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RESUMEN

La enfermedad cardiovascular corresponde a una de las primeras causas de
muerte en Chile y en el mundo, siendo un problema de salud publica.

Se ha descrito que los polifenoles podrian participar en la prevencién de las
enfermedades cronicas a través de una disminucion del estrés oxidativo.

En esta tesis, desarrollando un estudio metabolomico basado en UHPLC-
QTOF-MS complementado con ensayos in vitro e in vivo y la determinacion
de marcadores proteicos de estrés oxidativo e inflamacion, se construyé una
plataforma para el estudio holistico del efecto del consumo de calafate, en el
contexto de la patologia cardiovascular, siendo este fruto rico en polifenoles.
Como resultado hemos demostrado que el extracto de calafate es capaz de
disminuir el estrés oxidativo en un modelo de células endoteliales y en LDL
humana, asi como también provocar un cambio en el metaboloma de ratones
alimentados con una dieta alta en grasa, cambios que son asociados al efecto
protector de la ingesta de calafate frente a factores de riesgo de la patologia
cardiovascular. El estudio metabolémico incluy6 el analisis de muestras de
plasma y de tejido cardiaco, encontrando que el efecto es a nivel de
parametros asociados a estrés oxidativo, disfuncion endotelial y peroxidacion

lipidica, activando el ciclo de Krebs y la oxidacion de &cidos grasos.
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ABSTRACT

Cardiovascular disease corresponds to one of the main causes of death in
Chile and in the world, becoming a relevant public health problem.

It has been described that polyphenols, hydroxylated aromatic compounds
with antioxidant properties, participate in the prevention of chronic diseases
through the reduction of oxidative stress.

In this thesis, a metabolomic study based on UHPLC-QTOF-MS
complemented with in vitro and in vivo assays and determination of protein
markers of oxidative stress and inflammation was carried out through a
platform built for the holistic study of the effect of calafate consumption in
the context of cardiovascular pathology, fruit rich in polyphenol compounds.
Our results showed that the calafate extract reduced oxidative stress in an
cells endothelial model and in human LDL, as well as it caused a change in
the metabolome of mice fed a high-fat diet. These changes are associated
with the protective effect of calafate intake against risk factors of
cardiovascular pathology. The metabolomic study included the analysis of
plasma samples and cardiac tissue, where the calafate affected parameters
associated with oxidative stress, endothelial dysfunction and lipid

peroxidation, activating the Krebs cycle and fatty acid oxidation.
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CAPITULO 1: INTRODUCCION GENERAL

1.1 Enfermedad cardiovascular y estrés oxidativo

La enfermedad cardiovascular (ECV) corresponde a una de las primeras
causas de muerte en Chile y en el mundo, convirtiéndose en un problema de
salud publica (MINSAL, 2021). Esta patologia y sus factores de riesgo:
hipertension, dislipidemias, diabetes mellitus, y sindrome metabdlico, entre
otros, tienen como comun denominador la disfuncion endotelial, la cual se
define como una disminucion de la capacidad funcional de las células
endoteliales, que determina un desbalance en la sintesis y biodisponibilidad
de moléculas bioactivas derivadas del endotelio, que causa un aumento en la
vasoconstriccion, inflamacion y permeabilidad vascular (Andriantsitohaina
et al., 2012). Dentro de las moléculas bioactivas mas importantes en la
regulacion del tono vascular, se encuentra el éxido nitrico (NO), el cual es
generado en el endotelio por la enzima 6xido nitrico sintasa (eNOS) desde L-
arginina. Este factor activa a la enzima guanilato ciclasa en las células
musculares lisas, lo que genera un aumento en los niveles de 3',5'-guanosina
monofosfato ciclico (GMPc), que induce un cambio en la concentracion

intracelular de ion calcio, generando la dilatacion de los vasos sanguineos.



Ademas, el NO previene la adhesién de plaquetas y monocitos, la expresion
de factores trombdticos y la oxidacion de lipoproteinas de alta densidad
(LDL), elementos que juegan un rol central en el desarrollo y complicaciones
de la aterosclerosis (Cai & Harrison, 2000).

La disfuncion endotelial es asociada frecuentemente con el estrés oxidativo,
el cual corresponde a un estado en que aumenta la produccién o
concentracion de especies reactivas de oxigeno (ROS), no siendo capaces los
antioxidantes enddgenos de controlar este desequilibrio (Andriantsitohaina et
al., 2012). El estrés oxidativo puede ser causado por un aumento de la
expresion o actividad de la enzima NADPH oxidasa, una de las responsables
de la produccion del radical superoxido (O;). Este radical es capaz de generar
otros radicales (radical hidroxilo, etc.), como consecuencia de la accién de
enzimas antioxidantes (superoxido dismutasa) y de reaccionar con el NO y
generar peroxinitrito (ONOQO"), reduciendo la biodisponibilidad del NO y, en
consecuencia, sus efectos protectores a nivel cardiovascular
(Andriantsitohaina et al., 2012).

La produccién controlada de ROS se considera un mecanismo de defensa en
condiciones fisiopatologicas y ha sido implicado en la oxidacion de

macromoléculas, como lipidos, proteinas y acidos nucleicos. El peroxinitrito



promueve la nitracién de proteinas también contribuyendo a la disfuncion y
muerte de células endoteliales. En los lipidos, los ROS generan una reaccién
en cadena de radicales libres; en el caso de los acidos grasos poli-insaturados
(PUFA), se producen distintos radicales lipidicos que finalmente se acumulan
en las membranas plasmaéticas, generando su disfuncion, asi como la de
receptores unidos a membrana. Los productos finales de la peroxidacién
lipidica incluyen aldehidos insaturados y otros metabolitos, que poseen
actividad mutagénica y citotéxica (Cai & Harrison, 2000). La disfuncion
endotelial causada por el aumento en la produccion de ROS genera un
aumento en los niveles de expresion de moléculas de adhesion, tales como,
VCAM-1 (del inglés, vascular cell adhesion molecule-1), ICAM-1 (del
inglés, intercellular adhesion molecule-1) y E-selectina, y como
consecuencia transmigracion de leucocitos (Incalza et al., 2018). Los
neutrdfilos son las primeras células en llegar al lugar de la inflamacion,
respondiendo a citoquinas proinflamatorias (IL-1p y tumor necrosis factor-
alpha (TNF-a)), se unen a E-Selectina e ICAM-1 favoreciendo la union a
células endoteliales y la transmigracion. La expresion de moléculas de
adhesion responde a factores de transcripcion tales como nuclear factor (NF)-

kB. Por otra parte, las células del mdsculo liso juegan un papel fundamental



al responder a citoquinas proinflamatorias aumentando la produccion de ROS
via angiotensina Il, la expresion de moléculas de adhesion y la sefializacion
del complejo CD40/CD40L, donde este ultimo es uno de los principales
mediadores inflamatorios en la formacion y desarrollo de la placa
atherosclerdtica (Incalza et al., 2018; Libby, 2000). Este complejo en el
macrofago activado por el aumento en LDL oxidada, aumenta las
complicaciones de la lesidn aterosclerética (Libby, 2000). Es importante
destacar que la patologia cardiovascular es un proceso que comienza en la
infancia y avanza a lo largo de la vida (Olson et al., 2017).

La Organizacion Mundial de la Salud (OMS) estima que el 80% de las ECV
podrian prevenirse a través del control de sus principales factores de riesgo.

¢

Un factor de riesgo se define como ‘“cualquier rasgo, caracteristica o
exposicion de un individuo que aumente su probabilidad de sufrir una
enfermedad o lesion” (MINSAL, 2014). Entre los factores de riesgo de ECV
se encuentran la alimentacion no saludable (alta ingesta de grasas saturadas,
grasas trans, azucar y sal), la obesidad, el tabaquismo, sedentarismo y
consumo excesivo de alcohol, dado la asociacion que existe entre estos

factores con presion arterial elevada, hiperglicemia e hipercolesterolemia.

Los factores de riesgo actuan de forma combinada y multiplicativa,



promoviendo la progresion de la lesion aterosclerotica, principal causa de la
ECV (Paccot, 2014).

La obesidad es una condicion caracterizada por una excesiva acumulacion de
grasa, lo que conduce a un estado alterado del metabolismo y de la fisiologia
corporal (Curtasu et al., 2019). Una dieta alta en grasas (HFD, del inglés high-
fat diet), en asociacion con un estilo de vida sedentario incrementa la
probabilidad de desarrollar un estado de obesidad (Kesherwani et al., 2015).
Por otro lado, una dieta alta en grasas calorica ha sido relacionada con un
incremento en el estrés oxidativo y la inflamacion, ya que se asocia a un
aumento de la expresion de p*phox (subunidad clave de la enzima
nicotinamida adenina dinucleotido fosfato oxidasa), de las ROS vy el factor
de transcripcion NF-xB (nuclear factor-kB) con una subsecuente elevacion
de la citoquina proinflamatoria TNF-o (Biobaku et al., 2019). A su vez se ha
propuesto, que la obesidad causa una excesiva generacion de ROS, debido a
la acumulacion de ATP, conducente a una disminucion en velocidad del flujo
de electrones a traves de la cadena transportadora de electrones, promoviendo
la generacion de intermediarios reactivos y la generacion de anion superdxido
(Incalza et al., 2018).

Para evaluar marcadores bioldgicos de estrés oxidativo y como fuentes



exogenas son capaces de disminuirlos es que actualmente se utilizan diversas

metodologias in vitro, las cuales son presentadas en la seccion 1.2.

1.2 Metodologias in vitro en la evaluacion de marcadores bioldgicos de
estrés oxidativo.

La determinacion de la capacidad antioxidante de frutos o sus extractos es
relevante, puesto que su consumo se asocia con una disminucion del estrés
oxidativo y, en consecuencia, a un beneficio en la salud cardiovascular. Por
lo general, esta aproximacion se realiza mediante ensayos quimicos, los
cuales corresponden a metodos de screening, basados en la comparacion del
efecto reductor de un patron de capacidad antioxidante conocida con el
compuesto o extracto a evaluar. Esta metodologia, si bien es rapida y facil de
realizar, no representa necesariamente el efecto que un extracto podria tener
a nivel bioldgico, debido a que los radicales utilizados en estas metodologias
no se encuentran normalmente en nuestro organismo (Manach et al., 2005).
Es por ello que el estudio de la capacidad antioxidante debe ser
complementado con métodos bioldgicos, los cuales permiten definir la
eficacia en relacion con la disminucion del estrés oxidativo, la viabilidad

celular y la posible implicancia en diversas patologias. Estos antecedentes



son centrales para el disefio de ensayos en animales y humanos que validan
el efecto antioxidante in vivo.

Para la determinacion de la capacidad antioxidante de un extracto, molécula
0 compuesto mediante métodos bioldgicos in vitro se requieren cultivos
celulares, en los cuales se miden productos de oxidacion. Entre los métodos
bioldgicos se encuentran: la determinacion de ROS mediante la sonda
fluorescente 2,7-diclorodihidrofluoresceinadiacetato (H.DCF-DA) (Keyse,
2000); la determinacion de productos generados por estrés oxidativo tales
como: malondialdehido (MDA) y 4- hidroxinonenal (4-HNE), ambos
generados por la peroxidacion de acidos grasos insaturados (Rossi et al.,
2016); activacion de factores de transcripcion inflamatorios, tales como el
NF-kB; determinacién de los niveles de cGMP que media la vasodilatacion
dependiente de endotelio (Profumo et al., 2016), entre otros. Sin embargo, la
primera aproximacion que se debe realizar es la evaluacion de viabilidad
celular en presencia de los extractos o compuestos polifendlicos que se
quieran evaluar, debido al posible efecto citotoxico de dichas moléculas o de
los solventes en los cuales son solubilizadas (Lin et al., 2012).

Los cultivos celulares utilizados para la determinacién de la capacidad

antioxidante son variados e incluyen células tumorales, como las células de



cancer de higado (HepG2) (Macias-Barragan et al., 2014), cardiomiocitos
(H9C2) (zZhang et al., 2018), células mononucleares de sangre periférica,
células estelares hepaticas (Macias-Barragan et al., 2014), entre otras. Para
evaluar el efecto de moléculas o extractos con capacidad antioxidante en el
desarrollo de la ECV, con frecuencia se utilizan modelos de células
endoteliales, ya sea obtenidas desde cultivos primarios, como ocurre con las
células endoteliales de vena umbilical humana (HUVEC) (Jaffeetal., 1973),
o de lineas celulares, como las EA hy926 (Karbach et al., 2012). El uso de
estos modelos es de gran utilidad, debido a que las células endoteliales son
las responsables de la mantencion de homeostasis vascular, por lo que
cualquier alteracion en su funcion puede desencadenar la disfuncion

endotelial y el desarrollo del proceso ateromatoso.

1.3 Polifenoles y proteccién vascular

Los polifenoles corresponden a un grupo de compuestos fitoquimicos
distribuidos como metabolitos secundarios en el reino vegetal, contribuyendo
en el crecimiento y morfologia de los vegetales. Algunos de estos
metabolitos son responsables de otorgar el gusto y color a vegetales (Soares

et al., 2018), ademas de participar en su sistema de defensa, siendo capaces



de responder a estrés por radiacion ultravioleta, patdgenos o dafio fisico
(Apak et al., 2007). EI proceso de sintesis de los polifenoles se realiza
mediante la via del &cido shikimico, desde el fosfoenolpiruvato a
fenilalanina, posteriormente a cinamato y 4-cumarato, formandose chalcona,
flavonona, dihidroflavonol y las antocianinas (Apak et al., 2007). Dentro de
estos compuestos se encuentran los flavonoides, acidos hidroxicinamicos y
sus derivados, los cuales presentan altas concentraciones en Berberis
microphylla (calafate), fruto objeto de estudio durante esta tesis doctoral.
1)Flavonoides: corresponden al grupo mayoritario de los compuestos
fenolicos. Actualmente se conocen aproximadamente 5.000 flavonoides,
presentes en frutas, verduras y sus derivados, tales como vino, jugos y
cerveza. La estructura basica de los flavonoides consta de 15 atomos de
carbono, distribuidos en 2 anillos fenilo (anillos A y B), unidos por un
esqueleto de 3 carbonos (Figura 1.1). Entre los flavonoides se encuentran los
flavonoles y las antocianidinas.
a) Antocianidinas: por lo general no se encuentran libres en la naturaleza,
debido a su baja estabilidad, pero si es posible detectarlos en su forma
glicosilada, formando los antocianos, los cuales pueden estar

hidroxilados en las posiciones 3, 5y 7 y metoxilados en diferentes



b)

posiciones (Prior & Wu, 2006). Los hidroxilos y azUcares a los cuales
estan unidos les otorgan polaridad, siendo solubles en agua, metanol y
etanol. Los azlcares que se unen a antocianidinas son glucosa,
galactosa, ramnosa, arabinosa, xilosa y fructosa. Entre las
antocianidinas, las mas comunmente encontradas en alimentos son:
pelargonidina, cianidina, peonidina, delfinidina, petunidina y
malvidina (Crozier et al., 2009). Ademas, se ha demostrado que las
antocianinas se reorganizan estructuralmente, de acuerdo al pH: pH 1-
3 se encuentran como cation flavilio, y sobre pH 4 como carbinol y
chalcona, esta ultima es susceptible a la degradaciéon hacia acidos
fenolicos (Fang, 2014). Se han descrito mas de 500 antocianinas
distintas en literatura (de Pascual-Teresa et al., 2010).

Flavonoles: se encuentran representados principalmente por
quercetina, kaempferol y miricetina entre otros. Se caracterizan por
presentar una insaturacion entre los carbonos C2 y C3 del anillo C y se
diferencian entre ellos por los sustituyentes del anillo B (Hollman &
Arts, 2000). En su mayoria estan glicosilados en la posicion 3 del anillo

C, pero también pueden aparecer en las posiciones 5, 7, 4", 3" y 5.
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Estos compuestos estan presentes en baja concentracion en el reino

vegetal (15-30 mg/kg de peso fresco de fruto) (Hollman & Arts, 2000).

Figura 1.1: Estructura basica de un flavonoide (Hidalgo.2013).

2) Acidos fenolicos: se encuentran conformados sélo por un anillo
aromatico con uno o mas grupos hidroxilos. En su mayoria se encuentran
conjugados con azucares. Se dividen en los derivados del acido benzoico y
derivados del &cido cinamico. Los &cidos hidroxicindAmicos son mas
abundantes que los derivados benzoicos, encontrandolos en legumbres,
cereales, cacao, el aceite de hierbas, en nueces, el café, y en las frutas. Los
principales son los acidos p-cumarico, cafeico y ferdlico (Alam et al., 2016).
Se ha reportado que los compuestos polifendlicos poseen propiedades

antibioticas, antitumorales, antioxidantes y antivirales, y que participan en la
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prevencion de enfermedades cronicas, tales como, patologias
neurodegenerativas, cancer y enfermedades cardiovasculares, todas estas
asociadas entre otros factoresal estrés oxidativo (Andriantsitohaina et al.,
2012).

Los polifenoles, especialmente los flavonoides, donan facilmente sus
hidrégenos y ceden electrones, por lo que poseen una gran capacidad
antioxidante, que depende del nimero de grupos hidroxilos, la posicién en
que se encuentran estos sustituyentes, y su conjugacion (Kuskoski et al.,
2004). Ademas, este tipo de compuestos posee electrones donadores en el
anillo estructural, lo que se debe a la capacidad del grupo aromatico para
soportar el desapareamiento de electrones, esto por desplazamiento del
sistema de electrones =, por lo que ellos pueden actuar como reductores de
los ROS (Kuskoski et al., 2004).

Se ha demostrado que el consumo de compuestos polifendlicos disminuye el
riesgo asociado de desarrollar ECV y sindrome metabdlico (Tresserra-
Rimbau et al., 2014), esto debido a que reducen la presién sanguinea y la
expresion de marcadores de inflamacion, como consecuencia de una menor
expresion de la enzima NADPH oxidasa y un aumento de la actividad de

enzimas antioxidantes, tales como la superéxido dismutasa (SOD) y la
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catalasa (Andriantsitohaina et al., 2012; Sarr et al., 2006; Sandoval-Acufa et
al., 2014). En relacién con los principales polifenoles con accion
antioxidante, destaca el resveratrol, el cual aumenta el mMRNA y la expresion
de Nrf2, y regula positivamente la expresion de sus genes blanco, tales como,
la Hemoxigenasa y NADPH quinona oxidorreductasa, enzimas que
contribuyen a su accion antioxidante (Hasko & Pacher, 2010).

Los flavonoides producen una amplia gama de efectos protectores de la
funcion cardiovascular (figura 1.2). De hecho, en un estudio realizado en el
afio 2014, se demostré una asociacion inversa entre el consumo de
antocianinas, flavonoles y acidos hidroxicinamicos y el desarrollo de la ECV
(Tresserra-Rimbau et al., 2014). A este respecto, un estudio realizado por
Teixeira et al., 2021 demostrd que un extracto de purpura grumixama rico en
antocianinas y flavonoles (401.81 + 11.15y 71.82 + 2.02 mg/100g peso seco,
respectivamente), administrado diariamente (200 mg/kg de peso corporal)
durante 8 semanas en ratones C57BL/6J con dieta alta en grasa y azlcares,
es capaz de prevenir la ganancia de peso en alrededor de un 10%, mejorar la
tolerancia a la glucosa y la sensibilidad a la insulina, evidenciado por una
reduccion significativa del indice HOMA (Teixeira et al., 2021). Por otra

parte, se ha demostrado que la quercetina, un flavonoide del grupo de los
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flavonoles, disminuye la concentracion de anién superdxido y peroxinitrito,
reduciendo el estrés oxidativo (Fuentes et al., 2017; Hanasaki et al., 1994);
este efecto es logrado mediante la supresion de la actividad de la enzima
xantina oxidasa, responsable del catabolismo de las purinas y produccion de
acido Urico, y cuya menor actividad genera enfermedades tales como, gota y
calculos renales. La xantina oxidasa contribuye al estrés oxidativo por la
produccién del radical superoxido y peroxido de hidrégeno en el proceso de
conversion de hipoxantina a acido Urico (Martinez S. et al., 2001). También
se ha encontrado que quercetina es capaz de aumentar la expresion del
ARNmM de laeNOS y del factor de crecimiento de endotelio vascular (VEGF)
en células endoteliales de vena umbilical humana (HUVEC), asi como de
disminuir la expresion de endotelina-1 (ET-1); todos estos resultados se
relacionarian con un efecto vasodilatador (Nicholson et al., 2010). Por otro
lado, la delfinidina, un flavonoide perteneciente al grupo de las antocianinas
es un potente antioxidante que ha demostrado una gran potencia in vitro en
cultivo de células HUVEC, contra el anion superéxido y peroxinitrito, a
concentraciones de 25 a 200 uM (Chen et al., 2010). Este efecto depende de
la capacidad de delfinidina de restaurar la actividad de la enzima SOD

manteniendo la funcién de las células endoteliales y atenuando la
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peroxidacion lipidica (Chen et al., 2010). También se demostré0 que
delfinidina disminuye la expresion de Bax y aumenta la expresion de Bcl-2
en HUVEC pretratadas con LDLox 100 pg/mL, lo que disminuye la
apoptosis celular causada por estrés oxidativo (Chen et al., 2010). Por ultimo,
un estudio realizado en ratones C57BL/6J alimentados con dieta alta en
grasas (HFD) y HFD suplementada con &cido clorogénico (100 mg/Kg de
peso) durante 13 semanas, demostrd que su ingesta es capaz de disminuir en
un 15% el aumento de peso corporal en comparacion con los ratones HFD,
esto debido a un aumento del 3% en la termogénesis y catabolismo
energético. Estos resultados se correlacionaron con una mayor tolerancia a la
glucosa y a una disminucion de los niveles de lactato deshidrogenasa (LDH)
y nitrégeno ureico en sangre (BUN) (He et al., 2021). Este acido
hidroxicindmico, aumenta los niveles de adiponectina en suero y tejido
adiposo. Siendo esta Gltima responsable de un aumento en la expresion y
actividad de PPAR-a, lo que favorece la oxidacion de acidos grasos y la
actividad del ciclo del &cido tricarboxilico en el higado, inhibiendo la
activacion de NF-xB y en consecuencia la expresion de moléculas de

adhesion (Shabalala et al., 2020).
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En conclusion, diversas fuentes alimenticias enriquecidas en polifenoles,
tales como, vino, jugo de uva, maqui o té verde, tienen el potencial de mejorar
la salud vascular, debido a que sus metabolitos secundarios hidroxilados
estimulan la formacién de factores vasodilatadores, tales como, NO y el
factor hiperpolarizante derivado de endotelio (EDHF), y disminuyen el stress
oxidativo producto del aumento en la actividad de enzimas antioxidantes y el
bloqueo del sistema de angiotensina activador de la NADPH oxidasa

(Andriantsitohaina, et al; 2012).
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Figura 1.2: Acciones cardiovasculares de los flavonoides (Duarte & Pérez-

Vizcaino, 2015).

1.4 Fuentes alimentarias de polifenoles
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Los polifenoles poseen una distribucion ubicua en frutas y alimentos,
estimandose que al menos 1 gramo de flavonoides se consume en la dieta por
dia (de Pascual-Teresa et al., 2010; Carnauba et al., 2021). Entre los
polifenoles alimentarios se encuentran:

a) Antocianinas: corresponden a antocianidinas glicosiladas. Las
antocianidinas son inestables a la luz e insolubles en agua, por lo que
su unién a azucares les provee estabilidad y solubilidad. Las
antocianinas estan presentes en bayas rojas, azules y moradas,
otorgandoles su caracteristico color. Se ha demostrado por métodos
quimicos una gran capacidad antioxidante de las antocianinas, por lo
que se han convertido en uno de los compuestos polifendlicos de
mayor interés en investigacion (Ruiz et al., 2013). Sus principales
fuentes alimentarias son las frutas rojas (Tabla 1.1). Ademas, este tipo
de compuestos corresponden a uno de los pocos polifenoles presentes
en su forma nativa en plasma, por lo que su capacidad antioxidante
podria relacionarse con la evaluada in vitro (de Pascual-Teresa et al.,
2010; Matsumoto et al., 2006).

b) Flavonoles: su principal representante en la dieta es la quercetina,

presente en manzana, cebolla y otros frutos (Nile et al., 2021; Kumar
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et al., 2022). La ingesta de estos compuestos corresponde a un
promedio de 20 a 35 mg/dia (Manach et al., 2005). En plasma se han
encontrado metabolitos derivados de quercetina, tales como:
quercetina-3-O-glucuronido, 3'-O-methylquercetina-3-O-glucuronido,
quercetina-3'-O-sulfato y sus acidos fenolicos derivados (Manach et
al., 2005; Loke et al., 2009).

Acidos fendlicos: se encuentran en tomates, café, vino tinto, cereales,
cerveza, etc., y su concentracion varia ampliamente (Carnauba et al.,
2021; Lafay & Gil-lzquierdo, 2008). A modo de ejemplo, la ingesta de
acido clorogénico en consumidores de café alcanza valores de
alrededor de 800 mg/dia, y se ha reportado la presencia de acido
cafeico en el plasma de estos sujetos (Lafay & Gil-1zquierdo, 2008).
Ademas, se ha verificado que el acido feralico, un representante de
acidos hidroxicindmicos presente en tomates y cerveza, se absorbe de

manera eficiente, siendo encontrado en plasma (Manach et al., 2005).
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Tabla 1.1: Contenido de Antocianinas en alimentos de origen vegetal (Tabla

modificada desde Pascual, et al. 2010).

