literature.
Second, features were correlated using Pearson’s correlation
coefficient (r > 0.7, p < 0.001) to identify clusters of features
that were likely related. Finally, the biological interpretation was
carried out using information from the HMDB and Kyoto
Encyclopedia of Genes and Genomes (KEGG) databases and
the published research reports.

B RESULTS

The current study was assessed with 98 nondiabetic men and
women, aged 53 to 79 years. A flowchart of the participants
allocated in the present study (Figure S1) and descriptive data

dx.doi.org/10.1021/pr5007894 1 J. Proteome Res. 2015, 14, 531-540
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Figure 1. Two-way hierarchical clustering analysis (processed with PermutMatrix according to the Euclidean distance and Ward's aggregation
method). Heat map representation of the clustered data matrix in which each colored cell represents the intensity of appropriate NMR signals,
according to the color scale at the bottom of the figure. Rows: NMR signals (253, VIP > 1.5). Columns: urine samples baseline and LFD (1y + 3y);

MD + EVOO (ly + 3y), and MD + Nuts (1y + 3y).

of the initially eligible individuals (Table S2) are presented in
the Supporting Information.

Metabolomic Differences between Baseline and 1 and 3
Years of Follow-Up

Orthogonal Signal Correction-PLS-DA (OSC-PLS-DA)
Analysis. The initial overview of the 'H NMR urine data by
PCA analysis showed substantial separation of signals from the
data corresponding to acetaminophen and derived metabolites
(Supporting Information Figure S2). To allow differentiation of
spectra without the overriding influence of the strong
acetaminophen peaks, these signals from the NMR data were
removed before performing further metabolomic analysis.*®
Then, the OSC-PLS-DA analysis resulted in a model with R*Y
= 0.75 and Q* = 0.58. The permutation test displayed an R*
intercept of 0.28 and a Q? intercept of —0.28. To further assess
the modeling quality process, a training subset of the
individuals was taken (75% of participants) and a validation
subset (25%) was used to test the model. This analysis was
repeated four times, with each sample appearing once in the
validation set. The mean value of R’Y from this analysis was
0.75, and the mean Q*(cum) was 0.54. The mean percentage of
correctly classified individuals performed in the validation set
was 96.94%. The validation set fitted reasonably, confirming the
validation of the model (Supporting Information, Table S3).
VIP values, which indicate the contribution of metabolites to
the classification of samples, were calculated for each variable in
the OSC-PLS-DA model. Discriminant individuals of MD vs
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LFD and baseline groups were observed on the score plot
graphic (Supporting Information, Figure S3).

Identification of Features from the Multivariate
Analysis. The selected features (VIP > 1.5) for the partial
least-squares discriminant analysis were tentatively identified
using the procedure explained above. The information
concerning the tentative identification, chemical shifts, and
multiplicity of each metabolite is provided in Table 1.

Two-Way Hierarchical Cluster Analysis (HCA) and
Heat Map Visualization. For HCA, the samples were
classified into two main groups corresponding with MD diets
against baseline and LFD samples. Subsequently, these clusters
were divided into two cluster levels: on the one hand, clusters A
and B, and on the other hand, clusters C and D (Figure 1).
Cluster A was predominantly formed by baseline individuals.
Cluster B exhibited LFD individuals (1- and 3-year follow-up).
The other two clusters corresponded to MD groups: cluster C
was the MD + EVOO (1- and -3 year follow-up) and cluster D
was the MD + Nuts (1- and 3-year follow-up) group. The
classification table of the individuals in the corresponding
cluster for the HCA is shown in Supporting Information (Table
S4).
ANCOVA and t Test Analysis to Assess Urinary
Metabolomic Differences. After the identification procedure,
metabolites were submitted to statistical analysis comparing
their urinary excretion between interventions (using ANCOVA
analysis) and between time periods (using t-test analysis). The

dx.doi.org/10.1021/pr5007894 | J. Proteome Res. 2015, 14, 531-540

255



Resultados

Journal of Proteome Research

significant metabolites were divided according to their excretion
into MD-associated metabolites (observed in both MD
groups), MD + Nuts-associated metabolites, MD + EVOO-
associated metabolites, and LFD-associated metabolites (Table
1). The MD-associated metabolites group concerned ketone
bodies such as 3-hydroxybutyrate (3-HB), amino acids such as
proline, glycine, the branched-chain amino acid (BCAA)
leucine, and its derived metabolites (isobutyric acid and 2-
oxoisovaleric acid), the threonine metabolite 4-deoxythreonic
acid (4-DTEA), the N-acetyl groups of glycoproteins (N-Ac),
gut microbiota cometabolite p-cresol, and also the fatty acid
(oleic acid), and its breakdown product (suberic acid), along
with the unidentified metabolites U3.46, U3.50, and U3.81. The
MD + Nuts-associated metabolites compress metabolites of the
amino acid glutamine (phenylacetylglutamine [PAGN] and N-
acetylglutamine [N-AGN]), creatine, and four unknown
metabolites. PAGN and N-AGN were statistically significantly
more highly excreted in both MD groups than LED; however,
they were also higher in MD + Nuts versus MD + EVOO. The
MD + EVOO-related metabolites included creatinine and two
intermediates of the tricarboxylic acid cycle (TCA), citrate, and
cis-aconitate, with higher excretion in MD + EVOO than in the
other groups. Finally, LFD-associated metabolites involved a
higher excretion in particular of hippurate (in both time
periods), but also of trimethyl-N-oxide (TMAO) and histidine
and its derived metabolites (3-methylhistidine [3-MH], 1-
methylhistidine [1-MH], carnosine, and anserine), as well as
proline-betaine and xanthosine.

In general, results showed more differences between the MD
groups than the LFD group, particularly comparing the MD +
EVOO and LFD groups, which had the most predominant
changes in statistical analysis (lower p-values; see Supporting
Information, Table S5). Moreover, most MD-associated
metabolites were excreted in 1 and 3 years with the same
trend. However, some metabolites, particularly from LED, are
characteristic of one of the two time points evaluated.

B DISCUSSION

The present results showed that the 1- and 3-year intervention
follow-ups presented a marked effect on urinary metabolomic
phenotype in the volunteers.

Metabolites from Protein, Lipid, and Carbohydrate
Metabolic Pathways in MD Groups

BCAA leucine and the products of BCAA reflect differences in
gluconeogenesis (GNG)* in MD compared to the control diet
(LFD). Moreover, these results could suggest a particular
importance of BCAAs in lipid oxidation and ketone body
synthesis. 4-DTEA is a diastereoisomer of 2,3-dihydroxybuta-
noic acid. 4-DTEA is a breakdown product of threonine also
involved in acid catabolism. Threonine deaminase
converts threonine to a-ketobutyrate, a precursor of isoleucine
(a BCAA), and this is further modified by reductases to 4-
deoxyerythronic acid and its diastereoisomer 4-DTEA.** The
similar results with 3-HB excretion could suggest a possible
relationship between these threonine catabolic products and
ketone body production, consistent with the ketogenic nature
of the amino acid threonine.*

The increase in urinary excretion of the ketone body 3-HB in
MD could suggest an increase in fatty acid oxidation (FAO) M
FAO is indispensable for the conversion of lipids (dietary or
from lipid storage) to ketone bodies.* Moreover, PAGN is
endogenously formed in humans by phenylacetate, which could

amino
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be related to oxidation of phenyl containing fatty acids®™ or
through the exogenous intake contained in plant food
sources.* Differences in excretion of PAGN are described
that reflect changes in GNG and the tricarboxylic acid (TCA)
cycle.®

Higher levels of creatine and creatinine present in MD
groups are observed. The high excretion of creatine reflects
increased turnover in the creatine/creatinine pathway.46
Furthermore, changes in citrate and cis-aconitate suggest a
different modulation of the TCA cycle,47 Also, proline is the
catabolite of peptide degradation and is a precursor of pyruvate.
Pyruvate can be converted into acetyl-CoA, which is the main
input for a series of reactions such as the TCA cycle.
Additionally, decreases in levels of proline and citrate were
observed in diet-induced hyperlipidemia in rats.*®

Food Intake Metabolites (Food Metabolome) Particular for
Each Intervention Group

PAGN and NAG, both derived from the amino acid glutamine,
were found associated within the MD groups, particularly in the
MD-Nuts group, suggesting an important implication of
glutamine metabolism in this group of individuals. Additionally,
glutamic acid, whose conversion into glutamine takes glace in
tissues such as the liver, skeletal muscle, and brain,4 is the
major amino acid from walnuts.,50 hazelnuts,‘gl and almonds,52
in consonance with the higher excretion in the MD + Nuts
group from our results.

Oleic acid (highly excreted in the MD groups, particularly in
MD-EVOO) is the major fatty acid in olive oil (75.0% + 0.8)
and is also highly present in nuts (hazelnuts 72.1% + 0.2,
almonds 61.2% =+ 0.4, and walnuts 14.0% + 0.3; data extracted
from the composition of virgin olive oil and nuts used in the
present trial*"). Oleic acid is mainly metabolized in the body by
FAQ; however, amounts of it could be excreted”® and
detected®® in urine. It is reported that the upregulated short-
chain dicarboxylic acids and long-chain fatty acids (such as oleic
acid) in the urine of rats showed an increasing pressure on
energy utilization from the catalysis of the fatty acid pathway in
fasting.55 Further, suberic acid is a dicarboxylic acid, which is a
metabolic breakdown product derived from oleic acid.>® The
increased intake of PUFAs (polyunsaturated fatty acids,
contained within nuts) and MUFAs (monounsaturated fatty
acids, contained in EVOO and nuts) resulted in greater
excretion of FAO products in the urine. Thus, it is suggested
that a supplementation with EVOO and nuts in the MD groups
manifested an increase in their FAO metabolism and turnover.
These results are in line with other results published after 12
weeks of nut consumption in an interventional study.57
Similarly, it is described that MUFA and PUFA upregulate
FAO* by activating ligands for peroxisome proliferator-
activated receptors (PPARs), as fatty acids are natural PPAR
ligands.58 Activation of PPARs by dietary fatty acids such as
oleic acid makes tissues more dependent on FAO by
stimulating fatty acid utilization pathways including transport,
esterification, and oxidation, thereby improving fatty acid
utilization.

3-MH, 1-M, carnosine, and anserine are compounds derived
from the histidine metabolic pathway related to muscle protein
breakdown® and also biomarkers of meat consumption,8
Likewise, in the LFD group, a moderate association (r > 0.4, p
< 0.05) was found with reported red meat intake from the FFQ_
for histidine, 3-MH, and carnosine. Some studies exhibited
metabolites being discriminant among lactovegetarian and
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omnivorous people, showing a decreased excretion of them in
people following vegetarian diets, while an increase of N-Ac,
citrate, glycine, and PAGN is evidenced'®'? in vegetarian diets.
Similarly, a moderate association (r > 0.3, p < 0.05) was found
with some MD-associated metabolites (3-HB, leucine, iso-
butyric, 2-oxoisovaleric acid, N-Ac, proline, glycine p-cresol, and
PAGN) with vegetable, legume, and fruit intake in MD groups
from the FFQ.

Finally, xanthosine is a metabolite involved in purine
metabolism. Decreased levels of urinary xanthosine are found
in rats with myocardial infarction compared with controls.®!
Also, xanthosine is a discriminant compound indicating
different diets found in the urine of rats fed by a normal diet
and a turkey-based diet.® However, proline betaine is a marker
of citrus consumption based on orange juice intake.®
Moreover, the proline betaine signals of the present results
correlate with the orange consumption (r > 0.5, p < 0.0001)
reported in the FFQ_ in the LFD group but also in the MD
groups, exhibiting a moderate association of citrus fruit

consumption by all the population.
Metabolites Derived from Microbial Metabolism

A number of studies have demonstrated the importance of the
gut microbiota in contributing to the excretion of metabolites
such as PAGN and TMAQ, hippurate, and p-cresol, which are
often referred to as urinary microbial cometabolites.5* %
Overall, our results suggest an increase in the activity of
microbiota in an MD associated with PAGN and p-cresol,
while, however, in the LFD group an increase in the gut
microbiota-related pathway associated with hippurate and
TMAOQ is shown. Gut microbiota also extensively catabolize
protein and aromatic amino acids including phenylalanine and
tyrosine, to form PAGN and p—cresol.m'ﬁx Gut microbiota
facilitate host energy recovery from dietary sources (which
suggests that gut microbiota are an important environmental
factor that affects energy harvest from the diet and energy
storage in the host).s' p-Cresol is a microbial metabolite
associated with both dietary polyphenols and aromatic amino
acids (from dietary proteins). * The presence of PAGN and p-
cresol in MD groups may highlight a relationship between
microbiota activity and the host metabolism of aromatic
(;ctm]:u:n.mds.?l

TMAQ was also associated with fish intake; however, no
correlation in our samples has been shown with any kind of fish
or seafood intake in the LFD group. In addition, TMAO has
recently been proposed as a pro-atherogenic s]:iecies;72 in this
regard, low levels of this metabolite in MD + EVOO present
after 3 years of intervention are an interesting focus to explore.
Hippurate is a gut microbial mammalian cometabolite of
benzoic acid that can be generated by a range of gut microbes
from low-molecular-weight aromatic compounds and poly-
phenols in the gut.”” Urinary levels of hippurate have been
shown to correlate with the obese phenotype in different
animal models.”* Hippurate has also been inversely linked to
blood pressure, suggesting a further connection with diet and
obesity.” However, no correlation with body mass index,
hypercholesterolemia, or hypertension has been associated with
these signals in the present results. We conclude that
differences in hippurate in the LFD group suggest a disturbance
of the intestinal microbiota associated with hippurate
metabolism. Likewise, higher urinary excretion of metabolites
such as hippurate and TMAO was observed in heart failure
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patients, whereas metabolites such as creatinine, citrate, and cis-
aconitate (higher in MD groups) were relatively lower.”

The present results show important changes in urinary
metabolome predominantly at 1-year follow-up for all three
groups. Some urinary excretion changes are maintained at the
3-year follow-up. The marked changes are a predominant
enhancement in an MD of catabolic-associated pathways.
Results suggest a persistent effect of an MD, particularly MD +
EVOO, on urinary metabolome for the 3-year follow-up (see
significance in Supporting Information Table S1). Further, MD
+ Nuts also had the same excretion pattern tendency as the MD
+ EVOO group. Likewise, compliance with both Mediterranean
diets was assessed on the whole population of the PREDIMED
study with compliance biomarkers for both MD grm.q:is,3
exhibiting an overall good compliance in the interventions. In
addition, future steps along similar lines will be taken to
evaluate changes in metabolome in a diabetic population linked
to Mediterranean diets.

B CONCLUSIONS

These results have shown that the interventions monitored
after 3 years of follow-up had an observed effect on human
urinary metabolome. MD groups had a different metabolic
fingerprinting compared to baseline and the control (LFD)
groups. The most prominent hallmarks of these changes
concerning MD groups were related to carbohydrate and lipid
metabolism, amino acids (and derived metabolites), and also
microbial cometabolites (PAGN and p-cresol). Finally, LFD-
associated metabolites were hippurate and metabolites related
to histidine metabolism, as well as xanthosine. Furthermore,
food metabolome metabolites have enabled to associate
intervention groups with particular food intakes. MD groups
exhibited a moderate association with vegetable and fruit intake.
Additionally, a moderate association with meat intake
biomarkers was observed in the LFD group. The application
of NMR-based metabolomics enabled the classification of
individuals regarding their dietary pattern and highlighted the
potential of this approach in evaluating changes in the urinary
metabolomic fingerprinting of these individuals at different time
points of fo]low-up in response to a particular intervention.
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Table S1. Quantitative Score of Adherence to the Mediterranean Diet

Food and Frequency of Consumption

Criteria for 1

Point*
1. Do you use olive oil as main culinary fat? Yes
2. How much olive oil do you consume in a given day (including oil used for frying, salads, out- 4 or more
of-house meals, etc.)? tablespoons

3. How many vegetable servings do you consume per day? (1 serving = 200g [consider side
dishes as 1/2 serving])

4. How many fruit units (including natural fruit juices) do you consume per day?

5. How many servings of red meat, hamburger or meat products (ham, sausage, etc.) do you
consume per day? (1 serving = 100-150 g)

6. How many servings of butter, margarine or cream do you consume per day? (1 serving = 12g)
7. How many sweet or carbonated beverages do you drink per day?

