. UNIVERSITAS

<
3
g
3
5
=
N

UNIVERSIDAD MIGUEL HERNANDEZ DE ELCHE

INSTITUTO DE BIOLOGIA MOLECULAR Y CELULAR

Actividad antitumoral de un extracto de romero (Rosmarinus officinalis L.)

en modelos in vitro e in vivo de cancer de colon

Tesis Doctoral
Almudena Pérez Sanchez

Elche (Alicante), 2017



UNIVERSITAS
N Miguel
¥ Hernandez




. UNIVERSITAS

S
3
T
3
5
=
N

Dr. Antonio Ferrer Montiel, Director del Instituto de Biologia Molecular y Celular de la

Universidad Miguel Hernandez de Elche,

DA SU CONFORMIDAD a la lectura de la Tesis Doctoral titulada: “Actividad antitumoral
de un extracto de romero (Rosmarinus officinalis L.) en modelos in vitro e in vivo de
cancer de colon”, presentada por Dia. Aimudena Pérez Sénchez para optar al grado de
Doctora, la cual ha sido realizada en el Instituto de Biologia Molecular y Celular de la

Universidad Miguel Hernandez de Elche.

Para que consten los efectos oportunos, firma el presente certificado en Elche (Alicante),

a 22 de Marzo de 2017.

Fdo.: Dr. Antonio Ferrer Montiel



UNIVERSITAS
N Miguel
¥ Hernandez




. UNIVERSITAS

S
2
=
&
3
S
S
&
18]

Dres. José Antonio Ferragut Rodriguez y Vicente Micol Molina, Catedraticos de
Bioquimica y Biologia Molecular de la Universidad Miguel Hernandez y Dr. Enrique
Barrajon Catalan, Profesor Ayudante Doctor de la Universidad Miguel Hernandez del

Departamento de Ingenieria, Area de Farmacia y Tecnologia Farmacéutica,
CERTIFICAN QUE:

El trabajo de investigacion que conduce a la obtencion del grado de Doctora: “Actividad
antitumoral de un extracto de romero (Rosmarinus officinalis L.) en modelos in vitro e in
vivo de cancer de colon”, cuya autora es Dfia. Almudena Pérez Sanchez, ha sido
realizado bajo nuestra direccion en el Instituto de Biologia Molecular y Celular de la

Universidad Miguel Hernandez de Elche.

Para que consten los efectos oportunos, firman el presente certificado en Elche

(Alicante), a 22 de Marzo de 2017.

Dr. José Antonio Ferragut Rodriguez

Dr. Vicente Micol Molina

Dr. Enrique Barrajon Catalan



UNIVERSITAS
N Miguel
¥ Hernandez




Resumen

Los compuestos bioactivos naturales han suscitado un gran interés cientifico por sus
potenciales beneficios en la salud humana, particularmente en la prevencién del cancer, las
enfermedades cardiovasculares y neurodegenerativas. Algunos de estos compuestos han
mostrado propiedades antitumorales inhibiendo la proliferacion de células cancerigenas tanto en
modelos in vitro como in vivo. El objetivo del presente trabajo ha sido determinar la actividad
antitumoral de un extracto de romero (ER) enriquecido en terpenoides en modelos in vitro e in
vivo de cancer colorrectal humano. Ademas, se ha contribuido a explicar el mecanismo de accién
por el cual el ER inhibe la proliferacion celular mediante ensayos de viabilidad y de citotoxicidad,
asi como la implicacién de rutas relacionadas con la viabilidad mitocondrial y la respuesta al
estrés oxidativo. Posteriormente, se ha estudiado la actividad de dicho extracto en un modelo
animal y se ha analizado la permeabilidad intestinal de los compuestos del extracto mediante el

empleo de monocapas de células intestinales Caco-2.

Los resultados obtenidos demuestran que el ER presenta una actividad antiproliferativa
similar o superior a la observada de manera individual por alguno de sus compuestos mas
activos, como el &cido carnésico. El mecanismo predominante del efecto antiproliferativo del ER
es la muerte celular por necrosis y, en menor medida, un efecto citostatico mediante el bloqueo
del ciclo celular en la fase G2/M. Se propone que esta necrosis sea desencadenada por un
aumento exacerbado en los niveles de especies reactivas de oxigeno (ROS) intracelulares,
generados a partir de los terpenos presentes en el extracto, y posterior activacion de la via Nrf2
como mecanismo de proteccion celular. Se propone a los diterpenos acido carndsico y carnosol
y a algun triterpeno como el &cido betulinico como principales responsables del efecto
antitumoral observado. La capacidad antiproliferativa del extracto ha sido corroborada en un
modelo animal de xenotransplantes humanos de cancer de colon y se ha verificado en ratas su
ausencia de toxicidad a los niveles maximos permitidos por la regulacion existente relativa a
ensayos animales. Los resultados también muestran que el acido carndsico presenta la mayor
permeabilidad entre los compuestos del extracto seguido del epiisorrosmanol y epirrosmanol. La
encapsulacion del extracto de romero en liposomas no ha mejorado en ningun caso la absorcion
intestinal de los compuestos identificados. Los resultados obtenidos justifican la utilizacion de
dicho extracto en nuevos ensayos preclinicos para corroborar su eficacia y estudiar en
profundidad su mecanismo de accién mediante una aproximacién global basada en ciencias

omicas.
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Abstract

Bioactive compounds have attracted much scientific interest since they exert various
beneficial effects on health, including cancer prevention, cardiovascular and neurodegenerative
diseases. Some of these compounds have shown anti-cancer activity by inhibiting the cell
proliferation in in vitro and in vivo models. The aim of this study was to determine the
antiproliferative effect of a terpenoid-enriched rosemary extract (RE) in in vitro and in vivo models
of human colorectal cancer. In addition, the mechanism of the antiproliferative/cytotoxic activity
was addressed through cell viability and cytotoxicity assays cell cycle analysis, clonogenic
survival assay, real time cell growth analysis and migration assay. The role of pathways related to
mitochondrial viability and oxidative stress response was also studied. Afterwards, RE activity has
been studied in a model animal and the intestinal permeability of the extract compounds has

been analyzed through a Caco-2 cell monolayer assay.

The results indicate that RE shows a similar and/or higher antiproliferative activity than
their individually active compounds, such as carnosic acid. The main death mechanism of RE is
the necrosis and, to a lesser degree, a cytostatic effect by blocking cell cycle in Go/M phase. The
exacerbated increase of intracellular reactive oxygen species (ROS) levels, possibly generated
by RE terpenoids, could trigger necrosis. Nrf2 pathway was also activated as a part of a cellular
protection event against RE action. The anti-tumor effect of the extract was also corroborated in
an animal model (human colon cancer xenotransplantation) and no toxicity was found after an

acute oral toxicity test in rats.

Carnosic acid, carnosol and some triterpenes such as betulinic acid are postulated as the
putative candidates for the observed antiproliferative activity. The results also show that carnosic
acid exhibited the highest permeability values followed by epiisorosmanol and epirosmanol in the
intestinal cell monolayers. The liposome encapsulation of RE has not improved the intestinal
absorption any of the identified compounds. Finally, the results justify further research to verify
the efficacy of the RE in preclinical trials and to deeply study its action mechanism through a

global approach based on omics techniques
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“La sabiduria consiste en saber cuél es el siguiente paso; la virtud, en llevarlo a cabo”

David Starr Jordan
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Introduccion

1.1. Cancer: clasificacion e incidencia.

El cancer es una enfermedad causada por el crecimiento descontrolado de las células,
que modifican su forma, tamafio y otras caracteristicas. El resultado final es un aumento del
numero total de células, las cuales se van extendiendo por el érgano y los tejidos adyacentes
(extensioén local), se introducen en los ganglios linfaticos (infiltracion linfatica) o en los vasos

sanguineos y finalmente colonizan otros érganos distantes (metastasis).

El cancer es una de las principales causas de morbilidad y mortalidad a nivel mundial. En
2012 se registraron unos 14 millones de nuevos casos y 8,2 millones de muertes relacionadas
con esta enfermedad. Los canceres diagnosticados con mas frecuencia en hombres fueron los
de pulmén, prostata, colon y recto, estdmago e higado. En la mujer fueron los de mama, colon y
recto, pulmén, cuello uterino y estomago [1]. Mas del 60% de los nuevos casos anuales totales
del mundo se producen en Africa, Asia, América Central y Sudamérica (Tabla 1). Estas regiones
representan el 70% de las muertes por cancer en el mundo. Se prevé que el nimero de nuevos

casos aumente aproximadamente un 70% en las préximas dos décadas.

Como conclusién, el nimero de casos de cancer continlla aumentando principalmente por
el envejecimiento, crecimiento de la poblacion mundial y un aumento en habitos causantes de
cancer, en particular en paises en desarrollo. Entre los factores de riesgo encontramos el
consumo de alcohol y tabaco, una dieta inadecuada y el sedentarismo; también se incluyen
tumores relacionados con infecciones como el virus de Hepatitis B (VHB) y C (VHC) y algunos

tipos de Papilomavirus Humanos (PVH).
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Tabla 1. indices de incidencia y mortalidad de todos los tipos de cancer (x 100.000) estandarizados por edad para
2012 (fuente: GLOBOCAN, 2012).
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cada uno con sus alteraciones moleculares y celulares especificas, pero de forma sintética se

agrupan por el tejido que les dio origen:

> Carcinomas. Se trata de canceres que se originan a partir de células epiteliales, que son
células que tapizan la superficie de 6rganos, glandulas o estructuras corporales.
Representan méas del 80% de la totalidad de los canceres, incluyendo las variedades mas

comunes de cancer de pulmén, mama, colon, prostata, pancreas y estomago, entre otros.
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> Sarcomas. Son canceres que se forman a partir del llamado tejido conectivo o conjuntivo,
del que derivan los musculos, los huesos, los cartilagos o el tejido graso. Los mas
frecuentes son los sarcomas 6seos.

> Leucemias. Son canceres que se originan en la médula dsea, que es el tejido encargado
de mantener la produccion de glébulos rojos, blancos y plaquetas. Las alteraciones en
estas células pueden producir, respectivamente, anemia, infecciones y alteraciones de la
coagulacion (sangrados o trombosis).

» Linfomas. Se desarrollan a partir del tejido linfatico, como el existente en ganglios y

drganos linfaticos.

1.2. Cancer colorrectal (CCR).

Anatomia

El colon es la ultima porcion del aparato digestivo. Tiene una longitud aproximada de 1,5
metros y se extiende desde el final del intestino delgado hasta el ano. La primera porcion del
intestino grueso esta situada en la parte inferior derecha del abdomen, es donde desemboca el
intestino delgado y se llama ciego. Desde aqui el colon asciende hasta llegar a la zona del

higado (colon ascendente) y atraviesa el abdomen (colon transverso).

El colon se dirige posteriormente hacia abajo, denominandose colon descendente, hasta
llegar a una zona denominada sigma que desemboca en el recto y finalmente en el ano que se

abre al exterior por el esfinter anal a través del cual se eliminan las heces (Figura 1).
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colon
transverso

Figura 1. Principales partes del intestino grueso (fuente: Asociacién Espafiola Contra el Cancer, AECC).

La funcién especifica del colon ascendente y transverso consiste en absorber agua y
electrolitos (sodio, potasio, etc.), mientras que la funcién del colon descendente y recto consiste
en almacenar las materias fecales hasta su expulsion por el ano. Tanto el colon como el recto
estan constituidos por varias capas de tejido, la mas interna es la mucosa, que se encuentra
rodeada por la submucosa. Mas externamente se sitlia la capa muscular cuya contraccion
logra el avance del contenido del tubo digestivo, que a su vez esta recubierta por la serosa
(capa mas externa) (Figura 2). En la mucosa existen glandulas productoras de moco, en ellas es

donde se producen con mayor frecuencia los tumores malignos.

Ganglio linfatico

Figura 2. Capas de tejido en el colon (fuente: AECC).
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La mayoria de los CCRs aparecen sobre un polipo existente en la mucosa del colon.
Dichos pdlipos son crecimientos anormales de tejido que surgen de la capa interior 0 mucosa del
intestino grueso y sobresalen a la luz intestinal y que por diversas circunstancias evolucionan a

tumor maligno. Este tumor maligno, puede presentar cuatro etapas diferentes:

» Crecimiento local. Se produce principalmente al crecer en profundidad invadiendo todas
las capas que forman la pared del tubo digestivo, es decir, creciendo desde la mucosa
hasta la serosa, pasando por la capas submucosa y muscular. Una vez que el tumor
traspasa toda la pared del intestino puede invadir cualquier 6rgano, bien abdominal o bien
a distancia mediante:

» Diseminacion linfatica. El colon posee una gran red de vasos linfaticos que
permiten el drenaje de la linfa a mdltiples regiones ganglionares. La diseminacion
por esta via se realiza de forma ordenada, afectando primero a los ganglios mas
préximos y, posteriormente, a los mas alejados.

» Diseminacion hematogena. Las células tumorales pasan al torrente circulatorio y a
través de la sangre pueden dar origen a tumores secundarios en otros 6rganos y
tejidos.

> Siembra peritoneal. Las células cancerigenas pueden “descamarse” del tumor del
colon y depositarse en la superficie de otros 6rganos o estructuras abdominales y
pélvicas, como el intestino delgado o los ovarios, produciendo nuevos focos

tumorales.

Clasificacion

Para planificar el tratamiento adecuado, el médico necesita saber en qué etapa de la
enfermedad se encuentra el paciente. En la actualidad existen dos sistemas que se usan con la

misma frecuencia.
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1. Clasificacion TNM

En esta clasificacion se miden los tres aspectos que afectan al cancer. En primer lugar, la
T se refiere al tamafio del tumor primario en el intestino; la N se refiere a la presencia o no en los
ganglios linfaticos, mientras que la M atafie a la presencia de metastasis a distancia. Como

muestra la Figura 3, se distinguen los siguientes estadios:

> Estadio 0 o carcinoma in situ. En esta etapa temprana el cancer se encuentra en la
capa mas superficial de la mucosa, no la traspasa y no afecta a los ganglios linfaticos.

» Estadio I. El cancer se ha diseminado a la pared del recto o del colon sin traspasar la
capa muscular. En este estadio los ganglios linfaticos tampoco se ven afectados.

> Estadio Il. El cancer se ha extendido a la capa mas profunda del colon, pero no a los
ganglios linfaticos, que, repartidos por todo el cuerpo, producen y almacenan células
capaces de combatir las infecciones. En este estadio el tumor puede invadir los érganos
de alrededor.

> Estadio lll. El cancer se ha extendido ya a los ganglios linfaticos y a los 6rganos mas
cercanos.

> Estadio IV. El cancer ha llegado a otros ¢érganos del cuerpo (principalmente tiende a

invadir el higado, los huesos y los pulmones).

2. Clasificacion de Dukes o Astler y Coller

Esta escala utiliza las letras de la A a la D valorando cuanto profundiza en la pared del colon:

» Estadio | o A. En esta etapa se encuentran los pacientes que tienen una lesion sélo en
la mucosa y no afecta a los ganglios linfaticos.
> Estadio Il o B. El cancer se encuentra en parte de la pared del recto y del colon, pero no

lo traspasa, ni afecta a los ganglios.
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> Estadio lll o C. En este nivel el cancer puede afectar de forma parcial o total a la pared
y también a los ganglios linfaticos.

» Estadio IV o D. El cancer afecta a toda la pared y se extiende a 6rganos mas alejados.

Se disemina a otros 6rganos

I

Figura 3. Diferentes estadios o fases del cancer de colon (fuente: original de Terese Winslow, 2005).

Incidencia

El CCR representa el tercer tipo de cancer mas comun diagnosticado en los hombres y el
segundo en mujeres a nivel mundial. Ademas cabe destacar que la incidencia en hombres es
mayor que en mujeres. La mayor incidencia se encuentra en paises desarrollados como

Australia/Nueva Zelanda y, paises pertenecientes a Europa y América del Norte (Figura 4).
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Figura 4. indices de incidencia del CCR (x 100.000) estandarizados por edad para 2012 (fuente: GLOBOCAN,

A pesar de la incidencia, las tasas de mortalidad del CCR han disminuido en gran nimero

de paises. Este hecho se atribuye a medidas de prevencion precoz, la reduccion de factores de
riesgo y a la mejora de los tratamientos. Sin embargo, su incidencia esta aumentando incluso en
areas consideradas histéricamente de bajo riesgo de padecer dicha enfermedad, incluyendo

Espafia y Este Asiatico y Europeo [1].

Tanto la incidencia como la mortalidad del CCR varian considerablemente en todo el

mundo e incluso a escala regional, como por ejemplo dentro de los Estados Unidos. Esta
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variacion geografica en la incidencia demuestra en gran medida la importancia de los factores
ambientales en dicha enfermedad. Se postula que el estilo de vida occidental unido a factores
genéticos, asi como el aumento de la longevidad en determinados grupos de poblacién, podrian
ser variables importantes a la hora de explicar la disparidad en la incidencia entre regiones

geograficas.