Contenido
Alimento Método de cuantificacion
(mg/100 g fruto fresco)
Manzana 0-60 HPLC-DAD
Grosella 2-43,3 Método pH diferencial
Arandano 67-140 Método pH diferencial
Melocotén 4,2 HPLC-DAD
Maiz
1642 Método pH diferencial
morado
Ciruela 2-25 HPLC-DAD-ESI-MS/MS
Frambuesa 20-687 HPLC-DAD-ESI-MS/MS
Uva roja 30-750 Beer-Lambert relationship
Rabano rojo 100-154 HPLC-DAD-ESI-MS/MS
Calafate 1683-1879 HPLC-DAD-ESI-MS/MS
Maqui 1673-1903 HPLC-DAD-ESI-MS/MS

En este contexto, se han descrito frutos de alto contenido en polifenoles, entre
los cuales los més estudiados son el maqui y el arandano (Speisky et al.,

2012). En ellos se ha reportado un contenido total de polifenoles de 113 + 12
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y 17 = 1 equivalentes de &cido galico/g f.w (fruto fresco), respectivamente
(Ruiz et al., 2010), que se condice con la capacidad antioxidante de estos
frutos, evaluada por métodos quimicos (100,5 £ 24,5 umol de Trolox/ g f.w
y 14,5 £ 0,59 pumol de Trolox/ g f.w, respectivamente). La mayor capacidad
antioxidante del maqui se puede deber a su gran contenido de antocianinas,

correspondiente a 20,22 = 1,30 umol /g f.w, (Ruiz et al., 2010).

1.5 Metabolismo de polifenoles

Los polifenoles consumidos en la dieta sufren una serie de reacciones
metabolicas, las cuales alteran sus estructuras y, en muchas ocasiones, sus
propiedades antioxidantes. A continuacion, se describen algunos procesos
metabdlicos que pueden sufrir estos compuestos.

a) Antocianinas: su concentracion maxima en plasma se ha reportado
entre las 0,5 - 2 horas posteriores al consumo de frutos ricos en
antocianinas, alcanzando niveles de 1 a 100 nmol/L en humanos.
Ademas, se ha descrito una absorcion rapida de antocianinas a los
pocos minutos de su ingesta, lo que sugiere una absorcién a nivel
estomacal (Passamonti et al., 2003). Este hallazgo fue corroborado en

ratas, a las cuales se les realizé una perfusidn gastrica con una mezcla
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de antocianinas (3,8 umol en 4 ml de HCI 10 mM / NaCl 0,15 M),
encontrandose que éstas aumentaban rapidamente en plasma, tanto en
circulacion sanguinea como portal (Passamonti et al., 2003). Este tipo
de compuestos también son absorbidos en el intestino delgado,
principalmente en el yeyuno, encontrandose una absorcion del
55,3 +7,6% con respecto a la ingesta. Es por estas razones se observan
dos peaks de maxima absorcion que, para el caso de delfinidina-3-
glucosido, se obtienen a los 15 y 30 minutos, y corresponden a la
absorcion gastrica e intestinal, respectivamente (Fang, 2014).

En un estudio en humanos se administro via oral cianidina-3-glucosido
marcada con 3C, y se siguid la aparicion de metabolitos en circulacion
sanguinea, en la orina y heces. Se detecté como principales metabolitos
aquellos metilados y glucoronidados en orina, y acidos derivados en
plasma, orina y heces (Fang, 2014). Asi también se ha reportado que
pelargonidina-3-glucdsido es metabolizada a acido 4-hidroxibenzoico.
El higado juega un rol fundamental en su metabolismo, encontrandose
pelargonidina-3-glucuronido  (Pg-3-GIcA) vy  pelargonidina-3-
glucosido-glucuronido (Pg-3-glc-glcA) como principales metabolitos
(Fang, 2014).
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Por otro lado, delfinidina-3-glucésido, petunidina-3-glucésido vy
malvinidina-3-glucdsido, asi como sus respectivos metabolitos
glucoronidados, fueron encontradas en plasma y orina luego de la
administracion de jugo de uva a humanos (Fang, 2014).

b) Acidos hidroxicindmicos: muy pocos estudios se han centrado en
evaluar la ingesta diaria de acidos hidroxicinamicos; sin embargo, se
piensa que ésta puede llegar a ser elevada, principalmente en
consumidores de vino y café.

Se ha demostrado en ratas que la esterificacion de acido cafeico a acido
clorogénico reduce significativamente su absorcion, por lo que la
absorcion de acido clorogenico principalmente se produce debido a
esterasas encontradas en el microbiota intestinal (Lafay & Gil-
Izquierdo, 2008). Nardini et al., 2002 han encontrado sélo &cido
cafeico luego de la absorcion de café, reportando presencia de acido
clorogénico. Algunos metabolitos de este acido, ademas del cafeico
son: acido ferulico, acido isoferulico, &cido dihidroferalico, &cido
vanilico, acido 3,4-dihidroxifenilpropionico, acido 3-hidroxihipurico

y &cido hipdarico.
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1.6 Polifenoles en Berberis microphylla

Muchos de los polifenoles de la dieta han sido encontrados en el fruto de
Berberis microphylla (calafate), un arbusto endémico de la Patagonia Chilena
y Argentina. El contenido polifendlico del fruto de calafate ha sido
caracterizado y cuantificado en el Departamento de Analisis Instrumental de
la Facultad de Farmacia en la Universidad de Concepcion, destacandose la
presencia de: antocianinas (22,91 £ 0,04 — 35,99 + 0,05 umol / g f.w), siendo
las mayoritarias delfinidina-3-glucésido, petunidina-3-glucésido vy
malvidina-3-glucosido (Ruiz, Hermosin-Gutiérrez, et al., 2013); flavonoles
(1,33 £ 0,54 umol / g f.w), con quercetina como principal representante (Ruiz
et al., 2014); y acidos hidroxicinamicos (0,60 £ 0,14 — 7,47 £ 0,15 pmol / g
f.w), cuyo mayor constituyente corresponde al acido 3-cafeoilquinico (Ruiz,
et al., 2013). Ademas, se ha determinado la capacidad antioxidante del
extracto crudo obtenido desde el fruto del calafate mediante metodos
quimicos, como ORAC, ABTS y CUPRAC, demostrando similar actividad
antioxidante que Aristotelia chilensis (Maqui) (Ruiz et al., 2010), fruto al cual
se le han atribuido propiedades tales como: alta capacidad antioxidante,
efecto cardioprotector (Céspedes et al., 2008), antidiabético (Rojo et al.,

2012), entre otros.
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Mariangel et al., 2013 demostro similares resultados a los obtenidos por Ruiz
et al., 2014, en calafate obtenido desde diferentes localidades de la novena
regién de Chile, reportandose que Berberis microphylla presenta un alto
contenido de polifenoles (antocianinas, acidos fenolicos y flavonoles), lo cual
es influenciado por la ubicacion geogréafica al igual que la capacidad
antioxidante; esto sugiere que las condiciones climaticas presentes en cada
zona causan una variacion en la concentracion de estos compuestos
(Mariangel et al., 2013; Ruiz et al., 2014). De igual forma, Ramirez et al.,
2015 reportd similares resultados en bayas, como arandano azul (Vaccinium
corymbosum) y calafate, lo que se correlacion6 con su capacidad antioxidante
determinada por métodos quimicos y bioldgicos. En este estudio se reporto
que extractos de estos frutos inhibian en mas del 90% la peroxidacion lipidica
causada en eritrocitos por la incubacién durante 15 minutos a 37°C con ter-
butilhidroxiperoxido (ImM) (Ramirez et al., 2015). Cabe sefialar que la
peroxidacion lipidica es crucial en la induccién y propagacion de
enfermedades relacionadas con estrés oxidativo, de particular importancia en
la ECV (Shao et al., 2018).

Similares resultados han sido presentados por Reyes-Farias et al., 2016,

quienes reportaron un gran contenido de antocianinas en dos frutos
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enddgenos de Chile: Aristotelia chilensis (maqui) y Berberis microphylla
(calafate), gracias al analisis por cromatografia de liquido acoplada a
espectrometria de masas (LC-MS). También in vitro, por andlisis de co-
cultivo de adipocitos y monocitos diferenciados obtenidos desde ratones, este
grupo demostro que dichos frutos reducen la inflamacion, el estrés oxidativo
y la resistencia a la insulina, resultados que se correlacionaron con un
aumento en la razon entre glutation reducido y oxidado (GSH/GSSG) y la
disminucidn del estrés oxidativo, la inhibicidn de la induccion de la caspasa-
3y de la apoptosis de los adipocitos (Reyes-Farias et al., 2016). Otro estudio
reporto la inhibicién en la expresion del gen del factor de necrosis tumoral
alfa (TNF-a) en macrofagos murinos estimulados con liposacaridos, en
presencia de extracto de calafate (Reyes-farias et al., 2015). Ademas, Calfio
& Huidobro-Toro, 2019 describieron un efecto vasodilatador de un extracto
de calafate hidroalcohdlico, el que fue inhibido en un 89.6% por N-Nitro-L-
Arginina (L-NNA) (150 puM), un inhibidor de la eNOS (Calfio & Huidobro-
Toro, 2019). Finalmente, Bustamante et al., 2018 llevé a cabo una
intervencion nutricional aguda en gerbos con calafate, siguiendo las
recomendaciones de la Organizacion Mundial de la Salud (OMS) para la

prevencion de enfermedades crénicas (300g fruto por dia), con el fin de
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estudiar la metabolizacion de sus principales compuestos fendlicos. El
estudio reportd el anélisis farmacocinético de los compuestos fendlicos y la
concentracion plasmatica de 16 acidos fendlicos derivados (0,1-1uM). Este
estudio definio las concentraciones plasmaticas que pueden ser estudiadas en
nuevos ensayos in-vitro, para demostrar el efecto de este fruto (Bustamante
et al., 2018). Asi también confirmo el aumento de metabolitos derivados de
compuestos fenolicos en plasma, los cuales podrian tener un efecto benéfico
in-vivo (Bustamante et al., 2018).

Estos antecedentes permiten considerar que el calafate puede otorgar grandes
beneficios para la salud humana, por lo que se hace imprescindible identificar
los cambios metabdlicos asociados a su consumo. Para este objetivo,
actualmente se utiliza la metabolémica, estrategia analitica que permite
identificar metabolitos presentes en fluidos bioldgicos posterior al consumo
de algun fruto o su extracto, asi como también detectar cambios en
biomarcadores asociados, por ejemplo, al estrés oxidativo, como
consecuencia del consumo de polifenoles y los efectos de éstos en el

metaboloma.

1.7 Metaboldmica
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La metabolomica (Metabolomics) relaciona directamente una respuesta
quimica medible con un evento bioldgico, vinculando el genotipo y el
fenotipo de un organismo (Marshall & Powers, 2017;McGarrah et al., 2018).
Su principal objetivo corresponde al analisis exhaustivo de matrices amplias

de metabolitos en muestras bioldgicas (Dettmer et al., 2007).

El metaboloma representa un gran numero de componentes que pertenecen a
una amplia variedad de clases de compuestos, como aminoacidos, lipidos,
acidos organicos, nucledtidos, etc. Estos compuestos son muy diversos en sus
propiedades fisicas y quimicas y se encuentran en un amplio rango de
concentracion (Dettmer et al., 2007) que puede ser modificado producto de
la exposicién a factores externos. En la actualidad existen dos enfoques
complementarios para los estudios metabolomicos: “targeted metabolomics”
y “untargeted metabolomic”. Los resultados de “targeted metabolomics” son
cuantitativos y permiten crear bases de datos que se pueden integrar con
mapas de rutas metabolicas u otros datos "6micos". El sequndo enfoque hacia
la metabolomica es la “untargeted metabolomic”, cuya intencion no es
identificar cada metabolito observado, sino comparar patrones o "huellas

digitales” de metabolitos que cambian en respuesta a estimulos, patologias,
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exposicion a toxinas, alteraciones ambientales o genéticas (Dettmer et al.,

2007).

La metabolémica basada en espectrometria de masas (MS) ofrece analisis
con alta selectividad y sensibilidad y el potencial de identificar los
metabolitos detectados (Marshall & Powers, 2017), para lo cual es importante
contar con un adecuado control de calidad (Evans et al., 2020). La
combinacion de MS con una técnica de separacion como la cromatografia,
reduce la complejidad de los espectros de masas y ademas entrega
informacién adicional sobre las propiedades fisicoquimicas de los
metabolitos, lo que contribuye en su posterior identificacion. A pesar de ello,
las técnicas basadas en MS necesitan una preparacion previa de muestra, lo
que puede causar pérdidas de metabolitos (Marshall & Powers, 2017)

(Dettmer et al., 2007).

Los resultados obtenidos en estudios metabolomicos por MS son analizados
mediante métodos estadisticos multivariantes, con el objetivo de simplificar
y acelerar el anélisis de datos. Si bien estas técnicas agilizan regularmente

este proceso, si se usan de manera incorrecta o carecen de una validacion
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adecuada, conducen a una proliferacion de datos erréneos (Worley & Powers,

2016).

Las técnicas estadisticas multivariadas mas utilizadas son el Analisis de
Componentes Principales (PCA) y el anélisis de cuadrados minimos parciales
ortogonales (OPLS-DA), que permiten determinar si los metabolomas
difieren y, si lo hacen, identificar las caracteristicas espectrales que definen
la separacion grupal, es decir, los metabolitos responsables de dicha
separacion (Worley & Powers, 2016; Bujak et al., 2014). Un resultado tipico
de un modelo de PCA u OPLS es un grafico de “scores” o “puntuaciones”,
donde cada espectro de MS se ha reducido a un solo punto en el espacio de
PC (Componente Principal), observandose en el si existe separacion o no
entre dos grupos. De manera similar, se genera un grafico de “loadings” 0
“cargas”, donde la intensidad relativa y la direccion de los picos espectrales
indican la contribucion y la correlacion del pico a la separacion de grupo
(Marshall & Powers, 2017). Lo correcto para estos analisis es realizar en una
primera instancia un PCA, para observar si existe separacion espontanea de
grupos, y verificar la presencia de outliers, y posteriormente realizar un

OPLS-DA, ya que un modelo PLS / OPLS puede producir la apariencia de
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una separacion de grupo clara incluso para ruido o datos completamente

aleatorios (Worley & Powers, 2016).

Para la seleccién de features o caracteristicas significativas también es
posible llevar a cabo analisis univariados, tales como un test-t de Student o
un ANOVA, estos de igual forma permiten establecer diferencias entre
grupos de estudio; sin embargo, no consideran la interaccidn entre diferentes

metabolitos (Alonso et al., 2015).

Un aspecto relevante en un ensayo metaboldmico es el control de calidad,
que abarca tanto procedimientos generales como especificos. Los
procedimientos generales que garantizan la calidad corresponden al chequeo
del sistema LC-MS previo al analisis y las acciones realizadas para mantener
las condiciones ambientales y las muestras. Por ejemplo, el uso de aire
acondicionado, almacenamiento de muestras a -80°C con un sistema
registrador de temperatura, mantencion de muestras durante la extraccion a

4°C, etc (Evans et al., 2020).

Con respecto a los procedimientos especificos en un analisis metabolomico
por LC-MS, la calidad de los analisis es validada mediante el uso de muestras

de control de calidad, las que incluyen: 1) Muestras blanco (blanco de analisis
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sin inyeccion, blanco de solvente de reconstitucion, blanco de extraccion),
que permiten evaluar posibles contaminaciones del sistema y la limpieza de
la columna previo al analisis; 2) muestras de control de calidad (QCs), que
corresponden a una mezcla de igual proporcion de las muestras y son
analizadas durante la adquisicion de la data. Permiten evaluar la
reproducibilidad instrumental y el método de extraccion, en el caso de

muestras de plasma (Curtasu et al., 2019; Evans et al., 2020).

Por otra parte, la calidad de la identificacion de los compuestos significativos
es de gran importancia y para ello es necesario contar con informacion de MS
y MS/MS con el objetivo de realizar identificaciones de acuerdo con los
estandares metabolomicos reportados en “Mass spectrometry-based
metabolomics: a guide for annotation, quantification and best reporting
practices” (Alseekh et al., 2021). En este sentido, el nivel de anotacion es
relevante, ya que da sustento al analisis y favorece la interpretacion biologica

de los datos.

En resumen, el workflow 6 flujo de trabajo metabolémico incluye (Figura
1.3): 1) Disefio experimental y preparacion de muestra (poblacion muestral,

variabilidad de la poblacion, evaluacion del método de extraccion, etc); 2)
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adquisicion de la data por UHPLC-MS/MS en modalidad de ionizacion
positiva y negativa; 3) Procesamiento de la data y obtencion de la bucket
table caracterizada por ser una tabla de intensidades que relaciona las
muestras que se encuentran en columnas y los features (m/z, tr) (metabolitos)
ubicados en las filas; 4) analisis de datos e identificacion de metabolitos; 5)

Interpretacion bioldgica (Alonso et al., 2015).

Mediante las estrategias metodoldgicas y estadisticas descritas previamente,
se desea evaluar el efecto del consumo cronico de fruto de Berberis
microphylla sobre el metaboloma de ratones expuestos a una dieta alta en
grasas, con el objeto de detectar biomarcadores asociados a posibles efectos

cardioprotectores.
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BIOLOGICAL SAMPLES

-
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IDENTIFICATION

'——“( Dataset
features

Figura 1.3: Flujo de trabajo de un andlisis metabolomico (Alonso et al.,
2015).
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CAPITULO 2: HIPOTESIS Y OBJETIVOS

2.1 Hipotesis
Un extracto del fruto de Berberis microphylla G. Forst (Calafate) reduce
ciertos biomarcadores y/o parametros biolégicos asociados al desarrollo de

enfermedades cardiovasculares.

La implementacion secuencial de ensayos in vitro y de modelos in vivo,
asociados a tecnologia instrumental avanzada, permiten constituir una
plataforma de estudios bioanaliticos para el analisis holistico del efecto del

consumo de calafate.
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2.2 Objetivo general

Evaluar el efecto cardioprotector del fruto de calafate mediante la

implementacion de una plataforma de bioanalisis basada en ensayos in vitro

e in vivo, asociados a instrumentacion analitica avanzada, para una

interpretacion integral de resultados.

2.3 Objetivos especificos

Evaluar el efecto protector de extractos del fruto de calafate frente a
estrés oxidativo en cultivos primarios de células endoteliales de vena
umbilical humana y en la lipoperoxidacion de lipoproteinas de alta
densidad (LDL) humanas.

Desarrollar una estrategia analitica que incluya tratamiento de
muestras biologicas obtenidas de un modelo murino de dieta alta en
grasa tratados con calafate y analisis metabolomico basado en
UHPLC-QTOF/MS, con el fin de detectar metabolitos con
significancia biologica.

Identificar biomarcadores asociados a proteccion cardiovascular, a
partir de los metabolitos con significancia biologica obtenidos por

analisis metabolomico desde el estudio con un modelo murino,

35



- Cuantificar citoquinas en el plasma de ratones alimentados con dieta
alta en grasas, mediante tecnologia Milliplex, y determinar su
significancia bioldgica en relacién con los diferentes grupos de

estudio.
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CAPITULO 3: ESTRATEGIA ANALITICA

Previo a toda investigacion en el area clinica, se deben realizar ensayos
previos para determinar la pertinencia de las etapas posteriores en animales
y humanos. Esto estd establecido en la declaraciéon de Helsinki “La
investigacion médica en seres humanos debe conformarse con los principios
cientificos generalmente aceptados, y debe apoyarse en un profundo
conocimiento de la bibliografia cientifica, en otras fuentes de informacion
pertinentes, asi como en experimentos de laboratorio correctamente
realizados y en animales, cuando sea oportuno”. Esta tesis doctoral tiene por
objetivo sentar las bases para en un futuro desarrollar un estudio con seres
humanos, por lo que requiere establecer el efecto de extracto de calafate en
modelos bioldgicos in vitro y en un modelo murino, in vivo.

Durante el de desarrollo de esta tesis doctoral se evaluo el efecto protector de
un extracto de calafate en un modelo de cultivo primario humano de células
HUVEC y de LDL obtenidas desde plama humano. Para ello, fue necesario
caracterizar extractos metandlicos y etandlicos de calafate, lo cual fue

realizado mediante HPLC-DAD-QTOF, TXRF (Medina et al., 2019) y GC-
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MS (Pino Ramos et al., 2019), para la determinacién de compuestos
fenolicos, metales y acidos grasos, respectivamente. Ademas, se determin0
la capacidad antioxidante de estos extractos, utilizando los métodos de
ORAC, CUPRAC y ABTS, y determinacion de polifenoles totales por Folin-
Ciocalteu (Ruiz et al., 2010; Ruiz, Hermosin-Gutiérrez, et al., 2013;Ou et al.,
2013).

A continuacion, se evalud el efecto sobre la viabilidad celular de estos
extractos mediante el método absorciométrico del MTT, basado en la
actividad mitocondrial (Mosmann, 1983), y se establecio su efecto protector
frente a la produccion de ROS en células HUVEC estimuladas con H;0,,
utilizando un meétodo semicuantitativo con la sonda H;DCF-DA
(dihidrodiclorofluoresceina-diacetato)(Keyse, 2000). Finalmente, con el
objeto de determinar el efecto de extractos de calafate sobre la peroxidacion
lipidicaen LDL humana (Havel et al., 1955), se sigui6 la formacion de dienos
conjugados por absorbancia a 232nm (Campos et al., 2014) y se cuantifico
malondialdehido (MDA), producto final de la lipoperoxidacion, mediante el
método cuantitativo de las especies reactivas del acido tiobarbitarico

(Richard et al., 1992).
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Finalmente, se llevo a cabo un estudio metabolémico en un modelo murino
de dieta alta en grasa tratados con calafate, con el fin de detectar metabolitos
con significancia bioldgica relacionados con un efecto protector del fruto.
Para ello se consideraron dos grupos de ratones: uno que consumia una dieta
normal y el otro una dieta alta en grasa; ademas, en cada grupo se considero
2 subgrupos: uno de ellos recibid el extracto de calafate en su dieta. Se
obtuvieron muestras biologicas, tales como, sangre Yy corazon.
Posteriormente se realizé la purificacion de los metabolitos, basados en el
principio del minimo tratamiento de muestra, siendo posteriormente
analizados mediante cromatografia acoplada a espectrometria de masas,
UHPLC-QTOF/MS (Marshall & Powers, 2017; Bujak et al., 2014)..

Los resultados obtenidos fueron analizados utilizando el programa
MetaboScape de Bruker (www.bruker.com), el cual permitié realizar la
extraccion de “features” (algoritmo T-ReX), caracterizados por el tiempo de
retencion, m/z e intensidad (bucket table). Las bucket tables obtenidas fueron
procesadas en el programa de libre acceso MetaboAnalyst (Curtasu et al.,
2019). Con ello se realizd el pretratamiento de datos (alineacion,
agrupamiento, normalizacion y preprocesamiento), analisis de componentes

principales (PCA) como anélisis exploratorio y el analisis posterior mediante

39



ANOVA para determinar los features significativos (Bujak et al., 2014). La
identificacion se realizd6 mediante bases de datos disponibles publicamente,
por comparacion de los tiempos de retencion y masas precisas obtenidas por
UHPLC-QTOF/MS.

Finalmente, en el plasma de los ratones se cuantificaron citoquinas y
proteinas inflamatorias relacionadas con la patologia cardiovascular,
utilizando diferentes paneles inmunolégicos (MILLIPLEX MAP KIT).

La estrategia analitica general de esta tesis doctoral se puede visualizar en la

Figura 3.1.
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Figura 3.1: Estrategia analitica utilizada para cumplir con los objetivos
planteados. a) Caracterizacion y determinacion la de capacidad antioxidante
de calafate utilizando aproximaciones quimicas y biolégicas in-vitro. b)
Modelo de estudio murino de dieta alta en grasas utilizado para evaluar el
cambio en el metaboloma producto del consumo de calafate. c) Estrategia de
extraccion utilizada en muestras de plasma y corazdn. d) Procesamiento de
data utilizado para determinar features y biomarcadores significativos
asociados con un posible efecto benéfico de calafate frente a la patologia

cardiovascular.
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CAPITULO 4: RESULTADOS

4.1 El extracto del fruto de Berberis microphylla G. Forst (calafate)
reduce el estrés oxidativo y la peroxidacion lipidica de LDL humana.

En esta seccion se presentan los resultados que dieron origen al primer paper
de esta tesis doctoral. Antioxidants 2020, 9(12), 1171,

https://doi.org/10.3390/antiox9121171 .
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Abstract

Calafate (Berberis microphylla G. Forst) is a Patagonian barberry very rich
in phenolic compounds. Our aim was to demonstrate, through in vitro
models, that a comprehensive characterized calafate extract has a protective
role against oxidative processes associated to cardiovascular disease
development. Fifty-three phenolic compounds (19 of them not previously
reported in calafate), were identified by HPLC-DAD-ESI-QTOF. Fatty acids
profile and metals content were for first time studied, by GC-MS and Total-
X-ray-Fluorescence respectively. Linolenic and linoleic acid, and Cu, Zn,
and Mn were the main relevant compounds from these groups. The
bioactivity of calafate extract associated to the cardiovascular protection was
evaluated using human umbilical vein endothelial cells and human low
density lipoprotein (LDL) to measure oxidative stress and lipid peroxidation.
The results showed that calafate extract reduced intracellular ROS production
(51%) and completely inhibited LDL oxidation and malondialdehyde (MDA)
formation. These findings demonstrated the potential of the relevant mix of
compounds found in calafate extract on lipoperoxidation and suggest a
potential protective effect for reducing the incidence of cardiovascular

disease.
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4.1.1. Introduction

Polyphenols are natural antioxidants that reduce oxidation processes and
inhibit the production of free radicals [1]. They are commonly found in
vegetables, fruits, and many other foods; moreover, they are responsible for
the color and flavor of these foods [2]. Phenolic compounds have been
described as molecules with antibiotic, antitumoral, antioxidant and antiviral
properties, among other bioactivities [3]. Many studies have demonstrated
that certain polyphenols (delphinidin, resveratrol, quercetin, etc.) can
contribute to the prevention of chronic non-communicable diseases, such as

obesity, Alzheimer’s disease, cancer and cardiovascular disease (CVD) [4].