8. How much wine do you drink per week?

9. How many servings of legumes do you consume per week? (1 serving = 150 g)

10. How many servings of fish or shellfish do you consume per week? (1 serving = 100-150 g of
fish or 4-5 units or 200 g of shellfish)

11. How many times per week do you consume commercial sweets or pastries (not home-made),
such as cakes, cookies, biscuits or custard?

12. How many servings of nuts (including peanuts) do you consume per week? (1 serving = 30 g)
13. Do you preferentially consume chicken, turkey or rabbit meat instead of veal, pork,
hamburger,or sausage?

14. How many times per week do you consume vegetables, pasta, rice or other dishes seasoned
with sofrito (sauce made with tomato and onion, leek or garlic and simmered with olive oil)?

2 or more (at least
1 portion raw or as
salad)

3 or more

Less than 1

Less than 1

Less than 1

7 or more glasses
3 or more

3 or more

Less than 2

3 or more
Yes

2 or more

* () points if these criteria are not met.

Table S2. Baseline characteristic of the non-diabetic sub-cohort (n = 98) evaluated in

the present study

Baseline Characteristics
Mean age, years (SD) 66.6 (5.7)
Men, n (%) 28 (28.7)
Energy intake, kcal/d (SD) 2411.9 (615.5)
BMI, Mean (SD) Kg/m’ 30.2 (3.8)
Current smokers, n (%) 10(10.2)
Hypertension, n (%) 89 (90.8)
Hypercholesterolemia, n (%) 84 (85.7)

SD: standard deviation.
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Table S3. Summary of parameters for assessing OSC-PLS-DA modelling quality after
removing samples (25%). This procedure has been repeated four times using different
samples each time as validation set

Training set N? RzYc“mh ch“mb Correctly classified
(75%) individuals in
validation set (%)
Training set 1 6 0.752 0.541 91.9%
Training set 2 6 0.744 0.527 97.3%
Training set 3 6 0.758 0.557 100%
Training set 4 6 0.751 0.531 98.63%
Mean = SD 6 0.751£0.005 0.539+£0.013 96.94%

*N. number of components.

- . . e . - . Txr . .
"R2Y oy is the cumulative modeled variations in the Y matrix. and QY oy, is the cumulative
predicted variation in the Y matrix.

SD: standard deviation

Supporting Information

Table S4. Misclassification table of subjects resulting from hierarchical cluster analysis (HCA) (selected features performed with VIP=>1.5 from

the OSC-PLS-DA model)

Members in each HCA cluster

Individuals from each

HCA clusters B LFD MD-EVOO MD+Nuts Correct Misclassified
group
(1+3y) (143y) (1+3y)
B 98 Cluster A 84 19 3 5 86% 14%
LFD 60 Cluster B 0 41 2 0 68% 32%
MD+EVOO 82 Cluster C 10 0 76 3 93% 7%
MD+Nuts 54! Cluster D 4 0 | 46 85% 15%
Total 294 Total 98 60 82 54 84% 16%

B, baseline; 'sum of the individuals with the same treatment in 1 and 3 years of follow-up. 143y, sum of I- and 3-year periods.
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Table S5. P-values in ANCOVA test of metabolites derived from multivariate analysis. For

direction of change in ANCOVA analysis, (1) indicates a relatively higher metabolite urinary

excretion, (|) indicates a relatively lower excretion. Dashed line mmdicates no statistical

significance in ANCOVA analysis (p<0.05). * Statistical significance from the baseline (t-test,

2<0.05).
Metabolite o I ) -
) (multiplicity) 1-year ANCOVA (p) 3-year ANCOVA (p)
Evs.LL Nvs. L Evs.L Nvs.L Evs.N

MD associated metabolites
3-HB 1.20 (d) (MA.47x107  (1)0.003 (MH1.75x107 (1)0.006" -
Leucine 0.93 (d) (1)0.002" (1)0.007° (10.03" (1)0.01° -
Isobutyric 1.06 (d) (10.02° (1)0.009° (N3.79x107  (1)3.52x107" -
acid
2- 1.14 (d) - - (1)0.004 - -
oxoisovaleric
4-DTEA 1.22 (d) (N1.93x107°  (N6.71x10™ (13.84x107°  (P3.05x107 -
N-Ac 2.06 (m) (10.001° - (1726 %107 - -
Glycine 3.57(s) - - (10.03 (1)0.03 -
p-cresol 234 (s) (1)0.001" - - (10.027 (1o.oo1”

7.22 (d)

7.27 (d)
Suberic acid  1.29 (m) (1)9.33x10°% (1)0.02° (Mo.0o1” (12.06x10%  (1)0.02

1.60 (f)
Oleic acid 1.33 (m) (1)6.68x107" (M0.01° (Mo.001 (10.017 -

1.63 (m)

1.80 (m)

2.00 (m)

0.89 (1)

2.37(1)
Proline 1.95 (m) (ML.84x107"  (PL.19x10™ (1)0.002" (1)6.14x107" -

2.06 (m)

3.38dt

4.12dd
U3.46 3.46 (s) (1)0.0017 (1)0.009 (1)0.047 (1)0.02° -
U3.33 3.33 (m) - - - - -
U3.50 3.50(s) - - (13x10% (MH1.8x107 -
U3.81 3.81(s) - (1)0.001 (1)0.0027 (M3 x10™ -
Metabolite o R ANCOV
D (multiplicity) 1-year ANCOVA (p) 3-year ANCOVA (p)
MD+Nuts associated Nvs.E Nvs. L Nvs. E Nvs. L Evs. L
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metabolites

PAGN 1.93 (m) (10.01" (16.90x107  (1)0.004° - (1)7.56x10"  (1)6.90x10°
225 (1) Tx
3.67 (m)
4,18 (m)
7.36%
742(1)

N-AGN 2.08 (m) (10.001°  (13.27x107  (1)0.001° (1)0.06" (14.04x10™  (1)3.56x107
2.26 (m) &
4.18 (m)

Creatine 3.04 (s) . . . (1)9.07x107  (1)1.47x10° -
3.93 (s)

U5.02 5.02 (1) (D1.05x1077  ()2.44x10% - - - -

Us.15 5.15(1) (1)0.00001"  (1)2.18x10°* - - (1o.001° (1)0.004°

U6.76 6.76 (m) - (1)0.003° - (1)7.66x1077  (1)6.83x107 -

i\gmh"l“e E'mumplici ) 1-year ANCOVA (p) 3-vear ANCOVA ()

MD+EVOQO associated Evs. N Evs.L Nvs.L Evs.N Evs.L Nvs.L

metabolites

Creatinine 3.05 (s) (1)0.001 (1)0.008 - (1)0.002° (H4.49x107" -
4.06 (s)

Citrate 2.55 (dd) (1)3.41x10°% (1)0.005 - - (12.3x10% -
2.69 (dd)

cis-aconitate  5.74 (s) (1)0.0027 - (1)0.0017 - - -
3.12(s) ]

U7.50 7.50 (d) (D1ox10™  (P39x10™ - - - -

U8.49 8.49(s) - (1)0.03 - - (1)0.02° -

Metabolite 4 AN AN

D (multiplicity) 1-vear ANCOVA (p) 3-vear ANCOVA (p)

LFD associated metabolites Lvs.E Lvs.N Evs.N Lvs. E Lvs.N Evs.N

Hippurate 3.97 (d) (1)5.23x10"°  (PH1.7x107" - (H)2.13x10™ (1)0.001° (1)5.27x1
7.54 (1) 0"
7.64 (1)
7.83 (d)
8.54 (bb)

TMAO 3.28 (s) - - (1)0.003  (1)9.56x107" - (1)0.03"

Anserine 3,78 (s) (H1.67x10°" (1)0.01 - (1)0.006 - -
8.28 (s)

Histidine 7.08 (s) (1)0.002° (1)0.007" - - - -
7.93 (s)

3-MH 7.05 (s) (1)3.59x10° - (1)0.027 - - -
7.95(s)

1-MH 773 (s) - 0.01(1) 0.03()) - - -
7.01(s)

Carnosine 8.11(s) - (1)0.04 - (1)0.03 - -
7.18(s)

Proline 3.11(s) - - - (1)5.87x107  (1)6.53x10°"  (1)0.001°

betaine 3.30 (s)

Xanthosine  5.87 (d) - (1)0.005° (1)0.027 (1)0.017 - -

Footnotes: 3-HB: 3-hydroxybutyrate; 4-DTEA: 4 deoxythreonic acid: bb: broad band: d:
doublet: E: MD+EVOO; L: LFD: N: MD+Nuts:; N-Ac: N-acetylglycoproteins: N-AGN: N-
acetylglutamine: m: multiplet: MH: methylhistidine: PAGN: phenylacetylglutamine; s: singlet: t:

triplet; TMAO: trimethylamine-N-oxide; U: unassigned signals. “signal excluded from the analysis

because it overlapped with a signal of acetaminophen.
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pi3l

MD-EVOO-1y
W MD-EVOO-3y

Figure S2. PCA exploratory data analysis. (A) 3D score plot from individuals before
removing acetaminophen signals, and (B) 3D loading plot from the NMR signals before
removing acetaminophen signals. (C) 3D Score plot from the individuals after removing
the acetaminophen signals, and (D) 3D loading plot from the NMR signals after
removing the acetaminophen signals. Red spheres from (B) indicate the acetaminophen
signals.
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Discusién

Si bien se presenta una discusién individual para los diferentes estudios
que componen los resultados de esta Tesis Doctoral (ver compendio de
publicaciones en el apartado Resultados), este capitulo pretende ofrecer
una visién global a modo de discusiéon general de todos los resultados

obtenidos.

Desarrollo e implementacion de la metodologia mediante RMN
para la preparacion, procesado y analisis de muestras de orina en

estudios nutricionales.

La primera parte de la presente Tesis Doctoral comprende el desarrollo e
implementaciéon del método de preparacion de muestra, los parametros
del equipo para su procesado mediante RMN vy el analisis de los datos.
Para tal efecto, la metodologia de preparacion de las muestras, y los
parametros del equipo, fueron implementados a partir de muestras de un
estudio cruzado aleatorizado y controlado tras la intervenciéon con vino
tinto, vino tinto desalcoholizado y ginebra en individuos varones de un
rango de edad concreto (>55 afos) (publicacién 1). El hecho de ser un
estudio cruzado aleatorizado y controlado posee una serie de ventajas,
como ser un estudio estadisticamente eficaz, ademis de reducitse la
posible influencia por las covariables confusoras ya que cada paciente
sirve propiamente como control. Este tipo de estudios dan resultados mas
precisos (Elbourne ez a/. 2002) por lo que son recomendables en estudios
nutricionales (Scalbert e /. 2009). Ademas, al tener solo individuos
varones de un determinado rango de edad hay un mayor control sobre la
variabilidad interindividual ya que no se ve influida aquélla asociada al
género y edad (Kochhar ef 4/ 20006), y por ello obtener unos resultados
metodologicos mas robustos y reproducibles. Un analisis univariante es un
analisis supervisado, asi, cualquier marcador identificado por esta

aproximaciéon ha de wvalidarse en otro estudio independientemente
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(Scalbert e al. 2014). Inicialmente se realiz6 un analisis univariante en el
estudio con vino (publicacion 1)(Vazquez-Fresno e al. 2012) para tener
una aproximacion global del perfil metabolémico, y después se realizé una
aproximacion mediante la prediccién con regresion logistica y curvas
ROC en ese mismo estudio, con la consiguiente reproduccién en un
estudio epidemiolégico con otra poblacion (publicacion 2) (Vazquez-

Fresno et al. 2014b).

Seguidamente se pretendié aplicar las aproximaciones metabolomicas
multivariantes para reducir la multidimensionalidad de los datos que nos
proporciona los estudios metabolémicos con RMN en intervenciones
nutricionales. Para la aplicacién de técnicas multivariantes que discriminan
clases o grupos, es preferible iniciar la aplicaciéon en un estudio sencillo, un
modelo sencillo con unicamente dos clases (Westerhuis ez a/. 2008). Por
ello, se aplico en el estudio de intervencién con el complemento
alimenticio el cual constaba de dos puntos de muestreo (es decir, dos

clases): antes y después de la intervencion.

Un aspecto a destacar fue el siguiente paso metodologico que consistié en
adaptar la metodologfa analitica a menores volimenes y ser aplicada a
estudios clinicos y epidemiologicos con un gran nimero de muestras
(>250 muestras) como fue el caso del estudio PREDIMED. Ademas, en
estudios nutricionales complejos, puede ser util el uso combinado de
analisis multivariante y univariante (PLS-DA y ANOVA) (Fardet ez al.
2008; Ross ez al. 2013) como se ha aplicado en el estudio de intervencion

de patrones de alimentos (publicacién 5).

El uso de técnicas no supervisadas como el k-means, para clasificar
individuos en grupos, cuando « priori pertenecen a un mismo grupo, es

una técnica de clasificacion aplicada en ciertos estudios metabolémicos y
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de nutricion (Kong ef al. 2014; O'Sullivan e# a/. 2011a). Este método fue
utilizado para el estudio de los fenotipos metabdlicos de los individuos de
una misma poblaciéon (de alto riesgo cardiovascular) e intervencién con

ingesta de polifenoles del vino (publicacion 3).

Por dltimo, en cuanto a la metodologia seguida durante el transcurso de
esta Tesis Doctoral, después de la identificacién de los biomarcadores
discriminantes, el paso final es dar un valor cuantitativo al efecto o cambio
que se ha producido (Wishart 2008). Por ello, gracias a una estancia
predoctoral en el Metabolomics Inovation Center liderado por el Dr. David
Wishart se realizé la cuantificaciéon de las muestras para el estudio de los

fenotipos metabolicos, el cual queda reflejado en la publicacion 3.

Biomarcadores en estudios nutricionales: Analisis del metaboloma

urinario y evaluacion del efecto matriz

En el primer estudio realizado, el analisis del metaboloma urinario mostré
tanto metabolitos que correspondian al food metabolome (tartrato, etanol,
manitol), metabolitos enddégenos (3-metil-2-oxovalerato), asi como
derivados de la accion de la microbiota intestinal (hipurato y 4-
hidroxifenilacetato). En cuanto a la matriz alimentaria, no se vieron
diferencias en el marcador de consumo de vino (tartrato) para ninguno de
los dos vinos, e igual ocurrié con el etanol en el caso del vino con alcohol
y la ginebra. En cambio, se observé una posible interaccion entre el
alcohol y los biomarcadores relacionados con los metabolitos derivados
de la microbiota intestinal, viéndose as{ un posible efecto por parte de la
matriz alcohdlica en los dos tipos de vinos con igual contenido de

polifenoles.

El efecto de la matriz alimentaria se ha venido analizando en wvarios

estudios de intervenciéon nutricional como por ejemplo el efecto de la
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matriz en cacao (Urpi-Sarda e a/. 2009), en tomate y salsas de tomate
(Tulipani ez a/. 2012) o el efecto matriz en vino sobre parametros clinicos
(Chiva-Blanch ez a/. 2012). En otro estudio realizado en nuestro grupo con
el mismo disefio clinico que se muestra en la publicacién 1, no se
observaron diferencias en el contenido de resveratrol y metabolitos del
resveratrol para los dos tipos de vino (Rotches-Ribalta ef a/. 2012). Del
mismo modo, en el estudio del que deriva la publicaciéon 1 tampoco se
observaron diferencias en el contenido de tartrato entre el consumo de
vino con alcohol y desalcoholizado; en cambio, en otro estudio focalizado
en la microbiota intestinal con el mismo disefio de estudio, si que se
vieron diferencias significativas referente a la composiciéon de la poblacion
bacteriana de los individuos después de cada intervencion, este hecho
puede por lo tanto indicar que también se pueda ver modificado el perfil
metabolico derivado de la accién de la microbiota intestinal (Queipo-
Ortufio ef al. 2012) de metabolitos que se producen por medio de estas

bacterias.

El efecto del alcohol sobre la excreciéon de metabolitos de la microbiota
intestinal se ha examinado en otros estudios (Gika e a/ 2013), doénde la
administracion de alcohol provocaba cambios en la excrecion de
metabolitos como el 4-hidroxifenilacetato, sugiriendo un efecto especifico
segun la poblacion bacteriana. Un estudio en ratas comparé los efectos
después de la administracién de alcohol, observando varios metabolitos
que presentaron un patrén de excrecion diferencial tras la ingesta de
alcohol, entre ellos algunos derivados de la microbiota intestinal (Gao ez /.
2011). En este aspecto, en cuanto al posible efecto que podria tener la
fraccion alcoholica en el metabolismo microbiano serfan necesarios mas

estudios que confirmaran esta hipotesis.
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Determinacién del poder predictivo de biomarcadores nutricionales

en estudios de intetvencion y en estudios observacionales.