En Espafia, en los hombres es el tercero en frecuencia, detras del cancer de pulmon y
prostata. En las mujeres es el segundo en frecuencia, detrés del de mama. Sin embargo, si se
tienen en cuenta ambos sexos, el cancer con mayor incidencia es el colorrectal (15%) (Figura 5),
el que produce la mortalidad mas alta es el cancer de pulmon (20%) y el que tiene una
prevalencia a cinco afios méas alta es el cancer de mama (18%). Segun datos de la Sociedad
Espafiola de Oncologia Médica (SEOM) en el afio 2012, se calcula una incidencia de 32.240
pacientes al afio en Espafia, siendo responsable de 14.700 fallecimientos y una prevalencia a
cinco afios de 89.705 casos. La mayoria de los casos se diagnostican entre los 65 y los 75 afios,
con un maximo a los 70, aunque se registran casos desde los 35-40 afios. Los casos que

aparecen a edades tempranas suelen tener una predisposicion genética.

14,98%
£4) Intestino grueso
29,2% -

*'\O Préstata

ﬂ. Pulmon incluido traquea
W y bronquios

%O Mama
% Vejiga
% Estémago

Rinon incluido pelvis
2,84% % renal y uréter K

2,95% g’ Pancreas

%0 Linfoma no Hodgkin

% Otro

11,7% 6,4%

Figura 5. Incidencia en porcentaje de tumores en Espafia en el afio 2012 (fuente: SEOM).
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Factores de riesgo

En el cancer de colon y recto los factores que incrementan el riesgo de padecer este tumor son:

> Alimentacion. Las dietas ricas en grasas animales (carnes rojas) y pobres en fibra,

pueden aumentar el riesgo de CCR.

> Actividad fisica. Una vida sedentaria favorece el riesgo de aparicién de esta enfermedad.

> Consumo de tabaco y alcohol. El tabaco aumenta el riesgo de padecer pélipos, que
suelen ser los precursores del CCR. Parece que el alcohol actia favoreciendo el

crecimiento de las células de la mucosa del colon, dando lugar a la aparicion de pélipos.

> Edad. El riesgo de padecer la enfermedad aumenta con la edad, ya que aumenta la
aparicion de polipos en el colon y recto. Es raro que el CCR aparezca en personas de

menos de 40 afios.

> Historia personal de pdlipos. La aparicion de pélipos adenomatosos aumenta el riesgo

de padecer la enfermedad.

> Historia personal de CCR. Las personas diagnosticadas de un cancer a este nivel

poseen un riesgo incrementado para padecer un segundo tumor en el colon o recto.

> Enfermedades inflamatorias intestinales. Suponen menos del 1% de todos los CCRs.
Los dos tipos principales de enfermedades inflamatorias a este nivel son la colitis ulcerosa
y la enfermedad de Crohn. La colitis ulcerosa es una enfermedad que se caracteriza por la
inflamacién prolongada de las paredes del colon, mientras que la enfermedad de Crohn
afecta, tipicamente, al intestino delgado, aunque en ocasiones el colon también se

encuentra inflamado.
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> Antecedentes familiares. En un 5% de los canceres de colon se han identificado una
serie de genes, cuya alteracién da lugar a sindromes que predisponen, en mayor 0 menor

grado, a la aparicion de CCR. Los dos mas importantes son:

1. Poliposis coldonica familiar. Supone tan solo un 1% de todos los canceres
colorrectales y se caracteriza por la aparicion, en la adolescencia, de multiples pélipos
adenomatosos en el colon y recto. Se produce por la alteracion de un gen denominado
APC (del inglés, Adenomatous Polyposis Coli), que se transmite de padres a hijos por
una herencia autosémica dominante, es decir, lo pueden heredar tanto varones como

mujeres y se padece la enfermedad si uno de los dos genes esta alterado.

2. Cancer colorrectal hereditario no polipésico. Supone, aproximadamente, entre un
3% y un 5% de todos los tumores de colon y recto. A diferencia de la poliposis cronica
familiar, en la mayoria de los pacientes no se observan pélipos. Es una enfermedad
que se trasmite de forma autosémica dominante y estd causada por la mutacion o
alteracion de uno de los multiples genes encargados de la reparacion de los errores en

los mismos.

Sintomatologia

El cancer de colon produce una serie de sintomas que pueden variar en funcién de su

localizacion dentro del intestino grueso. Entre los sintomas mas relevantes del CCR destacan:

> Sangre en las heces. Es uno de los sintomas mas frecuentes del cancer de colon. Puede
tratarse de sangre roja, mas frecuente en tumores de sigma y colon descendente, o de
sangre negra, que se mezcla con las heces dando lugar a deposiciones de color negro
llamadas melenas. Las melenas aparecen con mas frecuencia cuando el tumor esta

situado en el colon ascendente. Si este sintoma no se diagnostica pronto y el paciente no
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recibe el tratamiento adecuado puede agravarse y dar lugar a la aparicion de una anemia.
En estos casos el paciente puede sufrir mareos, cansancio o tener la sensacion de que le
falta el aire, entre otros sintomas. Por otro lado, el enfermo puede detectar que sus
deposiciones cambian de tamafio y son mas estrechas. Esto se produce porque el
intestino se esta estrechando.

> Cambios en el ritmo intestinal. Los pacientes que tienen cancer de colon pueden, en
algunos casos, tener diarrea y, en otros, estrefiimiento. La segunda opcion es comun en
aquellas personas que previamente a la enfermedad tenian un ritmo intestinal normal. Sin
embargo, la opcion mas frecuente es que el paciente sufra periodos de estrefiimiento
combinados con periodos en los que padece diarrea. Si los tumores estan situados en la
parte distal del colon, el paciente también puede tener la sensacién de que no se completa
la deposicion y que la evacuacion es incompleta.

> Dolor o molestia abdominal. Las molestias y los dolores abdominales suelen ser muy
comunes. Esto se debe a que el tumor obstruye en parte el tubo intestinal y se produce un
dolor y una situacion parecida a la de los cdlicos. En algunos casos el cierre del tubo
puede llegar a completarse y se produce una obstruccion intestinal, en estas situaciones
es necesario que el paciente reciba atencion médica quirdrgica urgente.

> Pérdida de peso sin causa aparente, pérdida de apetito y cansancio constante. Al
igual que otras enfermedades relacionadas con el estomago, el cancer de colon,

especialmente cuando se encuentra en un estado avanzado presenta estos sintomas.

Tratamiento

En el tratamiento del cancer de colon se sigue un protocolo, es decir, un conjunto de
normas y pautas que se establecen, basandose en la experiencia cientifica, para el tratamiento
de dicho tumor. Estos protocolos, que se emplean de forma generalizada en todos los hospitales,

recogen las indicaciones o limitaciones de tratamiento en funcion de una serie de factores:
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> Estado general del paciente.

» Localizacién del tumor.

> Fase en la que se encuentra la enfermedad: infiltracién en la pared del colon o recto,

afectacion ganglionar, afectacion de 6rganos proximos y diseminacion de la enfermedad.

Los tratamientos mas frecuentemente empleados en el cancer de colon son la cirugia y la

quimioterapia.

> Estadio 0 o carcinoma in situ. El tumor no ha crecido mas alla del revestimiento interno

del colon por lo tanto el tratamiento es solamente quirdrgico.

> Estadio I. El tumor ha crecido a través de la pared del colon y se puede extender hacia el
tejido cercano. El tratamiento es quirdrgico y ademas podria aplicarse una quimioterapia

adyuvante o complementaria a la cirugia.

> Estadio Il. El tumor ha crecido a través de la pared del colon y posiblemente a los tejidos
circundantes, pero aun no se ha extendido a los ganglios linfaticos. El tratamiento es la
cirugia para extirpar la seccion del colon que presenta el tumor junto con los ganglios
linfaticos cercanos (colectomia parcial). Segun la valoracion médica se podria recomendar

quimioterapia adyuvante.

> Estadio Ill. El tumor se ha propagado a los ganglios linfaticos cercanos pero no se ha
extendido a ofras partes del organismo. El tratamiento es el mismo que se utiliza en el

estadio Il.
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> Estadio IV. Si el cancer se ha propagado ampliamente como para tratar de curarlo con
cirugia, la quimioterapia es el tratamiento principal. Luego, si el tamafio de los tumores se
reduce, el tratamiento consistiria en extirpar la seccion del colon que contiene el tumor

junto con los ganglios linfaticos cercanos.

1.3. Ciclo celular y cancer.

Fases del ciclo celular

Las células se reproducen mediante un ciclo de divisidn en el que primero se duplica su
contenido, y luego se dividen en dos células hijas genéticamente idénticas. Por lo tanto, el
tiempo que transcurre desde que una célula se forma por division de una preexistente, hasta que
se divide y da lugar a dos células hijas se conoce como ciclo celular. Basicamente el ciclo celular
se divide en dos etapas: fase M o mitosis e interfase, que es el periodo que transcurre entre dos

mitosis.
En la interfase se pueden distinguir diversas etapas:

» Fase G1. Esta etapa comprende desde el final de la division anterior (fase M) hasta el
comienzo de la siguiente etapa. Durante esta fase la célula aumenta de tamafio, expresa
su ADN sintetizando proteinas y lleva a cabo el resto de funciones celulares.

» Fase S. Es la segunda fase del ciclo, en la que se produce la replicacion o sintesis de
ADN, como resultado cada cromosoma se duplica y queda formado por dos cromatidas
idénticas.

» Fase G,. Es la tercera fase de crecimiento del ciclo celular en la que continua la sintesis
de proteinas y ARN. La célula aumenta de tamafio preparandose para su inminente

division en la Fase M.
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> Fase Go. Es la fase adicional del ciclo celular en la que la célula se encuentra en un
estado de reposo. Si no ha iniciado la replicacion del ADN, la célula puede detenerse en
G1y permanecer en estado de reposo durante dias, semanas o incluso afios si no recibe

estimulos mitogénicos.

La fase M (mitosis y citocinesis) es el proceso por el cual una célula progenitora lleva a
cabo su divisién dando como resultado dos células hijas con idéntico material genético. Esta fase
incluye la mitosis, a su vez dividida en: profase, metafase, anafase, telofase y la citocinesis,

que se inicia ya en la telofase mitética (Figura 6).

Figura 6. Fases del ciclo celular.

La duracién de las distintas fases del ciclo varia considerablemente de unos tipos
celulares a otros. Una célula que presenta una tasa alta de proliferacion en el ser humano
completa su ciclo celular en 24 horas; de ellas, 11 corresponderian a la fase G1,8aS,4a Gy

aproximadamente 1 a la fase M.

En contraste, algunas células del organismo no sufren divisiones a lo largo de su vida,
salen de la fase G1 para entrar en otra etapa del ciclo llamada Go en la que se mantienen
metabolicamente activas pero no se dividiran a menos que sean apropiadamente estimuladas

por sefiales extracelulares [2].
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Control del ciclo celular

El ciclo de division de una célula consiste en una secuencia de acontecimientos que se
repite de forma ordenada y constante. Nunca debe comenzar un proceso sin que el anterior se
complete, para ello existe todo un sistema de control que por diversos mecanismos asegura el

correcto paso de la célula de una fase a la siguiente.

Uno de estos mecanismos de control consiste en una serie de “frenos moleculares” que
detienen el ciclo en determinados puntos con el fin de explorar las condiciones celulares
externas e internas. Cuando dichas condiciones son favorables, la célula continlia su avance a
través del ciclo, en caso contrario, la progresion se detiene para dar tiempo a que cambie el
entorno celular o para que se produzca la reparacion de los defectos internos detectados. Estos
puntos son los “puntos de control”’, también conocidos como checkpoints. Actualmente se

conocen tres:

1) Al final de la fase G se encuentra el llamado punto de control de G1. En él se verifica
que la célula reciba el estimulo de factores de crecimiento necesarios para la activacién del ciclo,
que no haya defectos en el ADN que podrian transmitirse a las células hijas y que su tamafio es

el adecuado antes de que comience la fase S.

2) Otro punto de chequeo ocurre en la fase G2. Aqui se comprueba si la replicacion del

ADN se ha completado y si el tamafio celular es el adecuado para que comience la mitosis.

3) En la fase M existe un tercer punto de chequeo capaz de detener el ciclo en caso de

que los cromosomas no se encuentren adecuadamente alineados en el huso mitético.

La habilidad de las células normales para detener el ciclo celular después de sufrir un
dafio en el ADN, es crucial para el mantenimiento de la integridad gendmica. Un fallo en los

mecanismos de control del ciclo celular puede llevar a una proliferacion celular excesiva y como
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consecuencia a la aparicion de un tumor. El cancer resulta de multiples alteraciones en los genes
que controlan la proliferacién celular, la diferenciacién o la apoptosis. Existen dos grupos de
genes relacionados con el desarrollo del cancer: (a) los oncogenes, que son genes mutados y
cuya funcioén normal es estimular la proliferacion celular y (b) los genes supresores de tumores,

como p53, que restringen el crecimiento celular [3].

1.4. Muerte celular: apoptosis, necrosis/necroptosis y autofagia.

Existen diversos tipos de muerte celular dependiendo del mecanismo. A continuacién se

exponen los tipos de muerte celular mas comunes:

Apoptosis

La muerte celular programada o apoptosis, es el principal mecanismo de supresion
tumoral y en células no-malignas se desencadena como un mecanismo protector que elimina
células dafiadas, ya que de no ser asi resultarian perjudiciales para el organismo. Defectos en
vias de sefializacion que median dicho mecanismo de muerte celular pueden resultar en
enfermedades hiperproliferativas tales como el cancer [4, 5]. La apoptosis se caracteriza por la
contraccion celular, condensacion y fragmentacion nuclear, formacion de vesiculas
citoplasmaticas y finalmente, la separacion de los componentes celulares en cuerpos apoptéticos
(Figura 7) [6]. Este mecanismo de muerte celular ocurre principalmente por dos vias: la
intrinseca, en la que las sefiales de muerte surgen desde el interior de la célula y la extrinseca,
la cual involucra la activacion de receptores de superficie por sefiales de muerte extracelulares.
Ambas vias convergen en la activacion de unas proteinas efectoras denominadas caspasas, las

cuales conducen finalmente a la célula hasta su muerte [7].
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Necrosis/Necroptosis

La necrosis esta morfologicamente caracterizada por la permeabilizacion de la membrana
plasmatica, que provoca la ruptura y la dilatacién de los organulos citoplasmaticos, en particular

la mitocondria, y por la rapida perdida de los potenciales de membrana [8, 9].

La necroptosis es una forma particular de muerte celular programada, ya que esta
regulada genéticamente y sus principales caracteristicas son similares a la necrosis (Figura 7).
Esta forma de muerte celular también se asocia con especies reactivas de oxigeno (ROS) y a
diferencia de la apoptosis no implica la fragmentacién del ADN [10]. Esta via se caracteriza por
estar estimulada por el factor de necrosis tumoral, TNF-q, por la activacién de RIPK1 o RIPK3
(del inglés, Receptor-Interacting Protein Kinase) y la inhibicion previa de caspasas [11]. La

necroptosis puede ser inhibida por medio de la sustancia necrostatina-1.

La caracteristica fundamental que distingue la mayoria de las formas de necrosis de la
apoptosis es la rapida pérdida de los potenciales de membrana. Esto puede ser consecuencia de
deplecién de la energia celular, dafio en los lipidos de membrana y/o perdida de la funcion de

bombas idnicas o canales homeostaticos.

Autofagia

La autofagia es un proceso celular que se encarga de la degradacion y reciclaje de los
componentes celulares. Durante la autofagia, porciones del citosol incluyendo organulos
completos, son englobados en una doble membrana que se cierra para formar un autofagosoma
0 vacuola autofagica, que se fusionara con los lisosomas, permitiendo la digestién de los
componentes englobados (Figura 7). La autofagia tiene un papel fundamental en la obtencién de
nutrientes, y en la degradacion de orgdnulos dafiados, por lo que supone un mecanismo que

permite a las células sobrevivir en condiciones de estrés. La implicacién de la autofagia en
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cancer es un tema muy controvertido ya que existen estudios cientificos que la sefialan como un
fenomeno que promueve la muerte celular, mientras que ofros defienden que ayuda a la

supervivencia de las células tumorales [9].

Célula sana

Estimulo de muerte celular

Dafio celular
y
Niveles de ATP . Eemte
/ \ Oy @)
[ = {fo;}
\ \‘;! Y
Apoptosis Necroptosis
T Obtencion
energia

Degradacion de caspasa 8

Autofagia

Figura 7. Distintas vias de muerte celular: apoptosis, necrosis/necroptosis y autofagia (extraida y adaptada de Long
and Ryan, 2012).