CVD is the main cause of death both in Chile and around the world [4]: 27%
of total deaths in Chile (MINSAL) and 31% worldwide (WHOQO) are caused
by stroke or acute myocardial infarction. Hypertension, dyslipidemias,
obesity, and metabolic syndrome, among others, have been described as risk

factors of CVD; their common denominator is endothelial dysfunction [1].
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This condition is produced by an imbalance in the normal function of
endothelial cells, which leads to the hallmark of CVD, a vasoconstricted,
inflammatory and pro-coagulative state [5]. The chronic exposure to harmful
physical and chemical stimuli, such as oxidized low density lipoprotein
(LDL), can result in endothelial dysfunction by increasing levels of reactive

oxygen species (ROS) and oxidative stress in endothelial cells [5].

According to several studies, the consumption of polyphenolic compounds
can reduce CVD risk [6]. The PREDIMED (Prevencion con Dieta
Mediterrdnea) study demonstrated an inverse relationship between
anthocyanin consumption and CVD risk [6]. Notably, decreased ROS
production, lower expression of inflammatory markers, and decreased blood
pressure have been described as important effects of certain polyphenols

[4,7].

Calafate is an endemic evergreen shrub of the Berberidaceae family from
Chilean-Argentine Patagonia. The shrub has 1 to 2 meters high, with leaves
grouped in rosettes and yellowish spines. Its flowers are solitary, with a long
peduncle that is born from each rosette of leaves. Its bloom is in September

and the fruit is edible. The shrub produces a dark skinned barberry with a
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high polyphenol content and antioxidant capacity [8-10], which are normally
consumed fresh or as juices, marmalade and infusions. Anthocyanins,
hydroxycinnamic acids and flavonols are the main phenolic compounds
described in the fruit [11-13]. Anthocyanins can trap free radicals, reducing
oxidative stress, a common factor in the development of chronic non-
communicable diseases [14]. In a study carried out by Ramirez et al. [14],
using erythrocytes obtained from healthy humans, researchers demonstrated
that a methanolic calafate extract inhibited 90% of the lipidic peroxidation
caused by tert-butylhydroperoxide. Lipidic peroxidation is crucial in the
induction and/or propagation of oxidative stress related diseases [15].
Additionally, calafate berry extract increased the ratio of reduced/oxidized
glutathione (GSH/GSSG), which led to decreased oxidative stress in murine
adipocytes treated with macrophage conditioned medium [16]. Another study
reported inhibition of TNF-a gene expression (a cytokine related to
proinflammatory state) in murine macrophages stimulated with
lipopolysaccharides in the presence of calafate extract [17]. Finally, in a
recent study, Calfio & Huidobro-Toro described a vasodilatory effect of an
hydroalcoholic calafate berry extract, which was 89.6% (p<0.01) inhibited

by L-NNA (150 pM), an inhibitor of endothelial nitric oxide synthase
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(eNOS) [18]. These findings suggest that nitric oxide, one of the most
important endothelium-derived vasodilatory molecule, participates in the
vascular response induced by calafate. Altogether, these studies suggest that
calafate can contribute to reduce endothelial dysfunction, which is the basis
of cardiovascular disease. However, none of them included the study of lipid
peroxidation based on a LDL model, which is directly associated with the

atheroma formation [1].

Some fatty acids, mainly poliinsaturated are other compounds associated
with the prevention of CVD through inhibitory effects on inflammation,
oxidation and thrombosis [19]. On the other hand, certain metals (Mn, Cu
and Zn) have shown an activating effect on enzymes involved in antioxidant
protection in humans [20]. To our knowledge, neither fatty acids nor metals

have been studied in calafate.

To fill this gap, we studied the effect of a comprehensive characterized
calafate extract against oxidative stress using human umbilical vein
endothelial cells (HUVEC) and lipoperoxidation on human LDL, as
biological models directly related with CVD. The main objective was to

demonstrate that the relevant mix of compounds found in calafate extract,
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determined by LC-MS, GC-MS and Total Reflection X-ray Fluorescence
(TXRF), reduces ROS production and lipoperoxidation, both processes

related with the prevention of cardiovascular disease incidence.
4.1.2. Materials and Methods
4.1.2.1. Reagents and vegetable material

Reagents: Commercially available delphinidin 3-glucoside, 3-cafeoylquinic
acid, BF3-methanol 10% LiChropure for fatty acid derivatization, Miristic
acid d27 and Supelco 37 Component FAME Mix were obtained from Sigma-
Aldrich (Steinheim, Germany). Formic acid, ammonia (25%), sodium
hydroxide, sodium chloride, hydrochloric acid, acetonitrile, methanol,
ethanol, water (HPLC-MS grade or hypergrade), and Hexane (SupraSolv®)
for gas chromatography, Dimethyl sulfoxide (DMSO) and Vitamin C were
provided by Merck (Darmstadt, Germany). Chloroform (Optima® GC/MS)
and BCA (bicinchoninic acid) Protein Assay Kit were provided by Fisher
Scientific (Waltham, MA, USA). SPE 150 mg Oasis MCX 6 cm3 mixed
phase cartridges from Waters (Milford, MA, USA). 2°,7’-
Dichlorodihydrofluorescein diacetate (H2DCF-DA) was obtained from

Invitrogen (Waltham,MA,USA) and malondialdehyde (MDA) was
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purchased from Sigma-Aldrich (St. Louis,MO,USA). M199 medium, fetal
bovine serum (FBS), and other cell culture reagents were obtained from
Gibco Life Technologies (Grand Island, NY, USA). Penicillin-streptomycin
solution and Trypsin 0.25% were purchased from HyClone Co. (Logan, UT,
USA). 3-(4,5 Dimethylthiazol 2)-2,5-diphenylterazolium bromide (MTT)

was purchased from Cayman Chemical Company (Ann Arbor,MI,USA).

Vegetable material: Calafate berries (Berberys microphylla G. Forst) were
collected near Punta Arenas, Chile (53.1548309,-70.911293). Berries were
collected between February and May 2019 at maturity stage, and were frozen
at -80°C until their analyses. Approximately 1 Kg of fruit was collected,
which was homogenized before analysis. A taxonomical identification, by
comparison of the species with those from the University of Concepcion
Herbarium, was carried out in order to assure the identity of the samples. The

moisture (%) of the fruits was 69,4 + 2,7%.
4.1.2.2. Instrumentation

An ultrasonic bar homogenizer Cole Palmer series 4710 (Chicago,IL,USA),
a mechanical shaker (Edyman KL2), a desktop centrifuge Heraeus-Christ

GmbH (Osterode,Germany), an Alpha 2—4 LD plus lyophilizing system from
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Martin Christ (Osterode,Germany), a centrifuge Heraeus-Frescol7 from
Thermo Fisher (Waltham,MA,USA), a laboratory stirrer/hotplate CORNING
model PC420 (Durham,NC,USA), an analytical balance from Denver
Instrument Company (NY,USA), a rotavapor with a V-700 vacuum pump
and V-850 controller system from Biichi (Flawil,Switzerland), and a MM 400
mixer mill from Retsch GmbH (Haan, Germany) were used for sample
preparation. An Epoch™ microplate reader from Biotek Instruments
(Winooski,VT,USA) was used for antioxidant and cellular assays. A
Beckman Optima TM LE 80 K (Palo Alto,CA,USA) was used for

ultracentrifugation.

The identity assignment of phenolic compounds was carried out with a
UHPLC-DAD Bruker Elute LC system, coupled in tandem with a Q-TOF
spectrometer Compact, Bruker (Bremen,Germany). The control system used
was Compass HyStar (Bruker), the acquisition software was Bruker
otofControl 4.1.402.322-7977-vc110 6.3.3.11, and data analysis was

performed with Compass DataAnalysis 4.4.200 (Bruker) software.

The quantitative analysis of phenolic compounds was carried out with a

Shimadzu HPLC system equipped with a quaternary LC-10ADVP pump, an

65



FCV-10ALVP elution unit, a DGU-14A degasser unit, a CTO-10AVP oven,
and a UV-vis diode array spectrophotometer model SPD-M10AVP. The
control system and data collection were performed using Shimadzu

Chromatography Data System CLASS-VP software (Kyoto,Japan).

The fatty acid profile was determined using an Agilent 7890A GC (Palo
Alto,CA,USA) with a multimode injector, interfaced to an Agilent 7000
GC/MS Triple Quad detector, fitted with an Agilent CTC PAL autosampler
and controlled by Agilent MassHunter GC/MS acquisition software (Version

B.05.00/Build 5.0.291.0).

Metal profile analysis was performed using a bench top TXRF system (S4
TStar, Bruker® AXS Microanalysis GmbH, Berlin, Germany) equipped with
a 50 W X-ray tube with a molybdenum (Mo) anode and a multilayer

monochromator (17.5 keV).

4.1.2.3 Full chemical characterization of calafate

4.1.2.3.1 Extraction protocols

The extraction was carried out according to a protocol previously described
by Ruiz et al., 2013 [11]. Briefly, 5 g of calafate berries were triturated,

mixed with 10 mL of methanol/formic acid (97:3 ratio) and sonicated (60 s,
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40% A). The sample was then stirred for 16 h and centrifuged at 1,730 g for
10 min. Subsequently, the supernatant was removed and added to a 25 mL
flask. An additional 5 mL of solvent was added to the sample and stirred for
30 min; the sample was then centrifuged, and the supernatant was transferred
to a 25 mL flask. This procedure was repeated 3 times. Finally, the flask was
filled with the same solvent, obtaining the crude extract. Additionally, the
same procedure was developed using ethanol/formic acid (97:3 ratio), in
order to compare the effect of the extraction solvents (methanol vs ethanol)

on the polyphenolic composition and on the biological assays (Raw extracts).

Hydroxycinnamic acid determination required a purification step using solid
phase extraction with cation exchange columns (Oasis MCX Water, USA),
as previously described by Ruiz et al., 2013 (Purified extract) [12]. Briefly,
1 mL of crude extract was evaporated and resuspended in 5 mL of 0.1 M HCI.
Subsequently, the MCX SPE-column was conditioned with 5 mL of
methanol and 5 mL of ultrapure water. The resuspended crude extract was
loaded onto the SPE column and subsequently washed with 5 mL of 0.1 M
HCl and 5 mL of ultrapure water. The elution of hydroxycinnamic acids was
done with 5 mL of solvent and repeated 3 times, obtaining an extract rich in

hydroxycinnamic acids (Purified extract).
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Raw extracts (methanolic and ethanolic) were used for the analysis of
anthocyanins in fruit by LC-MS, metal profiling by TXRF, fatty acids by GC-
MS and in vitro assays. Purified extract was used for hydroxycinnamic acid

identification and quantitation.
4.1.2.3.2 lIdentification and quantitation of anthocyanins

The identification of anthocyanins by LC-MS was based on the method
previously described by Ruiz et al., 2013 [12]. This method uses a mobile
phase with lower formic acid concentration than the common method for
anthocyanin [8], because the ESI system of the spectrometer does not allow
the use of high formic acid concentrations (Compact User Manual, Bruker
DaltonikGmbH). Chromatographic separation conditions were as follows: a
Kromasil column 100 5 C18 250x4.6 mm with a C-18 precolumn (Nova-Pak
Waters, 22x3.9 mm, 4 um), mobile phase A: formic acid 0.1% in water, and
mobile phase B: 0.1% formic acid in acetonitrile. A flow rate of 0.3 mL/min
and an injection volume of 10uL were used. The acetonitrile gradient ranged
from 15% to 25% for 14 min, from 25% to 35% for 11 min, from 35% to
100% for 1 min, 100% for 9 min and from 100% to 15% for 1 min with a

stabilization period of 25 min. The spectrophotometric detection was set at
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520 nm, and MS detection was set using the base peak chromatogram (BPC),
both obtained in the LC-MS. The MS conditions for anthocyanin
identification were as follows: positive ionization ESI +4500 V, dry gas: 9
L/min, nebulizer: 4 Bar, T°: 200°C, end capillary 500V, collision energy at
10-25eV in stepping mode, Auto MS/MS mode (4 precursor/cycle), 50-1500
m/z (scan 0.2s centroid mode) and internal calibration using sodium formate

(10% formic acid, 1 M) with a mass accuracy <3 ppm.

Quantitative analysis was carried out using a Shimadzu HPLC system by
external calibration curve using a delphinidin 3-glucoside standard at 518 nm

as described by Ruiz et al., 2010 [8].

4.1.2.3.3 Hydroxycinnamic acid derivatives (HCAD) analysis by LC-MS

Identification was performed as previously described Ruiz et al., 2013
[12].The same column, precolumn and chromatographic separation used for
anthocyanin analysis were used . The spectrophotometric detection was set
at 320 nm, and MS detection was set using the BPC, both obtained in the LC-
MS. The same spectrometric conditions used in section 2.3.2 were used, with

exception negative ionization ESI -3500V. The quantitative analysis was
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carried out using a Shimadzu LC-DAD system by an external calibration

curve prepared with 3-caffeoylquinic acid standard and measured at 326 nm.
4.1.2.3.4 Metal profile analysis

The identification and quantitation of metals in calafate was carried out by a
previous siliconization procedure for TXRF measurement. For this purpose,
10uL of silicone solution in isopropanol was dropped onto the surface of
quartz carriers and dried at 110°C on a hot plate. Separately, 10uL of
methanolic and ethanolic extracts (dilution 1/100) containing 0.5 mg/L Ga as
an internal standard were dropped onto the siliconized carriers. After drying
the samples at 80°C, they were placed into the TXRF equipment. The
characteristic radiation emitted by each element was detected by a silicon
drift detector with an area of 60 mm2 and an energy resolution < 145 eV,
working at 50 kV and 750 pA in the air. The measurement live time was
1,200 s. Elements were identified automatically by referring to the software
database. The quantitative analysis was carried out by a standard internal

method using Ga [21].

4.1.2.3.5 Analysis of fatty acid profile
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The fatty acid profile and concentration were carried out on lyophilized
calafate fruit and in the methanolic and ethanolic extracts (described in
section 2.3.1). The lyophilized fruit was homogenized using a ball mill (30
cycles/s for 1.5 min). Subsequently, 100 mg of homogenized calafate (or
250uL of extracts) mixed with 1 mL of methanol/chloroform 2/1%v/v
solution were transferred to a 1.5 mL centrifuge tube and shaken (ball mill
30 cycles/s during 1.5 min), followed by a centrifugation step (9600 g for 2
min at 4°C). A mix of 780uL of the resulting supernatant, 260ul. of
chloroform, and 468uL of water was transferred to a 4mL vial and vortexed.
Finally, 400uL of the organic phase was transferred to a new 4 mL glass vial

and evaporated under a nitrogen stream for derivatization.

Fatty acid methyl ester (FAME) derivatization was achieved using the AOAC
969.33 protocol for fatty acids [22] with Myristic-d-27 acid (75 mg/L) as the
internal standard. The GC-MS analysis was performed using a 30 mx0.25
mmx0.2 um ionic liquid SLB-IL-111 column from Supelco. The injection
volume was 1uL, the injection temperature was 250°C, the split mode was
10:1, and the gas carrier flow was 1.5 mL/min. The oven temperature
program started at 40°C for 4 min, with a 5°C/min ramp up to 260°C for a

total analysis time of 48 min. The transference line was set at 275°C, with an
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ionization source of 70 eV and 230°C with a Quadrupole temperature of
150°C. Mass spectra acquisition was performed in scan mode from 20 to 450
m/z, with 140 ms scan time. Fatty acids were identified by comparing the

retention times (RT) with a FAME mix, the mass spectra and NISTO5 library.

Extracted ions at m/z 74 and 87 were used for the saturated and
monounsaturated fatty acids. The ions at m/z 79 and 81 were used for the di-
and tri-unsaturated fatty acids. The areas corrected by the internal standard
of the samples and the standard mix (Supelco pn: CRM47885, XA18647V)
were compared by applying a response factor method, according to the
AOAC 996.06. The concentration of the different fatty acids was expressed

as mg/g FW or mg/mL extract.
4.1.2.4. In vitro assays

All in vitro assays were carried out using the characterized extracts obtained

in 2.3.1. (methanolic and ethanolic extracts).
4.1.2.4.1 Antioxidant capacity and total phenolic compounds

TEACcuprac and TEACagTs Were determined as previously described by
Ruiz et al., 2010 [8] and Ruiz et al., 2013 [11]. TEACorac Was carried out

according to Ou et al., 2013 [23]. Total phenolic compounds were quantified
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using the Folin-Ciocalteu method [8], and all methodologies were carried out

in 96-well microplate.
4.1.2.4.2 Cell culture

HUVECSs (Lonza Group) were cultured on gelatin-coated plastic dishes with
M199 medium supplemented with 20% FBS at 37 °C in 5% CO2 [24]. For
experiments, cells were recovered with Trypsin/EDTA and seeded in 96-well
plates. All experiments were performed between passages 3-8 and treatments

were added at 90% confluence.
4.1.2.4.2.1 Viability assay

Cell viability was determined by the MTT method [25]. HUVECs were
seeded at a density of 30,000 cells/well into 96-well plates (100uL) and were
cultured for 1 day in M199 medium supplemented with 20% FBS. Then, cells
were pretreated for 48 h with different dilutions of calafate extracts in culture
medium supplemented with 2% FBS or with phosphate buffered saline (PBS)
10 mM (145 mM NaCl, 7.5mM Na,HPO,, 2.5mM NaH,PO,, pH 7.2-7.4),
which was used as a positive control to induce cell death by serum
deprivation. After the incubation period, cells were incubated with the MTT

solution at a final concentration of 0.5 mg/mL for 4 h at 37 °C. Next, 85uL
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of medium was removed and DMSO (50uL) was added to each well.
Absorbance was measured at 540 nm with a microplate reader. Viability was
expressed as a percentage as compared to nontreated cells cultured in M199

medium with 2% FBS (viability control).
4.1.2.4.2.2 ROS measurement

The intracellular ROS measurement was based on ROS-mediated conversion
of a nonfluorescent H,DCFH-DA probe into DCF, whose intensity of
fluorescence reflected enhanced oxidative stress. For these experiments,
HUVECSs were seeded in 96-well plates at a density of 30,000 cells/well, and
after 1 day, they were incubated with calafate dilutions for another 24 h. After
washes with PBS 10 mM, cells were incubated with H,DCFH-DA (10uM) in
10 mM PBS at 37°C for 45 min. At the end of the incubation period, cells
were washed and stimulated with H,O, (200 uM), and DCF fluorescence was
measured at 540 nm (emission) and 485 nm (excitation) over 45 min with a
microplate fluorescence reader. Cells exposed to H,O, (200 uM) but not to
calafate were used as a positive control of oxidative stress. The results were
expressed as fold change of fluorescence intensity compared to

nonstimulated HUVECs (negative control: cells not exposed to either
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calafate or H,0O;) [5]. As antioxidant control, vitamin C (250 pg/mL) was

added to cell cultures at the same time as H,0,.

4.1.2.4.3 LDL isolation

Low density lipoprotein (LDL) extraction was done as described by Havel,
Eder, & Bragdon, 1955 [26]. Peripheral blood was obtained from healthy
donors (6) after 10 h of starvation. All participants signed a written informed
consent form before sample collection. LDL samples were collected,
dialyzed in PBS 10 mM pH 7.4, and quantified by BCA assay kit for further
studies. This protocol conforms to the Declaration of Helsinki, and it was
revised and approved by the University of Concepcion Ethics Committee

(CEBB-427-2-2019).

4.1.2.4.3.1 LDL oxidation

LDL (500 pg/mL) was incubated at 37°C in PBS 10 mM with or without
CuSO4 (7 uM) (positive and negative controls, respectively), in a final
reaction volume of 100uL. For some experiments, different dilutions of
calafate extract were incubated together with LDL and CuSQ,. Kinetics of
oxidation were recorded every minute by absorbance at 232 nm in a

microplate reader [5].
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4.1.2.4.3.2 MDA assay

To evaluate lipoperoxidation, LDL was incubated at 37°C with CuSO4 (7
UM) (positive control) with or without calafate extract or an antioxidant
control (vitamin C 250 pg/mL) for 1 h 20 min. Then reaction was stopped
with 1L of BHT 5% p/v. MDA quantification was carried out by the TBARS
method as described by Richard in 1992, with some modifications [27].
Briefly, 100uL of MDA standard or LDL, 100uL trichloroacetic acid 10%
w/v and 800uL thiobarbituric acid 0.53% w/v were added in cryotubes and
vortexed. The cryotubes were boiled for 60 min at 95°C, and the reaction was
stopped in ice for 15 min. Finally, the mix was transferred to a 96-well plate
and the absorbance was read at 540 nm. Quantification was carried out by
external calibration with MDA standard. Negative control consisted in LDL

incubated only with PBS 10mM.
4.1.2.5 Statistical Analysis

All results were expressed as arithmetic means and standard errors. Data were
subjected to one-way ANOVA to evaluate the statistical significance of

intergroup differences with Bonferroni post hoc tests, considering o < 0.05.
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Graphics were performed using GraphPad Prism software version 5.0 and

statistical analyses were carried out using IBM SPSS software version 20.
4.1.3. Results and discussion

4.1.3.1 Phenolic profile in calafate fruit by UHPLC-DAD-ESI-QTOF-

MS/MS

Anthocyanins were analyzed in positive mode (ESI +) by LC-MS and the
profiles of HCADs and other phenolic compounds were analyzed in negative
mode (ESI -). The assignment of identity was carried out using PUBCHEM
(P), METFRAG (M), HMDB (H) and KEEG (K) databases, as well as
comparing results with other publications. The level of annotation, in almost
all case, was at least level 2, according with the definition of Sumner et al

[28]

The anthocyanins identified in calafate are presented in Table 4.1.1. The main
anthocyanins detected in this study were the same as those described by Ruiz
et al.,, 2010 [8]; however, minor anthocyanins reported in the cited
publication were not detected by us, despite the high sensitivity of the MS
system. This could be due to the low concentration of formic acid used in the

mobile phase (0.1%), which did not allow the anthocyanin structures to
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stabilize (between flavylium cation, quinoidal base, carbinol and chalcone
forms) [29]. This nonequilibrium state can also explain the peak widening
and the low chromatographic resolution, responsible for a lower sensitivity
(chromatogram in supplementary material, Figure S1). Additionally, in the
same chromatogram, a mass of [M]+ 336.1213 m/z (Signal 14) was found,
which was assigned as berberine, an alkaloid previously described in calafate
[10]. The fragments of 321.0996 m/z [Ci9H1sNO4]+ and 306.0761 m/z
[C1sH12NO4]+ are products of demethylations of the berberine structure. The
fragment 292.0968 m/z [CigH12NO3s+2H]+ was obtained from a cross
fragmentation in the cyclic ether. Signal 13 was tentatively annotated as
protoberberine (jatrorrhizine) with [M+] 338.1371 m/z and fragments

294.1099 m/z [C13H15N03]+ and 323.1121 m/z [C19H17NO4]+.