Tradicionalmente, se han utilizado biomarcadores individuales para
caracterizar la exposicion dietética, como por ejemplo la vitamina C para
el consumo de frutas y verduras, aunque su contenido varfa en funcién de
la especie, variedad, etc. La combinacién de diferentes biomarcadores
puede proporcionar medidas mas precisas de la exposicion dietética

(Scalbert et al. 2014).

En esta Tesis Doctoral, en el trabajo realizado sobre el estudio de
biomarcadores de consumo de vino (publicacion 2) (Vazquez-Fresno ef al.
2014b) se evalian biomarcadores de exposicion a la ingesta de vino de
forma individual, llegando finalmente a la conclusién que la combinacién
de dos de ellos ofrece mas poder predictivo que cada uno de ellos por
separado. En este trabajo se propone el uso de un modelo con la
combinacién de biomarcadores para una mayor predicciéon de ingesta de
un alimento en individuos que han consumido dicho alimento frente al
estado inicial (sin ingesta del alimento). En el mismo estudio también se
realiz6 una validaciéon en otra poblacién con datos epidemiolégicos,
observandose una reproducibilidad de los resultados del estudio de
intervencion, obteniendo en ambas poblaciones una muy alta sensibilidad

y especificidad de los biomarcadores estudiados.

Estudio del fenotipo metabélico de una misma poblaciéon tras el

consumo de un alimento

Una misma poblacién puede tener diferentes agrupaciones segun su
fenotipo metabdlico (o metabotipo). La estrategia seguida en este estudio
usa diferentes herramientas de clasificacion y discriminacién también

utilizadas en otros estudios nutricionales (O'Sullivan e a/. 2011b).
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Después de la segregacion en diferentes grupos o “cluster” de los
individuos, se observé un comportamiento diferencial en los grupos
comparados después de la intervenciéon nutricional, para la excrecién de
un metabolito previamente observado después del consumo de vino, el 4-
hidroxifenilacetato. En el cluster que se clasifico como diabético y obeso
segun los datos bioquimicos y antropométricos, no se vio aumentada la
excrecion de este metabolito respecto a los niveles basales. En cambio en
el claster aparentemente mds sano en cuanto a sus datos clinicos, se
observo una mayor excrecion frente al estado basal y frente al otro grupo
(diabético y obeso) comparado, tal y como aparece en los resultados sobre
la poblacién general del estudio (Vazquez-Fresno e al. 2012). Este hecho
sugiere, que el grupo de individuos diabéticos y obesos parece mostrar
una posible alteracién en el metabolismo proveniente de la microbiota
intestinal en la ruta metabdlica del 4-hidroxifenilacetato, un derivado de la
degradacion de polifenoles (Moco e al. 2012), compuesto excretado
después del consumo de vino y polifenoles del vino y de la uva, y
detectado mediante RMN (van Dorsten ez a/. 2010; Vazquez-Fresno ef al.
2012). Se ha descrito que en individuos con obesidad y diabetes, existe un
cambio en las poblaciones microbianas que alberga el intestino en géneros
como Bifidobacterinm, F. prausnitzii, y algunas especies de Clostridium y
Lactobacillus en individuos obesos (Tagliabue ez a4/ 2013) y diabéticos
(Everard et al. 2013) (poblaciones bacterianas que interviene en el
metabolismo del 4-hidroxifenilacetato)(Nicholson e# a/. 2012) este hecho

esta en linea y sustenta los resultados obtenidos.
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Patrones alimentarios en una poblaciéon con una intervencion

dietética de larga duracién

Los biomarcadores metaboléomicos reflejan patrones alimentarios
habituales (Steffen ef a/. 2014). Asi se ha manifestado en el estudio sobre
biomarcadores metabolémicos en patrones alimentarios después de una
intervenciéon dietética con dos variantes de dieta mediterranea y una dieta
baja en grasa durante un seguimiento de 3 afios de duracién (Vazquez-
Fresno e al. 2014c). Ademas de marcadores que puedan reflejar el
consumo de ciertos alimentos, como por ejemplo glutamina y sus
derivados en el consumo de frutos secos, acidos oleico y subérico en el
caso de aceite de oliva y frutos secos, propios de la intervencion
nutricional ya que las recomendaciones dietéticas eran el seguimiento de

una dieta mediterranea suplementada con estos dos tipos de alimentos.

También, se han podido asociar ciertos metabolitos con patrones de dieta,
viéndose la dieta mediterranea asociada a un mayor consumo de vegetales;
y por otro lado, la dieta baja en grasa asociada a un mayor consumo de
carne roja. Estas asociaciones se han visto mediante el cuestionario de
frecuencia de consumo de alimentos (FFQ) realizado a la poblacion
durante este periodo y contrastados con otros estudios de patrones
alimentarios en poblaciones con patrones de dieta vegetariana (O'Sullivan
et al. 2011a; Stella ef al. 2006; Xu et al. 2010) y estudios de consumo de
carne de intervencion y observaciones (Bertram ez a/. 2007; Dragsted 2010;

Stella ez al. 2000).

Asimismo, después de las intervenciones con dieta mediterranea, se han
descrito un gran nimero de metabolitos enddgenos, predominantemente
aquellos relacionados con el metabolismo energético (glucdlisis, ciclo de

los acidos tricarboxilicos, f-oxidacién), siendo coherente ya que tenfan un
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mayor contenido en lipidos que la dieta baja en grasa. Ademas, los acidos
grasos como el acido linoleico, a-linolénico (mayoritario en nueces),
araquidonico, docosahexanodico, eicosapentaendico, oleico, y elaidico se ha
descrito que puedan favorecer el proceso de oxidacion de acidos grasos
(f-oxidacion) mediante la estimulacion de las rutas de utilizacion,
transporte, esterificacion y oxidacién de los acidos grasos, por ser ligandos
del receptor nuclear peroxisome proliferator-activated receptor (PPAR) (Luo e al.
2010) y de este modo mejorar su utilizaciéon. Estos resultados estan en
consonancia con otros realizados en un estudio de intervencién con
consumo de nueces, donde también se determinaron metabolitos
derivados de la oxidacién de acidos grasos como el acido dodecanedidico

(Tulipani ez al. 2011).

Complementos alimenticios: Ingesta de un probiético y su impacto

en la salud

Mediante la administracion de un probidtico como complemento
alimenticio en mujeres lactantes con mastitis se observé una mejora en el
estado de las mujeres (observaciéon mediante seguimiento médico) con lo
que provoco una desercion voluntaria de farmacos antiinflamatorios y
analgésicos, hecho que se reflej6 en el metaboloma urinario después del
periodo de intervenciéon. Ademas, también se vio un aumento en la
excrecion de creatina y metabolitos derivados de la acciéon de la
microbiota intestinal (hipurato y trimetilamina-N-6xido) después del
periodo de intervenciéon. Hste hecho puede explicarse por una accién
microbiana producida por el probidtico sobre la microbiota intestinal, es
decir el hecho de la ingestién de cepas probidticas puede modificar la
accion de la propia microbiota intestinal (Delzenne ez a/. 2011). Por otro
lado al inicio se detectd lactosa en orina, una caracteristica propia de las

mujeres lactantes pero también descrita como incrementada en periodos
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de mastitis, con mayor excreciéon en periodo de mayor inflamacién
(Fetherston ef al. 2006). La utilizacion de probidticos como complementos
alimenticios se ha administrado para varias dolencias como por ejemplo
en desordenes inflamatorios, infecciosos, alérgicos, y digestivos (diarreas,

sindrome del colon irritable) (Quigley 2010).
Biomarcadores de efecto en estudios nutricionales

Referente a los biomarcadores de ingesta cabe destacar el tartrato y etil
glucurénido como biomarcadores del consumo de vino con una buena
reproducibilidad en diferentes poblaciones; ademas de otros posibles
marcadores como los derivados de la glutamina (N-acetilglutamina y
fenilacetilglutamina) con el consumo de frutos secos; y el acido oleico y
derivados con el consumo de aceite de oliva. En estos dos ultimos casos,
sera necesario corroborarlos en estudios futuros. En cuanto a los
biomarcadores endégenos modulados por el efecto de la intervencion
dietética; en el caso de los estudios en vino (Vazquez-Fresno ef al. 2012,
Vazquez-Fresno et al. 2014b), el 3-metil-2-oxovalerato fue descrito como
marcador endégeno con mayor excrecion después del consumo de vino.
Igualmente, en el estudio con probioéticos (Vazquez-Fresno ef al. 2014a) se
han encontrado marcadores endoégenos (creatina) y derivados de la accion
de la microbiota intestinal (trimetilamina-N-6xido, hipurato). Referente al
estudio de intervenciéon con dieta mediterranea (Vazquez-Fresno ef al.
2014c), es donde han aparecido mas metabolitos endoégenos,
mayoritariamente  relacionados con el metabolismo  energético
(carbohidratos, lipidos y proteinas), junto también con algunos
metabolitos de ingesta y derivados de la microbiota. El hecho de
encontrar un mayor numero de marcadores enddgenos en este estudio,
puede ser debido a la duraciéon de la intervencion dietética. Al ser una

intervencion de larga duracién (evaluada durante el primer y tercer afo)
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podria ser un periodo de tiempo suficientemente largo para poder

observar cambios generales de larga duracién en rutas metabdlicas.

También cabe destacar el efecto que se ha evidenciado en varios trabajos
aqui presentados sobre la microbiota intestinal, una fraccion del
metaboloma humano aun poco explorado. Practicamente en todos los
trabajos de esta tesis doctoral aparecen metabolitos derivados de la accion
de la microbiota intestinal (publicaciéon 1, publicacién 3, publicaciéon 4 y
publicacién 5) exhibiendo un importante papel de esta fraccién del
metaboloma en el metaboloma humano. Se conocen cerca de 100
compuestos que son metabolitos especificos microbianos y otros debidos
a la biotransformacion de la microbiota tanto de compuestos enddgenos
como de exdgenos. Por ello, la importancia de la microbiota intestinal en
la contribucién del metaboloma humano es un emergente foco de estudio

(Nicholson ez al. 2012).

Asimismo, referente al xenometaboloma, fraccion del metaboloma
humano proveniente de farmacos y otros compuestos xenobidticos, en el
caso del estudio de la ingesta de un complemento alimenticio probidtico
(Vazquez-Fresno et al. 2014a), se analizaron estas sefiales y, de hecho,
aparecieron como discriminantes en el estado inicial de la intervencion
(antes del consumo del probidtico), ya que eran mujeres que partian de
una enfermedad o patologia (mastitis), por lo que era interesante
monitorizar todas las variables relacionadas con el estado de salud. En
cambio, en el estudio con dieta mediterrinea, no se consideraron
relevantes para el analisis las sefiales de acetaminofén (paracetamol) y
derivados, debido a que podian interferir en el analisis metabolémico para
la observacion del efecto de la dieta, por tanto, una vez observadas en la

orina de algunos voluntarios, se decidié excluirlas del analisis.
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Perspectivas de futuro

Los estudios metabolémicos no dirigidos son esenciales para la busqueda
de biomarcadores de exposiciéon y de efecto de una intervencion
nutricional (Scalbert ez al. 2014), en este sentido, debido a que aun hay
muy pocos estudios dénde poder comparar los resultados, es necesario
disponer de un mayor numero de estudios que abarquen diferentes
disefios, poblaciones y estrategias de andlisis para ampliar el panel de
biomarcadores asi como también poder comparar y confirmar los
biomarcadores ya encontrados. Es necesario que los biomarcadores
proporcionen medidas objetivas del estado nutricional; por ello, las
investigaciones futuras también deben ir direccionadas a refinar los
biomarcadores existentes, el establecimiento de nuevos indicadores de
ingesta de alimentos especificos y el desarrollo de técnicas que puedan ser

medidas mas precisas de la situacion nutricional (Hedrick ez a/. 2012).

A pesar de que sigue siendo un reto obtener datos absolutos de
cuantificacion mediante analisis no dirigidos en lugar de datos relativos, se
debe seguir trabajando en este aspecto. Llas medidas cuantitativas pueden

mejorar la aplicabilidad asi como la interpretacion de los resultados.

Asimismo, es importante para obtener una comprension mas completa del
impacto que tiene nuestra alimentacion en la salud, el hecho de explorar
los fenotipos metabdlicos de una misma poblacién y las diferentes
respuestas que se puedan obtener después de una intervencion nutricional;
siendo, de este modo una potencial herramienta en el camino de la

nutricién personalizada.
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Conclusiones

De los diferentes trabajos que constituyen la Tesis Doctoral derivan las

siguientes conclusiones:

1.

Se ha implementado un método rapido, altamente reproducible y
aplicable a gran numero de muestras para determinar el perfil
metabolico urinario e identificar biomarcadores de ingesta, asi como
metabolitos endogenos derivados de una intervencioén dietética ya

sea de un alimento, complemento alimenticio o patrén alimentatio.

La aplicaciéon de la metodologia ha permitido la clasificaciéon de los
individuos atendiendo a sus patrones metabolémicos mediante
diferentes estrategias de analisis (analisis discriminante multivariante,
univariantes, y modelos de predicciéon mediante curvas ROC). En
este aspecto cabe destacar la robustez de esta aproximacion en la
caracterizacion de los cambios en el metaboloma urinario asociados

a una intervencion dietética de corta y larga duracion.

La combinacién de biomarcadores de exposicion nutricional
observada en estudios de intervencion mejora la capacidad
predictiva respecto a la consideraciéon de éstos mismos de forma
individual. Ofrecen asf, un alto poder predictivo (con alta
sensibilidad y especificidad), siendo posible su validacion en datos
epidemiolégicos. Se confirma, por tanto, como herramienta eficaz
para la bisqueda de biomarcadores. Concretamente, la combinacion
de dos marcadores de consumo de vino (tartrato-etil glucurénido)
confieren un mejor poder predictivo como marcadores de consumo

de este alimento.

Se han observado matcadores que reflejan el exposome/ food metabolome

tales como metabolitos derivados de la microbiota intestinal
(TMAO, PAGN p-cresol, hipurato, 4-hidroxifenilacetato) y del

xenometaboloma procedente de la ingesta de farmacos (paracetamol
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e ibuprofeno), asi como una metabolitos asociados al consumo de
frutas y verduras (3-HB, leucina, isobutirico, 2-oxoisovalérico,
glicina, N-Ac, prolina, p-cresol, PAGN), de naranja (prolina betaina)

y de carne roja (3-MH, histidina, carnosina).

Las diferencias en el fenotipo metabdlico o metabotipo mediante la
estratificacion por parametros clinicos y bioquimicos de los
individuos de una misma poblacién antes de una intervencién, ha
revelado un efecto diferencial dieta-fenotipo en el metaboloma

urinario después de una intervencion dietética.

Después de una intervenciéon de larga duraciéon (=1 afio) se han
podido separar los individuos segun su huella metabdlica
atendiéndose a los patrones alimentarios seguidos durante ese
petiodo. Ademas ha permitido determinar conjuntamente
metabolitos provenientes de diversas rutas metabdlicas, tanto del
metabolismo energético y rutas metabodlicas afines (ciclo de los
acidos tricarboxilicos, oxidaciéon de acidos grasos, gluconeogénesis,
metabolismo de cuerpos cetonicos), metabolismo de nucleétidos, asi
como aminoacidos y derivados, o metabolitos provenientes de la
microbiota intestinal. Estos resultados podran permitir, en futuros
estudios, el analisis dirigido de rutas metabolicas interconectadas y la

consiguiente integracién en redes metabdlicas, para una mejor

comprension e interpretacion del estado global de los individuos.



Conclusions

CONCLUSIONS

From the work presented in this thesis, the conclusions are as follows:

1.

A fast, high throughput, highly reproducible, widely applicable
methodology to determine the urinary metabolic profile and identify
biomarkers of intake and endogenous metabolites derived from
dietary interventions (including a food, a food supplement or dietary

pattern) has been applied.

The application of this methodology has allowed the classification
of individuals according to their metabolic patterns using different
strategies (discriminant multivariate and univariate analysis, and
predictive models by ROC curves analysis). The reproducibility and
robustness of this approach in characterizing changes in the urinary
metabolome associated with a dietary intervention of short- and

long-term interventions has been highlighted.