1.5. Compuestos bioactivos naturales.

Los compuestos bioactivos son sustancias de origen animal o vegetal que influyen en la
actividad celular y en los mecanismos fisiolégicos, ejerciendo un efecto positivo en la salud de un

organismo.
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En las Ultimas décadas, los compuestos bioactivos han suscitado un gran interés desde el
punto de vista cientifico por sus potenciales beneficios sobre la salud, particularmente en la
prevencidn del cancer [12, 13] y enfermedades cardiovasculares [14, 15]. Muchos estudios han
demostrado una actividad antitumoral [16, 17], antiaterogénica [18, 19], antiinflamatoria [20, 21],
antimicrobiana [22], antioxidante [23] y analgésica [24] para este tipo de compuestos. Los

compuestos bioactivos de plantas se clasifican, segin su estructura quimica en dos grupos [25]:

> Compuestos resultantes del metabolismo primario. Procesos quimicos que intervienen
de forma directa en la supervivencia, crecimiento y reproduccion: glucidos, lipidos y
derivados de amino&cidos.

» Compuestos derivados del metabolismo secundario. No son esenciales, pero son
sintetizados como defensa o adaptacion al medio. Los grupos mas importantes son los
siguientes:

> Polifenoles
» Terpenoides
> Sustancias azufradas

» Sustancias nitrogenadas (alcaloides)

De estos cuatro grupos, los tres primeros son los que tienen mayor importancia como

constituyentes de las plantas, frutas y hortalizas con relevancia en la alimentacién humana.

Polifenoles: estructura y clasificacion

Los polifenoles son compuestos ampliamente distribuidos que presentan una estructura
molecular caracterizada por la presencia de uno o varios anillos fendlicos. Son productos
derivados del metabolismo secundario de las plantas y su biosintesis tiene lugar a través de dos
importantes rutas primarias: la ruta del acido siquimico y la ruta del acido malénico [26] (Figura
8). Se caracterizan por presentar uno o méas nucleos aromaticos sustituidos, como minimo, con
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un grupo hidroxilo que les confiere la propiedad de donar atomos de hidrogeno. Esta cualidad les
permite actuar como antioxidantes y desempefiar funciones fisiologicas en los vegetales [27].
Otros participan en funciones de defensa ante situaciones de estrés y estimulos diversos

(hidrico, luminoso, etc.).

co,
l Fotosintesis
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METABOLISMO SECUNDARIO DEL CARBONO

Figura 8. Elementos basicos del metabolismo primario y su relacion con el metabolismo secundario del carbono
(extraida y adaptada de Taiz, Lincoln y Zeiger, 2006).

Existen varias clases y subclases de polifenoles que se definen en funcion del nimero de
anillos fendlicos que poseen y de los elementos estructurales que presentan estos anillos. Como
muestra la Figura 9, los principales grupos de polifenoles son: dcidos fendlicos (derivados del

acido hidroxibenzoico o del &cido hidroxicinamico), flavonoides, estilbenos, y lignanos [28].
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Figura 9. Principales grupos de polifenoles (extraida y adaptada de Camara, Urrea y Schlege, 2013).

Terpenoides: estructura y clasificacion

Los isoprenoides, mas conocidos como terpenoides o terpenos, son un grupo de
productos naturales que incluyen todas aquellas sustancias quimicas que se sintetizan a partir
de dos rutas metabdlicas: la ruta del acido mevalénico y la ruta del metileritritol fosfato (Figura 8)
[29]. Otto Wallach en 1887 propuso la clasificacion de este grupo de compuestos atendiendo al
numero de atomos de carbono de los mismos (Tabla 2). Actualmente esa clasificacion es

reconocida a nivel mundial y seguida por cuantos trabajan con terpenoides.

Tabla 2. Clasificacion de terpenos segtin Wallach (1887).

Grupo N° de atomos de carbono N° de unidades de isopreno ‘

Hemiterpenos 5 1
Monterpenos 10 2
Sesquiterpenos 15 3
Diterpenos 20 4
Sesterterpenos 25 5
Triterpenos 30 6
Tetraterpenos 40 8
Politerpenos 5n n
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Los terpenos son los metabolitos secundarios que dan las caracteristicas organolépticas
(aroma y sabor) de las plantas y que constituyen la mayor parte del aceite esencial producido por
las plantas aromaticas. En dichos organismos los terpenos ejercen distintas funciones, las dos
principales son la proteccién frente a los insectos y animales herbivoros y la proteccidn contra las
temperaturas elevadas. Las plantas reaccionan produciendo terpenos en las zonas depredadas
por los insectos y los animales herbivoros y éstos actuan como compuestos amargos inhibiendo

la depredacion e incluso pueden actuar en algunos casos como insecticida.

Diterpenos

Los diterpenos son una gran familia de terpenoides que, segun las circunstancias, pueden
aparecer en los aceites esenciales junto con los monoterpenos y sesquiterpenos. Se trata de
compuestos con 20 atomos de carbono (4 unidades de isopreno), por lo que su peso molecular
es superior al de monoterpenos y sesquiterpenos, y su volatilidad menor. Pueden actuar, en
algunos casos, como sustancias repelentes y también como feromonas atrayentes de insectos

[30].

Triterpenos

Los triterpenos son compuestos con 30 &tomos de carbono (6 unidades de isopreno),
presentan so6lo un tipo de union y se unen de forma regular “cola-cola” para formar una

estructura simétrica, como el escualeno, precursor aciclico de este tipo de compuestos.

1.6. Estrés oxidativo y defensa antioxidante.

Los seres vivos se encuentran expuestos a un gran numero de agresiones originadas por
toda clase de estimulos, como las infecciones microbianas y virales, los agentes xenobioticos,
las toxinas provenientes de la dieta y la hipoxia, la mayoria de las cuales inducen la formacion de

moléculas oxidantes, conocidas como especies reactivas. Dentro de dichas moléculas cabe
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destacar las especies reactivas que derivan del oxigeno, ROS (del inglés, Reactive Oxygen
Species), del nitrogeno, RNS (del inglés, Reactive Nitrogen Species) y del cloro, RCS (del inglés,

Reactive Chlorine Species).

Cuando el aumento del contenido intracelular de ROS sobrepasa las defensas
antioxidantes de la célula, se produce el estrés oxidativo, a través del cual se induce dafio a
moléculas bioldgicas como lipidos, proteinas y acidos nucleicos. Por tanto, la capacidad de
adaptacion al estrés generado por el medio ambiente es un requisito indispensable para la

viabilidad celular y la supervivencia de los organismos.

Especies Reactivas de Oxigeno

El oxigeno, aunque es indispensable para la vida de los organismos aerobios, a altas
concentraciones o bajo ciertas condiciones llega a ser toxico. La toxicidad del oxigeno se puede
explicar por la aparicion de las ROS, que se forman de manera natural como subproducto del
metabolismo normal del oxigeno. Son generalmente moléculas muy pequefias altamente
reactivas debido a la presencia de una capa de electrones desapareados. Las principales ROS

son:

a) Las que se producen por la ruptura o excitacién del oxigeno molecular: oxigeno

atémico (O), ozono (O3) y oxigeno singlete ('0y).

b) Las parcialmente reducidas: anién superdxido (O2™), perdxido de hidrogeno (H20;) y

radical hidroxilo ("OH).
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Las especies parcialmente reducidas de oxigeno se producen por la adicién sucesiva de
electrones a la molécula de oxigeno en un proceso que se conoce como reduccion univalente
(Figura 10). Para su total reduccién a agua, el oxigeno es capaz de aceptar uno a uno, hasta

cuatro electrones.

‘OH —= & H,0
+e - e +e H*
0 ——» 0" ——» Hy0, _<:
2H* OH- Agua
Dioxigeno Anion Peroxido de o
superoxido hidrogeno Radical hidroxilo

e ion hidroxido

Figura 10. Reduccién univalente del oxigeno.

A pesar de la capacidad de los compuestos bioactivos de proteger a las células del estrés
oxidativo, existe una evidencia cada vez mayor de su poder prooxidante y por tanto de su posible
citotoxicidad [31]. EI mismo compuesto podria comportarse como antioxidante o prooxidante,

dependiendo de la concentracion y la fuente de ROS [31-33].

El tratamiento de células con dichos compuestos puede venir acompafiado de un aumento
de niveles de ROS intracelular, por la apertura de los poros de la transicion de la permeabilidad
mitocondrial (mPTP), la liberacion de citocromo C, la activacion de caspasas, el aumento de p21
y de muerte por apoptosis [31, 34-40], aumento de la peroxidacién lipidica y muerte por necrosis
[41, 42]. Por lo tanto, mientras que niveles bajos de ROS pueden provocar la aparicion de
mutaciones y neoplasias, niveles altos de ROS pueden provocar el efecto inverso, provocando

una inhibicién del crecimiento, senescencia, apoptosis o necrosis (Figura 11) [43-45].
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Figura 11. Relacion dosis-efecto dependiente entre el nivel de estrés oxidativo y la promocién del proceso de
tumoracion, mutagénesis y el proceso de apoptosis/necrosis (extraida y adaptada de Valko, 2006).

Mecanismos de defensa antioxidante

Las células han desarrollado programas dindmicos para luchar contra el estrés oxidativo
causado por las moléculas oxidantes y electréfilas. Los mecanismos de defensa se pueden
clasificar principalmente en dos grupos: endégenos y exoégenos. En el grupo de los
mecanismos enddgenos cabe destacar los sistemas antioxidantes enzimaticos, la superoxido
dismutasa (SOD), la glutation peroxidasa (GPx) y la catalasa (CAT) y como no enzimatico
destaca el glutation (GSH). Respecto a los antioxidantes exdgenos, que ingresan al organismo
solo a través de la dieta, destacarian compuestos como la vitamina C, vitamina E, carotenoides y

polifenoles [46].

Recientemente se ha observado que algunas enzimas antioxidantes forman parte de las

reacciones de fase Il utilizadas en biotransformacion de agentes xenobidticos para su excrecion:

» En la fase I, en la cual participan enzimas que metabolizan carcindgenos y xenobidticos

(principalmente enzimas de la familia de los citocromos P450) se llevan a cabo reacciones de
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oxido-reduccion que introducen o exponen grupos funcionales en dichas moléculas, para
hacerlas un poco mas polares [47].

» Por otro lado, las reacciones de fase Il son las que continGian con las acciones que ocurrieron
durante la fase I, reducen la electrofilicidad de los metabolitos carcindgenos y xenobidticos
modificados mediante su conjugacion enzimatica con ligandos enddgenos, como pueden ser
el glutation (GSH) y el acido glucurénico [48] y convierten estas moléculas en polares para
que puedan ser excretadas. El glutation (GSH) es un tripéptido de acido glutamico, cisteina y
glicina, y sirve como antioxidante al ser susceptible de reaccionar con radicales libres 0 ROS

debido a su grupo sulfhidrilo.

El elemento de respuesta antioxidante ARE

La induccion coordinada de los genes que codifican las enzimas de fase Il protege a las
células contra el dafio generado por el estrés oxidativo. El analisis gendmico de las secuencias
de los promotores de genes de fase Il ha revelado que coinciden en una secuencia especifica de
union llamada Elemento de Respuesta Antioxidante, ARE (del inglés, Antioxidant Response
Element), que puede ser activada por diversos compuestos oxidantes de naturaleza quimica

diversa.

Factor de transcripcion Nrf2

El factor de transcripcion Nrf2 (del inglés, nuclear factor-erythroid 2-related factor-2) regula
la expresion inducible de numerosos genes relacionados con enzimas detoxificantes y
antioxidantes, mediante su union al elemento de respuesta antioxidante ARE. La activacion del
factor Nrf2 se encuentra constitutivamente reprimida debido a su unién con una proteina
citoplasmatica llamada Keap1 (del inglés, Kelch-like ECH associated protein 1) y al citoesqueleto

(Figura 12).
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Investigaciones mas recientes ponen en evidencia que la activacion de Nrf2 ocurre
mediante mecanismos mas complejos que su simple liberaciéon de Keap1. En el modelo mas
aceptado actualmente, denominado “Modelo de cierre y bisagra”, se determin6 que en ausencia
de estrés celular la vida media de Nrf2 es muy corta (10-30 minutos), por lo que sus niveles en
los tejidos son bajos. El uso de inhibidores del proteasoma indica que la degradacién de Nrf2

ocurre mediante la via de la ubiquitina-proteasoma [47].

La primera evidencia del papel de Nrf2 en proteccién contra estrés oxidativo proviene del
estudio de Venugopal y Jaiswal en 1996, en el que se demostrd que la sobreexpresion del cADN
de Nrf1 y Nrf2 aumentaba la expresién de NQO1 en respuesta a antioxidantes y xenobioticos
[49]. El papel de Nrf2 se confirmé cuando se obtuvieron los primeros ratones genéticamente
modificados y carentes de este factor (Nrf2-/-). Los ratones Nrf2-/- tuvieron un desarrollo
aparentemente normal, por lo que se descartd que Nrf2 fuera esencial para la eritropoyesis
murina, el crecimiento o el desarrollo. Sin embargo, estos ratones no podian inducir la expresion
de los genes responsables de la detoxificacion de agentes carcindgenos y de proteccion contra
el estrés oxidativo, en particular los genes de fase Il antes mencionados, como los que codifican
para las enzimas NQO1 (quinona oxidorreductasa 1), GCL (glutamato-cisteina ligasa), GST

(glutation S-transferasa) y HO-1 (hemo oxigenasa 1) [50].

En estudios recientes se ha demostrado que Nrf2 también contribuye a la actividad del
proteasoma 26S, lo cual confirma la importante participacion de este factor Nrf2 en la proteccion

contra el estrés oxidativo y los xenobidticos.
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Figura 12. La via Nrf2-Keap1. El factor de transcripcion Nrf2 juega un papel central en la expresion de genes
citoprotectores en respuesta al estrés oxidativo presente en las células.

Keap1 (del inglés, Kelch-like ECH-associated protein 1) es una proteina citoplasmatica esencial para la regulacién
de Nrf2. En condiciones basales, Nrf2 se asocia a la proteina Keap1, que lo marca para degradacion por la via
ubiquitina-proteasoma (extraida y adaptada de Taguchi, Matohashi y Yamamoto, 2011).

1.7. Potencial de Membrana Mitocondrial (A¥m).

Las mitocondrias son organulos intracelulares presentes en todas las células eucariotas.
Estan encargados de suministrar la mayor parte de la energia necesaria para la actividad celular,
sintetizan ATP a expensas de glucosa, acidos grasos y aminoacidos por medio de la fosforilacidn
oxidativa [51]. Poseen un sistema de doble membrana, una externa y una interna, que separan
tres espacios bien definidos: el citosol, el espacio intermembrana y la matriz mitocondrial

(Figura 13).
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Figura 13. Estructura y principales compartimentos de una mitocondria.

El potencial de membrana mitocondrial se define como el gradiente electroquimico de
protones a través de la membrana mitocondrial interna, provocado por la energia que se obtiene
mediante la transferencia de electrones a lo largo de la cadena transportadora para bombear
protones desde la matriz mitocondrial hacia el espacio intermembrana. La alteracion de la
cadena de transporte de electrones, dando lugar a la pérdida de potencial de membrana
mitocondrial es un mecanismo responsable en la generacidén de ROS [52]. Por este motivo, la
mitocondria se considera una fuente muy importante de ROS y juega un importante papel en la

regulacion del estrés oxidativo intracelular.

El dafio oxidativo mitocondrial juega un papel critico en la muerte celular y en la
regulacion, tanto de la apoptosis como de la necrosis [53]. La permeabilizacion de la membrana
mitocondrial y liberacién de proteinas al espacio intermembrana son caracteristicas importantes

de estos dos mecanismos.
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1.8. Biodisponiblidad de los compuestos bioactivos.

Los compuestos bioactivos que han demostrado un posible papel en la prevencion de
ciertas enfermedades en estudios llevados a cabo in vitro, s6lo podran ser efectivos si alcanzan
los tejidos donde han de ejercer su accidn en concentraciones suficientes para tener un efecto
bioldgico. Es por tanto esencial conocer la absorcion, la distribucion y el metabolismo de estos

compuestos en el organismo mediante estudios de su biodisponibilidad en modelos in vivo.

Segun la FDA, biodisponibilidad se define como la velocidad y cantidad a la cual un
farmaco o compuesto activo, absorbido a partir de la forma de dosificacion que lo contiene, se

hace disponible en el lugar de accion.

Absorcién y metabolismo

Ademas de la estructura quimica que presentan los compuestos bioactivos y la naturaleza
de la matriz donde se encuentran, otros factores que influyen en la actividad biologica, es su

absorcion y metabolismo tras la ingesta [54].