Table 4.1.1: Metabolic profile of calafate obtained by UHPLC-DAD-ESI-

QTOF-MS/MS in positive and negative ionization modes

Ref

N tr A Molecular [M]* or ESI Fragmentse Error mof Annotation or
peak (min) (nm) Formula [M-HJ- gme (ppm) i n DB
delphinidin- 8,9,
1e 7.6 276; 523 Co7H51017+ 627.1527 + 303.0499; 229.0495; 4.6 4.2 3,7-B-O- 18, M,
465.1028 . .
diglucoside K
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petunidin-3,7-

276; 524
2 8.1 6:5 CxHxuO  641.1678 317.0656 54 55 p-O-diglu- 815’
coside
malvidin-3,7- 89
3® 87 . CsHs:O1"  655.1840 331.0812 43 18.1 B-O- s
diglucoside
4 98 7P 0w 6111582 303.0499;2200405 41 43  Oclphinidind- 8 11
rutinoside M, K
delphinidin3- o 1L
5¢ 9.9 276,525  CuHoOw*  465.0989 303.0499; 229.0495 8.4 56 elphinidin 14,18
glucoside
M, K
280; 519 idin 3 8 11,
6c 12.0 ’ CyHxO15*  595.1646 287.0550; 242.0574 1.9 140 MMM,
rutinoside
K
i 3 8, 11,
7e 121 279,519  CoHoOn*  449.1059 287.0550; 115.0542 43 09 ~ yamdam 14,18,
glucoside
M, K
317.0656;217.0495; .11
! 279; 519 ) 302.0421,245.0444; petunidin 3- P
8 12.1 CoHxOw*  479.1170 | [ 3.0 6.0 hucoside 143_118,
229.0495; 274.0472
9o 123 281,524  CxHzOwt  625.1764 317.0656 0.1 g9  Ppetunidind- 811,
rutinoside 14
100 107 72 O 6391923 331.0812 05 31 malvinidind- g,
rutinoside
301.0707;286.0472; o 8,11,
11c 107 82 oo 4631228 229.0495;187.0390; 15 40 pelomdl,rclf' 14, 18,
213.0546; 203.0339 glucoside M, K
331.0812,287.0550; viding, &1L
12¢ 148 277529  CxHsOn+  493.1338 316.0578;242.0574; 0.6 53 m‘l’ vl 112 18, M,
245.0444; 217.0495 giucoside K
221;251;  CaoHaoNOs 294.1099;323.1191;
13 28.3 350 R 338.1371 280.0955 55 jatrorrhizine 10
221;251;  CaoHisNOs 292.0968:306.0761; berberine 10, M,
14 324 50 ' 336.1213 1109962750812, O3 16.7 "
3-trans-
caffeoyl- 9 12
209.0303; 191.0197; ic aci F 12
15¢ 113 326 CisHiOu  371.0606 38 g3 Blucaricadd 0
147.0299 or 4-trans- K
caffeoyl-

glucaric acid
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3-trans-

209.0303;191.0197; caffeoyl- 9 12
135.0452;147.0299; glucaric acid o
16 12.1 326 C15sH16011 371.0619 179.0350;129.0193; 0.1 9.0 or A-trans- 3O,KM,
193.0506 caffeoyl-
glucaric acid
209.0303;163.0401;
/ ! 2- or 5-trans- 9,12
191.0197;119.0502; o
17 12.7 325 C15sH16011 371.0619 135.0452:147.0299; 0.1 10.8 ICiieriZ}lal;id 3O,KM,
179.0350 s
191.0561;135.0452; ffeovlquini 12, 30,
18¢ 134 - CiHisOs  353.0889 179.0350; 93.0346; 3.0 183 CZcffiyngfef 31, M,
161.0244 K
355.0660
[M-H20- 209.0303;147.0299; syringic acid
192 13.7A - Ci1sH1sO 3.0 16.9 H
e HJ 239.0561; 119.0502 glucuronide
209.0303;191.0197; caffeoyl 12.30
20¢ 13.8 - Ci1sH160m1 371.0619 135.0452;147.0299; 0.1 9.4 glucaric NE K’
115.0037; 173.0092 isomer ’
209.0303;191.0197; cafeoyl 12,30
c B - 1 ’ N ’ _ . . 'y
21 14.1 Ci1sH16011 371.0626 135.0452; 173.0092 1.7 2.6 glucarlc M K
isomer
3-hidroxy-4-
metoxy-5-
22a 14.7 - Ci1sH1209 REER 183.0299;177.0193 -0.2 4 . ,(3'4'5- H
trihidroxyben
zoyloxy)benzo
ic acid
191.0197;135.0452; caffeoyl P M
232 14.9 327 Ci15H14010 353.0521 147.0299;179.0350; -2.0 18.4 isocitrate o
. K
161.0244 isomer
113.0244;179.0561; o
24 15.6 - C13H2409 323.1345 101.0244:161.0455 0.8 24 unidentified
3-
191.0561;127.0401; caffeoylquinic 12,30,
. . ;127. ;
25 16.0 326 C16H1809 353.0866 161.0244; 93.0346 3.3 1.5 acid 31,KM,
161.0244;191.0197; caffeoyl P M
262 16.6 - C15H14010 353.0506 147.0299;135.0452; 24 4.2 lisocitrate ,K !
117.0346 isomer
p-coumaric 31 M
27¢ 16.8 - C15sH1sOs 325.0920 119.0502; 163.0401 1.6 2.7 acid O- ,K !
glucose
191.0197;147.0299; caffeoyl P,M
28 17.5 329 Ci15H14010 353.0491 135.0452; 179.0350 6.5 12.0 lsics)zlrt;::e K
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191.0197;223.0459;

O-feruloyl

29a 17.54 329 C16H1s0 385.0758 4.8 10.9 M, K
R 179.0350 galactaric acid ’
benzyl O-
[arabino
401.1425 31, H
30¢ 18.1 - CisH26010 161.0455 7.1 4.6 furanosyl- !
(106)-
glucoside)
dicaffeoyl
31b 18.3 - C24H22014 533.0911 209.0303; 191.0197 49 9.0 glucaric acid 12, 30
isomer
dicaffeoyl
32b 18.6 - C2sH22014 533.0896 209.0303; 191.0197 7.6 4,1 glucaric acid 12, 30
isomer
. p-coumaric
33¢ 18.7 - C1sH1sOs 325.0904 145.0295;117.0346 7.6 15.5 acid O- 31'KM’
glucose
191.0561; 161.0244; caffeoylquinic 12, 30,
34¢ 19.0 - C16H1s09 353.0851 93.0346; 127.0401; 7.6 19.4 acid isomer 31, M,
133.0295 K
2'3,4,4'6'-
) ) Pentahydroxy
35a 20.1 - C21H22011 449.1064 259.0612; 191.0561; 5.6 17.2  chalcone 4'-O- M, K
97.0295 .
glucoside
191.0561;119.0502; p-coumaroyl 12, 30,
36¢ 20.4 - C16H1s0s 337.0899 93.0346; 163.0401; 8.9 5.1 quinic acid 31, M,
145.0295; 155.0350 K
. 161.0244;191.0197; sinapinic acid-
37 21.9 - C17H20011 399.0911 173.0092; 367.0671 5.6 5.1 O-glucuronide H
10, 18,
) 301.0354;255.0299; .
38 22,5 354 C27H30016 609.1435 151.0037; 178.9986 43 5.7 rutin 30, 31,
M, K
149.0455;179.0561;
39 23.1 - CisH32012 439.1799 119.0350;101.0244; 5.0 15.3 unidentified
251.0772
135.0452;161.0244; 12 30
179.0350;191.0561; feruloylquinic T
c A -
40 234 C17H2009 367.1003 137.0244:127.0401 8.6 8.2 acid isomer 31,KM,
117.0346
135.0452;129.0193; caffeoyl
179.0350;161.0244; . P,M,
41 23.4 - C1sH14010 353.0489 173.0092:219.0299; 7.1 15.1 1sics)(c)11t;'2;e K

151.0401; 335.0409
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271.0248;301.0354; quercetin 3- 18, 30,
42d 24.6 354 C21H20012 463.0861 255.0299;151.0037; 45 75 glucoside 31, M,
245.0455; 178.9986 K
43 25.0 - CisH32010 407.1903 227.1289; 138.1050 4.7 10.4 Unidentified
kaempferol-3-
285.0405;257.0397; L 30, M,
44 254 - C27H30015 593.1499 549.1250; 2.1 19.1 O-rutinoside K
isorhamnetin
315.0510;300.0276; 3-0-(6-O- 31
45b 25.8 355 C2sH52016 623.1592 287.0561 4.1 2.6 rhamnosyl-
glucoside
301.0354;255.0299; ‘(];gczf:;;?
462 26.5 - C2sH22015 549.0878 464.0960;109.0295; 14 18.7 y M, K
beta-D-
163.0037 .
glucoside)
301.0354;273.0405;
191.0350;215.0350; quercetin 7-O-
215.0409;163.0037;
47 26.5 - C21H20012 463.0872 257.0455,230.0221; 2.1 8.2 ?e:)—s]i:e M, K
197.0244;197.0303; g
288.0851
quercetin 3-O-
. 271.0248;255.0299; (6-O-malonyl-
48 27.1 353 C2sH22015 549.0895 151.0037 -1.6 18.9 beta-D- M, K
glucoside)
243.0299;271.0248; isorhamnetin- 10, 30,
49b 27.8 - C22H22012 477.1033 257.0455;286.0483; 1.2 9.9 3-glucoside 31
300.0276; 215.0350
271.0248;301.0354;
255.0299;151.0037; quercetin 3-L- 10, 30,
50¢ 28.5 348 C21H20011 447.0929 245.0397;178.9986; 0.9 29 rhamnoside 31, M,
109.0295;121.0295; K
135.0088
353.0878;173.0455;
179.0350;191.0561;
135.0452;155.0350; 3,5-dicaffeoyl 12 31
51¢ 29.6 - C25H24012 515.1194 93.0346; 161.0244; 0.1 16.0 quinic acid l\/i K,
318.0686;137.0244; /
203.0350;356.0902;
111.0452
300.0276;315.0510; isorhamnetin-
52b 30.0 - C2sH24013 519.1134 227.0350;177.0193; 2.0 3.2 3-malonyl- 10
204.0428; 204.0487 hexoside
C21H20010 285.0405;255.0299; kaempferol 10, 30,
53 317 ) 431.0974 244.0377; 267.0358 23 64 rhamnoside 31'KM'
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A Compounds detected only in the methanolic extract. 2 Compounds detected
only in the ethanolic extract. Peaks identified with 2Database (DB)
(PUBCHEM (P), METFRAG (M), HMDB (H) and KEEG (K)),
bhibliography, ‘Database plus bibliography, Database (DB), bibliography

and commercial standards. ®Higher to lower intensity. 'mo: Bruker parameter.

The phenolic compounds profile obtained by negative mode (ESI -) showed
mainly HCADs (chromatogram as supplementary material, Figure S2). Other
compounds assigned as flavonols, chalcone, depsides and hydrolysable
tannins were detected. 3-caffeoylquinic acid and caffeoylglucaric isomers
were the main compounds detected, which were in accordance with previous

findings [9,12,30].

Additionally, we assigned identities for the following compounds that have
not been detected before in calafate: caffeoylisocitrate isomers (signals 23,
26, 28, 41) that showed a [M-H]- (deprotonated molecule) of 353.0521 m/z
and the following fragments: 191.0197 m/z [CsH;O/]- corresponding to an
isocitrate group, 179.0350 m/z [CqH;O4]- associated with caffeic acid and

161.0244 m/z [CyHsO3-H]- corresponding to caffeoyl group moiety. O-
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feruloylgalactaric acid (signal 29) was tentatively assigned by its ion [M-H]-
of 385.0758 m/z with fragments 191.0197 m/z [CsHsO7-H]- (galactaroyl),
223.0459 m/z [C;H110g]- (methylated isocitrate) and 179.0350 m/z
[CoHeO4+H]- (caffeic acid). All these signals showed a maximum absorbance
at 329 nm, which is characteristic of HCADs. Syringic acid glucuronide, a
hydrolyzable tannin (signal 19), showed a pseudomolecular ion of [M-H20-
H]- 355.0660 m/z, and a fragment of 147.0299 m/z [CsH+Os]- (glucuronide
group moiety). 3-Hydroxy-4-metoxy-5-(3,4,5-
trihidroxybenzoyloxy)benzoic acid (signal 22), known as depside or
depsidone, was characterized by [M-H]- 335.0409 m/z and a fragment of
183.0299 m/z [CgH;Os]- corresponding to 3-hidroxy-4-metoxybenzoic acid
by rupture of an ester bond. Benzyl O-(arabinofuranosyl-(1->6)-glucoside)
(signal 30), an O-glycosyl compound, was characterized by a [M-H]- of
401.1425 m/z [31] and a fragment of 161.0455 m/z [CsHyOs]- (a fragment
from the glucoside group modified in the oxygen of ether bond). p-Coumaric
acid O-glucose (signals 27 and 33) with [M-H]- 325.0920 m/z and fragments
119.0502 m/z [CsH;O]- (coumaric acid decarboxylated), 163.0401 m/z
[CoH;O3]- (coumaric acid) [31] and 145.0295 m/z [CgH7O,-2H]- (coumaroyl
group) was identified. Sinapinic acid-O-glucuronide isomer (signal 37)

84



corresponded to HCADs with an ion [M-H]- of 399.0911 m/z and fragments
161.0244 m/z [CyHsO3]- (demethoxylated sinapinic acid), 191.0197 m/z
[C10H704]- (sinapinic acid moiety) and 173.0092 m/z [C1oHs03]-,
corresponding to [C10H;04-H,0]-. Isorhamnetin 3-0-(6-0O-
rhamnosylglucoside (signal 45) corresponded to a flavonol characterized by
Amax 355 nm, a [M-H]- 623.1592 m/z, fragments of 315.0510 m/z
[C16H1107]- (isorhamnetin aglycone) [31], and 300.0276 m/z [CisHsO7]-
(demethylated aglycone). Finally, we found 2'3,4,4'6'-
pentahydroxychalcone 4'-O-glucoside (signal 35), a product of the
equilibrium of cyanidin-glucoside flavylium-hemiketal-chalcone. This
compound was explained by the ion [M-H]- 449.1064 m/z and fragment
259.0612 m/z [C14H110s]- (aglycone moiety). In total, we found 53

compounds, 19 of them detected in calafate fruit for first the time.

4.1.3.2 Fatty acid profile of calafate berry by GC-MS

In this study, we were the first to describe the fatty acid profile of a calafate
berry. Table 4.1.2 displays the main fatty acid methyl ester (FAME) detected,

and the chromatogram is shown as supplementary material (Figure S3).
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Seven fatty acids were detected in calafate, two of which were essential poly-
unsaturated fatty acids, linoleic acid (LA) (12.7%) and linolenic acid (ALA)
(15.6%), and monounsaturated fatty acids (oleic and erucic acids, 19.9%).
Several studies suggest a favorable relationship between cardiovascular
health and unsaturated fatty acid consumption. Regular intake of these fatty
acids has been associated with a lower content of total plasma cholesterol and
LDL levels, as well as a reduction of atherosclerosis and a decreased
incidence of cardiovascular disease [32]. A study carried out with HUVECs
demonstrated that the incubation of cells with an Q 3 fatty acid (DHA)
decreased the expression of adhesion molecules, such as VCAM-1, and the
generation of NADPH oxidase-induced ROS in response to IL-1B [33].
Furthermore, it has been demonstrated that LA; 18:2, n-6 and ALA,; 18:3, n-
3 decrease ROS levels in cells exposed to high glucose [34]. Considering
these antecedents and the fatty acid profile, although low in total
concentration, these properties, together with the other detected compounds,
can explain the beneficial effects of calafate consumption in the context of

CVD.
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Table 4.1.2: Fatty acids profile of calafate fruit (GC-MS)

tr (min) Formula  Assigned identity Mass Concentration
(Da) (mg/g FW?)
19.972 CisH3002  Methyl tetradecanoate 242.2 0.16 £ 0.01
(Myristic acid methyl ester)
22.443 CiyH30O2  Hexadecanoic acid, methyl ester 270.3 0.08 £0.02
24.708 C19oH3:02 Octadecanoic acid, methyl ester 298.3 0.06 £ 0.00

25.507 CuHs02  9-Octadecenoic acid, methyl ester, (Z)  296.3 0.04 +£0.01
(Oleic acid methyl ester)

26.783 C1oH3:02 9,12-Octadecadienoic acid (Z,Z)-, 294.3 0.07 £0.03
methyl ester
(Linoleic acid methyl ester w6)

28.160 C19H320:2 9,12,15-Octadecatrienoic acid, methyl 292.2 0.09 £ 0.04
ester, (Z,Z,7)-
(Linolenic acid methyl ester w3)

29.473 C2HuOn 13-Docosenoic acid, methyl ester, (Z)- 352.3 0.08 £0.01
(Erucic acid methyl ester)

a FW: Fresh Weight. Data presented as the mean + standard error.

4.1.3.3 Metal contents in calafate berry by TXRF.

The metal profile of calafate fruit has not been previously described. TXRF
is a surface elemental analysis technigue often used for ultratrace analysis
[35]. The methanolic calafate extract was analyzed in order to identify and
quantify the main metals. Corresponding X-ray fluorescence spectra are

shown in the supplementary material (Figure S4).
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The metals detected in calafate were K, Ca, P, S, Mn, Cu, Pb and Zn. Heavy
metals, such as As and Se, were not detected; moreover, Al was under the
LOD. The estimated concentrations are listed in Table 4.1.3. Due to cross
contamination in the TXRF system, Fe was not measured using this technique
and its quantitation was carried out by atomic absorption spectroscopy
(supplementary material). However, Fe had a concentration below the

quantification limit of the method (<0.71 pg/g).

Zn, Cu and Mn play important roles in the regulation of oxidative stress. They
form complexes with superoxide dismutase (SOD) that transform superoxide
anions into H,O,, which is subsequently transformed into water and oxygen
by catalase. Mn is the main activator of enzymes involved in the antioxidant

protection of the human body, such as mitochondrial SOD [20].

Interestingly, when comparing Mn concentration in calafate to that in other
fruits, such as grapes or raspberries, calafate showed higher levels. In grape
varieties, concentrations range from 0.0006 to 0.0004 mg/g (as fresh weight),
while raspberries have between 0.041 and 0.015 mg/g (dry weight) [36,37].

Considering Mn consumption has been associated with beneficial effects, this
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finding also contributes to the understanding of the potential benefits of

calafate fruit in prevention of CVD.

Finally, it is important to highlight that the estimated concentration of Cu and
Pb was below the maximum limit allowed in food (0.01 and 0.002 mg/g,
respectively) (http://www.diariooficial.
interior.gob.cl/media/2013/12/17/do-20131217.pdf). This consideration is

important in a product for human consumption.

Table 4.1.3: Estimated concentration of metals in calafate berry by TXRF

Calafate
mg/g FWP

Aluminium ND
Phosphoru
S 0.830+0.040
Sulfur 0.610+0.010
Potassium 3.460+£0.110
Calcium 0.550+0.020
Manganese 0.006+0.000
Copper 0.006+0.000
Zinc 0.007+0.000
Lead 0.001+0.000
Irona <0.00071

aDetermined by atomic absorption spectroscopy. ® FW: fresh weigh

89



4.1.3.4 Concentration of main compounds in the extracts

The full characterization of calafate fruit was carried out using methanol as
an extraction solvent, as previously described [8,11,12]. However,
considering the cellular toxicity of this solvent, we also evaluated an
ethanolic extract obtained under the same conditions as the methanolic

extract.

The ethanolic extract showed a similar profile of compounds as that observed
for the methanolic extract, with minor differences (see Table 4.1.1). The
comparative results from the quantitative analyses for the main compounds
are presented in the supplementary material (Table S1, S2). The results were
expressed as pmol/mL for phenolic compounds and mg/mL for fatty acids
and showed no significant difference for the main anthocyanins, HCADs or
fatty acid contents (p > 0.05), which indicates a similar capacity for
extraction. Furthermore, total concentration of anthocyanins, HCADs and
fatty acids did not show a significant difference either (p > 0.05) (Table
4.1.4). However, the observed anthocyanin concentration was lower than

previously reported [8], but this can be explained by different edaphoclimatic
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conditions [8]. The important figures of the quantitative method are included

in the supplementary material (Table S3).

Table 4.1.4: Total polyphenol concentration and antioxidant capacity in

calafate extracts.

Total

Total

Total

Anthocyanin | Hydroxycinnami . ABTS CUPRAC | ORAC Folin-Ciocalteu
. Fatty acids
Extract s c acids
(eq. Gallic acid

(umol/mL) (umol/mL) (mg/mL) (eq.trolox pmol/mL) mg/mL)
Methanoli 13.74 + | 21.14 + | 21.38 +
c 222+0.18 0.35+0.01 0.37 +0.04 076 028 0.64 1.90 + 0.04
Ethanolic | 216007 | 0.28+0.02 0515004 | 0882072 | 1936014 1 2160 = 1y g g oo

*

*

0.86

*p < 0.05 vs methanolic extract. Data presented as the mean + standard error.

Figures of merit are presented as supplementary material (Table S3).

4.1.3.5 Antioxidant capacity of calafate extracts

The antioxidant capacity of methanolic and ethanolic extracts was

determined by TEACABTs, TEACCUPRA(;, TEACORAC, and Folin-Ciocalteu

(Table 4.1.4), which was a complementary screening battery to obtain a

global view of the antioxidant potential of the extracts. The results showed

high antioxidant capacity for both extracts, with no significant differences
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between them. The concentration of metals also showed no differences
between extracts (data not shown). Metals can have an important role because
free ions catalyze Fenton-type reactions, which reduce antioxidant capacity.
However, Zufiiga et al., 2014 demonstrated that Fe and Mn concentrations
may increase antioxidant capacity by 11.0 and 8.9%, respectively (results
obtained for both free and complexed metals) [38]. Calafate extracts
contained 6.0 pg/g FW of Mn but an undetected concentration of Fe. The
contribution of Mn to the high antioxidant capacity of this fruit is unknown,
as such it is necessary to perform further studies in order to better understand
the effects of these metals on the antioxidant capacity of calafate, which could

be through interactions with polyphenols or enzymes.

4.1.3.6 Calafate extracts reduced ROS production caused by H>O: in

HUVECs

Despite the high antioxidant capacity of calafate extracts demonstrated by
chemical methods, these results do not necessarily correlate with antioxidant
effects in biological systems. To evaluate the potential of calafate extracts on
oxidative stress, which is an important factor involved in the development of

CVD, we assessed intracellular ROS production using HUVECs. The cells
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were preincubated with the extracts and then exposed to H,0O,, an oxidizing

agent that generates oxidative stress in cells [39].

In a first set of experiments, we evaluated whether calafate extracts had any
effect on cell viability. This is important since cell viability can interfere with
further ROS quantification. As shown in supplementary material (Figure S5),
neither methanolic nor ethanolic extract dilutions affected cell viability after
48 h of incubation (p > 0.05). In contrast, cells exposed to PBS for 48 h
(positive control for cell lysis by serum deprivation) showed a significant

reduction of cell viability (approximately 96%).

Since calafate extracts did not change cell viability, we next evaluated the
antioxidant effect of calafate extracts on cells exposed to H,O,. In this model,
we assessed the ability of calafate to prevent ROS production since cells were
preincubated with extracts for 24 h and then, they were removed from culture
before the addition of H,0O,. As determined with the H,DCF-DA probe
(Figure 4.1.1), 200 uM H,0; induced a 1.8-fold increase in ROS production
when compared with nontreated cells (negative control) (p < 0.05). The

addition of vitamin C together with H,O, restored radical production to the
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basal levels, which is due to the ability of ascorbic ion to react with radicals,

producing the ascorbyl radical [20].
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Figure 4.1. 1: Protective effect of calafate extract on ROS production upon
H,0, stimulation. a) Methanolic extract diluted at 1/100 (2 mg FW/mL),
1/250 (0.8 mg FW/mL), 1/500 (0.4 mg FW/mL) and 1/1000 (0.2 mg
FW/mL). b) Ethanolic extract diluted at 1/100 (2 mg FW/mL), 1/250 (0.8 mg
FW/mL), 1/500 (0.4 mg FW/mL) and 1/1000 (0.2 mgFW/mL). Intracellular
ROS levels were determined by H,DCF-DA fluorescence (10 uM) (Aex 485
nm; Aem540 nm) in cells previously incubated with extract and then exposed

to H,O,. Vitamin C (250 pg/mL) was used as the antioxidant control. Data
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are presented as the mean + standard error values. + p < 0.05 vs control

(negative control). * p < 0.05 vs H,O, control (positive control).

In these experiments, the oxidative effect of H,O, was reduced by 51% in
cells preincubated with the methanolic calafate extract at a dilution of 1/100
(equivalent to 2.22 nmol of anthocyanins and 0.035 nmol of HCAD) (p <
0.05) (Figure 4.1.1a). As extract dilution increased, the antioxidant effect was
reduced and was no longer detected at a dilution of 1/500. For the ethanolic
extract, this antioxidant effect was minor (approximately 22% reduction for
1/100 dilution) and did not reach statistical significance (Figure 4.1.1b). Due
to the lack of a significant difference in the phenolic composition and fatty
acids content of the ethanolic and methanolic extracts (Table 4.1.4), we
hypothesize that minor changes in other compounds may be relevant for the

protective effect observed.

It is important to note that the antioxidant protection exerted by the
methanolic extract was only detected after long incubations (24 h), since
experiments performed with shorter periods (4 h) did not reduce oxidative
stress (data not shown). This suggests that the calafate extract induces cell

responses resulting in higher expression/activity of molecules/enzymes
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involved in the protection against oxidative stress, such as reduced
glutathione (GSH) and superoxide dismutase (SOD). This is consistent with
findings reported for delphinidin (the main anthocyanin found in calafate
extract), which is able to protect SOD activity in HUVECs treated with an
oxidant agent for 24 h. In the absence of delphinidin, SOD activity is
significantly attenuated by oxidative stress [40]. Moreover, the antioxidant
properties of calafate could be related to the effect of metals on the activity
of some antioxidant enzymes, as mentioned above. Additionally, despite the
low concentration of fatty acids found in calafate extracts, they could still
contribute to this antioxidant effect, as reported by Jiang et al., 2017, where
ALA and LA reduced ROS in HK-2 cells treated with a high glucose

concentration [34].

4.1.3.7 Calafate extract reduced lipidic peroxidation caused by CuSOas in

human LDL

Oxidative stress is closely related to LDL oxidation and endothelial
dysfunction, two important factors contributing to atherosclerosis and CVD
[5]. Thus, we evaluated the effect of calafate extracts on lipidic peroxidation

of LDL. In Figure 4.1.2, the kinetics of human LDL oxidation are presented,
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Figure 4.1.2: Effect of calafate extract on lipidic peroxidation of LDL. a)
Kinetic curve of LDL oxidation with or without methanolic extract (dilution
1/100 and 1/250). b) Kinetic curve of LDL oxidation with or without
ethanolic extract (dilution 1/100 and 1/250). Figures A and B are
representative of three LDL assays obtained from different volunteers. c)
MDA production in relation to LDL basal control (methanolic and ethanolic
extract dilution at 1/100). Data are presented as the mean + standard error
values. Vitamin C (250 pg/mL) was used as the antioxidant control. + p <
0.05 vs LDL basal (negative control). * p < 0.05 vs LDL CuSQO4 control

(positive control).

as determined by intermediate oxidation products (conjugated dienes

measured at 232 nm).

The results showed that native LDL is gradually oxidized by incubation at
37°C (autoxidation), and after 120 min, conjugated dienes increased
approximately 50%. This reaction speed is rapidly increased with CuSQy, as
oxidation products began to increase after 40 min of incubation (while LDL

without CuSO,4 was not oxidized yet). They reached the plateau after 90 min
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with a 3-fold increase in absorbance, compared to time 0. The methanolic
extract inhibited LDL oxidation induced by CuSQ; at dilutions of 1/100 (2
mg FW/mL) and 1/250 (0.8 mg FW/mL) throughout the incubation period
(Figure 4.1.2a). Interestingly, the methanolic extract also inhibited the auto-
oxidation of LDL, since it was able to maintain the absorbance at the same
values as at time 0, while native LDL (without CuSO,) absorbance was
increased at the end of the incubation period. Regarding the ethanolic extract,
dilutions 1/100 (2 mg FW/mL) and 1/250 (0.8 mg FW/mL) produced the
same effect as the methanolic extract by completely inhibiting LDL oxidation
(Figure 4.1.2b). However, at the end of the incubation, dilution 1/250 began
to increase absorbance in the condition with CuSO, to the level of native
LDL, suggesting the consumption of antioxidant molecules by this reaction.
These results are in concordance with ROS production experiments in which
the ethanolic extract showed a lower protective effect than the methanolic
extract and confirm that other compounds present in calafate, other than

phenolic compounds, can contribute to the antioxidant effect.

Additionally, we measured MDA in LDL, as a final product of the oxidation
process. In these experiments, MDA was assessed after 80 min of oxidation.

Under these conditions, calafate extracts reduced MDA produced by CuSO,
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to the levels found in native LDL (Figure 4.1. 2¢). This effect was comparable
to the effect obtained with vitamin C (p <0.05). This is an interesting finding
attributed to the total compounds present in the extracts, which are

responsible for total antioxidant capacity.