The combination of biomarkers of nutritional exposure offers a
high sensitivity and specificity, leading to greater predictive power in
the study of individual biomarkers. Epidemiological data was used
to validate the method and confirmed the initial results, establishing
this method as an effective tool for biomarker discovery. Precisely,
the combination of two markers of wine consumption (tartrate-
ethyl glucuronide) as the best predictive power markers of

consumption.
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Markers reflecting the exposome/food metabolome have been
observed, such as metabolites derived from the gut microbiota
(TMAO, PAGN p-cresol, hippurate, 4-hydroxyphenylacetate), and
from the xenometabolome coming from drug intake (paracetamol
and ibuprofen), as well as metabolites associated with consumption
of fruits and vegetables (3-HB, leucine, isobutyric, 2- oxoisovaleric,
glycine, N-Ac, proline, p-cresol, PAGN), orange (proline betaine)

and red meat intake (3-MH, histidine, carnosine).

Differences in metabolic phenotype/metabotypes within a
population (considering clinical/biochemical parameters at baseline
of individuals before an intervention) reveal a differential effect in

the diet-phenotype urinary metabolome after dietary intervention.

After a long-term intervention (=1 vyear), the separation of
individuals according to their metabolomic fingerprint by following
particular dietary patterns was shown. This has allowed us to
identify metabolites from various metabolic pathways, including
energy metabolism and related pathways (tricarboxylic acids cycle,
fatty acid oxidation, gluconeogenesis, ketone bodies metabolism),
amino acid metabolism (and their derivatives), nucleotide
metabolism, and metabolites from gut microbiota. These results
may allow targeted analysis of interconnected metabolic pathways,
which can be subsequently integrated into metabolic networks. In
the future, this work will allow a better understanding and

interpretation of the overall health status of individuals.
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ABSTRACT: Correctly assessing the metabolic status of subjects after consumption of specific diets is an important challenge
for modern nutrition. Recently, metabolomics has been proposed as a powerful tool for exploring the complex relationship
between nutrition and health. Nutritional metabolomics, through investigating the role that dietary components play in the
maintenance of health and development of risk disease, aims to identify new biomarkers that allow the intake of these
compounds to be monitored and related to their expected biological effects. This review offers an overview of the application of
nutrimetabolomic strategies in the discovery of new biomarkers in human nutritional research, suggesting three main categories:
(1) assessment of nutritional and dietary interventions; (2) diet exposure and food consumption monitoring; and (3) health
phenotype and metabolic impact of diet. For this purpose, several examples of these applications will be used to provide evidence
and to discuss the advantages and drawbacks of these nutrimetabolomic strategies.

KEYWORDS: metabolomics, nutrimetabolomics, diet, bi kers, nutrition, health phenotype

B INTRODUCTION respectively, in reference to the analysis of changes in
metabolism.® In this regard, “metabolome” has been defined
as the complete set of metabolites or chemicals that can be
found in a cell, organ, or org:mism.z‘7 The term “metabolomics”
is the one employed in this review. Two factors that influence
the metabolome have been described: the endogenous
metabolome, which involves all intrinsic metabolites related
to the primary and intermediary metabolism, and the
exogenous metabolome, which refers to all metabolites arising
from extrinsic factors such as diet (i.e., food metabolome),
microbiota, physical activity, stress, or drugs.s’q Specifically,
“food metabolome” has been defined as all metabolites deriving
from the ingestion of food.'’

Metabolomic studies have shown a typical pipeline that has
been broadly categorized into five main steps: sample
collection, sample preparation, data acquisition, data analysis,
and biological interpretation (Figure 1).*'' In addition, it is
also necessary to highlight the importance of applying a quality
control pipeline in metabolomic studies. A metabolomic
approach has been applied in different kinds of samples,
including single cells,'” tissues, and biofluids. In this context,
blood and urine are the most likely sources of biofluids for
human metabolomics.® Other biofluids, such as saliva'® and
cerebrospinal fluid,"* have also been used but to a lesser extent.
A picture of the whole metabolome cannot be measured using a
single analytical technology; however, bibliographic references
about the use of multianalytical platforms are scarce. This
means that various analytical techniques have emerged for

In the postgenomic era the integrated study of human
physiology and pathology has emerged as a fundamental
approach. In this regard, the Institute for Systems Biology has
defined the term “systems biology” as “the study of an
organism, viewed as an integrated and interacting network of
genes, proteins and biochemical reactions which give rise to
life”, focusing the study on one organism and on all its
components and the interactions among them, rather than
studying them separately.' In the study of systems biology the
“omics cascade” is a central concept.” It comprises the data
obtained by genomics, transcriptomics, proteomics, and
metabolomics, with the aim of integrating them to study the
biochemical and biological mechanisms and elucidating the
impact of diseases or environmental factors on the organism.
Among ~omics levels, metabolomics is the one allocated at the
end point of the omics cascade, because it is the nearest to the
phenotype. Thus, it is an interesting tool in the study of
phenotypic changes caused by the impact of environmental
agents on several diseases.” The Metabolomics Society defines
metabolomics as the “newly emerging field of omics research
concerned with the comprehensive characterization of the small
molecule metabolites in biological systems which can provide
an overview of the metabolic status and global biochemical
events associated with a cellular or biological system”.* Two
terms, close in meaning, have been used: metabonomics and
metabolomics. Although both focus their research on the
analysis of metabolites in the organism, metabonomics* focuses
its efforts on studying the metabolic changes in an integrated
biological system, whereas metabolomics® also considers the

Special Issue: Sth International Conference on Polyphenols and

study of metabolites in cells, tissues, organs, and organisms. Health

This discrepancy is also due to the origin of the word: the Received: March 15, 2012

“metabolomics” concept is based on the metabolome, whereas Revised:  May 17, 2012

the term “metabonomics” comes from the Greek roots “meta” Accepted: May 18, 2012

and “nomos”, which mean “change” and “rules” or “laws”, Published: May 18, 2012
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* Study development
= Sample treatment and storage (cell, urine,
blood, etc.)

Sample
collect

= Pre-concentration
* Extraction (liquid-liquid, solid-phase
extraction, etc.)

Sample
preparation

Data +  Analytical techniques (GC-MS, LC-MS, NMR)
S = Targeted profiling / non-targeted fingerprinting
acquisition = Quality control

Data * Data pre-processing
T = Metabolite identification
yst + Statistical analysis

= Database search
* Location of metabolites in pathways
Biomarker identification

Biological
interpretation [

Figure 1. Metabolomics workflow scheme.

studying the metabolome. Among them, mass spectrometry
(MS) and nuclear magnetic resonance (NMR) spectroscopy
are the most commonly applied in metabolomic analysis. An
explanation and evaluation of their advantages and disadvan-
tages have been reviewed previously.””*'*'® With regard to
data analysis and biological interpretation, comprehensive
reviews and descriptions of bioinformatic tools have been
l:n.lblishecl.l%26

Two approaches have been described for the study of
metabolomic data.'® One of them is known as “targeted
profiling”, which is based on the analysis of a predefined
metabolite group associated with a particular class of
compounds or metabolic pathway. It provides quantitative
results. Nevertheless, with this approach some information
related to the whole metabolic network and its relationship
with pathophysiological status might be lost. Instead, “non-
targeted fingerprinting” attempts to obtain a broad picture of a
metabolome with the aim of detecting the maximum number of
metabolites in a sample, including those that are unknown or
poorly characterized, giving a global approach of the whole
metabolome of an organism. Its aim is to study metabolite
patterns in response to a disease or an environmental or
lifestyle factor, elucidating the new roles of some metabolites.
This second metabolomic approach provides qualitative data
and is considered to be a hypothesis-generating approach,
whereas the first one is regarded as a hypothesis-driven
method.”

Metabolomics, Health, and Nutrition. Metabolomics
offers a wide range of applications in biomedical research. One
of these is the capacity to predict or detect the stages of diseases
and their progression or to monitor the compliance and
response to therapy through the use of biomarkers. > Recent
reviews have highlighted the relevance of metabolomics for
obtaining biomarkers when this approach was applied in clinical
conditions such as cardiovascular disease, cancer, or inborn
errors of metabolism.” In this context, two phases in the
discovery of biomarkers through metabolomics have been

8798

described.”” The first one is the discovery phase, which
provides potential biomarkers using nontargeted metabolomic
approaches. Between 10 and 100 samples controlled by
confounding factors are required in this stage. Fewer samples
could be sufficient if samples were available before and after the
perturbation of the same individual that was studied, allowing
each subject to act as his own control, thereby reducing
interindividual variability, Once the putative biomarker is
identified, the process of validation in a general population is
necessary. The aim of the second phase is to evaluate the
specificity and selectivity of the biomarker using an absolute
quantification by a targeted metabolic approach of a range of
100—1000 samples.

Currently, the main causes of morbidity and mortality
worldwide are those pathologies known as noncommunicable
diseases.”® They include cardiovascular diseases, diabetes,
cancers, and chronic respiratory diseases. All of them are
often related to aging and are more influenced by lifestyle
factors, such as tobacco use, insufficient physical activity, or
unhealthy diet, than by genetic determinants. Due to the
multifactorial etiology of these diseases, and because it has been
established that a disease is characterized by exhibiting a
particular pattern of metabolites, a new concept for biomarkers
has em(—:rgt:-)cl.zgu0 This focuses on the development of
biomarker patterns, or metabolite signatures, instead of isolated
biomarkers, as has been used traditionally in clinical practice.”
This change means that more knowledge about perturbed
pathways in pathological states is required. Furthermore, more
complex technologies are needed to adequately characterize the
novel biomarkers. Consequently, the combined use of both
metabolomic approaches described previously offers an
interesting scenario for the research of new biomarkers related
to these pathologies.>*”**3132

Focusing on the nutrition sciences, metabolomics is an
interesting tool for assessing the nutritional status of an
individual, the food consumption, the biological consequences
of following a nutritional intervention, or the study of metabolic
mechanisms in response to a diet depending on a particular
metabolic phenotype."m'm With regard to the metabolome,
which has been defined above, it should be noted that feeding
induces alterations in the endogenous metabolome, and they
can be evaluated by the detection of exogenous metabolites in
biofluids.” They can be used as potential biomarkers of food
consumption (ie., food metabolome) and/or the effects of a
dietetic intervention. The use of biomarkers in this field is
interesting because they are objective and accurate tools.
Recently, metabolomics has been proposed as a powerful tool
for exploring the complex relationship between nutrition and
health.*® Several studies and reviews have pointed out the
intere;igi;;salpglgng metabolomics to the nutritional field of
work. T

The aim of this review is to offer an overview of the state of
the art of the application of nutrimetabolomic strategies in the
discovery of new biomarkers in human health nutritional
research.

B REVIEW STRATEGY

To assess the current status of the application of
nutrimetabolomic strategies in biomarker discovery, we have
conducted an exhaustive search of the scientific bibliography.
Our search was applied to the PubMed and Web of Science
electronic databases. The search strategy used for the PubMed
database was (“Metabolome”[Mesh] OR “Metabolomics”[-

dx.doi.org/10.1021/jf301142b | I Agric. Food Chem. 2012, 60, 87978808
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Mesh]) AND (“Diet”[Mesh] OR “Food”[Mesh] OR “Nutri-
tional Sciences”[Mesh]) AND (“Biological Markers”[Mesh])
AND (“Humans”[Mesh]). The search strategy used for the
Web of Science database was (TS=(metabolom* OR
metabonom*) AND TS=(diet* OR food* OR nutrition*)
AND TS=(biomarker* OR biological marker*)) AND Docu-
ment Types=(Article). The last search was run on January 25,
2012. Furthermore, to identify additional studies we also
analyzed the reference lists of the publications selected. We
included papers that used the metabolomics technology applied
in nutritional studies. These had to be original investigations
carried out in humans. No language or publication date
restrictions were imposed. The search of the PubMed and Web
of Science databases provided 24 and 146 publications,
respectively. After adjusting for duplicates, 159 remained. Of
these, we excluded 34 reviews and 7 other document types
(congresses, comments, letters, etc.). The titles and abstracts of
the remaining 118 articles were screened. Of these, 57 were
excluded for the following reasons: 49 used animal models, 5
evaluated food matrices, 2 were conducted on bacteria, and 1
was an in vitro study. The 61 remaining studies were conducted
in humans, but 25 were excluded because they were not related
to the topic. Finally, we did not include 1 study because it used
lipidomics technology, 7 studies because they used a targeted
analysis, and 2 because they did not apply chemometric
methods. Additionally, 14 publications in the field were
detected among the references of the papers selected.
Therefore, 40 studies were included in this review.

After reviewing the selected articles, we propose a
classification with three principal categories (Figure 2), namely,

Exogenous — Markers
’ metabolites of intake
Nutritional - Metabolome
Q  intervention analysis \
Endogenous Markers
metabolites  W_p S
Ci Markers of
b Dictary data NI stratification —-— analysis L intake
Nutritional
intervention
el ’ i Metabolome Markers
C | health \ W Cnalis T et
phenotyping Dietary
data

Figure 2. Main nutrimetabolomic approaches implemented: (a)
assessment of nutritional and dietary interventions; (b) diet exposure
and food consumption monitoring; (c) health phenotype and
metabolic impact of diet.

“assessment of nutritional and dietary interventions”, “diet
exposure and food consumption monitoring”, and “health
phenotype and metabolic impact of diet”. As well as these
categories we have also considered a heterogeneous category
termed “other studies”.

B NUTRIMETABOLOMIC STRATEGIES TO DEVELOP
NEW BIOMARKER ASSESSMENT

An important challenge for modern nutrition is to correctly
assess the metabolic status of subjects after consumption of

314
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specific nutrients, foods, or diets, with the aim of promoting
health. Dietary components have been associated with an
important diversity of mechanisms of action and biological
effects in consumers. Furthermore, it is assumed that food
consumption has an effect on the human metabolome.
Consequently, the concept of nutritional metabolomics, or
nutrimetabolomics, has emerged with the introduction of
metabolomic technology into nutritional research.’

Assessment of Nutritional and Dietary Interventions.
In the past few years a considerable number of studies using
this approach have been published, most of them focused on
evaluating the effect of an acute or chronic intake of a particular
food (Figure 2a). Nevertheless, to our knowledge, there is only
one human intervention study designed to evaluate the
influence of dietary pattern interventions on the metabotype.m

A summary of selected studies is presented in Table 1.
Almost all of the studies were performed on healthy
adults,™®** whereas others were performed on healthy
children,*” pregnant women,*® or mildly hypertensive,**~*"
metabolic wnclrome,52 or cancer™ patients. The publications
selected involved different types of design. Most of them were
prospective studies,** " but in five of them the
volunteers consumed an acute dose of the food item
evaluated. ™" The length of each intervention period in
the prospective studies varied from 2 4:[3)754'4‘54
Urine was the most widely used biological sam-

le, 08 THANIOSNIS (horeas three studies were performed on
blood sm‘ru:;l(—:s,3’7*43’5‘J and two used both urine and blood
samples.””** Furthermore, two studies analyzed feces.**! With
regard to the analytical platform, 'H NMR was the most
common analytical technique used in these publica-
tions, T HAITHTAITILIM e MS has also been employed in
five studies, %5255 4nd in one article both platforms were
applied.**

Effects on Metabolome and Biological Interpretation. The
metabolic changes observed in these studies, together with their
biological interpretation, are summarized in Table 2. This table
shows several modifications either in food or in the endogenous
metabolome. Broadly speaking, the effects on the food
metabolome were more widely detected in urine samples,
whereas blood samples showed the most changes in the
endogenous metabolome. With regard to the modifications on
the food metabolome, these can be classified into two classes:
those directly derived from the digestion of food components
by the human organism and those derived from the metabolism
of human gut microbiota.