La mayoria de estos compuestos se encuentran en los alimentos en forma de ésteres,
glucosidos o polimeros que no pueden ser absorbidos directamente en el intestino. Para ello
deben ser previamente hidrolizados por enzimas intestinales o por la microflora del colon. De
todos los compuestos, sdlo las agliconas son capaces de atravesar las membranas biologicas
por ser altamente lipofilicas, por lo tanto, los compuestos bioactivos son conjugados en el
intestino e higado mediante reacciones de metilacion, glucuronidacién, sulfatacién, o sus

combinaciones [59].
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Transporte en sangre de compuestos fenélicos

Los compuestos conjugados son transportados en el plasma a los distintos tejidos y
organos, principalmente unidos a albimina. Como consecuencia de estos procesos, las formas
que se encuentran en el plasma y en los tejidos son muy distintas de las que estan presentes en
los alimentos, y esto dificulta la tarea de identificacion de los metabolitos y la evaluacién de su

actividad bioldgica [56].

Muchos estudios han llegado a la conclusién de que la biodisponibilidad de la mayoria de
dichos compuestos no es excesivamente alta debido a factores tales como baja absorcion, la
inestabilidad, el metabolismo o la transformacion sufrida por la microbiota intestinal [57]. A pesar
de su escasa biodisponibilidad, hay estudios que demuestran que muchos compuestos

bioactivos presentan actividad a bajas concentraciones en plasma [58].
1.9. Extracto de Rosmarinus officinalis L. como fuente de compuestos bioactivos

La planta Rosmarinus officinalis L., el romero, fue identificada por Linneo en 1753.
Etimolégicamente, se piensa que el origen del término proviene de la unién de las palabras
griegas, “‘rhos”, arbusto y “myrinos’, arématico, las cuales concuerdan perfectamente con las
caracteristicas de la planta. Por otra parte, el origen del nombre especifico “officinalis” pone de

manifiesto su aplicacion como planta medicinal.

Es una especie del género Rosmarinus de la familia Lamiaceae, cuyo habitat natural es la
region mediterranea, sur de Europa y norte de Africa [59]. Es un arbusto aromatico, lefioso, de
hojas perennes, muy ramificado y puede llegar a medir dos metros de altura. Sus flores son de
unos 5 mm de largo, aromaticas y tienen un color violeta palido, rosa o blanco. Se suelen

localizar en la cima de las ramas (Figuras 14 y 15).
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Figura 14. Planta de romero en floracion.
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Figura 15. Detalle del tallo, flor y hoja de Rosmarinus officinalis L.
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Respecto a su composicion quimica, cabe destacar la presencia de flavonoides
(apigenina, diosmetina, diosmina, hispidulina, luteolina y cirsimaritina), acidos fendlicos
(cafeico, clorogénico, labiatico, neoclorogénico y rosmarinico), diterpenos (acido carnosico,

carnosol, rosmanol y rosmadial) y triterpenos (4cido ursélico y betulinico) (Figura 16) [59, 60].

Flavonoides Acidos fendlicos
°HD/\vLo/b©:W WDMOH
Apigenina Diosmetina Acido rosmarinico Acido cafeico
Diterpenos Triterpenos

H
Hy

HC  C

Acido camésico Carnosol Acido ursalico Acido betulinico

Figura 16. Principales familias de compuestos presentes en el extracto de romero.

En las ultimas décadas, la investigacion ha confirmado el potencial farmacolégico del
romero y de sus principales compuestos. Se ha demostrado que extractos de dicha planta
presentan un efecto preventivo para el cancer [61], ademas de propiedades hepatoprotectoras

[62], antimicrobianas [63, 64], antitumorales [59, 65, 66] y un alto poder antioxidante [23].

Respecto a sus principales compuestos, cabe destacar la actividad biologica del diterpeno
acido carnosico, el cual presenta actividad antitumoral inhibiendo la proliferacién, migracion y
adhesion en células de cancer colorrectal [67], induciendo apoptosis en células de cancer renal

[68] e inhibiendo la transicidn epitelio-mesenquimal en melanoma [69].
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Los estudios llevados a cabo por Kim et al. demostraron que el tratamiento con &cido
carnésico provoca una disminucién en la viabilidad celular de la linea celular humana de cancer
colorrectal HCT116, mediada por la apoptosis causada por la generacién excesiva de ROS, la
induccion de los genes p53 y Bax y la activacion de caspasas 3 y 9. Ademas, se produjo la
escisién de PARP (del inglés, Poly (ADP-Ribose) Polymerase) y la inhibicion de la via de
sefializacion STAT3 (del inglés, Signal Transducer and Activator of Transcription 3) [70]. Dicho
grupo de investigacion, también demostrd que el acido carnésico inhibe la proliferacion celular de
la linea celular de cancer de colon HT-29 en co-cultivo con adipocitos 3T3-L1, bloqueando el

ciclo celular e induciendo apoptosis [71].

Por otra parte, el diterpeno carnosol ademas presenta un efecto preventivo en la
formacion del cancer [72]. Varios estudios han demostrado que dicho diterpeno muestra un
efecto citostatico y citotdxico, bloqueando el ciclo celular e induciendo apoptosis,
respectivamente [73, 74]. Dentro del grupo de los triterpenos cabe destacar la actividad
antitumoral del acido ursolico, inhibiendo la proliferacion celular por apoptosis, aumentando los
niveles de ROS intracelular y alterando el potencial de membrana mitocondrial en células de
cancer de mama [75].

1.10. Extraccion por Fluidos Supercriticos (FSC), una técnica optimizada para la
obtencion de extractos enriquecidos en compuestos bioactivos.

En los ultimos afios, se han empleado diferentes técnicas de extraccion para obtener
extractos de romero con una alta actividad bioldgica, entre las que destacan las extracciones con
disolventes convencionales [76, 77] y por ultrasonidos [78]. Otros métodos de extraccion tales
como la hidrodestilacién o la hidrodifusion por microondas también se han aplicado para obtener
aceite esencial de romero [79]. A pesar de que estas técnicas son capaces de proporcionar
extractos con un alto contenido en compuestos bioactivos, actualmente, se prefieren tecnologias

mas respetuosas con el medio ambiente y mas selectivas.
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Entre ellas destaca la extraccion por fluidos supercriticos (FSC), la cual se caracteriza por
una tecnologia innovadora, limpia y respetuosa con el medio ambiente que suscita un gran
interés por la extraccion de aceites esenciales 0 compuestos bioactivos a partir de una matriz
vegetal [80]. Un fluido supercritico se define como cualquier sustancia que se encuentra en
condiciones de presion y temperatura superiores a su punto critico, es decir, que puede difundir

como un gas y disolver sustancias como un liquido (Figura 17).

El FSC més utilizado es el didxido de carbono (CO2) por poseer una serie de ventajas
como una presion critica (72,90 bar) y temperatura critica (31,05°C) moderadas, un alto poder
disolvente, no ser toxico ni inflamable, ser relativamente econémico vy, particularmente en las
aplicaciones alimentarias, por ser un fluido permitido en los alimentos y ser reconocido como
GRAS (del inglés, Generally Recognized as Safe). El principal inconveniente que presenta el
empleo de CO, en FSC es su baja polaridad, lo que dificulta la solubilizacién de las sustancias
polares. Diversos autores han estudiado las diferencias entre los extractos de romero extraidos
por fluidos supercriticos, los extractos obtenidos mediante disolventes convencionales (etanol y
hexano) y/o mediante hidrodestilacion, concluyendo que los extractos supercriticos, en general,

presentan mejores actividades bioldgicas que los obtenidos por técnicas convencionales [81].
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Figura 17. Diagrama de fases de una sustancia.
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Respecto a los usos mas frecuentes de dicha técnica se encuentra el sector de la industria
alimentaria, principalmente para la obtencion de compuestos naturales, extraccion de aceites y

aromas esenciales.

El potencial de la técnica de extraccion por FSC para extraer compuestos bioactivos de
matrices naturales ya se ha demostrado con diferentes plantas [82, 83]. Existen varios estudios
que demuestran que dicha técnica permite obtener extractos con alto poder antioxidante [84-87],
con actividad antimicrobiana [88, 89], efecto antiinflamatorio [90] e incluso actividad antitumoral

[59, 91].
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Hipotesis de Partida y Objetivos

Estudios preliminares realizados por el grupo de investigacion donde se ha desarrollado la
presente Tesis Doctoral han evidenciado el efecto antiproliferativo/citotéxico de extractos de
romero enriquecidos en terpenoides y obtenidos por fluidos supercriticos en modelos de células
de adenocarcinoma de colon [92]. Estos resultados motivan a profundizar en el estudio tanto del
efecto antiproliferativo como de su mecanismo accién con el objetivo de desarrollar ingredientes
con capacidad quimiopreventiva con posibles aplicaciones en los sectores de la alimentacion
funcional, los nutracéuticos y el sector farmacéutico. Dado lo comentado anteriormente, se
plantea como objetivo principal de la presente Tesis Doctoral el estudio de la capacidad
antiproliferativa de un extracto de romero enriquecido en compuestos bioactivos,
utilizando modelos in vitro e in vivo de cancer colorrectal humano. Para el desarrollo de

este objetivo principal se han planteado los siguientes objetivos especificos:

1. Comparar el efecto antiproliferativo/citotoxico del extracto de romero en lineas tumorales
de cancer de colon frente al de sus compuestos mas abundantes.

2. ldentificar los compuestos del extracto de romero potencialmente responsables de la
actividad antiproliferativa/citotoxica en los modelos celulares objeto de estudio.

3. Caracterizar los mecanismos que median la muerte celular inducida por el extracto de
romero en lineas tumorales humanas de colon.

4. Determinar la actividad del extracto de romero en un modelo in vivo basado en
xenotransplantes de células de adenocarcinoma de colon humano en ratones
inmunodeprimidos y determinar su toxicidad oral aguda en ratas.

5. Estudiar la absorcion y la permeabilidad in vitro de los compuestos del extracto de romero
administrado de forma libre y liposomado empleando monocapas de células intestinales

Caco-2.
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3.1. Lineas celulares.

En este trabajo se han empleado diferentes lineas celulares de adenocarcinoma de colon.
Para determinar el efecto antitumoral se emplearon las lineas celulares HGUE-C-1, HT-29 y
SW480. Ademas, se empled la linea de céncer colorrectal Caco-2 para realizar ensayos de

absorcion in vitro.

Linea celular HGUE-C-1

La linea celular HGUE-C-1 es una linea establecida a partir de cultivo primario, que
presenta quimiorresintencia a los farmacos 5-fluorouracilo e Irinotecan. Las células fueron
obtenidas en el afio 2003 a partir de derrame ascitico de un paciente de 76 afios con cancer de

colon [93] en el Hospital General Universitario de Elche.

Linea celular HT-29

La linea celular HT-29 es una linea establecida a partir de un tumor extirpado procedente
de una mujer caucasica de 44 afios que presentaba fenotipo de adenocarcinoma de colon
humano moderadamente diferenciado de grado Il. Esta linea presenta morfologia epitelial, una
mutacién en el gen p53, es positiva para la expresion de los oncogenes c-myc, K-ras, H-ras, N-

ras y Myb y no expresa p21.

Linea celular SW480

La linea celular SW480 fue aislada de un tumor primario de colon de un hombre caucasico
de 50 afios. Presenta morfologia epitelial y mutaciones en los oncogenes c-myc, K-ras, H-ras, N-

ras, myb, sis y fos.
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Linea celular Caco-2

La linea celular Caco-2 proviene de células epiteliales humanas de adenocarcinoma
colorrectal de un hombre caucasico de 72 afios. Presenta morfologia epitelial y mutaciones en

los oncogenes p53 y K-ras.

3.2. Condiciones de cultivo.

Para todas las lineas celulares excepto para la linea Caco-2 el medio de cultivo utilizado
fue DMEM (del inglés, Dulbecco’s Modified Eagle’s Medium) suplementado con glutamina
estable, 5% de suero fetal bovino (SFB) y 50 U/mL de penicilina/estreptomicina. Para la linea
celular Caco-2, el medio de cultivo fue suplementado con un 10% de SFB, 1% de HEPES y 1%

de aminoacidos no esenciales (reactivos obtenidos de Gibco).

3.3. Extracto de romero.

El extracto de romero (ER) se obtuvo a partir de las hojas secas de la planta de romero
adquiridas de la Herboristeria Murciana (Murcia, Espafia). La extraccion se realizd mediante un
sistema de fluidos supercriticos (FSC) (Suprex Prep Master, Suprez Corporation, Pittsburg, PA,
USA). El flujo de CO; fue de 60 g/min y las condiciones de extraccion fueron 150 bares y 40°C
con un 7% de etanol [94]. A continuacion, el disolvente se evaporé utilizando un Rotavapor R-
210 (Buchi Labortechnik AG, Flawil, Suiza). Para la realizacién de los experimentos in vitro se
prepard una disolucion madre o stock en el disolvente méas apropiado, en este caso,
dimetilsulfoxido (DMSO) para biologia molecular (Sigma-Aldrich, Espafia). A partir de la
disolucién madre se obtuvieron las concentraciones empleadas en los ensayos y como condicion
control (0) se utilizaron cultivos celulares en presencia de la maxima concentracion de disolvente

requerido para los compuestos o0 extracto de romero (0,2% de DMSO).
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3.4. Aislamiento y purificacion de compuestos presentes en el extracto de romero
mediante cromatografia semi-preparativa.

La purificacion de los compuestos presentes en el extracto de romero se realizé mediante
un sistema de cromatografia liquida de alta resolucion (HPLC) semi-preparativa. Para ello, se
utilizd un sistema HPLC Gilson GX 281 (Gilson, Middleton, Estados Unidos), equipado con una
bomba binaria modelo 331/332, un inyector automatico, un detector DAD modelo 171/172 y un
colector de fracciones modelo GX-281. El extracto de romero se disolvi6 en DMSO a una
concentracién de 50 mg/mL vy filtrado a través de filtros de 0,45 um de tamafio de poro. La

separacion se llevo a cabo mediante una columna Supelco Ascentis C-18, 10 um de tamafio de

particula, y dimensiones 21,2 x 250 mm.

Las fases moviles utilizadas fueron como fase A, 0,1% de acido férmico en agua, y B,
acetonitrilo. El gradiente empleado fue: 0 min, 5% de B; 10 min, 45% de B; 20 min, 55% de B; 26
min, 60% de B; 46 min, 73% de B; 50 min, 80% de B; 55 min, 100% de B; y 60 min, 5% de B. La
velocidad de flujo fue de 15 mL/min y el volumen de inyeccién 1 mL. Los compuestos aislados se
monitorizaron mediante UV-Vis a una longitud de onda de 280 nm. Las fracciones se colectaron
en intervalos de tiempo de 1 minuto, obteniendo un total de 60 fracciones, las cuales se secaron
mediante nitrogeno gaseoso (N2) y en oscuridad y conservadas a -80°C hasta su posterior

analisis por HPLC-MS.

3.5. Analisis del extracto de romero y sus fracciones mediante HPLC-ESI-QTOF-MS.

El extracto de romero y las fracciones obtenidas por HPLC semi-preparativa se analizaron
mediante HPLC-ESI-QTOF-MS. El extracto se disolvio en etanol a una concentracién de 0,8 y 5
mg/mL mientras que las fracciones se disolvieron en DMSO a una concentracion de 0,1 mg/mL.
A continuacion, todas las muestras se filtraron a través de filtros de jeringa de acetato de

celulosa de 0,45 um de tamafio de poro.
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Para el andlisis de estas muestras se utilizé un cromatégrafo de liquidos UPLC Acquity
(Waters, Milford, MA, Estados Unidos) equipado con un compartimento de muestras
termostatizado, una bomba binaria y un desgasificador, acoplado a un espectrometro de masas
microTOF Q-II (Bruker Daltonik, Bremen, Alemania). La columna empleada para la separacion
de los compuestos fue una Zorbax Eclipse Plus C-18, de dimensiones 4,6x150 mm y tamafio de
particula de 1,8 um. Las fases méviles utilizadas fueron como fase A 0,1% de &cido férmico en
agua y como fase B acetonitrilo. El gradiente empleado fue: 0 min, 5% de B; 5 min, 40% de B; 10
min, 60% de B; 30 min, 95% de B; y 32,5 min, 5% de B. La velocidad de flujo fue de 0,8 mL/miny

el volumen de inyeccidn 5 pL.

La deteccién mediante espectrometria de masas se realizd6 en modo de ionizacién
negativo con un rango de masas de 50-1100 m/z y con un voltaje capilar de +4 kV. Los
parametros optimos para el analisis por ESI-QTOF fueron los siguientes: temperatura, 210°C;
flujo gas nebulizador, 9 L/min; presién gas nebulizador, 2 bar; funnel 1 RF, 150 Vpp; funnel 2 RF,
200 Vpp; Hexapolo RF, 100 Vpp; tiempo de transferencia, 70 ps; y almacenamiento pre-pulso, 7
s. La cuantificacion de los compuestos se llevo a cabo con los siguientes patrones comerciales:
camnosol, diosmetina, apigenina y &cidos carndsico, ursolico y rosmarinico. El resto de
compuestos fueron cuantificados a partir de compuestos con alta similitud estructural. Los
compuestos rosmanol y sus isdmeros epiisorrosmanol y epirrosmanol, la miltipolona, el
rosmadial y el rosmaridifenol fueron cuantificados a partir del patron carnosol. La hinoquiona y el
acido 12-metoxicarnosico fueron cuantificados con acido carnésico. La anemosapogenina y los
acidos augustico, bentamico, micromérico y betulinico fueron cuantificados como &cido ursélico.
Finalmente, la cirsimaritina fue cuantificada con la genkwanina, el (9)-shogaol mediante el acido
rosmarinico y la hispidulina y el crisiliol fueron cuantificados con la diosmetina. La adquisicién y
andlisis de los datos se llevd a cabo mediante el programa informético Data Analysis 4.0 (Bruker

Daltonik, Bremen, Alemania).
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3.6. Determinacion de la viabilidad celular.