The effect of the extracts against LDL oxidation may be produced by the
ability of polyphenols (flavonoids) to eliminate free radicals or chelate metal
ions, such as copper in this case (oxidant agent) [41]. However, to establish
which compounds are responsible for these effects, it is necessary to carry

out complementary experiments.

In a biological context, LDL oxidation plays a very important role in
cardiovascular disease [15]. Oxidized LDL is atherogenic, as it causes direct
oxidative damage to endothelial cells, promotes the inflammatory response
and accumulates in the intima of blood vessels, where it is recognized and
endocytosed by macrophages, promoting their transformation to foam cells,
one of the main components of the atherosclerotic plaque [1]. Compounds
that can prevent oxidative processes have been demonstrated to attenuate or
prevent the development of atherosclerosis. Our findings suggest that

consumption of calafate fruit could have a potential anti-atherosclerotic
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effect, which can be mainly attributed to the phenolic compounds
composition and additionally to the metals and poly-unsaturated fatty acids

which may also have an important role in the beneficial effect of calafate.
4.1.4. Conclusions

Calafate fruit has a broad profile of bioactive compounds, mainly including
phenolic compounds, which compose more than 53 chromatographic signals
(anthocyanins, HCADs, flavonols and other phenolics and alkaloids such as
berberine), fatty acids (mainly linolenic and linoleic acids), and certain
metals (Mn, Cu and Zn, among others). This composition constitutes a
product with remarkable nutraceutical characteristics for human
consumption. Calafate extracts have a high chemical antioxidant capacity,
can decrease ROS production in a cellular model of endothelium, and protect
LDL against oxidation, which is one of the main factors responsible for the
progression of atherosclerosis. Finally, based on our results, we propose that
the consumption of calafate can play a role in the prevention of
cardiovascular disease, the main cause of death in Chile and around the

world; however, in order to confirm the effect of calafate in preventing CVD,
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further studies must be carried out, including animal, clinical or preclinical

trials”.

Supplementary Materials: The following are available online at
www.mdpi.com/xxx/sl, Figure S1: Base peak chromatogram ESI + crude
extract calafate (black) and DAD chromatogram to 520 nm (red), Figure S2:
Base peak chromatogram ESI- extract previously purify with solid extraction
for hydroxycinnamic acid derivatives (red), DAD chromatogram 320 nm
(yellow) and DAD chromatogram 360 nm (green), Figure S3: Extracted ion
chromatogram (EIC) of fatty acids profile in calafate fruit (81 m/z; 87 m/z;
91 m/z), Figure S4: X-ray fluorescence spectra of calafate fruit. Internal
standard Ga 0.5 mg/L Scans 1,200 s, Table S1. Comparative concentration
of main polyphenolic compounds identified in calafate berry extracts, Table
S2: Comparative concentration of FAME identified in calafate berry extracts,
Table S3: Figure of merit of the quantitative method, Figure S5: In vitro
viability assay determined by MTT method, and Method “Determination of

Fe in calafate extract by atomic absorption spectroscopy (AAS)”.
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4.2 La ingesta de Berberis microphylla G. Forst reduce el impacto de una
dieta alta en grasas sobre factores de riesgo plasmaticos relacionados con

la patologia cardiovascular

En esta seccion se presentan los resultados que dieron origen al segundo
articulo de investigacion de esta tesis doctoral enviado para publicacion a

Food Chemistry (FOODCHEM-D-22-05672).
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Abstract

Polyphenols are bioactive substances that participate in the prevention of
chronic illnesses. High content has been described in Berberis microphylla
(calafate), a wild berry extensively distributed in Chilean-Argentine
Patagonia. We evaluated its beneficial effect through the study of mouse
plasma metabolome changes after its consumption. Characterized calafate
extract was administered in water to a group of mice fed a high-fat diet and
a control diet. Metabolome changes were studied using UHPLC-DAD-
QTOF-based untargeted metabolomics. Thirteen features were identified
with a maximum annotation level-A. Metabolome perturbation was
contrasted with changes in plasma biomarkers related to inflammation and
cardiovascular disease, with the more relevant being thrombomodulin and
adiponectin  followed by sE-selectin, sSICAM-1 and proMMP-9.
Metabolomics revealed an increase in succinic acid, activating tricarboxylic
acid and reducing carnitine accumulation. These changes could be associated
with protection against atherosclerosis due to calafate consumption, which is

discussed from a holistic and integrative point of view.
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4.2.1. Introduction

Cardiovascular disease (CVD) is the main cause of death both in Chile and
in the world: 27% of total deaths in Chile (MINSAL) and 31% worldwide
(WHO) are caused by stroke or acute myocardial infarction. Hypertension,
dyslipidemias, obesity, and metabolic syndrome, among other conditions,
have been described as risk factors for CVD. Obesity is a condition
characterized by an abnormal or excessive accumulation of fat, which leads
to an altered metabolism and physiology (Curtasu et al., 2019). A high-fat
diet (HFD) in association with a sedentary lifestyle increases the probability
of obesity. A high-fat high-calorie diet has been related to increased oxidative
stress, increased p47phox expression, reactive oxygen species (ROS)
generation, NF-kB transcription, and a consequent elevation of TNF-a levels
(a cytokine related to a proinflammatory state) (Biobaku et al., 2019). In
addition, Shai et al., 2006 described an imbalance of cytokines and

inflammatory proteins in obesity and CVD. For instance, soluble forms of
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adhesion molecules, such as sSICAM-1 and sVCAM-1, have been associated
with obesity and other risk factors for coronary heart diseases (CHDs) (Shai
et al., 2006). Moreover, Ruel et al., 2008 demonstrated an association
between oxidized LDL and sVCAM-1 plasma levels and an inverse
correlation with SICAM-1 (Ruel et al., 2008). Furthermore, plasma E-selectin
levels have been significantly correlated with hyperinsulinemia and insulin
resistance assessed by HOMA-IR in men with abdominal obesity (Couillard
et al., 2005). Leptin, a peptide hormone produced predominantly by white
adipose cells, increases in obese individuals and could promote inflammation
related to chronic pathologies (Zunino et al., 2012). Finally, a review
published by Bartekova et al., 2018 showed a large number of cytokines
involved in heart disease: TNF-a, related to vascular dysfunction and
atherogenesis, NF-kB, associated with the expression of pro-inflammatory
markers, IL-2 and IL-4, which increase in plasma from stable angina pectoris
patients, IL-6 increased in acute myocardial infarction and IL-18 in oxidative

stress, among others (Bartekova et al., 2018).

Polyphenols are natural antioxidants that reduce oxidation processes and
inhibit free radical production (Lobo et al., 2010). Calafate (Berberis

microphylla) is a barberry that is rich in polyphenols and that has a high
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antioxidant capacity obtained from an endemic shrub of Chilean-Argentine
Patagonia (Ruiz et al., 2013)%. It has been reported that calafate extract
increased the ratio of reduced/oxidized glutathione (GSH/GSSG), which led
to decreased oxidative stress in murine adipocytes treated with macrophage-
conditioned medium. This is considered an obesity in vitro model because
obesity increases the macrophage population in white adipose tissue, with a
proinflammatory phenotype (Reyes-Farias et al., 2016). Another study
reported the inhibition of TNF-a gene expression by a calafate extract in
murine macrophages stimulated with 5 pug/mL lipopolysaccharides. Finally,
our research group recently described that calafate extract reduces
intracellular ROS production (51%) in human umbilical vein endothelial
cells (HUVECs) and completely inhibits LDL oxidation and
malondialdehyde (MDA) formation, demonstrating a potential role for
preventing oxidative stress and lipoperoxidation (Olivares-Caro et al., 2020).
These studies suggest that calafate could contribute to reducing the
proinflammatory and oxidative state induced by cardiovascular risk factors,
such as a HFD. However, in vivo studies are needed to evaluate the effect of

calafate from an integral biological response point of view.
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Metabolomics is a tool that directly relates a measurable chemical response
to a biological event, allowing a simultaneous semiquantitative comparison
of hundreds to thousands of metabolites in a living system and linking the
genotype and phenotype of an organism (Marshall & Powers, 2017). The
metabolome represents a wide range of metabolites with different chemical
and physical properties, which can be modified by internal and/or external
factors. Metabolomics compares patterns or "fingerprints" of metabolites that
change in response to disease, exposure to toxins, and environmental or
genetic alterations. Mass spectrometry (MS)-based metabolomics offers
analyses with high selectivity and sensitivity and the potential to identify

detected metabolites (Marshall & Powers, 2017).

Using LC—MS-based untargeted metabolomics, we evaluated the effect of
chronic consumption of a calafate fruit extract on the metabolome of mice
exposed to a high-fat diet. Additionally, we quantified the main inflammatory
proteins and molecules associated to cardiovascular diseases, such as IL-6,
insulin, leptin, MCP-1, total PAI-1, resistin, TNF-a, E-selectin, ICAM-1,
PECAM-1, P-selectin, proMMP-9, thrombomodulin and adiponectin, in
plasma. Finally, we developed an integrative biological analysis to obtain a

holistic interpretation of the calafate extract effect in vivo.
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4.2.2. Materials and Methods
4.2.2.1. Reagents and vegetable material

Formic acid (LiChropur®) for LC-MS (98-100%), acetonitrile (hyper
grade), methanol (hyper grade), ethanol, and water (HPLC-MS), and
ammonium formate for mass spectrometry (>99.0%) were provided by
Merck (Darmstadt, Germany). DL-2-aminoadipic acid, stearoyl-L-carnitine,
propionyl-L-carnitine, trans-2-hexadecenoyl-L-carnitine, cis, cis-9,12-
octadecadienoyl-L-carnitine, deoxycholic acid and succinic acid were

obtained from Sigma—Aldrich (Steinheim, Germany).

Vegetable material: calafate berries (Berberis microphylla) were collected

near Punta Arenas, Chile (53.1548309, -70.911293).
4.2.2.2. Instrumentation

A Heraeus-Frescol7 centrifuge from Thermo Fisher (Waltham, MA, USA),
an analytical balance from Denver Instrument Company (NY, USA), and a
refrigerated CentriVap concentrator from LABCONCO (Kansas City, MO,

USA) were used for sample preparation.
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The untargeted metabolomics was carried out with a UHPLC-DAD Bruker
Elute LC system coupled in tandem with a Q-TOF spectrometer Compact,
Bruker (Bremen, Germany). The control system used was Compass HyStar
(Bruker), and the acquisition software was Bruker to control 4.1.402.322-
7977-vc110 6.3.3.11. Data analysis was performed with Compass
DataAnalysis 4.4.200 (Bruker) software, Compass QuantAnalysis 4.4
(Bruker Daltonics, Bremen, Germany), MetaboScape 3.0 (Bruker Daltonics,
Bremen, Germany), and freely accessible software MetaboAnalyst

(https://www.metaboanalyst.ca/).

Cytokine quantification was carried out in a MAGPIX instrument by
Luminex XMAP Technology (Life Technologies, Grand Island, NY, USA)
using a MILLIPLEX® MAP Mouse Adipokine Magnetic Bead Panel,
MILLIPLEX® MAP Mouse Adipokine Magnetic Single Bead and
MILLIPLEX® MAP Mouse CVD Magnetic Bead Panel 1. Data analysis and
data acquisition were carried out with Luminex XPONENT® version
4.3229.0 (Luminex Corporation, TX, USA). Plate shaking for wash and
incubation time was carried out in Thermomixer® C serial number

5382KG639268 (Eppendorf, Hamburg, Germany).
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4.2.2.3.1 Calafate extract

The extraction was carried out as previously described by (Ruiz etal., 2013)a,
using ethanol/formic acid (97:3) as solvent extraction (raw extract), which
was subsequently characterized. Hydroxycinnamic acid (HCA) and flavonol
determination required a purification step using solid-phase extraction with
cation exchange columns (Oasis MCX Water, USA), as previously described
by Ruiz et al. (purified extract)(Ruiz, et al., 2013)°. The raw extract was
evaporated, posteriorly lyophilized and suspended in ultrapure water for the
in vivo study in C57BL/67 mice (5 mg dry extract/mL). The calafate extract
was characterized by HPLC-DAD-MS (Bustamante et al., 2018). The sugar
and ascorbic acid contents of the calafate extract were determined according

to Morlock & Vega-Herrera, 2007.
4.2.2.3.2 In vivo assay

Ten- to twelve-week-old outbred C57BL/6J mice (n=24) purchased from the
Instituto de Salud Pdblica (ISP, Santiago, Chile) were housed in a
conventional animal facility maintained at 25+1 °C under a 12 h light:12 h
dark photoperiod in accordance with the Guidelines for the Care and Use of

Laboratory Animals (https://grants.nih.gov/grants/olaw/Guide-for-the-Care-
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and-use-of-laboratory-animals.pdf) (Morton & Griffiths, 1985). After the
acclimation period, mice were randomized and were fed ad libitum with a
D12450H low-fat diet (10% fat; Open Source Diets - Research Diets, Inc,
New Brunswick, NJ, EEUU), which is named a normal diet (N), or with a
D12451 high-fat isocaloric diet (45% fat; Open Source Diets - Research
Diets, Inc, New Brunswick, NJ, EEUU), which was named a high-fat diet
(H) (n=12 mice per group). After three months, each group was randomized
into another two subgroups (n=6 mice per group) that received either water
(N and H groups) or calafate extract in water, freshly prepared every 2 days,
as the only source of liquid (called the Ncal and Hcal subgroups). Both
calafate extract and water had similar pH values and sugar contents (pH 3
and 1.8 mg/mL of sugar) (Bustamante et al., 2018). Pellet and liquid
consumption were quantified daily, and animal weight was assessed weekly.
At the end of the study, animals were fasted for 12 h at the beginning of the
dark cycle, then were anesthetized with isoflurane and sacrificed through
exsanguination at the fourth month after calafate extract supplementation.
Blood samples were collected by cardiac puncture in EDTA tubes and

centrifuged at 2,500 g x 15 min at 5 °C (Bustamante et al., 2018). Aliquots
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of 20 uL plasma were frozen in liquid nitrogen and stored at —80 °C in

Eppendorf tubes for metabolomic analysis.
4.2.2.3.3 Biochemical analyses and protein quantification

Cytokine quantification was performed using MAGPIX instruments with
different immunological-based panels (MILLIPLEX MAP KIT) (See 2.2) for
the following proteins: IL-6, insulin, leptin, MCP-1, total PAI-1, resistin and
TNF-a, adiponectin, E-selectin, ICAM-1, PECAM-1, P-selectin, proMMP-9
and thrombomodulin. The assay was conducted following the manufacturer’s
instructions using the MAGPIX system. Protein concentrations were
calculated using the best-fitting parameter logistic on xPONENT® software

(Logistic 5P Weighted).

Biochemical analyses in plasma were carried out by colorimetric assay Kits
for plasma triglycerides (TGs) and total cholesterol (TC) (Valtek
Diagnostics, Chile). Alanine aminotransferase (ALT/GPT) and aspartate
aminotransferase (AST/GOT) were measured using kinetic kits (Valtek
Diagnostics, Chile). Blood glucose was measured using the OneTouch Ultra2
glucometer (Johnson & Johnson Medical). Measurements were performed in

duplicate or triplicate according to the availability of samples using control
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sera (Valtrol N, Valtrol P; Valtek Diagnostics, Chile). The results are
expressed as arithmetic means and standard deviations. Data were subjected
to one-way ANOVA to evaluate the statistical significance of intergroup
differences with the Levene test of homogeneity of variances and Bonferroni
and Dunnett T3 post hoc tests, considering a < 0.05. Graphics were generated
using the software Microsoft Excel for Microsoft 365 MSO version 2205,
and statistical analyses were carried out using the software IBM SPSS

version 20.
4.2.2.3.4 Metabolite extraction from plasma samples

Plasma samples were extracted for metabolomic analysis according to the
protocol described below. Briefly, 50 uL. of plasma was mixed with 1000 pL
of methanol (-20 °C). The samples were shaken for 1 min, stored for 5 min
at 4 °C, and then vortexed for 5 s. Finally, the extracts were centrifuged at
15,700 x g for 20 min at 4 °C. Then, 800 puL of each extract was transferred
to a vial, and methanol was removed by vacuum centrifugal evaporation at 4
°C. Samples were reconstituted in 200 uL of methanol (-20 °C). A quality
control sample (QC) was obtained with 30 pL of each plasma sample. It was

extracted as described previously and was injected between samples for
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robustness and repeatability evaluation of the instrumental system. The entire
extraction procedure was performed in glass vials to avoid plastic
contamination. Methods showed a different number of samples because some

were lost in the extraction procedure.
4.2.2.3.5 UHPLC-DAD-ESI-QTOF-MS/MS metabolomics analysis

Plasma extracts were analyzed by reversed-phase chromatography UHPLC-
DAD-ESI-QTOF-MS/MS based on the method previously described by
Laursen et al., 2017 (Method 1) and Patterson et al., 2015 (Method 2) for
compounds with medium polarity and non-polar, respectively. A
Phenomenex column Kinetex® C18 100 x 4.6 mm 2.6 um (Torrance, CA,
USA), oven temperature 50 °C, autosampler temperature 4 °C, and partial
loop injection mode were used for both methods. The chromatographic

separation conditions were as follows.

Method 1: Mobile phase A was composed of 0.1% formic acid in water, and
mobile phase B was composed of 0.1% formic acid in acetonitrile, with a
flow rate of 0.5 mL/min and an injection volume of 20 pL. The acetonitrile
gradient ranged from 0% for 2 min, from 0% to 5% for 4 min, from 5% to

60% for 0.5 min, from 60% to 88% for 6.5 min, from 88% to 100% for 0.5
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min, from 100% for 1 min and from 100 to 0% for 1 min with a stabilization

period of 7.5 min.

Method 2: Mobile phase A: 60:40 acetonitrile:water, 0.1% formic acid , and
10 mM ammonium formate; and mobile phase B: 90:10
isopropanol:acetonitrile, 0.1% formic acid, 10 mM ammonium formate, a
flow rate of 0.2 mL/min and an injection volume of 20 puL. The mobile phase
B gradient ranged from 32 to 43% for 2 min, 43% for 2 min, from 43% to
75% for 6 min, 75% for 2 min, 75% to 100% for 2 min, 100% for 1 min and

from 100 to 32% for 1 min with a stabilization period of 5 min.

Method 3: Plasma extract analysis by normal phase chromatography
UHPLC-DAD-ESI-QTOF-MS/MS was based on the method described by
Armirotti et al., 2014 for polar metabolites. A HILIC BEH Amide 100 x 2.1
mm y de 1.7 um (Waters, Milford, MA, EEUU), oven temperature 40 °C,
autosampler temperature 4 °C, and partial loop injection mode were used.
The chromatographic separation conditions were as follows: Mobile phase A
was composed of 10 mM ammonium formate in water, and mobile phase B
was composed of 95:5 ammonium formate in acetonitrile:water. A flow rate

of 0.4 mL/min and an injection volume of 20 pL. were used. The gradient
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ranged from 100% B for 1 min, from 100% to 70% B for 16 min, 70% B for

1 min, and from 70 to 100% for 1 min with a stabilization period of 5 min.

The MS conditions in all the metabolomic studies were positive ionization
ESI +4500 V and negative ionization ESI -3500 V, dry gas: 9 L/min,
nebulizer: 4 Bar, T°: 200 °C, end capillary 500 V, collision energy at 10-25
eV in stepping mode, Auto MS/MS mode (2 precursor/cycle), 50-1500 m/z
(scan 0.2 s centroid mode) and internal calibration using sodium formate

(0.01 M) with a mass accuracy < 3 ppm.

All metabolomic sequences started with 5 blank injections (solvent only),
followed by 3 technical blanks (considering extraction process) and 3 QC.

Then, every 11 samples, a QC was injected (Alseekh et al., 2021).
4.2.2.3.6 Data Processing and Data Analysis

Bucket Table: UHPLC-ESI-QTOF-MS/MS was processed in MetaboScape
3.0 (T-ReX 3D algorithm) under the parameters shown in Table S1. This
software transformed the raw data into a matrix with the features (m/z —
retention time (tg) pairs and normalized peak intensity) (file: .csv). The

workflow included mass recalibration, tg alignment, feature extraction (m/z
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— tg pairs), adduct and neutral loss administration, import of MS/MS spectra,

and generation of the bucket table.

Data Prefilter: The matrix was processed in MetaboAnalyst software, and the
data were filtered considering RSDs > 20% compared to QC. The purpose of
data filtering is to identify and remove variables that are unlikely to be of use
when modeling the data. Principal component analysis (PCA) and volcano
plot (fold change threshold: 1.5 and p value threshold: 0.05 FDR-adjusted)
were used to select characteristic features of each group (comparisons
between 2 group were: N-Ncal, H-Hcal, N-H and Ncal-Hcal). Peak area

integration was manually curated with Compass QuantAnalysis 4.4 software.

Filter and feature selection: The new bucket table was processed in
MetaboAnalyst 5.0, and data filtering and Pareto scaling were performed
again. All variables were Pareto scaled to reduce the relative importance of
large values and keep the data structure partially intact (Curtasu et al., 2019).
ANOVA (p < 0.05) was used to select the significant characteristic features

of each group (Figure S1).

Metabolite annotation workflow: In DataAnalysis software, the molecular

formula with the smallest mass error was selected. The spectra were sent to
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databases such as MetFrag (In silico fragmentation for computer-assisted
identification  of  metabolite  mass  spectra)  (https://msbi.ipb-
halle.de/MetFrag/), HMDB (The human metabolome database)
(https://nmdb.ca/), and METLIN
(https://metlin.scripps.edu/landing_page.php?pgcontent=mainPage) by
comparing the accurate mass and fragments information obtained from
UHPLC-QTOF/MS (Laursen et al., 2017). Furthermore, the theoretical
isotopic pattern was compared with the experimental isotopic pattern.
Finally, identity confirmation of the most important metabolites was carried
out by standard comparison (retention time (tgr) and/or fragmentation
spectrum). Metabolite annotation was based on the guide for annotation,
quantification and best reporting practices proposed by Alseekh et al., 2021.

Tolerance to the m/z value was set to 10 ppm.

Heatmap analysis was carried out by Euclidean distance between samples to
observe the group separation due to the differences in the metabolites

identified in calafate consumption.
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4.2.3. Results and Discussion

The effect of chronic consumption of calafate fruit extract on the plasma
metabolome and its possible relationship with cardiovascular protection was
evaluated by a metabolomic study of 24 plasma samples obtained from 4
groups of mice fed normal-fat and high-fat diets supplemented or not with
calafate extract for 4 months (N, H, Ncal, Hcal) (see 4.2.2.3.2). The dose
studied is equivalent to the intake of 210 g of fruit, which is within the
recommended consumption of fruits and vegetables for the prevention of

chronic diseases by the WHO.
4.2.3.1 Calafate berry extract composition

The calafate extract contained anthocyanins (225 = 3 pmol/g dry weight),
flavonols (12.0 = 0.5 umol/g dry weight) and HCA (28.4 £ 0.9 umol/g dry
weight). Major anthocyanins were delphinidin-3-glucoside (35%), petunidin-
3-glucoside (19%) and malvidin-3-glucoside (13%). Major flavonols and
HCA identified were quercetin-3-rutinoside (36%) and quercetin-3-
rhamnoside (27%), caffeoylquinic acid (25%) and 3 or 4-trans-caffeoyl-
glucaric acid (15%). The sugar, glucose and fructose contents in the extract

were 64.3% w/w.
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4.2.3.2 Animal characteristics

According to the Guidelines for the Care and Use of Laboratory Animals
(https://grants.nih.gov/grants/olaw/Guide-for-the-Care-and-use-of-

laboratory-animals.pdf) (Morton & Griffiths, 1985), mice showed no signs
of stress. The average food and water intake per day in each group was 29.7
+6.8 gand 57.3 £ 7.7 mL, respectively. A significant increase in weight was
observed for the group fed a high-fat diet H and Hcal (5.8%) (p < 0.05) (Table
S2) compared to initial weight. The average daily intake of calafate extract
per group was 299.10 £ 51.94 mg of dry extract. The Hcal and Ncal groups
did not show changes in body weight due to the consumption of calafate

(Table S2).
4.2.3.3 Biochemical analysis
4.2.3.3.1 Clinical Biochemistry

Biochemical analysis of plasma showed that total cholesterol (TC) was
higher by 51% in the H groups than in the N groups (p < 0.05), which is
similar to the results reported by Miao et al., 2016 and Guzméan & Sanchez,
2021 for high-fat diet rats. No changes in TC were observed after chronic

calafate intake; however, this cannot exclude modifications in lipoprotein
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composition. Guzman & Sanchez, 2021 reported an increase in the
concentration of HDL and a decrease in the atherogenic index (—81%) and
coronary risk index (—62%) posterior to calafate intake in a high-fat diet
mouse model (Guzman & Sanchez, 2021). On the other hand, our results do
not show significant differences for triglycerides, glycemia, and transaminase

enzymes (GOT, GPT) (p > 0.05) (Table S2).
4.2.3.3.2 Inflammation and cardiovascular risk markers

Concerning the plasma concentration of biomarkers associated with
inflammation and cardiovascular disease, we observed significant changes,
which are presented in Figure 4.2.1. The Ncal group showed a lower
thrombomodulin concentration in plasma than the N group (p<0.05), an
effect that was not observed in the high-fat diet group. Thrombomodulin is a
biomarker of vascular endothelial damage, whose increase has been
associated with metabolic syndrome and CVD in children with risk factors
for CVD (Kikuchi et al., 2021). Thrombomodulin plasma levels increase by
approximately 43% in different groups of patients with atheromatous arterial
disease (ischemic heart disease and polyvascular lesions) (Seigneur et al.,

1993). On the other hand, we observed an increase in adiponectin
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concentration in the Hcal (p<0.05) and Ncal groups. Adiponectin is an
endocrine factor mainly synthesized and released from adipose tissue that is
signaled through specific receptors in the skeletal muscle, vascular
endothelium, liver, and myocardium. Studies have reported that adiponectin
has insulin-sensitizing, vasodilator, antiatherogenic, and anti-inflammatory
properties (Shabalala et al., 2020). Okamoto et al., 2008 found that
adiponectin knockout mice developed 61% larger atherosclerotic lesions and
accumulated 63% more CD4 T lymphocytes than control mice (Okamoto et
al., 2008). According to Masumi et al., 2011 adiponectin reduction in plasma
markedly increases CHD risk in men and shows that the hazard ratio does not

change after adjusting for BMI (Masumi Ai et al., 2011).