With regard to metabolites directly derived from the
digestion of food components by the human organism, urinary
levels of creatine, creatinine, and carnitine increased after the
3647 High concentrations of creatine and
carnitine are found in meats, and creatinine is formed from
biodegradation of creatine and is carried to the kidneys by
blood plasma to be eliminated by urine.*® These metabolites
have been proposed as potential biomarkers of dietary meat
intake, although they have not yet been validated.* In support
of this, carnitine was almost totally absent after 15 days of
following a vegetarian diet,*® and reduced levels of urinary
creatinine were observed following the intake of chamomile
tea® and fruit and vegetable juice.H However, Wang et al®
proposed that the lower levels of creatinine after chamomile
consumption resulted from the antioxidative activity of
chamomile. Among the reviewed studies, methylhistidine and
anserine were associated with salmon consumption,™ although

to 8 months.*®

intake of meat.

dx.dai.org/10.1021/jf301142b | ). Agric. Food Chem. 2012, 60, 87978808
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Table 2. Effects Observed on Metabolome following a Nutritional Intervention and Their Biological Interpretation

effects on metabolome”
1 creatine (high-meat), | creatinine (high-meat)
1 carnitine (high-meat), | carnitine (vegetarian)
1 trimethylamine-N-oxide (high-meat)
1 taurine (high-meat), T N-acetyl-S-hydroxytryptamine (high-meat)
1 p-hydroxyphenylacetic acid (vegetarian)
| N¢,N® ANC-trimethyllysine (vegetarian)
1 acetylcarnitine (high-meat), T glutamine (high-meat)
1 lactate
| carbohydrate concentrations
subject-specific changes in isoleucine, valine, triglycerols, choline, acetate, acetoacetate, and alanine
t N-acetyl glycoproteins
1 3-hydroxybutyrate, changes in lipoproteins
1 trimethylamine-N-oxide

changes in choline and betaine

changes in creatinine and creatine

1 glutamate, 1 ghitamine

| citrate, changes in sugar region

changes in methylamines, glycine, and acetate

1 hippuric add

1 unknown metabolite

| creatinine

1 glycine

1 hippuric add, 1 1,3-dihydroxyphenyl-2-O-sulfate

1 gallic acid (tentative identification), 1 para-substituted aromatic compound

urine: | tyrosine (black tea), | alanine (black tea), | glutamine/glutamate, 1 taurine (black tea), 1 glycine, T
valine, T methionine (black tea), 1 pyruvate, 1 a-ketoglutarate, 1 glucose (black tea), 1 betaine (green
tea), 1 dimethylamine, T N-acetyl glycoproteins; changes in unknown metabolites

1 hippuric add, 1 1,3-dihydroxyphenyl-2-O-sulfate, 1 unidentified aromatic compounds (green tea)
T citrate (gmtn tea), 1 succinate, T oxaloacetate (grctn tea), T 2-oxoglutarate

t p-hydroxybutyrate (black tea)
plasma: | acetate (black tea), 1 acetate (green tea), T f-hydroxybutyrate (green tea); changes in lipoprotein
distribution

| ghucose

| lactate (green tea), | alanine (green tea)

1 hippuric adid, 1 4-hydroxyhippuric acid, T 1,3-dihydroxyphenyl-2-O-sulfate

t 6-amino-5-[N-methylformylamino ]-1-methyluracil, 1 methyluric acids, 1 3,7-dimethyluric acid, T
methylxanthines, 1 theobromine, 1 caffeine

1 vanillic acid, 1 vanilloylglicine, T epicatechin-O-sulfate, T O-methylepicatechin

1 4-hydroxy-5-(3,4-dihydroxyphenyl)valeric acid, 1 phenylvalerolactone derivatives

1 3,5-diethyl-2-methylpyrazine, 1 hydroxyacetophenone, 1 cocoa diketopiperazines

1 hydroxynicotinic acid, 1 trigonelline

T tyrosine

1 flavonoid conjugates, T phenylvalerolactones, 1 4-hydroxy-5-(phenyl)valeric acid conjugates, 1
hydroxyphenylacetic acid conjugates, 1 hydroxyphenylpropionic acid conjugates, 1 vallinic acid
glucuronide, T hydroxyhippuric acid, 1 ferulic acid glucuronide

1 10-hydroxydecene-4,6-diynoic acid sulfate, 1 tridecadienoic/tridecynoic acid glucuronide, 1 dodecanedioic
add

1 pyrogallol sulfate, 1 p-coumaryl alcohol glucuronide, 1 p-coumaryl alcohol sulfate, 1 conjugates of urolithin
A

1 N-acetylserotonin sulfate, T hydroxyindolacetic acid

1 hippuric add

| methylhistidine

| creatinine

1 unknown metabolite

1 SMCSO, 1 3 metabolites structurally related to SMCSO

1 hippuric add, 1 4-hydroxyhippuric acid, T 4-hydroxyphenylacetic acid, T unknown aromatic metabolite

1 formic acid, | alanine, | unknown metabolite

1 3- and 4-hydroxyhippuric adid, 1 3-hydroxyphenylpropionic acid, 1 3- and 4-hydroxyphenylacetic add, 1
hippuric acid (mix)

1 citrate (mix)

1 betaine (mix)

8802

biological interpretation”
markers of meat intake
markers of red-meat intake/{ f-oxidation
marker of meat intake/metabolite from microbiota
markers of protein intake
metabolite from microbiota

1 synthesis of carnitine from NN’ N°-trimethyllysine

1 anaerobic metabolism/| gluconeogenesis
1 anaerobic metabolism
changes in carbohydrate and energy metabolism

changes in protein turnover

improved glomerular function or general kidney function/

metabolite from microbiota

improved glomerular function or general kidney function/
metabolite from microbiota/changes in lipid and
cholesterol metabolism and transport

improved glomerular function or general kidney function
changes in tricarboxylic add cyde/1 protein breakdown
| glycolysis

changes in lipid and cholesterol metabolism and transport
metabolite from microbiota

metabolite from chamomile

1 antioxidative activity

metabolites from microbiota

metabolites from microbiota

1 oxidative energy metabolism/changes in fatty acid
biosynthesis, gluconeogenesis, and glyceroneogenesis/T
insulin secretion

changes in ketogenesis and fatty acid oxidation

1 insulin activity
| anaerobic glycolysis
metabolites from microbiota

purine alkaloid derivatives

markers of cocoa or chocolate intake
metabolites from microbiota

cocoa flavor and taste compounds
nicotinic acid derivatives

amino acid from cocoa

metabolites from microbiota and almond skin extract
1 f-oxidative metabolism and turmnover

metabolites from microbiota

tryptophan /serotonin metabolites
marker of benzoic acid intake/metabolite from microbiota
marker of myofibrillar protein turnover

changes in muscle metabolism

markers of cruciferous vegetable intake

metabolites from microbiota

metabolites from microbiota

changes in mitochondrial tricarboxylic acid cycle turnover

changes in homocysteine homeostasis

ref
36

37

38

39

54

41
2

43

s2

45
49

S0
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Table 2. continued

effects on metabolome"
| isobutyrate; changes in unknown metabolites
1 fructose 6-phosphate, 1 lactic acid

T sphingosine 1-phosphate

T docosahexaenoic acid

| hexadecanoic acid

ref
51

biological interpretation”
| protein fermentation/modulation of the gut microbial
ecology
T glycolysis/ T antioxidative capacity 48
T pentose phosphate pathway — 1 normal development of
the nervous system
1 neuroprotection

I biosynthesis pathway of unsaturated fatty acids

1 sebacic acid, | indoleacrylic acid, T L-aspartyl-L-phenylalanine, | harderoporphyrin, 1 glycolithocholate, 1
tryptophan, | C18:2, 1 C18:3, T C20:1, | C20:3, | C20:4, T C20:5, | C22:4, | C22:5, 1 C24:1

T 3-hydroxybutyric acid, 1 acetone

1 betaine

1 N,N-dimethylglycine
1 dimethyl sulfone

| tyrosine, | phenylalanine, | alanine, | glutamate, | lysine, | glycine, | valine, | isoleucine

1 propionate, 1 butyrate

| succinate, T acetate, T lactate, changes in unknown metabolites
urine: 1 urea (meat), | unknown metabolite (meat)

| hippuric acid (milk)

I creatine (meat), 1 histidine (meat)

serum: minor changes in lipid profile (milk)

T 1-methylhistidine (salmon), | anserine (salmon)

1 trimethylamine-N-oxide (salmon)

1 ascorbate (broccoli and raspberry)
1 tetronic acid and derivatives (broccoli)
caffeoyl sulfate (raspberry), methylepicatechin sulfate (raspberry)

53

T energy metabolism

marker whole grain and bran intake/changes in
homocysteine metabolism

changes in homocysteine metabolism
metabolite from microbiota
T amino acid assimilation

metabolite from microbiota

metabolites from microbiota

markers of meat intake

metabolites of histidine and histidine-derived peptides

degradation product of camitine/marker of seafood
consumption

marker of fruit and vegetable intake
putative ascorbate catabolism products

phase 1T metabolism products

“Biofluids not specified in studies of this table are in Table 1. I’Biulogica.l interpretation corresponds to author’s discussions about the effects
observed on metabolome including endogenous and exogenous metabolites.

both metabolites could be markers of meat, chicken, or fish
intake.*® Several markers related to cocoa flavor and taste have
also been identified.** Higher levels of S-methyl-L-cysteine
sulfoxide (SMCSO) and three other metabolites structurally
related to SMCSO were observed after 14 days of a daily
consumption of broccoli and Brussels sprouts, and the authors
proposed the use of SMCSO as a biomarker of cruciferous
vegetable consu1nption.45 In another study, consumption of
broccoli and raspberries was associated with higher urinary
excretion of ascorbate and derivatives of this metabolite, which
could be used as markers of fruit and vegetable intake.®
However, tetronic acids were specific to broccoli intake,
whereas caffeoyl sulfate and methylepicatechin sulfate were
characteristics of raspberry consumption. In a recent
publication, Tulipani et al>* identified phase II metabolites of
medium-chain polyunsaturated fatty acids (C10-C13), which
were the most significant urinary markers following a 12 week
nut consumption. Moreover, urinary markers of serotonin
metabolism were also related, for the first time, to nut intake,
although their origin (dietary or endogenous) remains to be
elucidated.*

Changes in microbiota-derived metabolites were observed in
urine samples after the consumption of vegetables or plant-
derived products. In most NMR analyses of urinary
metabolome, modifications in hippuric acid excretion have
been detected. The excretion pattern of this metabolite showed
an increase after the consumption of chamomile,” black and
green tea,*”*"** fruit and vegetable juice,** and a mix of wine
and grape juice extract.””*" Hydroxyhippuric, hydroxyphenyl-
acetic, and hydroxyphenylpropionic acids are other metabolites
from dietary polyphenols produced by gut microbiota®” the
urinary concentrations of which have also been raised following

318
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the consumption of a vegetarian diet,* black tea,*' almond skin
extmct,43 and wine and grape juice extract or grape juice
0 Additionally, phenylvaleric acids and phenyl-
valerolactone have been identified after consumption of food
sources of flavan-3-ols.*** Some of these compounds were still
being excreted in urine 24 h after the intake of a single
dose.**** Other microbial-derived metabolites, such as
conjugates of urolithin A, were detected in the urinary
metabolome after the intake of nuts.>> In other studies, which
are not included in this review, these metabolites have also been
detected after the intake of cocoa, almonds, or nuts.***?

With regard to endogenous metabolite alterations, Solanky et
al 738 suggested that soy isoflavones had an inhibitory effect on
glycolysis associated with a general alteration in energy
metabolism. More changes in carbohydrate and lipid
metabolism have been detected with the intake of green and
black tea®* and fortified wheat flour.*® Alterations in amino acid
metabolism were determined following the consumption of
nut:i,f'2 a fruit and vegetable drink,"* and a synbiotic procluct,%
It is also important to bear in mind that similar food items with
different chemical compositions could have different effects on
the modifications of metabolome. In this field, Solanky et al®®
observed a difference in the magnitude of the biological effects
of soy isoflavones depending on their conjugation. Further-
more, in the study of van Dorsten et al,”” the effects observed
on the urinary metabolome following consumption of grape
juice extract or a mix of wine and grape juice extract differed
slightly, suggesting that a small change in the phytochemical
composition of a food item could have a different impact on the
metabolome.

Diet Exposure and Food Consumption Monitoring. As
depicted in Figure 2b, this strategy focuses on applying the

49,
extract.

dx.doi.org/10.1021/jf301142b | J. Agric. Food Chem. 2012, 60, 87978808
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metabolomic approach to explore the relationship between
dietary information and metabolic profiles in producing new
insights (biomarkers) that allow the intake of a particular
dietary pattern or component to be assessed. It is important to
note that this approach could be applied in interventional
studies and in observational studies in which participants are in
free-living conditions with ad libitum diets.

In large epidemiological studies in which it is possible to
obtain a large amount of information about dietary habits (e.g.,
either food frequency questionnaires (FFQs) or 24 h recall),
metabolomics may be used to evaluate this information.>* Pere-
Trepat et al%® described a strategy to discriminate between
different dietary patterns and 'H NMR plasma metabolic
profiles in a cohort of Danish twins. After a principal
component analysis (PCA) of FFQs, five dietary patterns
emerged: energy intake, plant versus animal-based diet,
“traditional diet” versus sugarrich diet, “traditional” versus
“modern” diets, and consumption of skimmed versus whole
dairy products. Moreover, metabolic phenotypes related to the
dietary patterns obtained by partial least squares discriminant
analysis (PLS-DA) were essentially based on differences in
lipids and amino acid profiles in plasma.60 Another recent study
also focused on the relationship between dietary patterns and
metabolomic Pl’Oﬁ]ES.Sl Recorded 3 day food diaries and
biofluids (plasma and urine) from 160 subjects were collected
in a double-blind, randomized, placebo-controlled dietary
intervention study. The authors analyzed the data by K-
means clustering for dietary information and 'H NMR for
biofluids. Among the results, 'H NMR spectra of urine allowed
the identification of metabolites associated with different
dietary patterns. In addition, the authors identified several
biomarkers of particular food groups, for instance, phenyl-
acetylglutamine for vegetable intake. !

With regard to those studies related to the application of
metabolomics to identify a particular biomarker or biomarker
pattern that could help us to check the adherence to the
intervention in large epidemiological studies or the free-living
population intake of a particular dietary component,
Heinzmann et al® have developed a strategy for food
biomarker discovery that combines nutritional intervention
with metabolic phenotyping and biomarker validation in a
large-scale epidemiological study. The authors identified the
urinary excretion of proline betaine (a metabolite from citrus)
as a specific and sensitive biomarker of citrus fruit intake. First,
they identified proline betaine as a urinary biomarker of citrus
consumption in a study with eight participants. Then the
authors quantified the relative concentrations of proline betaine
in citrus products and evaluated the urinary excretion profile
after orange juice consumption. Finally, the validation was
carried out, generating a receiver operating characteristic
(ROC) curve in U.K. participants in the INTERMAP study
in which citrus intake was established from four 24 h dietary
recalls per person. The area under the curve (AUC) was 92.3%
with a specificity and sensitivity of 90.6% and 86.3%,
respectively. The platform selected to produce the untargeted
urinary metabolic profiles was 'H NMR.5 A strong relationship
between citrus intake and excretion of proline betaine has also
been observed by Lloyd et al® In this work, the authors used
nontargeted metabolite urinary fingerprinting (FIE-MS and
FT-ICR-MS) to study the relationships between citrus
exposure in free-living human subjects, estimated by a FFQ,
and the chemical content of urine. The results showed that an
acute intake of orange juice resulted in the appearance of

8804

proline betaine and several biotransformed metabolites in
postprandial urine. In addition, a process of biomarker
validation showed sensitivities of 80.8—92.2% and specificities
of 74.2—94.1% (false discovery rate-adjusted P values < 0.05)
for elevated proline betaine in those volunteers who reported a
high consumption of citrus.®

Health Phenotype and Metabolic Impact of Diet. An
overall representation of this strategy is illustrated in Figure 2c.
Usually, nutritional studies collect anthropometrical, biochem-
ical, and medical data (ie., health data) that could be used to
split the population into phenotypes, allowing a deeper study of
either the dietary intervention or dietary pattern effect.
Selection of phenotypes could be carried out intuitively, for
instance, by selecting only those who were diabetic and obese
from the obese population and then studying the effect of a
particular food consumption, or it could be achieved by using
unsupervised multiparametric statistical algorithms such as PCA
or K-means c]usteri.ng.54