Para determinar el efecto que ejercen los compuestos puros o el extracto de romero en la
viabilidad celular se realizd el ensayo de MTT (bromuro de 3-(4,5-dimethylthiazol-2-il)-2,5-
difeniltetrazolio). Este método se basa en la reduccién de la sal de tetrazolio MTT de color
amarillo y soluble en agua, en cristales de formazan purpura insolubles en agua. Esta reaccién
solo ocurre en células viables y es catalizada por la enzima mitocondrial succinato
deshidrogenasa (Figura 18). El formazan es solubilizado en DMSO vy la densidad optica del
material resultante se mide espectrofotométricamente, siendo la absorbancia proporcional a la
concentracién de la tincién y correlacionandose esta con el nimero de células metabdlicamente

viables en el cultivo.
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Br

Bromuro de 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazolio 1-(4,5-dimetiltiazol-2-il)-3,5-difenilformazan
(MTT) (Formazan)

Figura 18. Reduccién del reactivo MTT mediante la enzima mitocondrial succinato deshidrogenasa a formazan.

Las células fueron sembradas a una densidad de 5x103 células por pocillo en placas de 96
pocillos y tratadas con los diferentes compuestos o el extracto de romero segun las condiciones
del ensayo. Una vez finalizado el tratamiento se agregé una solucién del reactivo MTT disuelto
en medio de cultivo completo (250 pg/mL) y se incub6 durante 3-5 horas a 37°C y 5% de CO..
Pasado este tiempo, se retird el contenido de los pocillos y se afiadieron 100 puL de DMSO por
pocillo para resuspender los cristales de formazan. Las placas se mantuvieron durante 15

minutos en agitacion a temperatura ambiente y posteriormente se midio la absorbancia a 570 nm
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en un lector de placas SPECTROstar Omega (BMG LabTech GmbH, Offenburg, Alemania),

empleando la absorbancia a 620 nm como referencia.
3.7. Andlisis del ciclo celular.

El andlisis del ciclo celular se realizé mediante el estudio del contenido de ADN de las
células, ya que éste varia en funcion de la fase del ciclo celular en la que se encuentren. Para
ello se marcé el ADN con la sonda fluorescente yoduro de propidio, la cual se intercala entre los
acidos nucleicos de las células, emitiendo distinta intensidad de fluorescencia en funcién de su
contenido de ADN. Las células que se encuentran en la fase Go/M del ciclo celular y, por lo tanto,
han duplicado su material genético, dan lugar a una sefial de fluorescencia cuya intensidad
duplica a la de las células que se encuentran en fase Gi. La sefial de las células que se
encuentran en fase S (sintesis) se encuentra comprendida entre las que emiten las células de G+
y Go/M. Por ofra parte, las células apoptoéticas (fase Sub-G+) presentan fragmentacion del ADN y

emiten menor fluorescencia que las que tienen el ADN integro (Figura 19).
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Figura 19. Perfil del ciclo celular obtenido mediante el marcaje de ADN con sondas fluorescentes.
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Las células fueron sembradas a una densidad de 1,5x105 células por pocillo en placas de
6 pocillos y tratadas con el extracto de romero a diferentes concentraciones (10-40 pg/mL)
durante 24 horas. Una vez finalizado el tratamiento, las células se tripsinizaron, se lavaron con
tampon fosfato salino (PBS) y se fijaron con etanol frio al 75% al menos 1 hora a -20°C. Tras la
fijacion, las células se lavaron con PBS, se centrifugaron y se procedio al marcaje fluorescente
del ADN afadiendo 200 pL del reactivo Muse Cell Cycle Kit (Millipore, Hayward, CA, Estados
Unidos), incubando durante 30 minutos a temperatura ambiente y en oscuridad. A continuacion,
se determing la distribucién de las fases del ciclo celular mediante la adquisicién de los datos de
fluorescencia empleando la tecnologia del equipo Muse Cell Analyzer (Millipore, Hayward, CA,

Estados Unidos) (Figura 20).

Figura 20. Equipo Muse Cell Analyzer.

3.8. Deteccion de apoptosis mediante Anexina-V.

La pérdida de la asimetria de membrana es un fenémeno esencial en el proceso
apoptético. Las células que estan sufriendo apoptosis se pueden detectar marcando las células
con Anexina-V, ya que esta proteina se une a los restos de fosfatidilserina (FS), que en situacién
normal no son accesibles, pero que, durante el proceso de apoptosis, son expuestos al exterior

por la pérdida de asimetria de la membrana celular.
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Para distinguir las células de una situacion necrética, que también serian marcadas con la
Anexina-V, se afiade la sonda 7-aminoactinomicina D (7-AAD), la cual entra en las células que
han perdido la integridad de la membrana tal y como ocurre en las células necréticas. Si
observamos un gréfico de resultados tipo, en el eje X aparece la fluorescencia de la Anexina-V'y
en el eje Y aparece la fluorescencia correspondiente a la sonda 7-AAD. De esta manera, segun
el cuadrante en el que se encuentre la poblacion celular, se presentara una de las siguientes

situaciones:

= Cuadrante inferior izquierdo: células viables (no unen Anexina-V y excluyen 7-AAD).

= Cuadrante inferior derecho: células en apoptosis temprana (unen Anexina-V y excluyen 7-
AAD).

= Cuadrante superior derecho: células en apoptosis tardia o necréticas (unen Anexina-V e
incorporan 7-AAD).

= Cuadrante superior izquierdo: células necroticas o0 en necrosis secundaria (no unen

Anexina-V e incorporan 7-AAD) (Figura 21).

Necrosis Apoptosis tardia/
Necrosis

0 Células.wgbies' IApoptosisl temprana
0 1 2 3 4
Viabilidad Anexina-V Apoptosis

Figura 21. Distribucidn de la poblacion celular segun el ensayo Anexina V-7-AAD.
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Las células fueron sembradas a una densidad de 1,5x10% células por pocillo en placas de
6 pocillos y tratadas con el extracto de romero a diferentes concentraciones (10-40 pg/mL)
durante 24 horas. Una vez finalizado el tratamiento, las células se tripsinizaron, se lavaron con
PBS, se afiadieron 200 pL del reactivo Muse Annexin V & Dead Cell Kit (Millipore, Hayward, CA,
Estados Unidos) y se incubaron durante 20 minutos a temperatura ambiente y en oscuridad. A
continuacion, se determind el porcentaje de apoptosis mediante la adquisicién de los datos de
fluorescencia empleando la tecnologia del equipo Muse Cell Analyzer (Millipore, Hayward, CA,

Estados Unidos).
3.9. Determinacion de la integridad de la membrana plasmatica.

La muerte celular o citotoxicidad fue determinada mediante la evaluacién de la actividad
de la enzima lactato deshidrogenasa (LDH), una enzima estable, presente normalmente en el
citosol de todas las células, la cual es liberada rapidamente al exterior cuando existe dafio celular
[95]. Para ello, se empled el kit de citotoxicidad LDH (Roche Diagnostics GmbH, Mannheim,
Alemania), que permite la medicién de la actividad de la enzima LDH utilizando una mezcla de
reactivos que contiene L-lactato, NAD*, diaforasa y la sal de tetrazolio INT (cloruro de iodo-
nitrotrifenil tetrazolio). Como muestra la Figura 22 la LDH cataliza la reduccion de NAD* a NADH
en presencia de L-lactato. Esta formacién de NADH se puede medir mediante una reaccion
acoplada, en la que la sal de tetrazolio INT se reduce a un producto de formazan rojo, que se
puede medir por espectrofotometria [96].

~ \
~
-~

~

S~ . Piruvato NADH
/ Diaforasa
———
Dafio membrana celular L-lactato NAD* Formazan

Figura 22. Reduccion de NAD* a NADH mediante la enzima LDH.
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Las células fueron sembradas a una densidad de 5x103 células por pocillo en placas de 96
pocillos y tratadas con el extracto de romero a diferentes concentraciones (10-40 pg/mL) durante
24 horas. Una vez finalizado el tratamiento, se aspiraron 100 uL de sobrenadante y se
transfirieron a otra placa. A continuacion, se realizé el ensayo de actividad LDH segun el
protocolo descrito por el fabricante. Las placas se mantuvieron durante 15 minutos en oscuridad
y posteriormente se midio la absorbancia en un lector de placas SPECTROstar Omega (BMG
LabTech GmbH, Offenburg, Alemania) a 492 nm, empleando la absorbancia a 600 nm como

referencia. El porcentaje de citotoxicidad fue calculado mediante la siguiente formula:

valor experimental - control negativo
control positivo - control negativo

- 100

Citotoxicidad (%) =

Los datos fueron analizados, tomando como 100% de liberacion de LDH los pocillos
tratados con 1% de Triton X-100 (control positivo) y como 0% de muerte celular los pocillos

tratados con el vehiculo (control negativo).

3.10. Determinacion de necroptosis y autofagia.

Para determinar el tipo de muerte celular provocada por el extracto de romero, se emple6

la necrostatina-1 (inhibidor de la necroptosis) y la cloroquina (inhibidor de la autofagia).

Las células fueron sembradas a una densidad de 5x103 células por pocillo en placas de 96
pocillos y pretratadas con 10 uM de necrostatina-1 y 10 uM de cloroquina, de manera
independiente, durante las dos horas previas al tratamiento realizado con el extracto de romero
(10-40 pg/mL) durante 24 horas. Una vez finalizado el tratamiento, se cuantific la viabilidad

celular mediante el ensayo de MTT.
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3.11. Cuantificacion de Especies Reactivas de Oxigeno (ROS).

La generaciéon de ROS fue detectada con la sonda fluorescente 2’,7'-diclorofluoresceina
diacetato (H.DCF-DA). Esta sonda es un compuesto no fluorescente al que la célula es
permeable; una vez dentro de la célula, es desesterificado y se vuelve fluorescente por oxidacion

(DCF), siendo la fluorescencia proporcional a la produccion de ROS (Figura 23).

i

H,DCFDA-AM I

Membrana celular

" Actividad
\._ Esterasa
T

H,DCF
(No fluorescente)

DCF
(Fluorescente)

Figura 23. Desesterificacion de la sonda H2DCF-DA y posterior oxidacion dando lugar al compuesto DCF
(fluorescente).

Las células fueron sembradas a una densidad de 5x10° células por pocillo en placas de 96
pocillos y tratadas con el extracto de romero a diferentes concentraciones (10-40 pg/mL).
Ademas, se utilizd como control positivo de generacion de ROS la irradiacion de las células con
luz ultravioleta B a 800 J/m2[97]. Una vez finalizado el tratamiento, las células se incubaron con
10 pg/mL de H2DCF-DA en medio de cultivo completo durante 20 minutos a 37°C y 5% de CO..

Pasado este tiempo, se aspiro el contenido de los pocillos, se lavaron con PBS y se procedi6 a

57



Metodologia

medir la fluorescencia a una longitud de onda de excitacion de 485 nm y de emision de 535 nm
en un lector de placas POLARstar Omega (BMG LabTech GmbH, Offenburg, Alemania). La

sefial de fluorescencia fue normalizada mediante el ensayo de viabilidad celular MTT.

3.12. Estudio del Potencial de Membrana Mitocondrial (PMM).

La pérdida del potencial de membrana mitocondrial fue analizada mediante dos métodos:
(@) Muse Cell Analyzer (Millipore, Hayward, CA, Estados Unidos) y (b) microscopia de

florescencia.

Muse Cell Analyzer

Para determinar el PMM las células fueron sembradas a una densidad de 1,5x105 células
por pocillo en placas de 6 pocillos y tratadas con el extracto de romero a diferentes
concentraciones (10-40 pg/mL). Una vez finalizado el tratamiento, se tripsinizaron, se lavaron
con PBS y se afiadieron 195 uL del reactivo Muse Mitopotential Kit (Millipore, Hayward, CA,
USA), una sonda cationica lipofilica, durante 20 minutos a 37°C y 5% de CO2. Una vez
transcurrido este tiempo, se afiadieron 5 L de la sonda 7-AAD, un marcador de muerte celular,
durante 5 minutos a temperatura ambiente. A continuacion, se determiné el porcentaje de células
despolarizadas mediante la adquisicién de los datos de fluorescencia empleando la tecnologia

del equipo Muse Cell Analyzer (Millipore, Hayward, CA, USA).

Microscopia de fluorescencia

El compuesto fluorescente MitoTracker Red CMXRos (Molecular Probes, Invitrogen,
Europa) se introduce en las células y queda retenido en las mitocondrias activas que conservan
el PMM. El compuesto fluorescente MitoTracker Green FM tifie las mitocondrias de las células

vivas independientemente del potencial de membrana mitocondrial. De esta manera, pueden
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distinguirse por microscopia de fluorescencia las células que no sufrieron una pérdida del PMM

de aquellas que si lo hicieron.

Las células fueron sembradas a una densidad de 5x103 células por pocillo en placas de 96
pocillos y tratadas con el extracto de romero a diferentes concentraciones (10-40 pg/mL). Una
vez finalizado el tratamiento, las células se lavaron con PBS y se incubaron con 200 nM de
MitoTracker Red CMXRos y 200 nM de MitoTracker Green en medio de cultivo completo durante
30 minutos a 37°C y 5% de CO.. Finalmente, la fluorescencia se cuantificd mediante el equipo

Cytation 3 Cell Imaging Multi-mode (BioTek, Alemania) (Figura 24).

Figura 24. Cytation 3 Cell Imaging Multi-mode.

3.13. Transfeccion siRNA.

Para la transfeccion se utilizd un pequefio ARN de interferencia, siRNA (del inglés, small
interfering) especifico para Nrf2 (Santa Cruz, Europa). Las células fueron sembradas a una
densidad de 5x103 células por pocillo y se transfectaron mediante el reactivo Lipofectamine 2000
Transfection Reagent (Invitrogen, Europa), un compuesto cationico que forma liposomas y cuya
eficiencia en la introduccion de este tipo de material genético en los distintos tipos celulares es
muy alta. Transcurridas 24 horas desde la transfeccion, las células fueron tratadas con el

extracto de romero a 20 y 40 pg/mL durante 24 horas. Al finalizar el tratamiento, se realizé un
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ensayo de viabilidad celular mediante el reactivo MTT y se midieron las especies reactivas de

oxigeno mediante la sonda H.DCF-DA.

3.14. Expresion de proteinas mediante Dot-Blot.

Para confirmar el silenciamiento del factor de transcripcion Nrf2, se estudio la expresion de
la proteina mediante el ensayo de Dot-Blot. Las células fueron transfectadas mediante el
protocolo descrito previamente y sembradas a una densidad de 1,5x105 células por pocillo en

placas de 6 pocillos.

Extraccion de proteinas

Una vez finalizado el ensayo, las células se tripsinizaron y se lavaron con PBS. A
continuacion, se centrifugaron y se resuspendieron en tampén de lisis (50 mM Tris pH 7,4, 1%
Igepal CA-630, 150 mM de NaCl, 5 mM de EDTA y 10 mg/mL de inhibidor de proteasas
Pefabloc, (Sigma, Europa)). Las células se sometieron posteriormente a tres ciclos de
congelacion/descongelacion y se centrifugaron a 12.000 rpm durante 5 minutos. El precipitado
celular se elimind y la concentracion de proteina correspondiente a los extractos celulares

(sobrenadante) se determind mediante el equipo NanoDrop 1000c (Thermo Scientific, Europa).

Inmunodeteccion

La deteccidn de proteinas se realizd mediante el equipo Dot-Blot (BioRad). Para ello se
prepard una membrana de nitrocelulosa del tamafio correspondiente al equipo y se procedio al
montaje de todas las piezas del mismo (Figura 25). De cada extracto proteico, en funcién de su
concentracién, se tomo el volumen correspondiente a 10 pg de proteina y se afiadieron las
muestras a los pocillos seleccionados. La absorcion de la muestra mediante vacio durante 10
minutos provocé la adhesién de la proteina a la membrana, quedando en forma de mancha o

dot. A continuacion, se lavo la membrana de nitrocelulosa tres veces con tampdn de lavado
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(0,05% de Tween 20 en PBS 1x) y se bloquet con tampdn de bloqueo (5% de leche desnatada
en polvo en tampon de lavado) durante 1 hora a temperatura ambiente y en agitacion. Una vez
bloqueada la membrana, se afiadieron los anticuerpos primarios correspondientes para las
proteinas B-actina (normalizacion) y Nrf2, en una dilucién 1:500 en tampdn de lavado durante 1

hora a temperatura ambiente y en agitacién.