IL-6, insulin, leptin, MCP-1, total PAI-1, resistin, TNF-a, sE-selectin,
sICAM-1, PECAM-1, P-selectin and proMMP-9 did not show significant
changes associated with calafate intake (Figure S2 and S3); however, sE-
selectin, SICAM-1 and proMMP-9 showed tendency to decreased in Hcal
compared with those of the H group (Figure 4.2.1). Additionally, leptin
decreased in the Ncal group compared to the N group, and this change was
not observed in the H group (Figure 4.2.1). Adhesion molecule cell surface

glycoproteins are expressed in endothelial cells and epithelial cells and have
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a role in epithelial injury-resolution responses, innate and adaptive immune
responses in inflammation, and tumorigenesis. Shai et al., 2006 showed that
the soluble forms of adhesion molecules, such as sSICAM-1 and sVCAM-1,
are increased in plasma during endothelial injury and are useful as predictors

of CHD (Shai et al., 2006).
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Figure 4.2.1: Box-plot proteins markers in endothelial dysfunction and
adipokines related with metabolic risk factors. Data expressed as
concentration in plasma samples (ng/mL or pg/mL) in different groups (mean
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High plasma levels of sSICAM-1 and sVCAM-1 correlate with a 2.5-fold
increase in CVD risk, and the sE-selectin concentration is increased in stroke
(Pawelczyk et al., 2018). In addition, these proteins were directly associated
with body mass index (BMI), inflammatory biomarkers (IL-6, PCR, sTNF),
and triglycerides and were inversely associated with high-density lipoprotein
levels (HDL) (p < 0.05) (Shai et al., 2006). MMP-9 is a proteolytic enzyme
(gelatinase) involved in the degradation of extracellular matrix, is secreted
by various cells, including macrophages and endothelial cells, and
contributes to atherosclerotic plague susceptibility and rupture, leading to
cardiovascular events such as myocardial infarction (Olejarz et al., 2020).
Boumiza et al., 2021 reported an inverse correlation between plasma levels
of MMP-9 and the MMP-9/TIMP-1 ratio with the endothelium-dependent
response, which was associated with endothelial dysfunction in obese
patients or with metabolic syndrome (Boumizaet al., 2021). Altogether, these
results suggest that calafate extract intake would have beneficial effects on

endothelial function and cardiovascular protection.

Finally, leptin is an adipokine produced by white adipose tissue, and its
disruption marks a milestone in the development of metabolic diseases, such

as obesity, type 2 diabetes, and hypertension (Kim et al., 2020). Agostinis-
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Sobrinho et al., 2017 showed a positive correlation between leptin and the
leptin/adiponectin ratio and all metabolic risk factors (MRFs), such as
triglycerides, HOMA-IR, and blood pressure. In addition, ROC curve
analyses showed that adiponectin, leptin, and the L/A ratio were predictive
biomarkers of MRFs (Agostinis-Sobrinho et al., 2017). According to our
results and based on these antecedents, regulation of these biomarkers
produced by calafate extract consumption could reduce the risk factors for

CVD in mice.
4.2.3.4 Metabolomics

Typical base peak chromatograms of the plasma extract obtained with the
different chromatographic methods are illustrated in Figures S4 and S5. After
applying the described workflow (Section 4.2.2.3.6), the bucket table
presented 39227, 5464 and 15778 features for methods 1, 2 and 3,
respectively, in negative mode and 11028, 19929 and 11070 in positive
mode. After QC feature filtration, a total of 32181 and 7652 features were
deleted for negative and positive methods 1, 4030 and 16657 for method 2,
and 11012 and 7844 for method 3. This supports the quality of the

metabolomics data.
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First, PCA examined spontaneous clustering patterns in the datasets, and as
seen in Figures S6 and S7, the QCs were clustered in the center of the models.
PCA models obtained with method 1 in negative ionization mode explained
a total variance of 65.6% between principal component PC 1 and PC 2. In
method 2, these components explained 80%, and method 3 explained 79.2%.
In positive ionization, PCA showed values of 71.3% and 74.6% for methods
2 and 3, respectively. Method 1 was excluded because no significant features

were obtained in the following analyses.

The cluster distribution of plasma samples denoted a separation between the
N and H groups (Figure S8). Moreover, the PCA score plot of N-Ncal and H-
Hcal (Figure 4.2.2) showed clustering of the samples due to calafate
consumption. Relevant features were preselected by loadings plot and
volcano plot analysis, and lately significant features were selected by
ANOVA (p < 0.05). The significant features in the negative mode were 17,
11, and 37 for methods 1, 2, and 3, respectively, and in positive mode 7 and

44 for methods 2 and 3 (supplementary material).
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Figure 4.2.2: Principal component analysis (PCA). a) Score plot in negative
mode and b) Score plot in positive mode for method 1, method 2 and method

3. N and H in red, and Ncal and Hcal in green for each ionization mode.

4.2.3.4.1 Metabolite annotation and observational changes

Metabolite annotation was carried out using the HMDB, METFRAG,
METLIN, and PubChem databases and/or by comparison with the standards.
The time retention, pseudomolecular ion, and fragments of significantly
annotated plasma metabolites, related to cardiovascular disease, are

presented in Table 4.2.1.

Tabla 4.2.1: Significant metabolites identified by UHPLC-DAD-QTOF

which are related with CVD (positive and negative ionization modes).

Feature lon molecular ion miz fragments with erro identification Identification International Method®
N° formula intensity r level (A-D)* identifier?
ppm
[M-H]- [C2aH3904]- 391.2849 391.2872; -1.9  deoxycholic acid A METLIN 265 1
345.2823 C23H3702;
! 392.2978 HMDB00626
2 [M-HJ- [CeH10NO4]- 160.0612  116.0709 CsNOoHip;, 3.5  DL- 2-aminoadipic A METLIN 324 3
142.0510 CsHsNO3 acid
HMDBO00510
3 [M-H]- [C4H504]- 117.0192 -2.4  succinic acid Atr METLIN 114 2
3
4 [M+FA-  [CasHaNOGP]- 538.3140  253.2184 palmitoleic 25  LysoPC(16:1/0:0) B HMDB0010383 1, 2 and 3
H]- acid CisH2002;
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478.2965
C23HasNO7P;
479.3015;

254.2202;

224.0688 C7H1sNOsP;
538.3203;

152.9954 CeHsNO2;
242.0767 C7H17NOsP;
168.0431 C4H11NO4P;
255.2270 palmitic
acid Ci1sH2102;
480.3119;

134.9973 82 C7H4OP

METLIN 40288

M+FA-
H]-

[ C29HagNOgP ]-

586.3142

526.2964 -0.9
C27HasNO7P;
527.2954;

301.2199;

224.0732;

586.3142;

587.3137;

303.2374
C16H3sNO2P;
302.2256;

152.9942;

528.2938;

301.2686
Eicosapentaenoic acid
CaoH2902;

529.3097;

168.0459;

228.2245;

257.2409 Ci6Ha4P;
242.0797 C7H17NO6P;
257.0238 C13HsNOsP

LysoPC (20: 5/0:
0)

B HMDB10397

[M-H]-

[ C21Ha1NO7P]-

450.2619

253.2162 palmitoleic 4.2
acid CiH29002;
450.2641;

254.2229;

451.2742;

196.0359 CsH11NOsP;
121.9994 C>HsNO3P;
197.0393;

140.0115 C2H7NO4P;
262.9691;

451.3470

LysoPE (16: 1/0:

0)
LysoPE (0: 0/16: 1)

B HMDB0011504

HMDB0011474

M-HI-

[C2sHasNO7P]-

500.2775

LysoPE(20:4)

D METLIN 62302,
62275 or 62276

[M+H]+

[Ca3Ha3sNO4]+

398.3251

85.0260 182 CsHsO2;  -1.9
125.0717;
144.1003 C7H1NO2

trans-2-
hexadecenoyl-L-
carnitine

A METLIN 58388

HMDB06317

[M+H]+

[CasHsoNO4]+

428.3702

9.1

stereoyl-L-
carnitine

A (tr) METLIN 5811

10

[M+H]+

[C26H47NO7P]+

516.3046

184.0733 CsHisNO4P; 7
124.9998;

98.9853;

104.1061;

457.2327,

458.2310;

86.0967;

LysoPC (18:4)

B (family HMDB10389
Standard D)

METLIN 61699
(Park et al., 2015)
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185.0763 CsH12N;
146.9791;
311.2591

11 [M+H]+ [C2sH4sNO4]+ 424.3407 97.1010 2.1 cys,cys-9,12- A METLIN 58412- 2and 3

octadecadienoyl- 58418
L-carnitine
linoleoyl-L-
carnitine
12 [M+H]+ [CaaH3702]+ 357.2767 -3.7  tetracosahexaenoic D METLIN 6430 2
acid
13 [M+H]+ [C10H20NO4]+ 218.1388 3.8 propionyl-L- A (tR) METLIN 965 2and 3
carnitine
14 [M + H]+ [CsH12NO4]+ 162.0758 98.0587 CsHsNO 1.7 aminoadipic acid B HMDBO00510 3

METLIN 324

Identification level based in (Alseekh et al., 2021).?2Data base used for
identification. *Method of analysis

An increase in deoxycholic acid (N°1: [M-H]- 391.2849 m/z) was found in

Group H, and this effect was reduced by calafate intake (Hcal), reaching

a similar level found in the normal diet groups (p < 0.05) (Figure 4.2.3). This
metabolite was detected by two chromatographic methods (1 and 2) in
negative mode. Deoxycholic acid is a secondary bile acid generated by the
7a-dehydroxylation of cholic acid in gut microbiota (Yoshimoto et al., 2013).
Shimizu et al., 2014 demonstrated that this metabolite (5 uM) incubated for
48 h with vascular smooth muscle cells (VSMCs) promoted cellular

migration and proliferation, related to endothelial dysfunction, vascular
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inflammation and atherosclerosis development (Shimizu et al., 2014).

Additionally, Haeusler et al., 2013 reported that plasma 12a-hydroxylated

biliary acids are increased in association with insulin resistance, a risk factor

for CVD (Haeusler et al., 2013).
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Figure 4.2.3: Box plot features significative (p<0.05) identified. H in red,

Hcal in green, N in blue, Ncal in light blue and QC in pink.
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A metabolomic study in the plasma of humans (60 control and 40 diabetic
volunteers) showed deoxycholate or cholanoic acid in 68% of diabetic
patients and 45% of control volunteers (Suhre et al., 2010). Finally, the
increase in deoxycholic acid in the serum of high-fat diet-fed mice analyzed
by liquid chromatography—mass spectrometry has been previously reported

(Yoshimoto et al., 2013), which is concordant with our findings.

DL-2-Aminoadipic acid (2AAA) (N°2: [M-H]- 160.0612 m/z and N°14:
[M+H]+ 162.0758 m/z) was also identified in a negative and positive mode
in the HILIC method. 2-AAA was increased in the H group compared to the
N group, and calafate extract intake reduced its concentration in the H group
and N group (p < 0.05) (Figure 4.2.3). 2-AAA is an oxidized derivative from
the amino acid lysine. This metabolite has been strongly associated with
diabetes development in the Framingham Heart Study (risk factor for CVVD),
where individuals with high plasmatic 2-AAA showed a 4-fold higher
probability of developing diabetes after a 12-year follow-up period than those
with the lowest concentration (Wang et al., 2013). In addition, Estaras et al.,
2020 demonstrated that the incubation of pancreatic acinar cells with 2-AAA
induced oxidative stress and lipid peroxidation, both processes related to

diabetes and CVD (Estaras et al., 2020). Finally, this metabolite has also been
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related to obesity, where 2-AAA levels are higher in the obese group than in
the normal-weight group (Lee et al., 2019). Plasma 2-AAA was positively
associated with adiposity indices (fat mass, fat percent, waist circumference,
BMI, and BMI z score; all p<0.0336) (Lee et al., 2019). In the same study,
researchers reported that 2-AAA levels increased in the adipose tissue of
mice fed a high-fat diet compared with mice fed a standard diet, which is

concordant with our results

Stereoyl-L-carnitine (N°9: [M+H]+ 428.3702 m/z) and linoleoyl-L-carnitine
(N°11: [M+H]+ 424.3407 m/z) were identified in positive mode. A tendency
to decrease was observed from the H to the Ncal group (Figure 4.2.3).
Significant differences were found between the N-H group and the Ncal-Hcal
group (p < 0.05). Similar results have been reported by Mihalik et al., 2010,
who described an increase in acylcarnitines in the plasma of obese volunteers
and participants with type 2 diabetes mellitus, suggesting a defect in the use
of succinyl-CoA in the tricarboxylic acid cycle and an increase in incomplete
B-oxidation in skeletal muscle (Mihalik et al., 2010). On the other hand, a
metabolomic study of Langerhans islets (LH) in mice and humans with type
2 diabetes mellitus described acylcarnitine accumulation in LH, which could

result from excessive B-oxidation in the presence of abundant fatty acids
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(Aichler et al., 2017), which is consistent with our results. This study also
noted specific stearoylcarnitine and linoleoylcarnitine accumulation and
impaired the tricarboxylic acid (TCA) cycle in mitochondrial energy
metabolism due to a decrease in succinate and ATP (Aichler et al., 2017).
Our results showed that calafate extract intake diminished the increased
stereoyl-L-carnitine and linoleoyl-L-carnitine observed in the H and N
groups (Figure 4.2.3); these results, together with the increased succinate
(N°3 117.0192 m/z) and propionyl-L-carnitine (N°13: [M+H]+ 218.1388
m/z) concentrations in the H group (H-Hcal p < 0.05) (Figure 4.2.3), suggest
a beneficial effect on oxidative phosphorylation and the TCA cycle. These
results did not cause an increase in oxidative stress, since we observed a
decrease of 17 % in hydroxyl radical in Hcal plasma compared with H (p <
0.05), determined by electron paramagnetic resonance (EPR) spectroscopy
(data not shown) (Tarifefio-Saldiviaetal., 2018). Propionyl-L-carnitine has
high affinity for carnitine acyltransferase, producing propionyl-coenzyme A
and L-carnitine, essential cofactors in the transport of long-chain fatty acids
from the cytosol to the mitochondria (Ferrari et al., 2004). On the other hand,
treatment with propionyl-L-carnitine decreased lipid peroxidation

(malondialdehyde formation) in SHRs (hypertensive mice) by 40% in the
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liver and 34% in the heart (Gomez-Amores et al., 2005). The same tendency
to decrease from H to Ncal was not found for trans-2-hexadecenoyl-L-
carnitine (N° 8: [M+H]+ 398.3251 m/z), although it is from the same family

of compounds.

Considering the abnormal metabolism of fatty acids found in the H group,
we also found a significant increase in tetracosahexaenoic acid in the H group
(N° 12: [M+H]+ 357.2767 m/z) (p < 0.05), similar to the report of Miao et
al., 2016 (Figure 4.2.3). The group that received the calafate extract (Hcal)
showed a reduction in this metabolite, supporting the improvement of -

oxidation.

These findings suggest that the intake of calafate favors f-oxidation and may
have an FFA-lowering effect in prolonged consumption. Moreover, calafate
intake reduced metabolites associated with inflammation and CVD, which
supports its beneficial effects on cardiovascular health. These results can also
be observed in the heatmap analysis (Figure 4.2.4), where the H group is
totally separated from Hcal, N and Ncal, highlighting a tendency of the Hcal
group to be closer to the N group. These metabolites are associated with a

high-fat diet and are modified by calafate consumption.
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Additionally, it is worth noting that metabolites with no significant
differences between paired group comparisons (H-Hcal and N-Ncal) showed
differences between the normal and high-fat diets (Figure 4.2.3). These
metabolites were Lyso PC (16:1/0:0) (N°4: [M+FA-H]- 538.3140 m/z) and
Lyso PC (20:5) (N°5: [M+FA-H]- 586.3142 m/z), which were tentatively
identified in negative mode, and Lyso PC (18:4) (N°10: [M+H]+ 516.3046),
which was detected in positive mode. Ganna et al., 2014 associated Lyso PC
(18:2) and (18:1) with high HDL-C and total cholesterol levels and with low
BMI and subclinical CVD markers. They also found a strong negative
association between LysoPC and coronary heart disease (Ganna et al., 2014).
Additionally, an atherogenic diet decreased Paraoxonase-1 ARNm and
activity, an enzyme responsible for producing LysoPC from
phosphatidylcholine (PC), which is capable of limiting the synthesis of
cholesterol in macrophages with antiatherogenic effects (Rozenberg et al.,

2003).

In addition, we identified Lyso PE (16:1) (N°6: [M-H]- 450.2619 m/z) and
Lyso PE (20:4) (N°7: [M-H]- 500.2775 m/z) (Figure 4.2.3). The first was
higher in the N and Ncal groups than in the H and Hcal groups (p <0.05).

However, LysoPE (20:4) showed significant differences between the N and
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Ncal groups (p < 0.05) and between the H and Hcal groups (p < 0.1). Lyso
PEs containing unsaturated fatty acids, which have been related to coronary
artery disease (CAD), and have higher levels in patients with CAD than in
control subjects (Park et al., 2015). In this context, these differences are

associated with the high-fat diet model.
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Figure 4.2.4: Heatmap of significant metabolites

Altogether, these results demonstrate that high-fat fed-mice display
metabolomic changes that suggest an impairment of [-oxidation and
mitochondrial energy related to cardiovascular disease development.
Calafate consumption can modify this profile, reducing the impact of a high-

fat diet on metabolism.
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4.2.3.5 Biological interpretation

Phenol compounds are the main compounds in calafate berries and have been
reported to have effects such as ROS scavenging, induction of enzymes that
scavenge ROS and synthesize endogenous antioxidants, metal chelation,
inhibition of ROS-producing enzymes such as NADPH oxidase, effects on
the electron transport chain, among others (Sandoval-Acufia et al., 2014).
Anthocyanins (the main polyphenols in calafate) can trap free radicals,
reducing oxidative stress. Delphinidin is able to protect SOD activity in
HUVECs and attenuate ox-LDL-induced generation of ROS, p38MAPK
protein expression, NF-kB activity and protein expression, IkB-o degradation
and expression of adhesion molecules (P-selectin and ICAM-1) in
endothelial cells (Chen et al., 2011). Flavonols such as quercetin decrease the
levels of MMP-9 and NF-kB in mice fed 0.2% quercetin-fortified rodent
chow (Ballmann et al., 2017) and significantly increase the oxygen
consumption rate and energy metabolism (glycolysis and mitochondrial
respiration) in AML12 hepatocytes, suggesting enhanced fatty acid [-
oxidation. It has also been demonstrated that quercetin affects the expression
levels of lipid metabolism-related genes (PPAR-a and PPAR-y) (Fukaya et

al., 2021). Finally, chlorogenic acid (the main hydroxycinnamic acid from
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calafate) and berberine (alkaloid in calafate) have been reported to increase
adiponectin levels in visceral adipose tissue and serum, respectively
(Shabalala et al., 2020). Adiponectin drastically increases the expression and
activity of PPAR-a, promoting fatty acid oxidation and tricarboxylic cycle
activation in the liver. Adiponectin inhibits NF-kB activation that mediates
vascular cell adhesion molecule-1 expression in endothelial cells (Shabalala
et al., 2020). These findings did not consider the antagonistic and synergistic
effects that could be present in calafate, so studies with the complete

composition of fruit are necessary.

Previously, our research group reported that calafate extract reduced
oxidative stress by reducing intracellular ROS production (51%) and
completely inhibiting LDL oxidation, which is attributed to its complex
composition of bioactive compounds (Olivares-Caro et al., 2020). Calfio and
Huidobro-Toro, 2019 described a vasodilator effect of calafate berry extract
through nitric oxide production, one of the most important endothelium-
derived vasodilator molecules (Calfio & Huidobro-Toro, 2019). Reyes-
Farias et al., 2016 demonstrated that calafate berry extract increased the ratio
of reduced/oxidized glutathione (GSH/GSSG), which led to decreased

oxidative stress in murine adipocytes treated with macrophage-conditioned
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medium (Reyes-Farias et al., 2016). Finally, in this work, we demonstrated
that calafate extract decreases endothelial dysfunction and inflammatory
markers, acylcarnitines and metabolites associated with cardiovascular
disease. Additionally, we showed an increase in succinic acid, that is related
to TCA activation, and the adiponectin hormone, which has been shown to

have pleiotropic effects.

In accordance with the results described previously, we propose in Figure
4.2.5 that calafate could have an effect on three main organs: adipose tissue,
liver, and vascular endothelium. calafate fruit decreases oxidative stress and
can activate transcription factors, such as NF-kB and PPAR-a, decreasing
vascular adhesion molecules and activating fatty acid oxidation and the TCA
cycle in the liver. On the other hand, this fruit could stimulate an increase in
adiponectin levels in adipose tissue. Transcriptional studies in in vivo models

should be carried out to corroborate this new hypothesis.
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Figure 4.2.5: Proposal of the systemic effect caused by Berberis microphylla

(calafate) berries.

4.2.4. Conclusion

The current study presents for the first time the beneficial impact of ad
libitum feeding of calafate berry extract on the plasma proteins and
metabolome in mice exposed to a high-fat diet. Calafate intake produced a
change in plasma proteins and the metabolome of mice fed a HFD, both

related to a reduced risk of CVD associated with the HFD. A reduction in
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thrombomodulin, sE-selectin, sICAM-1 and proMMP-9, which are
associated with endothelial dysfunction and inflammation as bases of
atherosclerosis, was observed. Additionally, a reduction in leptin and an
increase in adiponectin were found, both positively associated with a
functional adipose tissue and the reduction in CDV risk. Significant changes
in the metabolome could explain the role of calafate in the B-oxidation of
fatty acids. These changes include an increase in succinic acid levels,
activating tricarboxylic acid and reducing carnitine accumulation.
Additionally, other metabolites associated with endothelial dysfunction,
oxidative stress and lipid peroxidation, such as deoxycholic and aminoadipic
acid, were also detected. All these findings can explain an effective role of
calafate consumption in reducing the risk of cardiovascular disease caused
by a high-fat diet.
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4.3 Cambios en el metaboloma de tejido cardiaco de raton son asociados

al consume de calafate y reduccién de riesgo cardiovascular

Con el objetivo de complementar los analisis realizados en plasma de ratén
y de evaluar el posible efecto benéfico del fruto de calafate frente a la
patologia cardiovascular, se realiz6 la extraccién y el procesamiento de
muestras de corazdn obtenidas para el mismo modelo murino de dieta alta en

grasas. Articulo en redaccion
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Abstract

Cardiovascular disease (CVD) is the first cause of death in the world. Heart
Is a vital organ and is the most affected organ in CVD. Risk factor of this
pathology are chronic kidney disease, hypertension, diabetes and obesity,
which caused an increase in reactive oxygen species (ROS) that can cause an
electrophysiological change, contractile response, mitochondrial dysfunction
and subsequent apoptosis in cardiomyocytes. Polyphenols are natural
antioxidants than reduce oxidation processes and inhibit the production of
free radicals. Calafate, an endemic shrub from Chilean-Argentine Patagonia,
contains high concentrations of polyphenols and high antioxidant capacity in
its fruit. The aim of this research was to evaluate by HPLC-QTOF-MS based
metabolomics analyses the changes in the cardiac tissue of mice exposed to
a high fat diet after consuming calafate extract, in order to establish their
protective effect against CVD. The extract modified the cardiac tissue
metabolome, decreasing metabolites associated with risk factors. Finally, we
proposed that calafate could influence the insulin signaling pathway, through
purine metabolism and inositol metabolism in cardiac tissue.

Keywords: Berberis microphylla, calafate, Polyphenols, cardiovascular

disease risk, metabolomic
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4.3.1 Introduction
Cardiovascular disease (CVD) is the first cause of death in the world,

(https://www.who.int/es/news-room/fact-sheets/detail/the-top-10-causes-of-

death) and ischemic heart disease produced 16% of deaths, as reported by
the World Health Organization (WHO). In Chile, despite the fact that the
frequency of deaths increased due to COVID-19, diseases associated to the
circulatory system continued as the main cause of death between 2020 and

2021 (https://www.minsal.cl/wp-content/uploads/2021/01/Informe-Semanal-

del-ene-7-2021.pdf). Heart is a vital organ whose function is to propel

oxygenated blood from the left ventricle to the blood vessels and throughout
the body, thus allowing the body's cells to obtain oxygen, nutrients and other
substances necessary for their functioning (Lépez Farré & Macaya Miguel,
2009). The heart is the most affected organ in a cardiovascular pathology.