In this context, Martin et al® studied the metabolic
responses of freeliving subjects (n = 30), classified into low-
and high-anxiety trait phenotypes, to a daily consumption of 40
g of dark chocolate for up to 14 days. Plasma and urine samples
were collected at the beginning, in the middle, and at the end of
a 2 week study and were analyzed by NMR and MS. Results
indicated that a daily intake of chocolate was strongly
dependent on the dispositional stress state of the individuals,
as noted with statistically significant metabolic effects only in
subjects with a high-anxiety trait. In fact, intake of dark
chocolate resulted in the diminution of the levels of
catecholamines and cortisol in the urine from subjects with
high dispositional stress.”® In another study, O’Sullivan et al®
applied this kind of strategy in a double-blind, randomized,
placebo-controlled dietary intervention to study whether
metabolic phenotyping could identify responders to vitamin
D supplementation in terms of the metabolic syndrome. After 4
weeks of intervention with 15 g of vitamin D or placebo, a K-
means clustering of basal biochemical parameters of metabolic
syndrome was carried out. With this analysis, authors defined
five metabolic phenotypes with different biochemical profiles.
In addition, a "H NMR analysis of urine and plasma was
performed. First results did not show any significant effects of
vitamin D supplementation on biomarkers of metabolic
syndrome. However, fasting insulin concentrations, homeo-
static model assessment (HOMA) score, and C-reactive protein
(CRP) concentrations were significantly reduced following
supplementation with vitamin D in the metabotype charac-
terized by low concentrations of vitamin D and altered
adipokine proﬁ]e.64

Other Studies. As described above, this category groups
several studies showing particular approaches to the application
of metabolomics in nutritional studies. Population-based
studies in the field of nutrimetabolomics showed differences
in the urinary metabolome among subjects from different
geographic zones,** "% leading to the hypothesis that diet
greatly influences the endogenous urinary metabolome.®® After
analysis of the urinary metabolome of four populations (Japan,
China, United States, and United Kingdom) from the
INTERMAP study, two metabolic phenotypes (i.e, metab-
otypes) were differentiated.®” Each corresponded to East Asian
and Western populations, showing contrasting dietary patterns
between them. Furthermore, two differentiated metabotypes
among Chinese populations were observed.*”** In line with
these results, previous analyses of these populations showed

dx.doi.org/10.1021/jf301142b | L Agric. Food Chem. 2012, 60, 87978808
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differences in metabolite profiles among them.® Thus,
consumption information should be available to allow
successful interpretation of metabolomic data.®®

The major subgroup of this heterogeneous category involves
a wide range of study designs. They include novel approaches
ranging from the integration of high-dimensional biological
data” to the exploration of a new biomarker concept around
the connection between exposition and disease,” through the
evaluation of associations between metabotypes and dietary
preferences,n the metabolic responses induced by a nutritional
intervention following physical exercise,73'74 or the comparison
of the extent of dietary m1d_}3hysiologica.1 effects on the urinary
metabolome.” Bakker et al.”® proposed the simultaneous study
of biochemical parameters, gene expression, proteins, and
metabolites in a nutritional intervention to study the effects of
specific dietary components in overweight men. This global
approach allows an integrated biological interpretation of the
data obtained to be carried out, with the aim of studying the
molecular processes involved in a particular health or disease
status. Chadeau-Hyam et al”t applied a “meet-in-the-middle”
approach in a subcohort of the EPIC study. This approach was
focused on the identification of putative intermediate metabolic
biomarkers related to both exposure and disease outcomes,
with the aim of reinforcing the knowledge of dietary factors that
influence disease development. In the analyzed EPIC cohort,
authors identified plasma metabolomic signatures linking colon
cancer with dietary fiber. The strategy of Rezzi et al.”* showed
different metabotypes according to chocolate preferences
independent of the ingested food. With these observations,
the authors suggested that specific dietary preferences may
influence metabolic status and gut microbiota, which may have
long-term consequences on health status. Finally, Xu et al™®
explored the differences in the magnitude of the effect of diet
and gender on the metabolic urinary profiles of men and
women who followed a lactovegetarian or omnivorous diet.
Researchers concluded that their results indicated that food
patterns played a larger role in the metabolome than gender.

As well as these examples of nutrimetabolomic studies, we
have included in this category a subgroup of recent works
focused on the development and validation of methods and
protocols in nutrimetabolomic studies. In this context, a three-
step validation approach was suggested for identifying dietary
biomarkers in complex metabolomic data sets influenced by
inter- and intraindividual variation.”® Pereira et al.”’ developed
and validated a simple and robust UPLC-MS method for the
nutrimetabolomic analysis of human plasma samples. They
tested and compared five methods including three protein
precipitation procedures and two anticoagulants. Their results
showed that the method utilizing heparin as an anticoagulant
and protein precipitation with methanol provided the most
reproducible results. Fave et al”® proposed a standardized
protocol designed to unify experimental strategies in the study
of intake biomarkers with the aim of minimizing the potential
confounding effects of pathophysiological and environmental
factors. They described a robust and reproducible protocol for
analyzing urinary metabolite profiles from individuals in fasting
and different feeding statuses (during the period between the
evening meal and breakfast and after food ingestion),
suggesting that this could be a tool for obtaining data from
habitual diet or specific food consumption. The novelty of this
study is that this protocol would help to obtain homogeneous
data in nutrimetabolomic studies and would facilitate the
comparison of results obtained in different studies.”®

320
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Summary of Nutrimetabolomics Studies Findings.
Modifications on food metabolome included variations in the
concentrations of metabolites directly derived from the
ingestion of food components and from human gut microbiota.
These metabolites could be used as isolated biomarkers, or
biomarker patterns, of the exposure to specific dietary
components, foods, or dietary patterns to discover the actual
ingestion of a subject or population. Most published studies
refer to the analysis of changes or differences in metabolome
according to nutritional data. To obtain more specific details of
potential biomarkers of intake, a second approach for
nutrimetabolomic studies has been described. Along with this
metabolomic approach, some intake biomarkers of specific
foods have been proposed, for instance, proline betaine
(marker of citrus consumption). The strong relationship
between citrus intake and this metabolite has been confirmed
in different population samples by different research groups,
validating its biological robustness. However, in most cases the
corresponding validation required to evaluate its specificity and
sensitivity is missing. Therefore, it might be concluded that the
research of food metabolome biomarkers in the nutrimetabo-
lomic field is currently in the previously described first stage,
that is, the discovery phase. To improve both phases, the
extensive bibliography derived from published studies about
metabolism and bioavailability should be taken into account.
Additionally, because the nontargeted fingerprinting approach
is first used to discover novel biomarker candidates of intake
and health effects, it is also necessary to implement a targeted
approach postdiscovery phase with the aim of obtaining more
detailed data of these potential biomarkers. Furthermore, in the
scientific bibliography we can also find studies demonstrating
that the metabotype could have an impact on nutritional
responses.

Alterations in carbohydrate, lipid, amino acid, and/or energy
metabolism have been detected through the increase or
reduction of endogenous metabolites. These metabolites
could be potential biomarkers of the effects on human health
that exert a nutritional intervention, showing more specific data
about the relationship between diet and pathophysiological
states. The generated biomarkers could be used globally in all
subjects or specifically for a target population group according
to phenotyping criteria.

B CURRENT LIMITATIONS

The application of nutrimetabolomics in large epidemiological
studies opens new perspectives in the field of food metabolome
biomarker discovery and validation. An important point in
these studies is that very often it is necessary to realize that it is
not possible to obtain a homogeneous metabolome sample
collection, mainly because the metabolome will be different as a
result of different factors, for example, the elapsed time since
the last meal. This point is especially significant in observational
studies in which there are no restrictions or parameters such as
diet or food intake.

Most of the analytical methods used in nutrimetabolomic
studies have been NMR spectroscopy, which is characterized by
a high reproducibility but with a limited sensitivity, followed by
MS techniques, which are more sensitive. Therefore, there is no
analytical platform that is capable of identifying all of the
metabolites present in a metabolome. Furthermore, there are
still unknown signals, and currently it is still difficult to unify
data from different nutrimetabolomic studies.

dx.doi.org/10.1021/f301142b1 i, Agric. Food Chem. 2012, 60, 8797-8808



Anexos

Journal of Agricultural and Food Chemistry

B PERSPECTIVES

Differences in metabolome have been observed among different
populations, leading to the hypothesis that food patterns could
have a key role. Although the application of metabolomics in
the nutritional field is quite recent, numerous studies suggesting
different approaches have been published. The most used
approach until now is that which assesses the changes observed
in the endogenous and food metabolome after a nutritional
intervention.

The bibliographic data about the excretion behavior of
microbiota metabolites (present in urine even after 24 h of a
single-dose intake) could be a new source of food intake
biomarkers. Therefore, increasing the ability to identify these
metabolites, for example, by using highly specialized bio-
informatic tools, could open new windows in the field of
monitoring the consumption of certain foods as a prerequisite
for its association with health. An important advantage of this
hypothesis is that some gut microbial metabolites are quite
specific for particular compounds (i.e., urolithin for ellagitan-
nins or hydroxyphenylvalerolactones for flavan-3-ols). Even if
we consider that several dietary sources provide flavan-3-ols
(i.e., tea or cocoa), the phenylvalerolactone and phenylvaleric
acid profiles could discriminate between tea and cocoa
consumers.

It is also important to extend the understanding of the role
and weight exerted by endogenous factors such as gender, age,
circadian rhythm, lifestyle, and microbiota. This knowledge will
enable researchers to take these factors into account and thus
reduce the intra- and interindividual variations of metabolic
profiles. In this way, with the characterization of the
physiological endogenous metabolome (i.e., metabotype),
researchers will be able to classify individuals in accordance
with their metabolite concentrations. More specifically in
nutritional sciences, it is interesting to have a complete
description of the metabolites present in humans depending
on their nutritional status or food pattern. Therefore, future
nutrimetabolomic studies should use standardized diets and
well-defined populations in randomized, placebo-controlled,
and double-blind crossover trials. This fact will also help in the
evaluation of the prognostic and development of new
therapeutic nutritional strategies. At the same time, it is also
necessary to improve the technology around metabolomics.

This evolution will allow metabolomics to be introduced in
the personalized nutritional field, with the aim of either
recommending the best dietary choices for maintaining health
or implementing a particular nutritional risk-lowering or
therapeutic treatment, as well as to measure the compliance
and response of dietary treatments. Furthermore, with
technology advances their efficiency and precision will be
enhanced, and therefore they will become more economical.
These facts will facilitate the use of metabolomics in
personalized nutrition. Personalized dietary recommendations
are usually associated with the employment of functional foods,
and the application of metabolomics in the functional food
sector is also interesting. It can be used in the improvement of
traditional products or in the development of new ones, with
the aim of adapting their nutritional value to the requirements
of specific consumer groups. The nutritional properties and
health benefits of these products could be investigated, and the
derived information would enable the reporting of nutritional
and health claims.
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Abstract:

Grape-derived polyphenols are considered to be one of the most promising ingredients for
functional food due to their health-promoting activities. We applied an HPLC-MS-based
untargeted metabolomics approach in order to evaluate the impact of a functional food based on
grape skin polyphenols on the urinary metabolome of healthy subjects. Thirty-one volunteers
participated in two dietary crossover randomized intervention studies: with a single-dose intake
(187 mL) and with a 15-day sustained consumption (twice per day, 187 mL/day in total) of a
functional beverage (FB). Postprandial (4-hour) and 24-hour urine samples collected after acute
consumption and on the last day of sustained FB consumption, respectively, were explored
using an untargeted HPLC-qTOF-MS approach. Multivariate modelling with subsequent
application of an S-plot revealed differential mass features related to acute and prolonged
consumption of FB. More than half of the mass features were shared between the two types of
samples, among which several phase II metabolites of grape-derived polyphenols were
identified at confidence level II. Prolonged consumption of FB was specifically reflected in
urine metabolome by the presence of first-stage microbial metabolites of flavanols:
hydroxyvaleric acid and hydroxyvalerolactone derivatives. Overall, several epicatechin and
phenolic acid metabolites both of tissular and microbiota origin were the most representative
markers of FB consumption. To our knowledge, this is one of the first studies where an
untargeted LC-MS metabolomics approach has been applied in nutrition research on a grape-

derived FB.

Introduction

Plant phytochemicals are considered to be one of the most important health-promoting
compounds present in our diet.' Therefore, due to their strong bioactive potential, it is proposed
that phytochemical extracts from fruits and vegetables serve as a principal component in a
variety of nutraceuticals, e.g. in functional foods.” Over the recent decades, the concept of
functional food, a food designed to allow consumers to eat enriched foods close to their natural

state,” has attracted much interest and popularity, since it was proposed as a novel therapeutic
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approach to prevent or attenuate diet-related diseases such as obesity, diabetes, atherosclerosis,
and neurodegeneration.’

Grape and grape-derived food products are well-known sources of bioactive compounds, which
are mainly represented by a wide range of polyphenols, and, therefore, they are among the most
commonly used in the development of functional food.* > In general, grape and grape-derived
products are some of the most important natural sources of polyphenols in our diet, and their
dietary consumption is directly related to various beneficial health effects.® Grape skin, being an
edible part of the berry, has an important antioxidant capacity due to its high polyphenol
content, among which the most abundant are flavonoids, anthocyanins, proanthocyanidins,
procyanidins, phenolic acids and stilbenes.® ” Consequently, extracts from grape skin are first-
choice candidates for the development of functional foods and nutraceuticals to be used as
alternative treatment in the management of several diet-related diseases.* >*

Current progress in the development and implementation of omics’ technologies has opened
new perspectives in nutrition research, ’ e.g. food metabolome analysis,'"’ and, consequently,
they have become widely applied in nutraceutical investigation.'' Today, metabolomics is being

" and also in the

applied successfully in quality control,'” in metabolism evaluation'*
assessment of the beneficial effects of functional food."" '* In the latest perspective, untargeted
metabolomics is foreseen as one of the most promising approaches for understanding the
complex relationship between diet and human health due to its potential for data-driven

' Recently, in a couple of studies, an untargeted metabolomics approach was

exploration.
applied in the evaluation of the impact of grape-derived food and extract consumption on human
urinary metabolome using NMR technology alone'’ or in combination with GC-MS and LC-
MS/MS approaches.'* ' The results from these studies suggested that the metabolic fate of
grape-derived polyphenols and other bioactive compounds could be clearly perceived by

14, 18, 19

examining overall urinary metabolome profiles. However, due to the limitations of an

NMR technical approach, mainly related to its relatively low sensitivity (umole — mmole
range),” just a few compounds could be identified and related to the dietary consumption of

14, 17

grape-derived products. Another methodological approach extensively used in untargeted
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metabolomics, mass spectrometry coupled with liquid chromatography (LC-MS), offers highly
sensitive, reproducible and quasi-quantitative metabolite analyses.”"*' Therefore, this technique
has become widely applied in nutritional research.*> However, so far, no studies using an LC-
MS untargeted metabolomics approach have been performed in human intervention studies with
grape-derived products or functional foods.

The objective of the present study was to elucidate the impact of acute and sustained
consumption of a functional beverage based on grape skin extracts on the urinary metabolome
(i.e. food metabolome) of healthy subjects by applying an untargeted HPLC-MS metabolomics

approach.

Experimental

Chemicals and reagents

The following chemicals were obtained commercially: L-phenylalanine, 1-methyl-L-histidine,
L-tryptophan, 20-deoxyguanosine, glycochenodeoxycholic acid, (-)-epicatechin and procyanidin
B2 (Sigma-Aldrich, St Louis, MO), 4-hydroxyhippuric acid (PhytoLab GmbH & Co., KG) and
naringenin (Extrasynthése, Genay, France). HPLC-grade acetonitrile and formic acid were
purchased from Scharlau Chemie S.A. (Barcelona, Spain). Ultrapure water (Milli-Q) was
obtained from a Milli-Q Gradient A10 system (Millipore, Bedford, MA).

Human intervention study

Thirty-one healthy adult volunteers (15 men and 16 women, aged 25-55 years) participated in a
double-blind, placebo-controlled, randomized crossover intervention study with a drink
containing grape skin extract. The study protocol was approved by the Ethics Committee of the
Hospital Universitario La Paz, Madrid. The detailed study design was reported earlier.”” Briefly,
one week prior to and during the 46 days of the study the participants maintained a low-
polyphenol diet. For the acute study, after a seven-day washout period, the subjects consumed
187 mL of the FB (functional beverage), containing a grape skin extract, or the CB (control
beverage), as a placebo, in randomized order together with a standard breakfast consisting of

white bread, cheese and yoghurt. After that, they consumed the corresponding beverage twice a
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day (at lunch and dinner), 187 mL per day in total, for the next 15 days. The same procedure
was repeated after a second seven-day washout period according to the crossover design.”> On
the last day of each washout and intervention period, 24-hour urine was collected from
volunteers. For the acute study, the urine collected during the first four postprandial hours was
used. All urine samples were stored in aliquots at -80 °C prior to analysis.