Terminado dicho proceso, se procedié a lavar la membrana tres veces con tampén de
lavado. Seguidamente, se afiadieron los anticuerpos secundarios en una dilucion 1:1000 en
tampdn de lavado durante 1 hora a temperatura ambiente y agitacion. Por ultimo, se lavo la
membrana tres veces con tampon de lavado y se afiadio el reactivo de revelado WesternSure
Premium (Li-COR, Estados Unidos) durante 5 minutos. La membrana se reveld mediante el

sistema de imagen C-DiGit-3600 (Li-COR, Estados Unidos).

22D Médulo superior (muestras)

L\ 4
\X
\

Membrana de nitrocelulosa

N | Placas del soporte
o, o 25
°°23 952, °p°§§g§?,° /
! Sesetes
i "o:,'e:o"u

Modulo de camara de vacio inferior

Conducto y valvula de flujo

Figura 25. Piezas principales del equipo Dot-Blot de BioRad.
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3.15. Ensayos de proliferacion y migracion.

Los diferentes aspectos relacionados con la proliferacion y migracion celular se
determinaron mediante tres métodos: el equipo xCelligence Real Time Cell Analysis, el ensayo
de capacidad clonogénica o de formacion de colonias y el ensayo de cierre de herida o wound
healing.

Determinacion de la proliferacion celular mediante xCelligence Real Time Cell Analysis
(RTCA)

La proliferacion celular se determind mediante el equipo RTCA (Roche Diagnostics GmbH,
Alemania) (Figura 26), situado en un incubador a 37°C, 5% de CO2 y ambiente himedo. El
equipo mide cambios en la impedancia eléctrica cuando las células se adhieren y proliferan en
una placa de cultivo, cubierta con una matriz de microelectrodos de oro. La impedancia se
muestra como un pardmetro denominado indice celular (IC), que es directamente proporcional a

la superficie cubierta por las células [98-100].

Las células fueron sembradas a una densidad de 7,5x103 células por pocillo para la linea
celular SW480, 1,5x104 para la linea HGUE-C-1 y 4,0x104 para la linea HT-29 en las propias
placas del equipo. Transcurridas 24 horas, las células fueron tratadas con el extracto de romero
a diferentes concentraciones (20 y 40 pg/mL) durante 72 horas. El indice celular (IC) fue

registrado cada hora por el programa informatico del equipo RTCA.

Figura 26. Equipo xCELLigence RTCA DP para determinar proliferacion, migracion e invasion celular.
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Ensayo de capacidad clonogénica: formacion de colonias

Para determinar el efecto antiproliferativo del extracto de romero se realizé un ensayo de
formacion de colonias. Para ello, las células fueron sembradas a una densidad de 5x102 células
por pocillo en placas de 6 pocillos y tratadas con el extracto de romero a diferentes
concentraciones (20 y 40 pg/mL) durante 24 horas. Una vez finalizado el tratamiento, las células
se incubaron con medio de cultivo completo durante 7 dias. A continuacion, las células se
lavaron dos veces con PBS y se fijaron las colonias con etanol al 95% durante 10 minutos. A
continuacion, las colonias fueron tefiidas con cristal violeta al 0,1% durante 10 minutos y lavadas
tres veces con PBS. Como criterio de recuento se establecié que una colonia estaba formada a
partir de 50 células y el recuento se realizé mediante el equipo Cytation 3 Cell Imaging Multi-

mode (BioTek, Alemania).

Ensayo de migracion celular: wound healing

Para determinar la capacidad de migracion de las células se realiz6 el ensayo de cierre de
herida (wound healing). Para ello, las células fueron sembradas en placas de 96 pocillos y se
esperé a que llegasen al 100% de confluencia. Se realizd una herida mediante una punta de
micropipeta de 10 pL en el centro del pocillo y se lavaron todos los pocillos con PBS. A
continuacion, las células se incubaron con la sonda fluorescente Hoechst 33342 a 10 ug/mL en
medio de cultivo completo durante 20 minutos a 37°C y 5% de CO.. Transcurrido este periodo,
las células fueron tratadas con el extracto de romero a diferentes concentraciones (10-40 ug/mL)
durante 72 horas. El porcentaje de cierre de la herida se determiné a través de imagenes
obtenidas por el equipo Cytation 3 Cell Imaging Multi-mode (BioTek, Alemania) con un objetivo

20x. La intensidad de la fluorescencia se cuantificé con el programa informatico Image J 1.48v.
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3.16. Ensayo de toxicidad oral aguda en ratas.

El ensayo de toxicidad oral aguda se llevd a cabo segun la guia 420 de la Organizacion
para la Cooperacion y Desarrollo Econémico (OCDE). Para el ensayo de toxicidad oral aguda se
utilizaron ratas macho Wistar. El vehiculo utilizado para disolver el extracto de romero fue aceite
de girasol. En primer lugar, se administro a una rata una dosis de 300 mg/kg peso corporal (n=1).
Una vez confirmado que no existia mortalidad o signos de toxicidad, se administré a otra rata
una dosis de 2000 mg/kg de peso corporal. Como no se detectd ninglin signo aparente de
toxicidad, se procedi6 a la administracion de méas animales con la dosis de 2000 mg/kg (n=>5).
Como controles se utilizaron un animal sin tratamiento y otro con el vehiculo utilizado, en este
caso, aceite de girasol (n=2). Los animales se mantuvieron con pienso y agua ad libitum, a una

temperatura de 22°C+2°C, un fotoperiodo de 12 horas y una humedad relativa de 70£5%.

Durante el periodo de valoracion toxicologica de los animales, se pesaron cada 4-5 dias,
ya que la bajada de peso evidenciaria un claro efecto téxico [101]. Una vez terminado dicho
periodo, los animales se sacrificaron mediante asfixia por CO2 seguida de dislocacion cervical. A
continuacion, se extrajeron los siguientes drganos: bazo, corazén, pulmén, rifiones e higado y se
fijaron en formaldehido al 4%. Los 6rganos se incluyeron en bloques de parafina y se obtuvieron
secciones transversales de 5 um de espesor que se tifieron con hematoxilina y eosina para su
posterior examen histologico por el servicio de Anatomia Patoldgica perteneciente al Hospital
General Universitario de Alicante, mediante microscopia optica (Olympus BX50, Barcelona,

Espafia).

En todo momento se siguieron las prerrogativas incluidas en el Real Decreto 53/2013 y los
consejos del personal del Servicio de Experimentacion Animal (SEA) de la Universidad Miguel
Hernandez de Elche (UMH). El ensayo conté ademas con la aprobacién del Organo Evaluador

de Proyectos (Organo Habilitado) de la UMH.
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3.17. Ensayo antitumoral en ratones inmunodeprimidos.

Para determinar la actividad antitumoral in vivo del extracto de romero se emplearon
ratones macho atimicos desnudos BALB/c proporcionados por Harlan Interfauna Ibérica
(Barcelona, Espafia). Debido a la inmunodeficiencia que presentan estos animales, el cuidado,
tratamiento y seguimiento se llevd a cabo en condiciones de esterilidad y dentro de las
instalaciones de barrera del SEA de la UMH. En este caso, la inoculacion de los
xenotransplantes se llevo a cabo con la linea celular de cancer colorrectal, HT-29, con una
cantidad total de 2x10% células por ratén resuspendidas en 200 uL de PBS e inyectadas de

manera subcutanea (Figura 27).

Figura 27. Inoculacion subcuténea de las células HT-29 en ratones inmunodeprimidos.

Los animales se dividieron en tres grupos para su posterior estudio (10-12 ratones/grupo).
En el primer grupo, a los animales se les administré mediante sonda gastrica el vehiculo utilizado
para disolver el extracto de romero (control), un vehiculo formado por 50% de PBS, 40% de
PEG400 y 10% de Tween 80. En el segundo grupo, los animales fueron pretratados con el
extracto de romero dos semanas antes de la inoculacion de las células tumorales con una dosis
de 200 mg/kg de peso corporal (3 veces a la semana). Y, por Ultimo, en el tercer grupo los
animales fueron tratados con la misma dosis, 200 mg/kg de peso corporal (3 veces a la semana),

una vez que el volumen del tumor alcanzé aproximadamente 100 mms3. El volumen del tumor se
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midié dos veces a la semana mediante un calibre pie de rey y la evolucidn del peso corporal se
tuvo en cuenta para valorar un posible efecto toxico. Los animales se mantuvieron con pienso y
agua ad libitum, a una temperatura de 22°C+2°C, un fotoperiodo de 12 horas y una humedad

relativa de 70+5%.

En todo momento se siguieron las prerrogativas incluidas en el Real Decreto 53/2013 y los
consejos del personal del SEA de la UMH. El ensayo contd ademas con la aprobacion del

Organo Evaluador de Proyectos (Organo Habilitado) de la UMH.

3.18. Preparacion de liposomas (LUVs).

La preparacién de liposomas se llevo a cabo mediante dos tipos de lipidos: fosfatidilserina
de yema de huevo (80%) y colesterol (20%) (Avanti Polar Lipids Inc., Alabaster, AL, Estados
Unidos). Las soluciones madre se prepararon disolviendo las cantidades requeridas de los
diferentes lipidos en cloroformo/metanol, 1:1 (v/v). La cantidad apropiada de lipidos y de extracto
de romero se seco bajo una corriente de N2. Las Ultimas trazas de disolvente se eliminaron
manteniendo las muestras a vacio durante 3 horas. Una vez seca dicha mezcla, se disolvié en
un tampédn de hidratacién (100 mM de NaCl, 0,1 mM de EDTA y 10 mM de HEPES a pH 7,4)
durante 30 minutos a 37°C en agitacién. Para la formacion de liposomas unilamelares grandes
(LUVs), se procedio a la extrusion de la solucion durante 25 ciclos a través de una membrana de
policarbonato de 100 nm mediante un LiposoFast extruder (Avestin, Europa). Para la separacién
de los liposomas del extracto de romero libre, la mezcla se centrifugd en tubos AMICON

(Millipore, Europa) a 3800 rpm (2 ciclos de 30 minutos).
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3.19. Absorcion in vitro de los compuestos del extracto de romero.

Para determinar la absorcion de los principales compuestos presentes en el extracto de
romero se utilizé la linea celular Caco-2. El ensayo de absorcion intestinal in vitro mediante esta

linea celular es un modelo ampliamente aceptado y utilizado [102].

Las células fueron sembradas en insertos de policarbonato (Millipore, Espafia) a una
densidad de 5x105 células por pocillo y en placas de 6 pocillos. El medio de cultivo se reemplazd

cada 2-3 dias tanto en la camara apical (AP) como en la cdmara basolateral (BL) (Figura 28).

Cémara
apical T~ Monocapa celular
Caco-2
Camara

basolateral ~™~|

Figura 28. Esquema del pocillo formado por el inserto y la monocapa de células Caco-2.

Una vez alcanzados los 19-21 dias post-siembra, la integridad de la monocapa se
determind midiendo la resistencia eléctrica transepitelial (TEER) mediante un micro-polimetro
(Millicell-ERS, Millipore, Espafia), que mide el potencial de membrana y la resistencia de las
células en cultivo (Figura 29). A continuacion, las células se trataron con extracto de romero libre
a una concentracion de 200 pg/mL y extracto de romero encapsulado en liposomas (1,5 mM)

disueltos en tampon HBSS a pH 7,4 (del inglés, Hank’s Balanced Salt Solution).
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Figura 29. Representacion de la medida de la resistencia eléctrica transepitelial (TEER).

La monocapa celular se lavé dos veces con HBSS precalentado y se incub6 con dicha
disolucion a 37°C durante 30 minutos. El extracto de romero de forma libre y liposomada se
afiadio al compartimento correspondiente para la camara AP (2,2 mL) y para la camara BL (3,2
mL). Se recogieron muestras a diferentes tiempos (0, 30, 60, 90 y 120 minutos) en la camara
receptora y se repuso el mismo volumen de muestra recogida. La incubacion durante todo el
experimento se realizo a 37°C durante 120 minutos a 50 rpm. Al final del ensayo se recuperd la
monocapa y las células se lisaron mediante 3 ciclos de congelacién/descongelacion seguidos de

10 minutos de sonicacion.

Las muestras se centrifugaron a 14.000 rpm durante 15 minutos a 4°C y se obtuvieron dos
fracciones: (a) los sobrenadantes (fraccion citoplasmatica) y (b) los precipitados (membranas).
Las muestras se conservaron a -80°C hasta su posterior analisis por cromatografia liquida de

alta resolucién (HPLC).
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3.20. Analisis de las muestras procedentes del ensayo de permeabilidad en la linea
celular Caco-2 mediante HPLC-MS.

Las muestras procedentes del ensayo de permeabilidad realizado en monocapas de
células Caco-2 se analizaron mediante un cromatografo UPLC Agilent 1260 (Agilent
Technologies, Palo Alto, CA, Estados Unidos). EI cromatdgrafo de liquidos estaba equipado con
una bomba binaria, un desgasificador, un automuestrador, un compartimento termostatizado de
columna y un detector DAD. La columna empleada para la separacion de los compuestos fue
una columna Agilent Zorbax Eclipse Plus C-18, de dimensiones 4,6x150 mm y tamafio de
particula de 1,8 um. Las fases moviles utilizadas fueron como fase A 0,1% de acido férmico en
agua y como fase B acetonitrilo. El gradiente empleado fue: 0 min, 5% de B; 5 min, 62% de B; 10
min, 68% de B; 19 min, 80% de B; 34 min, 95% de B; y 37 min, 5% de B. La velocidad de flujo
fue de 0,8 mL/min y el compartimento de las muestras se refrigeré a 4°C para evitar la
degradacion de las muestras. La deteccidn se realiz6 mediante un espectrémetro de masas
Agilent 6540 de Ultra Alta Definicion (UHD) QTOF con una interfase ESI. La deteccion mediante
espectrometria de masas se realizd en modo de ionizacién negativo con un rango de masas de

100-1700 m/z.

Los parametros optimos fueron los siguientes: temperatura, 400°C, flujo de gas, 12 L/min;
nebulizador, 20 psig; capilar, 4000 V; fragmentador, 130 V; voltaje, 500 V; skimmer, 45 V y
octopolo 1 Vpp RF, 750 V. La cuantificacion de los compuestos se llevd a cabo con los
siguientes patrones comerciales: carnosol, &cido carnésico, &cido ursélico, acido rosmarinico,
genkwanina y diosmetina, todos ellos resuspendidos en HBSS (compuestos obtenidos de Sigma-
Aldrich, Steinheim, Alemania y Extrasynthese, Genay, Francia). La adquisicion y andlisis de los
datos se llevd a cabo mediante el programa informatico Masshunter B.06.00 (Agilent

Technologies, Estados Unidos).
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3.21. Determinacion de la Permeabilidad Aparente (Papp).

Una vez cuantificadas las concentraciones de todos los compuestos identificados en las
muestras derivadas de la cdmara AP y BL, se utilizaron dichos valores para calcular el
coeficiente de permeabilidad aparente (Pap). Dicho parametro fue calculado mediante la

siguiente formula:

do 1
dt A-C, 60

Papp (cm/s) =

Donde Papp €s la permeabilidad aparente (cm/s), dQ/dt representa la velocidad de paso
(uMIs), A es el area de difusién de la monocapa (cm2), Co es la concentracién inicial del

compuesto en la camara dadora (uM) y 60 es un factor de conversion [103].

3.22. Analisis estadistico.

Los datos obtenidos se analizaron mediante el programa informatico GraphPad Prism
version 5.01 (GraphPad Software Inc., CA, Estados Unidos) para realizar un andlisis de la
varianza (ANOVA) con un nivel de confianza del 95% (p<0,05) con el fin de identificar diferencias
significativas entre las condiciones estudiadas. Los valores se representaron como la media +
desviacion estandar, SD (del inglés, Standard Deviation) de 5-12 réplicas, dependiendo del
ensayo. El calculo de las ICso se llevo a cabo mediante un analisis de regresion no lineal (curva

sigmoidea).
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Capitulo primero

Fraccionamiento e identificacion de los compuestos bioactivos de un
extracto de romero que contribuyen al efecto antiproliferativo en células

humanas de cancer de colon
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Resultados

1. Caracterizacion cuantitativa del extracto de romero.

En el presente capitulo se realizd la caracterizacion cuantitativa de los principales
compuestos presentes en el extracto de romero. Para este proposito se procedi6 a cuantificar el
extracto por HPLC-ESI-QTOF-MS, utilizando los estandares adecuados, tal y como se menciona
en la seccion de Metodologia. Dada la inexistencia a nivel comercial de todos los compuestos del
extracto, se escogieron varios compuestos que se utilizaron como estandares puros, y que
estaban disponibles comercialmente, los cuales tenian una estructura quimica muy similar a los
compuestos presentes en el extracto. Los patrones elegidos fueron los siguientes: apigenina,

diosmetina, genkwanina, carnosol, acido carndsico, acido ursdlico, &cido rosmarinico y luteolina.