Chronic exposure of endothelial cells to LDL (low density lipoprotein) can
result in the increase of ROS and consequently the oxidative stress, causing
a state known as endothelial dysfunction (Campos et al., 2014). Levels of
cellular adhesion molecules, such as vascular cell adhesion molecule-1
(VCAM-1), P- and E-selectin, are reflectives of endothelial activation (Weil

& Neelamegham, 2019). These molecules favor the transmigration of
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lymphocytes and in consequence coronary microvascular dysfunction and
myocardial interstitial fibrosis (Patel et al., 2020). In the Multi-Ethnic Study
of Atherosclerosis (MESA) serum levels of VCAM-1 has been directly
associated with heart failure (Patel et al., 2020). Glycocalyx damage marker
sSyndecan-1, sE-selectin, sSVCAM-1 and thrombomodulin were higher in
Out-of-hospital cardiac arrest compared to healthy controls (Chaban et al.,
2021). Cardiovascular disease risk factor such as, chronic kidney disease,
hypertension, diabetes and obesity, cause an increase in reactive oxygen
species (ROS) can cause an electrophysiological change, contractile
response, mitochondrial dysfunction and subsequent apoptosis in
cardiomyocytes (Lubrano & Balzan, 2020). According with Wang et al, there
IS a positive association between heart rate and cardiovascular risk, with
increase of 72% in the risk of suffering myocardial infarction for
normotensive patients (Wang et al., 2021). The increase in heart rate is
accompanied by a high work of the heart, increasing the activity of the
sympathetic nervous system, which can trigger myocardial apoptosis and
sudden death (Reil & Bohm, 2007). The produced hemodynamic stress
induces endothelial dysfunction and subsequent atherosclerosis in the aorta

and iliac vessels (Reil & Bohm, 2007).
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Polyphenols are natural antioxidants than reduce oxidation processes and
inhibit the production of free radicals (Lobo et al., 2010). Calafate (Berberis
microphylla), an endemic shrub from Chilean-Argentine Patagonia, contains
high concentrations of polyphenols and high antioxidant capacity in its fruit
(Ruiz et al., 2013;Ruiz et al., 2013;Schmeda-Hirschmann et al., 2019). Our
research group has reported that calafate extract (2 mg fresh fruit/mL)
reduced oxidative stress in HUVEC cells (human umbilical vein endothelial
cells) by around 51% and completely inhibited human LDL oxidation,
demonstrating its potential on lipid peroxidation (Olivares-Caro et al., 2020).
Recently, we demonstrated that the calafate intake produced a change in
plasma proteins and in the metabolome of mice fed with a high fat diet
(HFD), both related to a reduction in CVD risk factors associated with the
HFD. However, there are not studies about the protective effect of the intake
of its fruit directly on heart, which is important to enhance the knowledge
about cardiovascular protective effects of calafate. This research evaluated
the changes in the metabolites of heart tissue after a high fat diet, with and
without calafate intake

Metabolomics is a comprehensive analytical tool that allows to detect,
identify, and quantify many metabolites in biological samples.
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Non-targeted metabolomics can discriminated metabolites associated with a
genotype, pharmacological treatment, clinical population, or other
comparative group, usually by contrast with their control group (McGarrah
et al., 2018). The wide coverage of metabolomics provides the potential to
identify new metabolic pathways or new biomarkers (McGarrah et al., 2018).
The aim of this research was to evaluate by HPLC-QTOF-MS based
metabolomics analyses the changes in the cardiac tissue of mice exposed to
a HFD after consuming a calafate extract, to establish a protective effect
against cardiovascular pathology of this fruit. This is the first study including
the effect of calafate metabolites in heart tissue, as an holistic view of its
cardiovascular beneficial effects.

4.3.2. Materials and Methods

4.3.2.1. Reagents and vegetable material

Formic acid (LiChropur®) for LC-MS (98-100%), acetonitrile (hyper
grade), methanol (hyper grade), ethanol, water (HPLC—-MS), and ammonium
formate for mass spectrometry (>99.0%) were provided by Merck
(Darmstadt, Germany).

Vegetable material: calafate berries (Berberis microphylla) were collected

near Punta Arenas, Chile (53.1548309, -70.911293).
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4.3.2.2. Instrumentation

A Heraeus-Frescol7 centrifuge from Thermo Fisher (Waltham, MA, USA),
an analytical balance from Denver Instrument Company (NY, USA), Mixer
mill RETCH MM400 (Haan, Alemania) and a refrigerated CentriVap
concentrator from LABCONCO (Kansas City, MO, USA) were used for
sample preparation.

The untargeted metabolomics was carried out with a UHPLC-DAD Bruker
Elute LC system coupled in tandem with a Q-TOF spectrometer Compact,
Bruker (Bremen, Germany). The control system used was Compass HyStar
(Bruker), and the acquisition software was Bruker to control 4.1.402.322-
7977-vc110 6.3.3.11. Data analysis was performed with Compass
DataAnalysis 4.4.200 (Bruker) software, Compass QuantAnalysis 4.4
(Bruker Daltonics, Bremen, Germany), MetaboScape 3.0 (Bruker Daltonics,
Bremen, Germany), and freely accessible software MetaboAnalyst
(https://www.metaboanalyst.ca/).

Cytokine quantification was carried out in a MAGPIX instrument by
Luminex XMAP Technology (Life Technologies, Grand Island, NY, USA),
using a MILLIPLEX® MAP Mouse Adipokine Magnetic Bead Panel,

MILLIPLEX® MAP Mouse Adipokine Magnetic Single Bead and
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MILLIPLEX® MAP Mouse CVD Magnetic Bead Panel 1. Data analysis and
data acquisition were carried out with Luminex XPONENT® version
4.3229.0 (Luminex Corporation, TX, USA). Plate shaking for wash and
incubation time was carried out in Thermomixer® C serial number
5382KG639268 (Eppendorf, Hamburg, Germany).

4.3.2.3.1 Calafate extract

The fruit extraction was carried out as previously described by (Ruiz, et al.,
2013)?, using ethanol/formic acid (97:3) as solvent extraction (raw extract),
which was subsequently characterized. Hydroxycinnamic acid (HCA) and
flavonol determination required an additional purification step using solid-
phase extraction with cation exchange columns (Oasis MCX Water, USA),
as previously described by Ruiz et al. (called purified extract) (Ruiz, et al.,
2013)P. The raw extract was evaporated, lyophilized and suspended in
ultrapure water for the in vivo study in C57BL/67 mice (5 mg dry
extract/mL). The calafate extract was characterized by HPLC-DAD-MS
(Bustamante et al., 2018). The sugar and ascorbic acid content of the calafate
extract was determined according to (Morlock & Vega-Herrera, 2007).

4.3.2.3.2 In vivo assay
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Ten- to twelve-week-old outbred C57BL/6J mice (n= 24) purchased from the
Instituto de Salud Publica (ISP, Santiago, Chile) were housed in a
conventional animal facility maintained at 25+1 °C under a 12 h light:12 h
dark photoperiod, in accordance with the Guidelines for the Care and Use of

Laboratory Animals (https://grants.nih.gov/grants/olaw/Guide-for-the-Care-

and-use-of-laboratory-animals.pdf) (Morton & Griffiths, 1985). After the

acclimation period, mice were randomized and were fed ad libitum with a
D12450H low-fat diet (10% fat; Open Source Diets - Research Diets, Inc,
New Brunswick, NJ, EEUU), which is named a normal diet (N), or with a
D12451 high-fat isocaloric diet (45% fat; Open Source Diets - Research
Diets, Inc, New Brunswick, NJ, EEUU), which was named a high-fat diet
(H) (n=12 and 6 mice per group). After three months, H group was
randomized into another subgroups (n=6 mice per group) that received either
water (H group) or calafate extract in water, freshly prepared every 2 days,
as the only source of liquid (called the Hcal subgroups). Both calafate extract
and water had similar pH values and sugar contents (pH 3 and 1.8 mg/mL of
sugar) (Bustamante et al., 2018). Pellet and liquid consumption were
quantified daily, and animal weight was assessed weekly. At the end of the

study, animals were fasted for 12 h at the beginning of the dark cycle, then
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were anesthetized with isoflurane and sacrificed through exsanguination at
the fourth month after calafate extract supplementation. The heart of each
mouse was dissected and immediately immersed in liquid nitrogen and
subsequently stored at -80°C.

4.3.2.3.3 Tissue sample treatment

The organ samples were lyophilized for one week and after were crushed at
30 cicles/s x 180 s using mixer mill RETCH 400 to be stored in cryotubes at

-80°C.

A methanolic extraction was performed for each sample following the
protocol described by (Wells et al., 2018) with modifications. Briefly, 430
uL of hypergrade methanol (at -80°C) was added to 1.5 mg of the lyophilized
tissue, it was stirred in vortex for 1 minute and then incubated at -80°C for
15 minutes. Then, it was stirred again in a vortex for 5 seconds and finally it
was centrifuged for 5 minutes at 13,200 rpm at 4°C. 350 L of the supernatant
was transferred to a vial and evaporated on a CentriVap at 4°C. The extracts
were reconstituted in 250 puL of hypergrade methanol (-80°C) and 20 puL of
each sample was analyzed by LC-MS. Other 40 pL of each extract were

mixed to form the control quality mix (QCs) for the metabolomics analysis.
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4.3.2.3.4 UHPLC-DAD-ESI-QTOF-MS/MS analyses

The analyses of tissue extracts were carried out by UHPLC-DAD-ESI-
QTOF-MS/MS based on the method previously described by (Laursen et al.,
2017) (Method 1) and (Patterson et al., 2015) (Method 2) for compounds with
medium polarity and non-polar, respectively. A Phenomenex column
Kinetex® C18 100 x 4.6 mm 2.6 um (Torrance, CA, USA), oven temperature
50 °C, autosampler temperature 4 °C, and partial loop injection mode were
used for both methods. The chromatographic separation conditions were as

follows:

Method 1: mobile phase A was composed of 0.1% formic acid in water, and
mobile phase B was composed of 0.1% formic acid in acetonitrile, with a
flow rate of 0.5 mL/min and an injection volume of 20 uL. The acetonitrile
gradient ranged from 0% for 2 min, from 0% to 5% for 4 min, from 5% to
60% for 0.5 min, from 60% to 88% for 6.5 min, from 88% to 100% for 0.5
min, from 100% for 1 min and from 100 to 0% for 1 min with a stabilization

period of 7.5 min.

Method 2: mobile phase A: 60:40 acetonitrile:water, 0.1% formic acid , and

10 mM ammonium formate; and mobile phase B: 90:10
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isopropanol:acetonitrile, 0.1% formic acid, 10 mM ammonium formate, a
flow rate of 0.2 mL/min and an injection volume of 20 pL. The mobile phase
B gradient ranged from 32 to 43% for 2 min, 43% for 2 min, from 43% to
75% for 6 min, 75% for 2 min, 75% to 100% for 2 min, 100% for 1 min and

from 100 to 32% for 1 min with a stabilization period of 5 min.

The tissue extract analysis by normal phase chromatography UHPLC-DAD-
ESI-QTOF-MS/MS was based on the method described by (Armirotti et al.,
2014) for polar metabolites (Method 3). A HILIC BEH Amide 100 x 2.1 mm
y de 1.7 um (Waters, Milford, MA, EEUU), oven temperature 40 °C,
autosampler temperature 4 °C, and partial loop injection mode were used.
The chromatographic separation conditions were as follows: mobile phase A
was composed of 10 mM ammonium formate in water, and mobile phase B
was composed of 95:5 ammonium formate in acetonitrile:water. A flow rate
of 0.4 mL/min and an injection volume of 20 uL. were used. The gradient
ranged from 100% B for 1 min, from 100% to 70% B for 16 min, 70% B for

1 min, and from 70 to 100% for 1 min with a stabilization period of 5 min.

The MS conditions in all the metabolomic studies were positive ionization

ESI +4500 V and negative ionization ESI -3500 V, dry gas: 9 L/min,
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nebulizer: 4 Bar, T°: 200 °C, end capillary 500 V, collision energy at 10-25
eV in stepping mode, auto MS/MS mode (2 precursor/cycle), 50-1500 m/z
(scan 0.2 s centroid mode) and internal calibration using sodium formate

(0.01 M) with a mass accuracy < 3 ppm.

All metabolomic sequences started with 2 blank injections (solvent only),
followed by 3 technical blanks (considering extraction process) and 3 QC.

Then, every 12 samples, a QC was injected (Alseekh et al., 2021).
4.3.2.3.5 Data Processing and Data Analysis

Bucket Table: UHPLC-ESI-QTOF-MS/MS was processed in MetaboScape
3.0 (T-ReX 3D algorithm) under the parameters shown in Table 4.3.1. This
software transformed the raw data into a matrix with the features (m/z —
retention time (tg) pairs and normalized peak intensity) (file: .csv). The
workflow included mass recalibration, tg alignment, feature extraction (m/z
— tr pairs), adduct and neutral loss administration, import of MS/MS spectra,

and generation of the bucket table.

Data Prefilter: the matrix was processed in MetaboAnalyst software, and the
data were filtered considering RSDs > 20% compared to QC and normalized

for weight. The purpose of data filtering is to identify and remove variables
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that are unlikely to be of use when modeling the data. Principal component
analysis (PCA) and volcano plot (fold change threshold: 1.5, and p value
threshold: 0.05 FDR-adjusted) were used to select characteristic features of
each group (comparisons between 2 group were: H-Hcal and N-H). Peak
area integration was manually curated with Compass QuantAnalysis 4.4

software.

Filter and feature selection: the new bucket table was processed in
MetaboAnalyst 5.0, and normalized, data filtering and Pareto scaling were
performed again. All variables were Pareto scaled to reduce the relative
importance of large values and keep the data structure partially intact
(Curtasu et al., 2019). ANOVA (p < 0.05) was used to select the significant

characteristic features of each group.

Metabolite annotation workflow: in DataAnalysis software, the molecular
formula with the smallest mass error was selected. The spectra were sent to
databases such as MetFrag (In silico fragmentation for computer-assisted
identification ~ of  metabolite  mass  spectra)  (https://msbi.ipb-
halle.de/MetFrag/), HMDB (The human metabolome database)

(https://hmdb.ca/), and METLIN
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(https://metlin.scripps.edu/landing_page.php?pgcontent=mainPage)

by

comparing the accurate mass and fragments information obtained from

UHPLC-QTOF/MS. Furthermore, the theoretical isotopic pattern was

compared with the experimental isotopic pattern. Metabolite annotation was

based on the guide for annotation, quantification and best reporting practices

proposed by (Alseekh et al., 2021). Tolerance to the m/z value was set to 10

ppm.

Table 4.3.1: Parameters of Metaboscape software

Métodol Métodol Método2 | Método2 Método3 | Método3
Parametros

NEG POS NEG POS NEG POS
Intensity threshold | 5, 400.0 200.0 200.0 200.0 300
[counts]
Minimum peak length 5 3 21 13 6 16
[spectra]
Minimum peak length 4 2 20 12 5 15
(recursive) [spectra]
Minimum # Features
for Extraction 2 2 2 2 2 2
Pr_es_ence of features in 2 2 2 2 2 2
minimum # of analyses
Lock mass calibration false false false false false false
Mass calibration true true true true true true
Primary lon [M-H]- [M+H]+ [M-H]- [M+H]+ [M-H]- [M+H]+

[M+Na]+, M-

[2M-H]-, [M]+, HCOO- [M+Na]+, [M]+, [2M-H]-, [M+Na]+, [M]+,
Seed lons [M+HCOO | [2M+H]+, H]-, [2M- [2M+H]+, [M+HCO [2M+H]+,

-H]- [M+HCOOH | | * [M+HCOOH]+ O-HJ- [M+HCOOH]+

1+
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[M-H-

[M-

[M-H-

[M-H-

End [min]

Common lons H,0]- HO+H]+ H,0]- [M-H,O+H]+ H,0]- [M-H,O+H]+
EIC correlation 0.8 0.8 0.8 0.8 0.8 0.8

Mass range: Start [m/z] | 50.0 50.0 50.0 50.0 50.0 50.0

Mass range: End [m/z] 1500.0 1500.0 1500.0 1500.0 1500.0 1500.0
Retentio_n time range: 05 05 05 05 05 05

Start [min]

Retention time range: 135 135 15.0 15.0 17 17

Perform MS/MS import

true

true

true

true

true

true

Group by collision
energy

false

false

false

false

false

false

MS/MS import method

average

average

average

average

average

average

4.3.3 Results and discussion

The effect of chronic consumption of calafate fruit extract on the heart tissue

metabolome and its possible relationship with cardiovascular protection was

evaluated by a metabolomic study of heart tissue obtained from the 3 groups

of mice fed with normal and high-fat diets supplemented or not with calafate

extract for 4 months (N, H, Hcal). The base peak chromatograms (BPC) of

the heart tissue extracts, obtained with the 3 chromatographic methods in

order to detect the maximum number of compounds of different nature and

polarity, are illustrated in Figures 4.3.1 and 4.3.2.
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Figure 4.3.1: Base peak chromatogram (BPC) in negative polarity for

different chromatographic method.
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Figure 4.3.2: Base peak chromatogram (BPC) in positive polarity for

different chromatographic method
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4.3.3.1Multivariate analysis of the data

After applying the described workflow, the bucket table shows a total of
27,258, 5,830, 44,026 features obtained in negative mode, and 44,634,
37,465, 14,703 features in positive mode for methods 1, 2, and 3,
respectively. After data filtering, a total of 22,648, 4,322, 34,578 features
were eliminated in negative mode, and 33,358, 27,919, 9766 features in
positive mode respectively.

PCA was performed as an exploratory analysis of the data, with the aim of
observing separation between the groups. First, in the PCAs obtained with all
the groups, the QCs were observed in the center of the model, which validates
the data and is indicative of instrumental reproducibility of the procedure
(Figure 4.3.3). A total separation of groups is observed for N with respect to
H and Hcal (Figure 4.3.3b), which shows the change observed in the
metabolome produced by the different diets. As relevant result is the clear
separation between all groups observed in Figure 4.3.3 f which is produced
by the calafate intake. These spontaneous separation between the groups
indicates that calafate generates changes in heart tissue metabolome of mice

fed with this fruit.
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- q b, .

Figura 4.3.3: Principal component analysis (PCA). Score plot negative mode
a) method 1, b) method 2 and ¢) method 3. Score plot positive mode d)method

1, e) method 2 and f) method 3. H:red, Hcal:green, N:Blue, QC:lightblue.

In the negative mode, the H-Hcal analysis showed that the main components
1 and 2 explained a variance of 92.8, 75.0 and 83.1%, for methods 1, 2 and 3
respectively (Figure 4.3.4). In positive mode, principal components 1 and 3
explained a variance of 68.2 and 58.3% for method 1 and 2, respectively

(Figure 4.3. 4). In the case of the N-H analysis, the explained variances for
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principal components 1 and 2 for the negative mode were 86.8, 75.7, 75.7%

(Figure 4.3.5), and for the positive mode 86.5, 81.2, 71.6% (Figure 4.3.5), for

the methods 1, 2 and 3, respectively.
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Figura 4.3.4 : Principal component analysis H vs Hcal. Score plot negative

and positive a) method 1, b) method 2 y ¢) method 3 . H in red and Hcal in

green
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Figura 4.3.5: Principal component analysis H vs N. Score plot negative and

positive a) method 1, b) method 2 y ¢) method 3. H in red and N in green

4.3.3.2 Significant features and biological interpretation

The analysis of main significant metabolites (obtained by ANOVA) using the
data described previously for the different methods (positive and negative)
showed a large number of significant features, which are related with

different pathway. A detailed information of each identified metabolite are
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showed in table 4.3.2, where only the metabolites associated to CVD are

listed. The criteria of selection was ANOVA p < 0.05.

Tabla 4.3.2: Significant metabolites identified by UHPLC-DAD-QTOF

related with CVD (positive and negative ionization modes).

Fragment with Error Molecular Tentative ID International Identification
intensity (ppm) Formula identifier’ level (A-D)*
2-
103.0407 M-H -10 C4HgO3 Hydroxybutyric HMDB0000008 D 2

acid

Mass Adduct Method®

179.0565 M-H -2.2 CeH1206 Inositol isomer HMDB0240208 D 3

96.9698 676
124.0073 438 Inositolphosph C01177
2590356 M-H 138.9792 94 8 Coti1s05P ate HMDB0006814

185.9985 98

92.0216 108
108.0232 228
115.0034 560
116.0008 88
124.0083 218
130.0583 94
267.0769 M-H 133.0128 1390 4.3 C10H12N40s Inosine €00294 B 1,2
134.9371 82
135.0301 1430
153.0137 90
171.0137 86
204.0467 84
267.0768 296

96.9566 16
137.0990 27
139.0730 26
139.1116 25
141.1248 14
141.1341 13
155.1422 51
181.1526 7
183.0157 8
195.1383 16
209.0290 13
251.2365 125
252.2402 57 9(S)-HODE/
295.2261 M-H 252.2712 8 CisHz0s hydroxyoctade C14767 B
277.216113 cadienoic acid
278.2215 11
293.2169 7
294.1869 7
295.2255 1832
295.4004 12
295.5086 13
296.2291 403
297.2392 90
297.2618 18
298.2296 14
298.2616 26
207.0084 86
295.2235 800
297.2417 158

185


https://hmdb.ca/metabolites/HMDB0000008
https://hmdb.ca/metabolites/HMDB0240208
https://www.kegg.jp/entry/C01177
http://www.genome.jp/dbget-bin/www_bget?cpd:C00294
http://www.genome.jp/dbget-bin/www_bget?cpd:C14767

152.114078
279.2327 230
293.1734 80 Epoxyoctadeca
297.2422 M-H 293.2108 454 7.7 CigH3403 noic acid
295.2256 748

297.2412 1070

C13791 B 1

Eicosanoids_ 5-

321.2437 M-H 2.83 C20H3403 HETrE

CHEBI:72856 D 2

183.0148 150
223.1707 112
277.1592 118
305.2466 128
323.2570 M-H 306.2583 112 13 Ca0H3603
321.2385 88
323.2588 532
324.2612 150
325.1752 118

(2)-15-Oxo-11-

. L HMDB29797; B 1,2
eicosenoic acid

M-
335.0595 H+HCOO ND 0 CoH1609
Na

galactose

HMDB0252580 D 1
lactate -

124.0244 136
153.9982 94
157.0848 132
188.1436 82
197.1197 76
199.1450 88
214.1180 124 -
357.2624 M-H 257.1733 102 0.7 CaoH3s0s 13'1’2’2 'gdro HMDBO05076 B 1
311.2201 82

3311183 92
336.6527 80
339.118192
355.2484 358
356.2477 106
357.2649 752

Phosphoribosyl
365.0493 M-H ND 3 CioH15N4OsP formamidocarb HMDB0001439 D 1
oxamide
Glutamylaspart
ic acid
Cholyltryptoph
an

523.1564 2M-H ND 7 CoH1aN207 HMDB0028815 D 1

593.3617 M-H ND 4 C3sHsoN206 HMDB0242374 D 1

154.0005 114
183.1374 146
236.0874 80
241.012478
538.3114 M+FA-H 253.2151 714 -8.5 C24HagNO7P
254.224278
255.2273 128
478.2867 386
538.3166 104
137.0469 818 C10H12N40s
269.0884 M+H 119.0329 130 -1.3 inosine HMDB0000195 B 3
110.0350 334

LysoPC(16:1(9Z

HMDB0010383 B 1
)/0:0)

137.0453 M+H 3.91 CsHaN4O hypoxanthine HMDB0000157 D 3

398.3240 394
382.2112 148 9-
398.3260 M+H 184.0700 134 1.04 C23Ha3NO4 Hexadecenoylc HMDB13207 B 3
144.0981 214 arnitine
85.0288 406
400.3439 234
341.2678 134
400.3413 M+H 144.0996 42 -4.3 C23HasNO4
95.0846 93
85.0288 690

Palmitoylcarnit

) HMDB0000222 B 3
ine

!Identification level based in (Alseekh et al., 2021). ?Data base used for
identification. *Method of analysis.
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The significant difference of metabolites between the groups H vs Hcal were

obtained by ANOVA (p < 0.05) and are presented in the (Figure 4.3.6).

Hydroxybutync acid Inositol isomer Inositolphosphate Inosine hydroxyoctadecadienoic acid
Epoxyoctadecanmc acid 5-HETrE 5-0Ox0-11-eicosenoic acid alactose lactate 13,14-Dihidro PGF-1a
Orgirai C OrgmalCore.  ungnaLon c
3 % : 7 7
Phosphoribosyl Gl o .
utamylaspartic acid Cholyltryptophan LysoPC(16:1(92)/0:0 hypoxanthine

formamidocarboxamide
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= 4 ' ﬁ i > )
0 2 Y- -
. .
J—_— ] o 5 et}
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Figura 4.3.6: Significant metabolites found by ANOVA in negative and

positive mode present in table 4.3.2. H red, Hcal green, N blue.
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Among the metabolites identified, the feature 267.0769 m/z (4.3 ppm) was
identified (level B) as inosine C1oH12N4Os (figure 4.3.6). Phosphoribosyl
formamidocarboxamide C;oH1sN4O9P 365.0493 m/z (3.0 ppm) showed the
same profile than inosine. This metabolite came from purine metabolism in
human, as inosine (KEEG pathway: hsa00230). Inosine decreased in the
high-fat diet group consuming calafate (p<0.05) compared with H, reaching
the same level of the N group. This metabolite has been related to
cardiovascular pathology (Sikorski et al., 2021). Vlachogiannis et al.2021
demonstrated that a deaminase enzyme (ADARZ1), which is responsible for
converting adenosine into inosine, is related to cardiovascular atherosclerotic
disease, because its activation increases the expression of NEAT1 IncCRNA,
a non-coding RNA, which causes an increased of the endothelial dysfunction
markers VCAM-1 and ICAM-1. Furthermore, they found a strong linear
association between NEAT1 and ADAR expression in peripheral blood
mononuclear cells obtained from blood of patients with atherosclerotic
cardiovascular disease (Vlachogiannis et al., 2021). The increase in ROS and
apoptosis of endothelial cell has been related with endothelial dysfunction,
key factor in atherosclerosis. The consumption of calafate would generated a

positive effect by decreasing this marker. In a concordant previous result
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obtained by our group, we have described that calafate reduced adhesion
molecules in plasma (Olivares-Caro et al 2022), reducing the risk of
endothelial dysfunction. In the same pathway we found the feature 137.0453
(3.91ppm) identified as hypoxanthine CsH4sN4O, which decreased in Hcal
compared to H group (p<0.05). (Kim et al., 2017) demonstrated that
hypoxanthine (1 mM) increased ROS production, BAD protein expression
and reduced Bcl-2 in a HUVEC cell model, relating it to its apoptotic effect
(Kim et al., 2017). In heart, Adenosine Triphosphate (ATP) is mainly
produced by mitochondria, via aerobic oxidative phosphorylation. In
ischemia/hypoxia ATP is rapidly depleted and catabolized to adenosine,
inosine, hypoxanthine, xanthine, and uric acid (Farthing et al., 2015). Our
results showed that calafate had similar metabolic changes, because the Hcal
group showed a reduction of inosine and hypoxanthine in comparison with
the H, reaching levels in the same magnitude than N group, which is in
accordance with reduction or oxidative stress.