Both the placebo (CB) and the intervention (FB) beverages had the same macronutrient
composition of carbohydrates (sugars), 10 g/L, and energy, 40 kcal/L. The FB contained a grape
extract preparation obtained from red grape skins using alcohol extraction in different
temperature conditions. Therefore, due to the grape skin extract component, the FB contained
hydroxycinnamic (4280 pg/L) and hydroxybenzoic (83 mg/L) acids, anthocyanins (16 mg/L),
flavanols (96 mg/L) and stilbenes (5.7 mg/L), whereas the CB contained no polyphenols.” The
FB had a total polyphenol index (1280) of 116 (arbitrary units), which is much higher than an
average wine index.”

LC-MS metabolomics analysis

The sample preparation was conducted according to a previously published methodology.”>*’
HPLC-MS analysis was performed using an Agilent 1200 Series Rapid Resolution HPLC
system coupled to a hybrid quadrupole TOF QSTAR Elite (Applied Biosystems/MDS Sciex)
according to the protocol for untargeted metabolomics analysis established in our group.”?’
Thus, chromatographic separation was performed using RP 18 Luna 5 pum, 50 x 230 mm
column (Phenomenex, Torrance, CA) in mobile phases consisted of (A) 0.1% HCOOH and (B)
CAN 0.1% HCOOH, at a flow rate of 600 pL/min with the following linear gradient elution (t,
%B): (0, 1), (4, 20), (6, 95), (7.5, 95), (8, 1), (12, 1). q-TOF spray parameters were set as
previously described”” and full data acquisition was performed in the scan range 70-700 m/z in
positive ionization mode. LC-MS data were acquired in three successive equilibrated batches. In
addition, samples and sequences of injections were randomized in order to avoid possible bias.
Four types of quality control (QC) were analysed along with samples in each batch in order to
monitor the stability and functionality of the system: QC1 — Milli-Q water; QC2 — 5 pg/mL of

exogenous standard mixture consisting of 4-hydroxyhippuric acid, epicatechin, procyanidin B
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and naringenin; QC3 — 5 pg/mL of endogenous standard mixture consisting of methyl-L-
histidine, deoxyguanosine, glycochenodeoxycholic acid, phenylalanine and tryptophan; and
QC4 — about 10% of all samples were reinjected within the same batch. The QC data were used
in order to monitor the system’s stability and functionality, guaranteeing the reliability of the

25, 27

acquired data. Raw LC-MS data are deposited at the laboratory of Biomarkers &
Nutrimetabolomic Research Group. Nutrition & Food Science Department., Pharmacy School-
University of Barcelona, and can be available upon request.

Data preprocessing

LC-MS raw data were processed using MarkerView TM 1.2.1. software (Applied Biosystems,
MDS Sciex, Toronto, Ontario, Canada). Peak detection was performed using a minimum
spectral peak width of 1 ppm, a minimum RT peak width of 3 scans, a noise threshold of 5 and
a subtraction multiple factor of 1.5. The retention time tolerance was 0.1 min and the mass
tolerance was 0.05 Da.

Multivariate analysis (MVA) of data

The MV A was performed using SIMCA-P+ 13.0 software (Umetrics, Umea, Sweden). The data
set was log-transformed and Pareto-scaled before unsupervised principal component analysis
(PCA), and supervised statistical modelling by simple and orthogonal partial least squares
discriminant analysis (PLS-DA and OPLS-DA, respectively). The PCA was used to gain an
overview of the quality of the data acquisition step, while the PLS-DAs were applied for the
exploration of the differences in metabolomes among the sample groups. OPLS separates the
system variation in X (LC-MS data) into two parts, one that is linearly correlated (predictive)
and one that is uncorrelated (orthogonal) to Y. This separation facilitates the model
interpretation as the variation between classes can be interpreted from the predictive component,
and the variation within classes can be interpreted from the orthogonal component.”® The type of
beverage (CB vs FB) and time of urine collection (washout versus intervention) were used as
categorical Y variables in both the PLS-DA and OPLS-DA. The quality of the supervised
models was evaluated by the goodness-of-fit parameter (R"X), the proportion of the variance of

the response variable that is explained by the model (R’Y..,») and the predictive ability parameter
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(Q2.m), which was calculated by a seven-round internal cross-validation of the data using a
default option of the SIMCA-P+ 13.0 software. The OPLS-DA models were tested for
overfitting with an ANOVA based on the cross-validated predictive residuals (CV-ANOVA)*
using SIMCA software, while the PLS-DA model was tested by the permutation test (n=200).”
Potential markers of interest were extracted from the S-plot, a scatter plot that graphically
combined the covariance and correlation loading profiles resulting from the constructed OPLS
models.’’ Pairwise discrimination between the FB and CB classes for acute and sustained
chronic consumption of beverages was carried out by two distinet S-plots and differential
features were chosen based on their correlations in each data set. Only mass features showing
correlation coefficients (jp(corr))) in both S-plots of > 0.5 *7 were included in the list of
candidate markers explaining the separation between FB and CB interventions.

Metabolite identification

Markers contributing to the discrimination between diets were identified through a multiple-step
procedure.”® ** First, a two-way hierarchical clustering analysis using the Pearson distance and
Ward’s method (PermutMatrix 1.9.3.0 software)” was applied to both sets of differential
signals obtained from the S-plots. Mass features and urine samples were clustered
simultaneously in order to group the observations by their similarities. The mass features
corresponded to the same metabolite - protonated molecules,"? C isotopes, adducts and in-source
generated fragments.** - were identified as clusters based on a heat map of intensities and of a
correlation matrix.”* Second, identification of compounds was carried out on the basis of their
exact mass (5 mDa of accepted mass difference), which was compared to those registered in an
in-house database™ that mainly focused on the food metabolome, and in freely available
external databases: the Human Metabolome Database (HMDB; www.hmdb.ca) and the MetLin
database.*® In addition, the in-source fragmentation behaviour of compounds, represented as
ions clusters aggregated by two-way HCA, was used as complementary information to identify
the metabolites.”” Finally, the metabolites with the two highest levels of confidence identity,
levels I and II (when at least two orthogonal physicochemical properties, such as mass,

fragmentation or retention time, corresponded with authentic standards or with public/in-house
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spectral libraries, respectively).’® were taken into further consideration. The biological relevance
of the identified metabolites was evaluated based on mformation extracted from earlier

published reports accessed through free search engines.

Results

Data acquisition quality

PCA analysis of the three QC classes revealed a clear separation between distinct control
samples belonging to QC1, QC2 and QC3 (Figure 1S (A), Supplementary Information). Neither
carry-over nor apparent clustering due to the sequence of injections was detected. No artificial
trends took place 1n the study samples during data acquisition, since QC4 replicates were tightly
clustered in the PCA scores plot (Figure 1S (B) Supplementary Information). The quality
control results were in agreement with criteria recently proposed for metabolomics studies, *>*’
suggesting that the overall quality of the acquired data was good.

Analysis of urinary profiles in acute and midterm sustained consumption studies

To assess the intervention-dependent changes in the urinary metabolome in both consumption
studies, an OPLS-DA using two classes. FB and CB, was applied separately to the acute and
sustained studies’ data sets. The robust, high-quality 1+2 OPLS-DA models were obtained with
regard to the separation of samples by type of beverage consumption for both studies (Figure 1
A and B). Both OPLS-DA models were further applied for metabolite discriminant analysis.

The metabolic profiles of 4-hour postprandial urines and 24-hour urines collected on the last
day of the one-week washout and of the 15-day sustained intervention periods were assessed
using PLS-DA modelling. In contrast to both acute and sustained FB consumption, where
changes in urinary metabolic profiles were observed, no important alterations in urinary
metabolic profiles caused by any intervention with the CB were noticed (Figure 2S (A),
Supplementary Information). The differences in 24-hour urinary metabolome between washout
and under sustained FB intervention were similar to those observed in comparative analysis

between the FB and CB beverages (Figure 2S (B), Supplementary Information).
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The S-plots’" associated with the OPLS-DA were generated to reveal the statistically significant
metabolites responsible for FB consumption. The differential mass feature selection using a
reliability cut-off of p(corr) = 10.5l, indicating a significant relation to the consumption of the FB
(upper-right quadrants) or CB (lower-left quadrants) beverages, is presented in Figure 2 A and
B, for acute and prolonged intervention studies, respectively.

Comparative analysis of metabolome alteration due to acute and sustained interventions
The comparison of metabolome modifications induced by both acute and sustained FB intake
was performed and aggrupation of nv/z features are represented on a Venn diagram (Figure 3).
The mass features positively affected by FB intake (p(corr) > 0.5) were classified into three
groups: specifically related to acute consumption, specifically related to sustained consumption,
and a common group. In general, about 70% ot acute consumption markers were also detected
in samples from the sustained study, whereas 44% of markers were exclusively related to the
prolonged FB consumption in contrast to about 30% for the acute.

Characterization and identification of FB consumption biomarkers

A number of differential compounds unique and common to acute and sustained consumption
studies detected as clusters composed of different kinds of ions were identified. Eighteen
metabolites, identified at least with confidence level I, are summarized in Table 1 according to
their main characteristics: retention time, detected mass and postulated identification. The
identity of 4-hydroxyhippuric acid was confirmed comparing its mass-chromatographic
behaviour with the authentic standard present in QC 2 (Figure 3S, Supplementary Information).
The rest of the metabolites were annotated at confidence level II. All eighteen metabolites from
both studies had a higher relative abundance in the samples related to the consumption of the
FB. These metabolites were considered in relation to their metabolic origin: as host (represented
principally by phase II metabolites of polyphenols originally present in grape skin) and
microbial (compounds derived from grape polyphenols due to the catabolic activities of
intestinal microbiota). With regard to the differences in metabolic profiles observed between
acute and prolonged consumption of the FB, the sustained consumption was clearly associated

with the presence of metabolites of an exclusively microbial origin.”” On the other hand, only
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one postprandial-specific metabolite was identified, while other metabolites were common for

both sample types (Table 1).

Discussion

The current study shows that acute and 15-day sustained consumption of an FB based on grape
skin extracts produces significant changes in urinary metabolome. Using an LC-MS-based
untargeted approach with subsequent multivariate analysis, we identified a range of metabolites
that are chiefly related to the metabolism of grape skin polyphenols, a principal active
component of the tested FB.

Metabolite 1 (Table 1) was annotated as fyrosine, based on its LC-MS behaviour. It was the
only discriminative metabolite related specifically to acute intervention with an FB. This non-
essential amino acid was earlier also described as an important contributor to the 6-hour
postprandial urinary metabolome changes provoked by acute consumption of cocoa powder.”’
According to  the phytochemical database of Dr  Duke (http:/www.ars-

grin.gov/duke/plants.html), grape berries can contain about 120-617 ppm of tyrosine.

Therefore, it could have been extracted along with other polyphenols and consumed within the
FB at much more elevated concentrations, thus appearing excreted in 4-hour postprandial urine.
Nevertheless, the endogenous origin of the detected tyrosine must also be considered.

Elevated excretion of 4-hydroxyhippuric acid (Table 1, metabolite 2) after consumption of the
functional beverage was noticed in both acute and under prolonged consumption of FB.
Recently, elevated 4-hydroxyhippurate was detected by untargeted NMR, along with its 3-
hydroxy! isoform, in 24-hour urine after grape-derived product consumption.'® Consumption of
other polyphenol-rich foods, such as tea’ and cocoa, * was also related to its elevated
excretion, which was associated mainly with the microbial metabolism of consumed
proanthocyanidins and flavanols. On the other hand, whether directly from grape skin*' or
released from pelargonidin,” 4-hydroxybenzoic acid may directly undergo conjugation with
glycine in the liver under its absorption in the small intestine,” forming 4-hydroxyhippuric acid.

Thus, this may explain its postprandial appearance after FB consumption. Therefore, we relate
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24-hour excretion of 4-hydroxyhippuric acid under chronic consumption to both p-
hydroxybenzoic glycination and microbial catabolic activities.

Common to acute and sustained consumption of FB, metabolites 3 and 6 (Table 1) were
annotated as glucuronides of hydroxy-dimethoxybenzoic acid based on their LC-MS
behaviour. Their mass fragmentation patterns suggest to us that they are conjugates of syringic
and dimethylgallic acids, however no specific assignment could be made due to the lack of
standards. Syringic acids could directly derive from grape extract due to their relative
abundance in the berry skin,* or could originate in the body as microbiota catabolic products*
derived from corresponding O-methylated flavonoid syringetin and anthocyanidin malvidin,

normally abundant in red grapes.*

Therefore, syringic acid may be glucuroconjugated directly
upon absorption or later after its release by microbiota, and thus may be available in the body
during the first postprandial hours and over a prolonged time after ingestion. Earlier, syringic
acid was reported to be elevated after sustained consumption of grape-derived food.'*'**” With
regard to dimethylgallic acid, very little information is available on this metabolite in relation to
polyphenol metabolism. Thus, the 3,4-dimethyl derivative of gallic acid was proposed as a
putative marker of black tea consumption,” in contrast to its 3,5-dimethyl isoform (syringic
acid), suggesting that the two isomers detected in our samples could arrive by different ways.
However, both of them might also have a common origin related to 3-O-methylated gallic

d,”™ * originating from the corresponding anthocyanin, petunidin, abundant in grape skin **

aci
or as a minor O-methylated metabolite” of grape-derived gallic acid. However, due to the
limited information available, it is difficult to be conclusive with certainty about the origins of
dimethylgallic acid with respect to our intervention.

Metabolites 4 and 5 (Table 1), positively changed in both postprandial and after prolonged FB
consumption urines, were annotated as vanillic acid glucuronide and vanilloylglycine,
respectively, based on their LC-MS characteristics. Recently, vanilloylglycine was detected in
24-hour urines after regular dealcoholized red wine consumption.” Both compounds were
related to the colonic microbiota metabolism of dietary polyphenols, principally of

50, 51

hydroxycinnamates and flavan-3-ols,””” ** also quite abundant in grape berry skins.**
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However, in our study we have already detected these metabolites in 4-hour postprandial urine.
This could be explained by the fact that vanillic acid was probably already present in the FB
polyphenol extract, as was shown for red grape skin.** Thus, we hypothesize that on the one
hand, both metabolites could be directly related to FB polyphenol extract, and on the other, they
could be related to the microbial metabolism of more complex grape skin polyphenols, therefore
being excreted as glucuronidated and glycinated derivatives of vanillic acid in urines obtained
both after acute and sustained consumption.

Metabolite 18 (Table 1), common to both acute and sustained FB consumption, was annotated
as dihydrosinapic acid glucuronide according to its LC-MS behaviour. It is a metabolite of
sinapic acid via reduction of the double bond in the cinnamic acid side chain.””*' Sinapic acid is
among the most abundant hydroxycinnamates found in red grapes and derived products,” and
recently its increase in 24-hour urine was related to consumption of dealcoholized red wine.*’
However, no data on the detection of its hydrated metabolite, dihydrosinapic acid, in relation to
a dietary consumption of polyphenols, have been reported yet. Recently, it was proposed that
reduction activity on cinnamates is not restricted only to intestinal microflora activity, as tissular
metabolism™>* might also be involved. Therefore, we postulated that dihydrosinapic acid detected
in acute samples might also be generated as a phase I metabolite of sinapic acid, and later, upon
prolonged ingestion of an FB, appear in urine as a microbial metabolite as well.