La Figura 30 muestra el cromatograma de pico base del extracto de romero, en el cual se
han enumerado los picos principales segun el orden de elucién. Dicho extracto fue caracterizado
cualitativamente en un trabajo anterior [104], sin embargo, en dicho trabajo no se realiz6 el

analisis cuantitativo, el cual se ha desarrollado durante la presente Tesis Doctoral.

La cuantificacion realizada muestra dos grandes familias de compuestos bioactivos. Por
un lado, la familia de los triterpenos (49,5% en peso del total de compuestos identificados),
compuesta por la anemosapogenina y los &cidos micromérico, betulinico, ursélico, augustico y
bentamico. Por otro lado, se encuentra la familia de los diterpenos (44,3% en peso), compuesta
por los acidos carnosico y 12-metoxicarnésico, carnosol, rosmanol, rosmadial, epiisorrosmanoal,
epirrosmanol, miltipolona, rosmaridifenol e hinoquiona. A estas dos grandes familias hay que
afiadir la formada por los flavonoides (2,1% en peso), compuesta por la genkwanina, apigenina,
hispidulina, cirsiliol, diosmetina y cirsimaritina (Figura 31). Respecto al peso seco, los diterpenos
representaron un 10,87%, los triterpenos un 12,16%, y por ultimo, los flavonoides un 0,52%

(Tabla 3).
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Teniendo en cuenta los compuestos de manera individual, el acido carnésico fue el
compuesto mas abundante (83 mg/g de extracto seco) seguido de los triterpenos é&cidos
micromérico, betulinico y ursélico (47, 38 y 21,5 mg/g, respectivamente). El diterpeno carnosol

también fue relevante en la cuantificacién (10 mg/g).
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Figura 30. Cromatograma de pico base obtenido por HPLC-ESI-QTOF-MS del extracto de romero. Los numeros de
los picos identificados corresponden con su orden de elucién.

4,1% 2,1%

H Flavonoides
M Diterpenos
d Triterpenos

M Otros

Figura 31. Gréfico circular con los porcentajes (%) en peso de las familias de compuestos presentes en el extracto
de romero.
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Resultados

2. Fraccionamiento y anélisis de los compuestos del extracto de romero.

El fraccionamiento de los compuestos principales presentes en el extracto de romero se
llevé a cabo mediante cromatografia semi-preparativa para determinar el efecto antiproliferativo
individual de cada una de las fracciones obtenidas. Se seleccionaron las 10 fracciones que
segun el analisis por cromatografia se correspondian con los compuestos mayoritarios del
extracto de romero. No obstante, algunas de las fracciones contenian mas de un compuesto. La
composicion de estas fracciones (Tabla 4) se analizé por HPLC-QTOF y la pureza para todas las
fracciones fue de 72% en peso o superior, excepto para las fracciones 4 (formada por 3

compuestos), 9 (2 compuestos) y 10 (2 compuestos).

Tabla 4. Composicion y pureza (%) de las fracciones seleccionadas para los ensayos posteriores de proliferacion
celular.

Nimero Formula

fraccion m/z experimental i - Compuesto propuesto Pureza (%)

F1 345,1715 Cao Ha6 Os Rosmanol 82,6
F2 3451714 Ca0 Hz6 Os Epiisorrosmanol 83,6
F3 283,0616 C16 H12 Os Genkwanina 99,3

299,1655 Ci9 Ha4 O3 Miltipolona 40,0
F4 457,3325 Ca29 Hag O4 Notohamosina B 30,1

471,3483 Ca0 Hag Os Anemosapogenina 13,1
F5 329,1755 C20 H2s Os Carnosol 82,6
F6 343,1556 C20 Hae Os5 Rosmadial 72,0
F7 331,1922 Cao Has 04 Acido camésico 98,7
F8 345,2070 Ca21 Hao O4 Acido 12-metoxicamésico 98,6

313,1819 C20 Hes O3 Taxodiona 44,0
P 317,2137 C20 Hao O3 (9)-shogaol 50,0

299,2021 Coo Hag O2 Hinoquiona 13,8
e 455,3518 Cz0 Has O3 Acido betulinico 81,0
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3. Efecto antiproliferativo del extracto de romero y de sus fracciones.

La actividad antiproliferativa/citotoxica del extracto de romero y sus compuestos se analizé
en las lineas celulares HGUE-C-1, HT-29 y SW480 durante 24 y 48 horas. El tratamiento con el
extracto de romero mostr6 una disminucion dosis-dependiente en la viabilidad celular en todas

las lineas de cancer de colon (Figura 32).

A las 24 horas de tratamiento, la linea celular HGUE-C-1 presentd un comportamiento
mas sensible al tratamiento (ICso: 12,7 pg/mL) que SW480 (ICso: 18,1 pg/mL) y HT-29 (ICs0: 20,4
Mg/mL). Sin embargo, a las 48 horas de tratamiento las lineas HGUE-C-1 y SW480 mostraron un
comportamiento muy similar (ICso: 9,2 pg/mL y 8,1 ug/mL, respectivamente), manteniendo la

linea celular HT-29 la menor sensibilidad al tratamiento (ICso: 14,8 ug/mL) (Tabla 5).
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Figura 32. Curvas de inhibicién de la proliferacion celular del extracto de romero en las tres lineas celulares de
colon, HGUE-C-1, HT-29 y SW480.

Las células se trataron con diferentes concentraciones del extracto de romero (10-100 pg/mL) durante 24 y 48
horas. Una vez finalizado el tratamiento se determin6 la viabilidad mediante el ensayo de MTT. Los valores se
presentan como porcentaje de viabilidad celular (%).
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Tabla 5. Valores de ICso del extracto de romero en las tres lineas celulares de cancer de colon a las 24 y 48 horas
de tratamiento.

Valores de ICs (ug/mL) £SD
HGUE-C-1 HT-29 SW480
24h 48 h 24h 48 h 24h 48 h
12,7+£1,0 92+1,0 20,4+2,0 14,8+1,0 18,1+ 1,0 8,106

La capacidad antiproliferativa de las fracciones del extracto de romero fue comparada con
la capacidad del extracto completo. Para ello se trataron las células a diferentes concentraciones
(30 y 60 pg/mL) durante 24 y 48 horas (Figura 33). El extracto de romero mostré un mayor

efecto antiproliferativo o muy similar a las fracciones mas activas ensayadas.

En la mayoria de las lineas celulares, las fracciones 5, 7, 9 y 10 presentaron un efecto
antiproliferativo muy similar al extracto de romero, mientras que las fracciones 2, 3, 4 y 6
mostraron un menor efecto que el extracto completo. Por el contrario, las fracciones 1y 8
mostraron una actividad similar a la del extracto de romero en la linea celular HGUE-C-1 y

SW480, respectivamente.

En general, la mayoria de las fracciones mostraron una mayor actividad antiproliferativa en
las células HGUE-C-1, en relacién con las otras dos lineas celulares utilizadas y, en todos los
casos, el extracto de romero presentd una inhibicién de la proliferacion celular igual o superior al

ser comparado con las fracciones.
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Capitulo segundo

Actividad antiproliferativa y posibles mecanismos de accion del extracto de

romero en modelos in vitro e in vivo de CCR
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Resultados
1. Estudio del mecanismo de accion por el cual el ER inhibe la proliferacion
celular.

Una vez comparada la actividad antiproliferativa del extracto de romero frente a sus
fracciones, se procedio al estudio del mecanismo de accién de dicho extracto. En primer lugar,
se procedid a estudiar el ciclo celular en células tratadas con diferentes concentraciones del
extracto de romero (10-40 ug/mL) durante 24 horas. Como se observa en la Figura 34, el
extracto de romero provocd alteraciones en las fases del ciclo celular en todas las lineas

estudiadas.

En la linea celular HGUE-C-1 se observé una disminucién en la fase G1/Go y un
incremento significativo de la fase Sub-G1 a las maximas concentraciones estudiadas, llegando
hasta un 12,8% a 40 pg/mL. Por otro lado, en las lineas HT-29 y SW480 se observd una
disminucion en la fase G1/Go y un incremento significativo en la fase G2/M. En las células HT-29
se observo un incremento del 14% a la maxima concentracion estudiada, mientras que en las
células SW480 se observaron diferencias estadisticamente significativas con un incremento del

12% a 30 pg/mL.
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Figura 34. Efecto del extracto de romero en el ciclo celular en las tres lineas celulares de cancer de colon, HGUE-C-
1, HT-29 y SW480.

Las células se trataron con diferentes concentraciones del extracto de romero (10-40 pg/mL) durante 24 horas. Una
vez finalizado el tratamiento, el ciclo celular se determind mediante el equipo Muse Cell Analyzer. Los valores se
presentan como porcentaje de las fases del ciclo celular. ** (p<0,01) y *** (p<0,001) indican diferencias
estadisticamente significativas.
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La siguiente etapa consistio en llevar a cabo la deteccidon de apoptosis mediante Anexina-
V en las tres lineas celulares. Las células se trataron con diferentes concentraciones del extracto
de romero (10-40 ug/mL) durante 24 horas. El porcentaje de apoptosis se cuantifico tanto a nivel
basal como tras la adicién de los tratamientos. Como se puede observar en la Figura 35, a nivel
basal existe un pequefio porcentaje de células apoptoticas que se corresponde con la muerte
que las células sufren normalmente en cultivo. El tratamiento con el extracto de romero aumentd
el porcentaje de células positivas en Anexina V-7-AAD (cuadrante superior derecho), lo que
indica que una poblacion de células se encontraba en situacion de apoptosis tardia/necrosis en
todas las lineas celulares. La linea celular HGUE-C-1 presentd los niveles mas altos de
apoptosis tardia, lo que se correlaciona con los resultados obtenidos en la Figura 34 (estudio del
ciclo celular). Las otras dos lineas celulares, HT-29 y SW480, presentaron niveles

significativamente menores a los hallados en la linea HGUE-C-1.

De manera complementaria, se determind la liberacidn de la enzima intracelular LDH, ya
que la permeabilizacién de la membrana plasmatica es una caracteristica de procesos que
comprometen la integridad de la membrana como la necrosis y que a veces puede ser
confundida con la apoptosis [96]. El tratamiento con el extracto de romero provoc6 una mayor
liberacion de la enzima LDH al sobrenadante de manera dosis-dependiente respecto al control
de células no tratadas (Figura 36), lo que es indicativo de un aumento de la necrosis
dependiente de la dosis. Transcurridas 24 horas y a la maxima dosis empleada, las lineas
celulares HGUE-C-1 y SW480 mostraron el mayor incremento (32,6 y 20,0%, respectivamente),

mientras que la linea HT-29 experimentd un aumento de 14,3%.
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Figura 35. Determinacion de apoptosis mediante Anexina-V en las tres lineas celulares de cancer de colon, HGUE-
C-1, HT-29 y SW480.

Las células se trataron con diferentes concentraciones del extracto de romero (10-40 pg/mL) durante 24 horas. Una
vez finalizado el tratamiento, el porcentaje de células apoptéticas se determind mediante el equipo Muse Cell
Analyzer. Los valores se presentan como porcentaje de apoptosis tardia (%). * (p<0,05) y *** (p<0,001) indican
diferencias estadisticamente significativas.
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Figura 36. Efecto del extracto de romero en la liberacion de la enzima intracelular LDH en las tres lineas celulares
de cancer de colon, HGUE-C-1, HT-29 y SW480.

Las células se trataron con diferentes concentraciones del extracto de romero (10-40 pg/mL) durante 24 horas. Una
vez finalizado el tratamiento, el porcentaje de células necréticas se determind mediante el kit de citotoxicidad LDH.
Los valores se presentan como porcentaje de enzima liberada (%). * (p<0,05), ** (p<0,01) y *** (p<0,001) indican
diferencias estadisticamente significativas.



Resultados

Para profundizar en los posibles mecanismos de accién del extracto de romero se realizé

un ensayo de viabilidad celular empleando inhibidores de la necroptosis y la autofagia, la

necrostatina-1 y la cloroquina, respectivamente. Como muestra la Figura 37, la incubacion de las

tres lineas celulares con dichos compuestos no produjo cambios en la viabilidad celular al ser

tratadas con el extracto de romero. Estos resultados descartaron tanto la necroptosis como la

autofagia como posibles mecanismos de accion del extracto de romero.
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Figura 37. Efecto del extracto de romero en la viabilidad celular en las tres lineas celulares de cancer de colon,

HGUE-C-1, HT-29 y SW480.

Las células se pretrataron con necrostatina-1 y cloroquina y con diferentes concentraciones del extracto de romero
(10-40 pg/mL) durante 24 horas. Una vez finalizado el tratamiento se determind la viabilidad celular mediante el

ensayo de MTT. Los valores se presentan como porcentaje de viabilidad celular (%).
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Resultados
2. Cuantificacion de especies reactivas de oxigeno y potencial de membrana
mitocondrial en las lineas de cancer de colon.

Dado que la presencia de ROS posee un papel primordial en la apoptosis y en la necrosis,
se determind la acumulacion de ROS en las tres lineas celulares, HGUE-C-1, HT-29 y SW480,
una vez finalizado el tratamiento durante 24 horas con el extracto de romero a diferentes
concentraciones (10-40 pg/mL). Como muestra la Figura 38, el extracto de romero indujo la

generacion intracelular de ROS de manera dosis-dependiente en las tres lineas utilizadas.

Para determinar la existencia de cambios en el potencial de membrana mitocondrial
(PMM), hecho que podria estar relacionado con la generacion de ROS, se utilizd el equipo Muse
Cell Analyzer y la microscopia de fluorescencia. Las células se trataron con diferentes
concentraciones del extracto de romero (10-40 pg/mL) durante 24 horas. Al finalizar el
tratamiento, el porcentaje de células despolarizadas aumenté en las tres lineas de cancer de
colon. La linea celular HT-29 presentd un mayor porcentaje de células despolarizadas, seguida
de la linea HGUE-C-1 y finalmente, la linea SW480, la cual mostré el menor porcentaje de

células despolarizadas (Figura 39).

Para corroborar los resultados obtenidos mediante el equipo Muse Cell Analyzer, se
emplearon dos sondas fluorescentes de manera combinada, MitoTracker Red CMXRos y
MitoTracker Green, las cuales determinan mitocondrias viables y masa mitocondrial total,
respectivamente. En este caso, se confirm¢ el resultado anterior, ya que la relacion entre la
fluorescencia roja y verde disminuy6 en todas las lineas celulares, indicando que el porcentaje
de células despolarizadas aumentd en todas las lineas celulares con el aumento de

concentracion del extracto de romero (Figura 40).
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Figura 38. Efecto del extracto de romero en la generacion de ROS en las tres lineas celulares de cancer de colon,
HGUE-C-1, HT-29 y SW480.
Las células se trataron con diferentes concentraciones del extracto de romero (10-40 pg/mL) durante 24 horas. Una
vez finalizado el tratamiento se determind la generacion de ROS intracelular mediante la sonda H.DCF-DA. Los
valores se presentan como porcentaje de ROS (%). *** (p<0,001) indica diferencias estadisticamente significativas.

92



Resultados

HAEG

= 10+ i mm Control
Py 8- B ER
<
N
5 *
2
o 4
(=]
4
@
(&]

0_

10 20 K] 40

0
pgml
HI-29
— m_
é ek
4
5 W
N
s
g 24
(7]
2 I
@ 10
E
)
8 | e oim W
0 10 2 30 40
pgmL
S0
8_
< "
4
- 64
N
s
g 4
(7]
[
[=]
8 2
3
3
0_
0 10 2 30 40
pgimb

Figura 39. Efecto del extracto de romero en el potencial de membrana mitocondrial en las tres lineas celulares de
cancer de colon, HGUE-C-1, HT-29 y SW480.

Las células se trataron con diferentes concentraciones del extracto de romero (10-40 ug/mL) durante 24 horas. Una
vez finalizado el tratamiento, el porcentaje de células despolarizadas se determind mediante el equipo Muse Cell
Analyzer. Los valores se presentan como porcentaje de células despolarizadas (%). * (p<0,05), ** (p<0,01) y ***
(p<0,001) indican diferencias estadisticamente significativas.
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Figura 40. Efecto del extracto de romero en el potencial de membrana mitocondrial en las tres lineas celulares de
cancer de colon, HGUE-C-1, HT-29 y SW480 mediante el uso de sondas fluorescentes.