On the other hand, Hydroxybutyric acid 103.0407 m/z (-10.0 ppm) showed a
tendency to decrease from H to N level (p < 0.05). In a metabolomic study
was reported that 2-Hydroxybutyric acid is early biomarker for insulin

resistance and impaired glucose regulation, distinguish Normal Glucose
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Tolerance (NGT) -Insulin Sensible (IS) subjects from impaired glucose
metabolism subjects, and hydroxybutyric acid serve as early indicators of
Insulin Resistance (IR) by distinguishing NGT-IS from NGT-IR subjects in
plasma (Gall et al., 2010). 2-Hydroxybutyric acid is synthesized due to a
impaired oxidative phosphorylation, metabolism is then focused to the
synthesis of acetoacetic acid and hydroxybutyric acid (Bruzzone et al., 2020).
This is coherent with our previous findings in plasma, where changes in
succinic acid and carnitines, showed an altered f-oxidation and an altered
tricarboxylic cycle which was reversed by calafate intake (Olivares-Caro et
al 2022).

Metabolite 5-hydroxy-6E,8Z,11Z-eicosatrienoic acid (5-HETrE) 321.2437
m/z (2.83 ppm) showed the same tendency of Hydroxybutyric acid. Calafate
showed a reduction of SHETTE level with respect to H, but without statistical
significance (tendency), however, a difference was verified for H vs N (p <
0.05). 5- HETTE is an eicosanoid, which correspond to oxidized derivatives
of 20-carbon polyunsaturated fatty acids (PUFAS), usually arachidonic acid.
Eicosanoids are products of the endothelial cells that influence blood
coagulation, inflammation, and vascular smooth muscle cells. In metabolic

and cardiovascular disease its synthesis is altered contributing to the vascular
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dysfunction, inflammation, and atherosclerosis (Imig, 2020). The tendency
of reduction produced for calafate are in concordance with lipid peroxidation
reduction.

The feature 295.2261 m/z (6 ppm) was identified as hydroxyoctadecadienoic
acid CygH3,03. This metabolite showed similar levels for H and N groups,
due to the high data dispersion observed in H group. For Hcal group, we
observed a reduction compared with N group (p < 0.05).
Hydroxyoctadecadienoic (HODE) acid is an oxidation product of linoleic
acid, a major constituent of low-density lipoproteins (LDLSs), by the action of
ROS. It has been shown that in obese patients, HODESs are increased by 59%
in plasma LDL (Colas et al., 2011; Vangaveti et al., 2016). Besides,
Epoxyoctadecanoic acid CigH3403 297.2422 m/z (7.7 ppm) is other
metabolite obtained from linoleic acid by epoxygenase isoenzymes, and we
observed a similar behavior than hydroxyoctadecadienoic acid. (Bannehr et
al., 2019) has shown that epoxyoctadecanoic acid decreases post-ischemic
functional recovery of the left ventricle in murine hearts C57BI6. Other
metabolites found with similar behavior were 9-hexadecenoylcarnitine
C23H43sNO4 398.3260 m/z (1.0 ppm) and palmitoylcarnitine Cy3HssNO4

400.3413 m/z (-4.3 ppm), which decreased with calafate intake when it is
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compared with H and N group (p < 0.05), however, differences between H
and N group were not found. This finding is comparable with previous result
obtained in plasma (Olivares-Caro, et al. 2022). An increase of acylcarnitines
has been found in the plasma of obese volunteers and participants with type
2 diabetes mellitus, suggesting a defect in the use of succinyl-CoA in the
tricarboxylic acid cycle and an increase in incomplete 3-oxidation in skeletal
muscle (Mihalik et al., 2010).

Feature 259.0356 m/z (-0.6 ppm) was identified as Inositolphosphate
CsH1309P which was found reduced in H group compared with N (p < 0.05).
A tendency of increase from H group to Hcal group was observed. This
metabolite is involucrate in glycerophospholipid metabolism and has been
related with oxidative stress protection (Can Chen et al., 2019). Other study
has been demonstrated that E10 cardiomyocytes exposed to Inositol 3-
phosphate 10 uM produce spontaneous rate of calcium from sarcoplasmic
reticulum, and increase the beating frequency in myocyte cultures by 27.3 =
9.2% (Rapila et al., 2008). The same behavior was observed for inositol
isomer CgH1,06 179.0565 m/z (-2.2ppm), which is product of Inositol 1-
phosphate (KEEG pathway: map00562). Eight inositol structural

stereoisomers naturally occurring, which are named scyllo-, muco-, epi-, neo-
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, allo-, L-chiro-, D-chiro-, and myo-inositols (Monnard et al., 2020). (Croze
& Soulage, 2013) has been reported that myo-inositol participate in glucose
homeostasis, cell survival and growth, osteogenesis, metabolism and
reproduction. Inositol isomers play insulin-mimetic activities, myoinositol
administration in pregnancy reduced prevalence of gestational diabetes in
17.4% versus 54% in control group (D’Anna et al., 2011). An study has
demonstrated that intragastrict administration of chiroinositol (10mg/Kg) in
diabetics rats decreased 30- 40% the plasma glucose level (Ortmeyer et al.,
1993). Thus, calafate have a positive effect increasing the level of some of
these inositol derivatives.

15-Oxo0-11-eicosenoic acid CyHssO3 corresponds to feature 323.2570 m/z
(1.3 ppm). It was observed an increased in this fatty acid from N to H group
(p <0.05) in heart tissue. A decreasing trend was observed in the Hcal group,
which could be explained by the f-oxidation activated by calafate, which has
been previously described by our research group in plasma (Olivares-Caro et
al 2022).

Metabolite 357.2624 (-0.7 ppm) was identified as 13,14-Dihidro PGF-1la
C20H380s. 13,14-Dihidro PGF-1a increased in H group compared to N group

(p <0.05), and a low tendency to decrease was observed in Hcal group. 13,14-
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Dihydro PGF-1alpha is a prostanoid derived from C-20 polyunsaturated fatty
acids through the action of cyclooxygenase (Masoodi & Nicolaou, 2007).
Prostaglandins have been associated with inflammation, oxidative stress and
lipid peroxidation (Van’t Erve et al., 2016), and calafate intake showed a
tendency of decreased it in heart tissue, which can be considered a beneficial
effect on both oxidative stress and lipid peroxidation .

These findings are in agreement with our previous report (Olivares-Caro et
al., 2020) in which calafate extract (2 mg fresh fruit/mL) reduced oxidative
stress in HUVEC cells (human umbilical vein endothelial cells) by around
51% and completely inhibited human LDL oxidation (Olivares-Caro et al.,
2020). Significant metabolites identified in the present research could be
related to a protective effect of calafate at the heart tissue, as a complement
of beneficial effects described in endothelium, ROS production and
metabolome changes.

Other metabolites changed from N to H. Feature 538.3114 m/z (-8.5 ppm)
was identified as LysoPC (16:1/0:0) C,H4sNO7P. This metabolite was
decreased in H and Hcal mice compared to N mice (p<0.05). A negative
association between LysoPC and coronary heart disease (CHD) has been

found (Ganna et al., 2014). This metabolomic study profiling reported that
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higher LysoPC levels were associated with high levels of high-density
lipoprotein cholesterol (HDL- C), whose protective cardiovascular effects are
well known; together, lysoPC levels are related to decreased low-density
lipoprotein cholesterol (LDL-C) levels and lower body mass index (BMlI),
two cardiovascular risk factors in CHD patients (Ganna et al., 2014).
Cholyltryptophan CssHsoN2O6 593.3617 m/z (4 ppm) is a bile aminoacid-
conjugated , which was increased in H group compared to N (p < 0.05). Bile
acids play an important role in regulating various physiological systems, such
as fat digestion (Guzior & Quinn, 2021), which explained Cholyltryptophan
increase in H group.

523.1564 m/z (7 ppm) and 335.0595 m/z (0 ppm) were identified as
glutamylaspartic CgH14N,O; acid and galactoselactate CgHi609. These
metabolites decreased in Hcal group compared with the H group (p < 0.05),
reaching similar levels than the N group. Despite the statistical difference
between groups, we don't found relation of these compound with the other

findings.

Finally, it has been shown that obesity affects the insulin signaling pathway,

which produces an inhibition of GLUT4 translocation and glucose uptake
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(KEEG map04931 and map04910). Based on the above results, we propose
that calafate could influence the insulin signaling pathway, through purine
metabolism and inositol metabolism in cardiac tissue. Intake of calafate
increased insulin mimetic metabolites, reduced metabolites derived from
ATP catabolism, acylcarnitines and ketone bodies compared to group H. This
suggests that calafate activates fatty acid oxidation and the TCA cycle,
participates in the regulation of cardiac homeostasis. This effect is shown in

Figure 4.3.7 (purple arrows).

Inositol
metabolim

) =
inositol . .
inositol phosphate -

l -
E oo (@
l

Insulin signaling pathway

Glucolysis
cytoplasm

mitochondria

( Insulin resistance/ obesity )

CALAFATE
: EFFECT
L —

KEEG map04931
KEEG map04910

hypoxia
inosine

xanthine

hipoxanthine

Figura 4.3.7: Biological effect of calafate on cardiac tissue (purple arrow).
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4.3.4 Conclusion

Calafate extract modified the heart tissue metabolome of mice exposed to a
high-fat diet. The increase of metabolites in H group, such as inosine,
hypoxanthine, phosphoribosyl formamidocarboxamide and hydroxybutyric
acid, are related to a purine metabolism altered and impaired oxidative
phosphorylation. However, calafate intake reduced its levels, suggesting an
effect on ROS, endothelial dysfunction, and oxidative phosphorylation in
heart tissue, that could be related to a possible cardiovascular protective
effect.
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5. CONCLUSION GENERAL

El fruto de Berberis microphylla, calafate, posee un amplio perfil de
compuestos bioactivos, dentro de los cuales es posible identificar compuestos
fenolicos, acidos grasos y metales. Su composicion constituye un producto
con propiedades nutracéuticas para el consumo humano.

El calafate tiene una alta capacidad antioxidante, lo que fue demostrado
mediante ensayos in-vitro, utilizando modelos quimicos y biologicos. Los
extractos metandlico y etanolico de este fruto, disminuyeron la produccion
de ROS en un modelo de células HUVEC vy la lipoxidacion de LDL humana,
procesos involucrados durante el estrés oxidativo y el desarrollo de
enfermedad cardiovascular.

El consumo de un extracto de calafate provoco un cambio en proteinas y el
metaboloma del plasma de ratones expuestos a una dieta alta en grasas,
disminuyendo el efecto de la dieta en marcadores de riesgo cardiovascular.
El consumo de calafate indujo una disminucion en plasma de proteinas
asociadas a disfuncion endotelial, un desbloqueo de la p-oxidacion

mitocondrial y un aumento en la actividad del ciclo de Krebs.
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Ademas, se observo un cambio en el metaboloma del corazon de estos
ratones, un organo protagonista en la patologia cardiovascular y en los
eventos agudos de la ECV. Posterior al consumo de calafate, se observé una
disminucion en un metabolito como inosina, que ha sido asociado a la
patologia aterosclerotica.

El conjunto de estos resultados sugiere que el consumo del calafate podria
generar una reduccion en el riesgo de sufrir enfermedad cardiovascular,
debido a efectos protectores a nivel endotelial, plasmatico y cardiaco.
Finalmente, respondiendo a la hipotesis de esta tesis doctoral, es posible
destacar que:

1) Un extracto de calafate disminuye marcadores asociados con estrés
oxidativo, disfuncion endotelial y peroxidacion lipidica relacionados
con factores de riesgo de la patologia cardiovascular en modelos
bioldgicos in vitro e in vivo,

2) La implementacion secuencial de estudios in vitro e in vivo permiten
constituir una plataforma bioanalitica para el estudio integral del efecto

del consumo de calafate.
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3) La herramienta analitica metabolomica basada en UHPLC-QTOF-
MS/MS constituye una poderosa herramienta analitica para detectar

biomarcadores en el contexto de alimentos funcionales.
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ANEXOS
1. SUPPLEMENTARY MATERIAL.: Berberis microphylla (calafate)
berry extract reduces oxidative stress and lipid peroxidation of human

LDL in in vitro models

isz
a3+

Figure S1: Base peak chromatogram ESI + crude extract calafate (black)

and DAD chromatogram to 520 nm (red)
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Figure S2: Base peak chromatogram ESI- extract previously purify with solid
extraction for hydroxycinnamic acid derivatives (red), DAD chromatogram

320 nm (yellow) and DAD chromatogram 360 nm (green).
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Figure S3: Extracted ion chromatogram (EIC) of fatty acids profile in

calafate fruit (81 m/z; 87 m/z; 91 m/z).

219



4 L L] 10 12 14 10
Energy [kev)

Figure S4: X-ray fluorescence spectra of calafate fruit. Internal standard Ga

0.5 mg/L. Scans 1,200 s.
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Table S1: Comparative concentration of main polyphenolic compounds

identified in calafate berry extracts

Polyphenolic compounds

Methanolic extract

Ethanolic extract

Concentration Concentration

(umol/ mL) (pmol/ mL)
delphinidin-3.5-dihexoside 0.0974 = 0.0084 0.0720 = 0.0066
delphinidin 3-glucoside 0.958 + 0.081 0.909 + 0.029
petunidin 3-glucoside 0.508 + 0.042 0.535 £ 0.015
petunidin-3-rutinoside 0.0531 = 0.0056 0.0467 £ 0.0043
peonidin 3-glucoside 0.0269 = 0.0023 0.0326 = 0.0009
malvidin 3-glucoside 0.247 £ 0.013 0.262 £ 0.002
malvidin-3-rutinoside 0.0310 =+ 0.0023 0.0300 £ 0,0009
O-caffeoylglucarate (1) 0.0791 £ 0.0016 0.0600 = 0.0182
O-caffeoylglucarate (19 0.122 £ 0.002 0.0822 £ 0.0184
O-caffeoylglucarate (7 0.0283 +£ 0.0011 0.0236 + 0.0036
O-Caffeoylglucarate 20 0.0267 = 0.0015 0.0224 + 0.0016
chlorogenic acid @ 0.0456 + 0.0130 0.0537 £ 0.0160
chlorogenic acid ¢4 0.0538 + 0.0058 0.0424 £ 0.0014

*p<0.05 vs methanolic extract. Data presented media + standard error. Isomer number peak is present in parentheses
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Table S2: Comparative concentration of FAME identified in calafate berry

extracts
tg (min) Formula Assigned identity Concentration (mg/mL)
Methanol Ethanol
19.972 C,:H3,0, Methyl tetradecanoate 0.17.£0.02 021001
(Myristic acid methyl ester)
22.443 C;H;,0, Hexadecanoic acid, methyl ester 0.043 +0.004 0.051 £ 0.003
24.708 CH350, Octadecanoic acid. methyl ester 0.051 +0.006 0.068 = 0.003
26.783 C,oH;,0, 9.12-octadecadienoic acid (Z.Z)-, methyl ester 0.019 +0.002 0.023 £ 0.002
(Linoleic acid methyl ester c6)
28.160 CH3,0, 9.12.15-0Octadecatrienoic acid. methyl ester. (Z.Z.Z)- 0.030 +0.002 0.036 £0.003
(Linolenic acid methyl ester ®3)
29.473 C,;H,,0, 13-Docosenoic acid. methyl ester. (Z)- 0.056 +0.005 0.12+0.03

(Erucic acid methyl ester)

* p<0.05methanolic extract .Data presented media + standard error.
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Table S3: Figure of merit of the quantitative method

Polyphenol Equation SD slope SD intercept Linear range LoD LoQ Sy/x RSD
(umol /g FW) (umol /g (umol /g (%)

(g FW/ pmol) FW) W)

Delphinidine-3- y=1828382x-7283 9843 11297 0.06-2.14 0.02 0.06 12393 14.2

glucoside

3-caffeoylquinic y=2132698x-104532 46612 93993 0.41-7.05 0.12 0.41 87065 11.5

acid

Totals Equation SD slope SD intercept Linear range LoD LoQ Sy/x RSD

Polyphenols (L/mg) (mg/L) (mg/L) (mg/L) (%)

Folin Ciocalteu y=0.0125x+0.0191 0.0002 0.0176 21.19-150 0.48 21.19 0.026 12.3

Antioxidant Equation SD slope SD intercept Linear range LOD LoQ Sy/x RSD

capacity (L/umol eq. (umol eq. (umol eq. (umol eq. (%)
Trolox) Trolox/L) Trolox/L) Trolox/L)

ABTS y=0.0007x+0.057 0.0002 0.003 59.3-84 16.6 59.3 0.0038 26.8

CUPRAC y=0.0037x+0.0023 0.00022 0.0032 15.2-300 4.5 15.2 0.0055 4.1

ORAC y=34.347x+826.78  3.871 153.230 6.8-70 2.0° 6.8° 224.5 4.5

48LOD-LOQ calculated by SD signal of 0 wmol eq. Trolox/L
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Figure S5: In vitro viability assay determined by MTT method. A)
Methanolic extract (1/100, 1/250 and 1/500 dilutions) and B) Ethanolic
extract (1/100, 1/250 and 1/500 dilutions). Data expressed as % to respect the
viability control (mean * standard error values, * p < 0.05 vs control). Lysis
control: cells pretreated for 48 h with PBS 10 mM which was used as a

positive control to induce cell death by serum deprivation.
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Determination of Fe iIn calafate extract by atomic absorption

spectroscopy (AAS)

Perkin Elmer Aanalyst 300 Atomic Absorption Spectrophotometer
(Waltham, MA, USA) was used for the determination of Fe by atomic
absorption with flame (air-acetylene). The adopted parameters for the
operation of the equipment were those recommended by the manufacturer,
wavelength of 248.3nm for Fe. A deuterium lamp was used as the

background corrector for all measurements.
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2. Evaluacion de las diferencias existentes entre los extractos metanolico

y etanolico, utilizando analisis multivariado.

Con el objetivo de evaluar que compuestos causaban las diferencias
observadas en el efecto antioxidante de los extractos obtenido en los ensayos
celulares, es que se decidio realizar un analisis de componentes principales
(PCA) y un analisis de proyecciones ortogonales a estructuras latentes-
analisis discriminante (OPLS-DA) entre ellos.

Para ello los extractos metandlico y etandlico del fruto de calafate fueron
analizados por UHPLC-DAD-QTOF en modo negativo y posivo 10 veces
cada uno utilizando un volumen de inyeccién 20 pL. El procesamiento de la
data se llevé a cabo mediante el software MetaboScape de Bruker. Con el
objeto de discriminar las variables significativas se llevé a cabo posterior al
PCA un OPLS-DA. La identificacion tentativa de los compuestos se realizo
mediante bases de datos de libre acceso tales como las presentadas durante la

estrategia analitica.
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Resultados

En el PCA se observé una clara separacion de los extractos indicando
diferencias entre ellos. Entre el componente principal 1y 2 se explicaron un
778% y 77.1% de la varianza para el modo negativo y positivo,
respectivamente (Figura A 2.1). Para detectar las variables significativas se
realiz6 un OPLS-DA para cada modo de ionizacion, seleccionando un total
14 variables significativas a partir del S-plot las cuales fueron numeradas en
modo correlativo a cada lado, y diferenciadas por un asterisco. Los box-plot
de las variables identificadas de manera tentativa se presentan en la figura A

2.2-2.3
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Figura A 2.1: Andlisis multivariado de extractos metanolicos y etanolicos
utilizados para evaluar el efecto bioldgico de calafate en modelos celulares.
a 'y b) PCA producto del contraste del extracto metandlico y etanolico en
modo negativo y positivo, respectivamente. ¢) Score plot OPLS-DA en modo

negativo d) S-plot OPLS-DA en modo negativo e) Score plot OPLS-DA en
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modo positivo d) S-plot OPLS-DA en modo positivo. Extracto metanolico en

rojo y etanolico en verde.

1 citric acid 2 jsocitricmethilated 3 galactaric acid 4 3-O-Methylgallate
- |. . s 200 ” .
400 ] 2504 :

.
-400
-2004 -250 -100
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1* ketodeoxyoctonicacid 3+ dehydroascorbicacid

Figura A 2.2 Box-plot variables significativas identificadas en modo

negativo. Extracto metanolico en verde y etandlico en rojo.
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Figura A 2.3. Box-plot variables significativas identificadas en modo

positivo. Extracto metandlico en verde y etandlico en rojo.

Conclusion

Se encontraron diferencias entre los extractos metanolicos y etandlicos, lo
que se observo visualmente en el PCA.

Las variables tentativamente identificadas fueron principalmente acidos
organicos, por lo que se reafirman los hallazgos publicados que indican que

no existen diferencia entre las concentraciones encontradas de polifenoles y
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acidos grasos entre ambos extractos. En consecuencia, se propone que la
diferencia en su actividad antioxidante encontrada en modelos celulares se

podria deber a las diferentes concentraciones de estos acidos organicos.
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3. SUPPLEMENTARY MATERIAL: Berberis microphylla G. Forst

intake reduces the impact of high-fat diet on plasma cardiovascular

disease factors.

Table S1:

Columnai

Intensity threshold
[counts]
Minimum peak length
[spectra]
Minimum peak length
(recursive) [spectra]

Minimum # Features
for Extraction

Presence of features in
minimum # of analyses

Lock mass calibration

Mass calibration

Primary Ion
Seed Tons

‘Common Tons
EIC correlation

Mass range: Start [m/z]

Mass range: End [m/z]

Retention time range:
Start [min]

Retention time range:
End [min]
Perform MS/MS
import
Group by collision
energy
MS/MS impeort method

MetaboScape parameter

Method1l NEG

200.0

4

(5}

2

false

true
[M-H]
[2M-HJ, [M+HCOO"
H]

[M-H-H20]
058

50.0

1500.0

0.5

13.5

true
false

average

Method1 POS

400.0

5

false

true

[M+H]™

[M+Na]", [M],

[2M+H]",
[M+HCOOH]*
[M-H20+H]"
0.8

50.0

1500.0

0.5

13.5

true
false

average

Method2 NEG

200.0

30

29

%)

false

true

[M-H]-
[2M-H], [M+HCOO
H]

[M-H-H20]
058

50.0

1500.0

14.0

true
false

average

Methed2 POS

200.0

5

%)

%)

false

true

[M+H]*

[M#+Na]", [M],

[2M+H]",
[M+HCOOH]”
[M-H20+H]"
08

50.0

1500.0

05

14.0

true
false

average

Method3 NEG
200.0

12

I

[}

¥}

false

true
[M-HJ
[2M-HT, [M+HCOO"
H]

[M-H-H20]
058

50.0
1500.0

0.5

17.0

true
false

average

Method3 POS

150.0

8

false

true

MHT
[M+Na]™, [M]", [2M+H]",
[M+HCOOH]"

[M-H20+H]"
0.8

50.0
1500.0

05

17.0

true
false

average
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Feature table Data pre-filter

MetaboScapd .0 MetaboAnalys3.0 QuantAnalysid 4 MetaboAnalyss.0

X ¥ “ RS " "RSD<20%
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Normalized Paretto 0.05 Normalized Paretto

ANOVA p<0.05

Loadings PCA

Figure S1: Flow data processing

233



Table S2: Weight of mice and clinical chemistry analysis for the different
groups

N Ncal H Hcal
Weight (g) 23.0+22 228+0.8 23.7+26 255+2.8

Change in weight (g)
11+£09 -15+43 14x07% 1208
(Final weight-Starting weight)

Glycemia (mg/dL) 85.7+21.8 850+8.4 858+10.9 88.2+7.9

TRANSAMINASES

GOT (UI/L) 102.6 + 15.998.9 + 37.8104.8 + 17.7111.6 £ 59.0
GPT (UIIL) 464+56 569+7.2 47.4+37 512+10.7
LIPIDS

TC (mg/dL) 60.7+112 554 7.3 91.9+6.2° 85.4+6.1
TG (mg/dL) 144.2 +60.992.1 + 25.5106.0 + 26.7126.2 + 22.0

N: normal diet; Ncal: normal diet + calafate extract; H: high-fat diet; Hcal:
high-fat diet + calafate extract; TC : total colesterol; TG: triglycerides;
GOT:glutamic oxaloacetic transaminase; GPT: Glutamate Pyruvate
Transaminase ; a: significant difference between final weight and starting

weight p < 0.05 ;b: H vs N p<0.05
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Figure S2: Cardiovascular panel cytokines quantified by MagPix intrument

. Data expressed as concentration in plasma samples (ng/mL) in different

groups (* p <0.05).
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Figure S3: Mouse adipokine panel quantified by MagPix instrument . Data

expressed as concentration in plasma samples (pg/mL) in different groups (*

p < 0.05).
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Figure S4: Base peak chromatogram (BPC) in negative polar

chromatographic method.

~e M

ity for different

e

" ’ Method 1
| A
rJ\ ‘\ |
. 1N o m U, h‘ ]{ L
- A Method 2
|
A |
. NI ]| h
» ."u" “‘. N\ "\ 7 \ ‘ - k ‘ ﬂﬁl N
IL ‘)\_m\Method3

Figure S5: Base peak chromatogram (BPC) in positive polarity for different

chromatographic method.
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Figure S6: Principal component analysis (PCA). Score plot in negative mode

a) method 1, b) method 2 and ¢) method 3, QC is a central cluster .
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Figure S7: Principal component analysis (PCA). Score plot in positive mode

a) method 2 and b) method 3, show QC is a central cluster.
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a) T2l

Figure S8: Principal component analysis (PCA) for N-H comparative
analysis. Score plot in negative mode a) method 1, b) method 2 and ¢) method
3. Score plot in positive tive mode: d)method 2 and e) method 3. N: green

H: red
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