Metabolites 11, 16 and 17 (Table 1,) were annotated as a glucuronide and two sulphates of
epicatechin, respectively, based on their LC-MS behaviour. The increase of epicatechin in
urinary host metabolites during both acute and sustained consumption of FB, was obviously
related to the intake of flavan-3-ols, which are the most abundant class of flavonoids present in

46, 53

grape and related products.” ° In general, epicatechin phase II metabolites are recognized

C E 26, 27, 55, 56
markers of consumption of flavanol-rich food,

especially for postprandial stages. Their
relation to the consumption of grape and derived food products was recently reported by our
group in a targeted metabolomics study on the consumption of dealcoholized wine.*” Relatively

short excretion times of epicatechin phase II metabolites enable their identification in both of

our sample types: 4-hour postprandial and 24-hour urines. In contrast, the metabolites 7, 8, 14
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and metabolites 9, 10, 12, 15 and 13 (Table 1) were identified as principal discriminant
metabolites of prolonged FB consumption. Based on their exact masses, retention times and in-
source fragmentation patterns, these compounds were annotated as belonging to first-stage
flavan-3-ol microbial metabolism®  derivatives of hydroxyl-(dihydroxy)-valeric acid (two
glucuronides and sulphate), and derivatives of diliydroxyphenyl- (two glucuronides), hydroxyl-
methoxyphenyl- (two glucuronides) and hydroxyphenyl-valerolactones (one glucuronide),
respectively. Earlier, various phase II hydroxyvaleric acid and hydroxyvalerolactone
derivatives, including those identified in the present study, were also reported to be markers of
consumption of flavanol-rich food such as almond skin,” cocoa®™ *’ and tea.”> ** Although
grapes, especially red ones, are known to be very rich in flavanols, so far no studies have
reported on their microbial metabolites in relation to grape polyphenol consumption. Only
recently, our group suggested them as markers of chronic grape-derived product consumption
(dealcoholized red wine) using targeted LC-MS analysis,"” and the present study, applying an
untargeted approach, has ratified that the phase II metabolites of microbiota-derived
hydroxyvaleric acid and hydroxyvalerolactones could serve as principal markers of prolonged
grape skin flavanol consumption.

Similarities between urinary metabolome under acute and prolonged intakes of grape skin
polyphenols, both as differential mass features (Figure 2) and identified metabolites (Table 1),
were observed. This is in line with the notion that the urine under sustained consumption should
also contain compounds related to postprandial metabolism, since the 24-hour urine samples
were collected on the last intervention day when the last two doses of the FB had been
consumed at lunch and dinner. Differences in the metabolic profiles of the continuous
consumption were clearly associated with the presence of metabolites of an exclusively
microbial origin (Table 1). According to the study design and analysis, all unique mass features
detected under sustained consumption, including unidentified ones, should be related either
directly to microbial metabolism or to effects provoked by prolonged grape skin polyphenol

consumption.
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In contrast to prolonged consumption, we identified only one postprandial-specific metabolite.
As we explained earlier, we expected mass features unique to the 4-hour postprandial sample to
also be present in 24-hour urinary samples, however they could not be detected due to the
metabolome-diluting effect. Thus, in this study the acute samples were used for two purposes:
(1) to evaluate 4-hour postprandial urinary metabolome after FB intake; and (i1) to contrast those
metabolites related specifically to 24-hour urine under prolonged grape skin consumption.

The potential health effects of grape polyphenols are of particular interest from the nutraceutical
and functional food viewpoints." > " * The mechanisms by which grape polyphenols exert their
protective effects are not entirely clear, but they are conditioned by polyphenol bioavailability
within the human organism.”® The detection of polyphenol metabolites in urine following their
dietary ingestion approximates their availability and recapitulates their fate in an organism,
linking it to their biological effects. Previously, such evaluations were usually studied applying
(targeted) analysis that was specifically focused on the main or on grape-specific polyphenols.™
473969 Thus, our previous study characterized in detail the resveratrol metabolism following
ingestion of the functional beverage tested in the present study by applying a targeted LC-MS
approach.”® Since, the resveratrol metabolites could not be detected in the present study,
probably due to the technical limitation of the applied untargeted approach, the results of the
targeted study could be considered as complementary data to our results, confirming the
bioavailability of ingested polyphenols. Our study, applying an untargeted LC-MS approach and
data-driven analysis, was able to show that after dietary ingestion of grape skin polyphenols in
the form of a functional beverage, the main alterations in urinary metabolites were related to
polyphenol metabolism. As a result, we were able to assess the specificity of these alterations

under sustained consumption in respect of the postprandial period.

Conclusion

In conclusion, our study showed that single and prolonged consumption of a grape skin

polyphenol-based FB promoted significant changes in the profiles of urinary low-weight
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metabolites. To our knowledge, this is the first study to assess the urinary metabolic fingerprint
of dietary ingested grape polyphenols applying an untargeted LC-MS approach. Although our
study was performed with a limited (for untargeted metabolomics) number of subjects living
within close geographical area, the application of the crossover study design and highly
sensitive HPLC-qTOF-MS technology enabled us to detect that the principal changes in urinary
metabolome were related to the grape skin polyphenol metabolism. Thus, on the one hand,
various metabolites of grape skin-derived phenolic acids and epicatechins were mutually
identified in 4-hour postprandial and 24-hour urine after acute and under prolonged sustained
consumption of FB, respectively. These metabolites could be recognized as generic markers of
grape skin polyphenol consumption. On the other hand, several first-stage microbial metabolites
represented by the phase II metabolites of hydroxylvaleric acid and hydroxyvalerolactone
derivatives were also associated with high grape skin flavanol content. They were exclusively
present in 24-hour urine during sustained consumption of the FB, therefore we would suggest
them as principal microbiota-derived markers of prolonged consumption of grape skin
polyphenols. However, it should be mentioned that despite of the controlled dietary conditions,
which were applied in the present study, these metabolites cannot be considered solely as
biomarkers of grape skin polyphenol intake since most of them have also been identified after

6, 27, 55 61
> and tea.’

consumption of other sources of flavan-3-ols, such as cocoa and almond,”
Furthermore, we should admit that the use of only positive ionization conditioned our research
to discover principally positively ionized markers. This should be reconsidered in future studies,
since negative ionization, although being less significant in the gathering of metabolic

2

information,”” could provide complementary metabolic data. In addition, a multimetabolite
marker approach recently introduced in nutrimetabolomic ** could provide more accurate
evaluation of the exposure to grape-derived polyphenols, but this should be specifically tested.
Therefore, we would suggest that the health impact of the tested functional beverage

consumption, as well as other foods with grape skin-derived components, should be studied

considering the complexity of polyphenol metabolism.
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Figure legends:

Figure 1: Score plots of orthogonal partial least squares discriminant (OPLS-DA) modelling for
acute (A) and 15-day sustained (B) intervention studies with control (samples marked as blue
and green cycles, respectively) and functional (samples marked as red and yellow cycles,
respectively) beverages. N — number of components in OPLS-DA modelling; O — orthogonal
component; P — predictive component; R’°X.,,and R’Y,,,, are the cumulative modelled variation
in the X and Y matrix, respectively; Q" is the cumulative predicted variation in the Y matrix;
the P-value from CV-ANOVA, based on the cross-validated predictive residuals, is listed for

both models (significant result indicates a valid model).

Figure 2: S-plots associated with OPLS-DA score plots for data obtained from urine LC-MS
analysis for acute (A) and sustained (B) intervention studies on the consumption of both (FB
and CB) beverages. Dashed lines represent p(corr) >0.5 cut-offs used for the selection of

putative markers coloured in red and yellow for acute and sustained consumptions, respectively.

Figure 3: Diagram showing the overlap among the m/z features and those metabolites which
were identified and annotated according to the levels I and II of the confidence of identity™ in
both acute and sustained intervention studies with functional (FB) beverage. The corresponding

listed metabolites” mass features are presented in Table 1.
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ABSTRACT

Diet is implicated in a myriad of diseases, ranging from events in the first weeks of
life to chronic and age-related illnesses, for example, cancer and cardiovascular disease.
A primary goal of nutrition research is to optimize health via dietary interventions, by
prevention, delay, or reduction in the severity of disease.

To date, several methods for dietary assessment have been used, such as food
frequency questionnaires, food diaries, food records, or 24-h dietary recalls. However,
they are associated with different measurement errors between diet observed and true
intake, which may obscure some disease risk associations. Thus, nutrition
epidemiologists started using different biomarkers in biological samples that are more
objective measures and are independent of errors related to dietary assessment methods.
A nutritional biomarker can be any biological compound that is an indicator of nutritional
status with respect to the intake or metabolism of dietary constituents. An ideal
nutritional biomarker would accurately reflect its dietary intake level and it would be
specific, sensitive and applicable to many populations. It should also be reproducible,
validated and reliable.

The discovery and assessment of nutritional biomarkers highly depend on
appropriate analytical tools. An ideal technique for biomarkers discovery and monitoring,
unfortunately, is not currently available, the critical limiting factor being the lack of
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ABSTRACT

Flavonoids comprise a large group of phenolic compounds synthesized by plants as
secondary metabolites, with a common diphenylpropane skeleton (C6-C3-C6). Over
9,000 structurally distinct flavonoids have been identified in nature, although less than
200 were found in a sample French population. Flavonoids can be classified according to
their chemical structure into eight subclasses: flavanones, flavones, dihydroflavonols.
flavonols. flavan-3-ols or flavanols. anthocyanidins. isoflavones and proanthocyanidins.

Flavonoids occur ubiquitously in plants and plant products. They are generally found
in glycosylated forms. mainly with glucose or thamnose moieties, but other sugars may
also be involved. Flavonoids in foods confribute to their flavor. providing color.
astringency and bitterness. Flavonols are the most frequent flavonoids in foods, with
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onions, apples and tea being the main food sources. Flavones are widely distributed in
plants, but in lower amounts than flavonols. The richest sources are herbs and spices.
Dihydroflavonols have been identified in a few foods, such as wines and oregano.
Flavanones are characteristic compounds of citrus fruits and their derived juices.
Anthocyanidins are responsible for the colours of fruits and vegetables, like pink, red,
blue or purple. They are abundant in berries and their derived products, such as juices and
wines. Flavan-3-o0ls are found as aglycones in foods. Catechin and epicatechin are the
main flavan-3-ol contributors, with tea, apples, red wine and chocolate being their most
common food sources. Proanthocyanidins are oligomeric and polymeric flavan-3-ols,
also known as condensed tannins, and are responsible for the astringency of various fruits
or beverages and for the bitterness of chocolate. Theaflavins and thearubigins are derived
flavanol compounds that are only found in tea. Isoflavones are found almost exclusively
in leguminous plants, particularly in soybeans and their processed products.

The bioavailability of flavonoids varies greatly among and within their subclasses, in
terms of their chemical structure and sugar moiety type. Flavonoids are usually absorbed
by both the small intestine and colon as aglycones after being hydrolyzed by either
enzymes or the microbiota with a high intra- and inter-individuality. After absorption,
they are quickly metabolized in the intestinal cells or in the liver. Therefore, the
biological activity of flavonoids may be due to their conjugated forms or the aglycones
that may be set free in target tissues. Finally, they are eliminated by renal and/or liver
excretion. Most flavonoids are known to exert similar biological effects — such as
antioxidant, anticarcinogenic, anti-inflammatory, antiobesity, antidiabetic, antiallergic,
hepatoprotective, and gastroprotective activities — in vitro. But each individual compound
has different effective concentrations, may use different mechanism of actions and even
exert different effects.

Epidemiological studies have suggested that flavonoids may provide protection
against several chronic diseases, such as cardiovascular and neurodegenerative diseases,
diabetes, obesity and some cancers. However, scientific evidence on the role of flavonoid
intake in disease prevention is promising but not conclusive, and further clinical and
epidemiological studies are needed.
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ABSTRACT

Resveratrol consumption has been positively associated with the
prevention of a number of diseases, mainly due to its reported antioxidant
activity and anti-inflammatory and antitumor effects, and has, therefore, the
potential to be evaluated for therapeutic use. However, scarce studies have
been carried out in humans and the results yielded are still controversial.
Before making nutritional recommendations regarding this promising
molecule, other aspects such as dietary intake and bioavailability should be
considered.

Resveratrol and other stilbenes, such as piceid, have been identified in a
large number of plants, although they have been found in a few dietary
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components, with red wine and grape products as the major sources.
Therefore, urinary resveratrol metabolites have been described as nutritional
biomarkers of wine consumption, providing an additional tool for clinical and
epidemiological studies, since they reflect a more objective assessment of
nutrient intake than self-reported dietary data. Its estimated intake or exposure
is essential in order to relate resveratrol consumption with its possible health
effects in vivo. However, resveratrol is rapidly metabolized, and therefore the
bioactivity of this compound will be related to its metabolites. Identification
and measurement of metabolic forms are key prerequisites for understanding
the role of these compounds, since they will be the ones that reach the
peripheral circulation and tissues where they could exert their biological
effect. Phase Il metabolism of resveratrol has been widely studied, with the
glucuronide and sulfate forms being the main resveratrol conjugates.
However, few studies have focused on the microbial metabolism of
resveratrol, which leads to dihydroresveratrol formation, although this could
give a better idea about effects of long-term resveratrol consumption.
Furthermore, the matrix in which resveratrol is delivered could play an
important role in its bioavailability.

This chapter, therefore, provides an overview of the metabolism of
resveratrol after short- and long-term consumption and the microbiota and
food matrix effects on its bioavailability. This needs to be considered in order
to gain a better understanding of the links between resveratrol intake and
health.
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9.3 COMUNICACIONES EN CONGRESOS

Durante el perfodo predoctoral se han presentado 5 conferencias invitada
en congresos y una comunicacion oral de las cuales presentan algunos de
los resultados recogidos en la presente Tesis Doctoral. También se han
presentado 3 posters en 3 congresos internacionales: el “1” International
Conference on Polyphenols and Health (ICPH)”, el International Workshop on
Metabolomics “Technology and Applications’ CIC bioGUNE, el “X Congreso

Internacional de Barcelona sobre la Dieta Mediterrinea”.

CONFERENCIA INVITADA:

Andrés-Lacueva C, Urpi-Sarda M, Llorach R, Rotchés-Ribalta M, Chiva-
Blanch G, Zamora-Ros R, Boto-Ordéfiez M, Vazquez R, Rabassa-Bonet
M, Tulipani S, Trespalacios P, Garcia-Aloy M, Lamuela-Raventos RM,
Estruch R. Metabolomic and targeted study of biomarkers in an
interventional clinical study on wine consumption. Wine active compounds:

international conference. Beaune (Francia). Marzo 2011

Llorach R, Urpi-Sarda M, Tulipani S, Jauregui O, Garcia-Aloy M, Vazquez
R, Rabassa M, Fernandez F, Perera A, Andres-Lacueva C. Polyphenols-
rich diets consumption and cardiovascular-health promoting. Application
of diferent nutrimetabolomics strategies to develop new biomarkers of
intake and health-effects. The 57 International Conference on Pobyphenols and
Health (ICPH). Sitges, Barcelona (Espafia). Octubre 2011

Andres-Lacueva C, Urpi-Sarda M, Vazquez-Fresno R, Tulipani S,
Rotches-Ribalta M, Boto-Ordonez M, Queipo-Ortuno M, Chiva G,

Estruch R, Tinahones FJ, Llorach R. Red wine polyphenols and human
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health. 20th International Congress of Nutrition. Granada (Espafia). Septiembre
2013

Andres-Lacueva C.; Mireia Urpi-Sarda,; Garcia-Aloy, M,; Vazquez-Fresno,
R,; Estruch, R;Corella, D, ;Martinez-Gonzilez,MA,; Salas-Salvadd,

J.;Covas, M1,; Serra-Majem, L.; Drapers, J,;Llorach, R. New metabolomics
strategies in clinical nutrition research: from diet to revealing disease risk
biomarkers. 20th International Congress of Nutrition. Granada (Espafia).
Septiembre 2013

Andres-Lacueva C, Urpi-Sarda M, Garcia-Aloy, M, Vazquez-Fresno R,
Estruch R, Corella, D, Martinez-Gonzalez MA, Salas-Salvadé ], Covas

MI, Serra-Majem L, Drapers ], Llorach R. Metabolomic strategies in
clinical nutrition research: from polyphenol rich diet to revealing disease
risk biomarkers. 11 International Conference on Polyphenols and Health (ICPH-
6). Buenos Aires (Argentina). Octubre 2013

COMUNICACION ORAL:

Llorach, R; Vazquez-Fresno, R; Perera, A; Chiva, G; Tinahones, F;

Estruch, R; Andres-Lacueva, C Metabotyping in cardiovascular risk
subjects reveals differences in their urinary profiles after wine intake. 975
Annual International Conference of the Metabolomics Society. Glasgow (Reino
Unido). Julio 2013
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INTRODUCTION

Moderate wine intake is associated with health promoting activities. NMR allows the detection of a wide range of metabolites for metabolomic applications . The aim of the
present study is to apply a NMR-metabolomic strategy in order to investigate the human metabolic effect of wine intake in urinary profile identifying the most relevant
metabolic changes after moderate intake of red wine (RW).
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