Las células se trataron con diferentes concentraciones del extracto de romero (10-40 pg/mL) durante 24 horas. Una
vez finalizado el tratamiento, se determin6 el potencial de membrana mitocondrial mediante la relacién de
fluorescencia rojo/verde con el equipo Cytation 3 Cell Imaging Multi-mode. Los valores se presentan como
porcentaje del potencial de membrana mitocondrial (%). ** (p<0,01) y *** (p<0,001) indican diferencias
estadisticamente significativas.

94



Resultados
3. La implicacion del factor de transcripcion Nrf2 en el efecto del extracto de
romero sobre las células de cancer colorrectal.

El estrés oxidativo provocado por la generacion intracelular de ROS afecta a mdiltiples
factores de transcripcion sensibles a un estado redox determinado y conlleva la regulacion de
genes con accién antioxidante. La via de sefalizacién Nrf2/Keap1-ARE controla la expresion de
los genes relacionados con enzimas antioxidantes (actividad protectora). Como muestra la
Figura 38, el tratamiento con el extracto de romero provoco un aumento de ROS, por lo que se
considerd oportuno el estudio del factor de transcripcion Nrf2 y su posible implicacion en el
mecanismo de defensa frente al efecto prooxidante del extracto de romero. Como muestra la
Figura 41, el silenciamiento del gen correspondiente a Nrf2 en HGUE-C-1, HT-29 y SW480,
utilizando su respectivo ARN de interferencia, modificd significativamente el estado redox
intracelular, aumentando los niveles de ROS en células tratadas con el extracto de romero y con

ello, disminuyendo la viabilidad celular.

La linea celular SW480 mostré un aumento muy significativo en la produccion de ROS en
las células transfectadas, alcanzando un 112% por encima de las células no transfectadas a 40
pg/mL. La linea HGUE-C-1 también mostré un aumento significativo de un 96%, seguida de la
linea HT-29 que tuvo un comportamiento més resistente, aumentando el nivel de ROS un 60%
respecto a las células no transfectadas. Dichos niveles de ROS, causados por el tratamiento de
romero, afectaron a la viabilidad celular en todas las lineas estudiadas. En concordancia con la
generacién de ROS, la linea celular SW480 disminuy¢ significativamente la viabilidad celular un
27,6% a la concentracion de 40 pg/mL, respecto a las células no transfectadas. La linea HGUE-
C-1 mostré una disminucion de la viabilidad celular de un 16,8% para la concentracion mas alta
estudiada, mientras que la linea HT-29 presentd un descenso del 17,7% respecto a las células

no transfectadas.
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Una vez estudiada la implicacion de este factor de transcripcion, se determiné mediante el
ensayo de Dot-Blot la expresion de Nrf2 en las células transfectadas y no transfectadas, con el
fin de confirmar el silenciamiento de dicho gen. Como muestra la Figura 42, el nivel de expresion

de Nrf2 normalizado con la proteina B-actina fue silenciado parcialmente en las tres lineas

celulares estudiadas.
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Figura 41. Efecto del extracto de romero en la viabilidad celular y la generacién de ROS tras el silenciamiento de
Nrf2 en las tres lineas celulares de cancer de colon, HGUE-C-1, HT-29 y SW480.

Las células se trataron con diferentes concentraciones del extracto de romero (20 y 40 pg/mL) durante 24 horas.
Una vez finalizado el tratamiento, se determiné la generacion de ROS intracelular mediante la sonda H:.DCF-DA y la
viabilidad celular mediante el ensayo de MTT. Los valores se presentan como porcentaje de viabilidad celular (%) y
porcentaje de ROS (%). * (p<0,05), ** (p<0,01) y *** (p<0,001) indican diferencias estadisticamente significativas.
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Figura 42. Nivel de expresion de Nrf2 tras su silenciamiento en las tres lineas celulares de cancer de colon, HGUE-
C-1, HT-29 y SW480 cuantificado por densitometria y normalizado con la proteina $-actina.

Los valores se presentan como intensidad normalizada en unidades arbitrarias (u.a.). Imagenes representativas de
los dots formados en el ensayo de Dot-Blot correspondientes a la B-actina y Nrf2.

4. Efecto del ER en la proliferacion y migracion celular en las lineas de cancer de
colon.

La actividad antiproliferativa del extracto de romero se determind de forma alternativa
mediante el equipo XCELLigence RTCA, el cual realiz un seguimiento del crecimiento celular a
tiempo real durante 72 horas. Como se puede observar (Figura 43), el tratamiento con el
extracto de romero provocd una inhibicion de la proliferacién celular de manera dosis-
dependiente respecto al control de células no tratadas. Las lineas celulares HGUE-C-1 y SW480
presentaron un comportamiento muy similar, inhibiéndose la proliferacion celular a la dosis de 20

Mg/mL, mientras que la linea HT-29 mostré un comportamiento mas resistente.
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Figura 43. Curso temporal de la proliferacion celular en las tres lineas celulares de cancer de colon, HGUE-C-1, HT-
29y SW480.

Las células se trataron con diferentes concentraciones del extracto de romero (20 y 40 pg/mL) durante 72 horas.
Durante el tratamiento se registr6 el indice celular (IC) mediante el equipo xCELLigence RTCA. Los valores se
presentan como IC en funcidn del tiempo (horas).
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Para profundizar en el efecto del extracto de romero en la proliferacién celular de las tres
lineas estudiadas se realiz6 un ensayo de formacion de colonias, con el objetivo de determinar la
capacidad del mismo para reducir la proliferacion de las células tumorales de colon. Como
muestra la Figura 44, el extracto de romero inhibi6 la formacién de colonias de manera dosis-

dependiente en las tres lineas celulares.

Las lineas celulares HGUE-C-1 y SW480 fueron las mas sensibles al tratamiento con el
extracto de romero, mientras que la linea HT-29 mostré un comportamiento mas resistente. En
las lineas HGUE-C-1 y SW480 se observd una inhibicién en la formacion de colonias a la mayor
concentracion utilizada de un 92,3% y 87,1%, respectivamente. Finalmente, en la linea HT-29 se

alcanz6 una inhibicién del 84,5% a 40 pg/mL.

Para determinar el efecto del extracto de romero sobre la capacidad de migracion de las
lineas celulares HGUE-C-1, HT-29 y SW480, se realiz6 el ensayo de “cierre de herida” o wound
healing. Como se muestra en la Figura 45, el tratamiento con extracto de romero disminuy6
significativamente la migracion celular de manera dosis-dependiente en las tres lineas celulares.
En la linea celular HGUE-C-1 el extracto de romero inhibid la migracién celular un 28,8% y un
66,1% a las concentraciones de 30 y 40 pg/mL, respectivamente. En la linea SW480, se observé
una inhibicion del 76,7% a 40 pg/mL, mientras que la linea HT-29 present6 una inhibicién del

92,5% a esta misma concentracion.
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Figura 44. Efecto del extracto de romero en la formacion de colonias en las tres lineas celulares de cancer de colon,
HGUE-C-1, HT-29 y SW480.

Las células se trataron con diferentes concentraciones del extracto de romero (20 y 40 pg/mL) durante 24 horas.
Una vez finalizado el tratamiento, las células se incubaron con medio de cultivo completo durante 7 dias y se
determind la capacidad de formacion de colonias mediante el equipo Cytation 3 Cell Imaging Multi-mode. Los
valores se presentan como porcentaje de formacion de colonias (%). *** (p<0,001) indica diferencias
estadisticamente significativas.
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Figura 45. Estudio del efecto del extracto de romero en la migracion celular mediante el ensayo de wound healing
en las tres lineas celulares de cancer de colon, HGUE-C-1, HT-29 y SW480.

Las células se trataron con diferentes concentraciones del extracto de romero (10-40 pg/mL) durante 72 horas.
Durante el tratamiento se realizaron fotografias a diferentes tiempos mediante el equipo Cytation 3 Cell Imaging
Multi-mode. Los valores se presentan como porcentaje de area cerrada (%). * (p<0,05), ** (p<0,01) y *** (p<0,001)
indican diferencias estadisticamente significativas.
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5. Toxicidad oral aguda del extracto de romero en ratas.

Se estudid la toxicidad oral aguda del extracto de romero en un modelo animal para
determinar la idoneidad del uso oral de dicho extracto. El estudio de toxicidad oral aguda se llevé
a cabo de acuerdo con las directrices de la guia 420 de la OCDE. Segun esta guia, los
compuestos se pueden clasificar en cinco categorias: no clasificado, peligroso, toxico, muy toxico
y altamente toxico (Tabla 6).

Tabla 6. Clasificacion de sustancias, segun la guia 420 de la Organizacion para la Cooperacién y el Desarrollo
Econdmicos (OCDE).

Rangos DLso (mg/kg) ATC Clasificacion
DLso> 2000 mg/kg ATC5 No clasificado
300 < DLso < 2000 mg/kg ATC 4 Peligroso
50 < DLso < 300 mg/kg ATC 3 Toxico
5 <DLso < 50 mg/kg ATC 2 Muy toxico
DLso < 5 mg/kg ATC 1 Altamente toxico

La variacion en el peso corporal de los animales es uno de los primeros signos de
toxicidad, siendo el indicador mas sensible a un posible efecto adverso [101]. Se registrd el peso
corporal de cada animal y no se observé ninguna diferencia entre los grupos estudiados,

mostrando en todos ellos un incremento de peso normal durante el ensayo (Figura 46).

Ademas, no hubo cambios significativos en el comportamiento de los animales tales
como apatia, hiperactividad o morbilidad. Al finalizar del ensayo, no se observaron efectos letales

0 signos de toxicidad en ningun grupo estudiado.
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Figura 46. Evolucion del peso corporal de los distintos grupos de animales no tratados (control) y tratados con el
extracto de romero durante la realizacion del ensayo.

Los valores se presentan como la media del peso corporal de cada uno de los grupos estudiados (g) en funcion del
tiempo (dias).

Finalmente, se abordd un analisis histopatoldgico en el que se analizaron los siguientes
organos: bazo, corazon, higado, pulmén vy rifion. Dichos cortes histoldgicos fueron evaluados
mediante una colaboracién con el servicio de Anatomia Patoldgica, perteneciente al Hospital
General Universitario de Alicante, y no se observaron signos de toxicidad en ningin grupo de

animales estudiados (Figura 47).

Por lo tanto, segun estos resultados, el extracto de romero se enmarca en la categoria de
no clasificado de acuerdo con la guia 420 de la OCDE ya que no se observd mortalidad ni signos

toxicos atribuibles a la administracion de dicho extracto a las dosis de 300 y 2000 mg/kg.

De acuerdo con el Sistema Globalmente Armonizado (GHS) de clasificacion y etiquetado
de productos quimicos, los compuestos que presentan un valor de DLsy superior a 2000 mg/kg

se consideran relativamente seguros [105].
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Figura 47. Estudio de la toxicidad oral aguda del extracto de romero en un modelo in vivo.
Imégenes representativas de los cortes histologicos de érganos vitales de animales (A) control y tratados con el
extracto de romero a (B) 300 mg/kg y (C) 2000 mg/kg.

6. Efecto del extracto de romero en un modelo in vivo de cancer de colon.

Una vez caracterizada la capacidad antiproliferativa in vitro del extracto de romero, se
abordé la capacidad antitumoral en un modelo in vivo, mediante el empleo de un modelo de
xenotransplantes de cancer de colon en ratones inmunodeprimidos. Para evaluar el bienestar

animal se llevaron a cabo los siguientes controles:

1. Se registro el peso corporal una vez por semana y no se observo ninguna alteracion en
la tendencia creciente del peso de los animales (Figura 48).

2. Se evalud el bienestar animal mediante una hoja de valoracién de diferentes aspectos
(comportamiento, aparicién de heridas y aspecto general y de la piel), la cual fue
aprobada dentro del procedimiento solicitado al 6rgano responsable de la ética y el

bienestar en la experimentacién animal de la UMH.
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Figura 48. Evolucion del peso corporal de los distintos grupos de animales no tratados (control) y tratados con el

extracto de romero durante la realizacion del ensayo.
Los valores se presentan como la media del peso corporal de cada uno de los grupos estudiados (g) en funcion del

tiempo (dias).

Como medida de la eficacia de los tratamientos, se midié el volumen de los tumores tal y
como se detalla en el apartado de Metodologia. En el grupo de animales pretratados con el
extracto de romero, a 200 mg/kg durante 14 dias, se observd una inhibicion del crecimiento del
tumor a tiempo final de un 34,1%, mientras que en el grupo de animales tratados a partir de la
formacion del tumor se observd una inhibicién de un 27,5%. Aunque entre las dos condiciones
estudiadas no se determinaron diferencias estadisticamente significativas, si se puede observar
una tendencia clara, la cual indica que el efecto antitumoral del pretratamiento es levemente

superior al del tratamiento (Figura 49).
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Figura 49. Efecto del extracto de romero en el volumen de xenotransplantes en un modelo in vivo de cancer de
colon.

Los animales se trataron con 200 mg/kg, segln las condiciones detalladas en el apartado de Metodologia. Durante
el tratamiento se tomaron las medidas del tumor mediante un calibre pie de rey. Los valores se presentan como
volumen del tumor (mm?3) respecto al tiempo de tratamiento (dias). Imégenes representativas del grupo de animales
control, grupo de animales tratados y grupo de animales pretratados con el extracto de romero. *** (p<0,001) indica
diferencias estadisticamente significativas.
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1. Andlisis de las muestras por HPLC ESI-UHD-Qq-TOF-MS.

La caracterizacién cualitativa y cuantitativa mediante HPLC ESI-UHD-Qg-TOF-MS de las
muestras procedentes del ensayo de absorcion en el modelo celular Caco-2 se realizd en
colaboracién con el Centro de Investigacion y Desarrollo del Alimento Funcional (CIDAF), bajo la
direccion del Dr. Antonio Segura Carretero. En los ensayos de absorcion se utilizo el extracto de

romero de forma libre y vehiculizado en un sistema de vesiculas fosfolipidicas o liposomas.

2. Determinacion de los valores Pagp.

Una vez determinadas las concentraciones de los compuestos previamente identificados
en las muestras procedentes de la cdmara apical (AP) y basolateral (BL), tal y como se describe
en el apartado de Metodologia, dichos valores se emplearon para obtener los valores de
permeabilidad aparente (Papp). En la Tabla 7 se muestran los valores para las dos condiciones
estudiadas (extracto de romero libre y encapsulado en liposomas) y ambas direcciones
analizadas, AP-BL y BL-AP. Algunos compuestos no pudieron cuantificarse ya que su
concentracién fue inferior a los valores del limite de cuantificacion (LOQ), en algunos casos en

ambas direcciones y en otros solo para una de ellas.

3. Resultados de permeabilidad segun familia de compuestos.

Flavonoides y derivados de acidos fenélicos

Los derivados fendlicos, (9)-shogaol y su isémero, se encontraron presentes en todas las
muestras analizadas pero los valores de concentracion de ambos compuestos se encontraron
por debajo del LOQ, por lo que no se pudieron obtener resultados de dichos compuestos.
Posteriormente, un analisis mas profundo de las muestras revel6 que ambos compuestos fueron
parcialmente retenidos por la monocapa de células Caco-2, sin ningun tipo de transporte hacia la

camara receptora.
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En cuanto a los flavonoides, a pesar de que en el extracto de romero su presencia es
menos abundante como muestra su caracterizacion previa [59], su posible absorcion y la
importante actividad bioldgica que éstos poseen justifico un andlisis exhaustivo de dichos
compuestos. Los flavonoides presentes en el extracto de romero fueron apigenina, hispidulina,
diosmetina, genkwanina y cirsimaritina. La apigenina, no se pudo cuantificar, ya que la

concentracién detectada se encontraba por debajo de su limite de cuantificacion (LOQ).

Respecto a los otros cuatro flavonoides, no se detectd absorcién en ninguna de las dos
direcciones estudiadas cuando el extracto de romero se encontraba encapsulado en liposomas.
Sin embargo, se detectd una absorcion significativa en ambas direcciones cuando el extracto se
encontraba de forma libre. Los valores mas altos obtenidos fueron para la cirsimaritina y la
genkwanina (direccion AP-BL), sin diferencias estadisticamente significativas entre ellos
(p>0,05). Este estudio supone la primera contribucién al conocimiento de la permeabilidad de

estos flavonoides.

La diosmetina y la hispidulina presentaron valores de permeabilidad inferiores, mostrando
diferencias estadisticamente significativas respecto a la cirsimaritina (p<0,001 y p<0,01,

respectivamente), pero sin mostrar diferencias entre ellos (p>0,05).

Respecto a la direccion BL-AP, la cirsimaritina, la genkwanina y la hispidulina mostraron
valores de permeabilidad muy similares, sin diferencias significativas entre ellos (p>0,05),

seguidos por la diosmetina con el valor mas bajo de permeabilidad (p<0,001) (Tabla 7).
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Diterpenos

Los diterpenos, junto a los triterpenos, son el grupo principal de compuestos presentes en
el extracto de romero, en el cual se incluyen hasta 10 compuestos [59]. Los diterpenos presentes
en el extracto de romero son los &cidos carndsico y 12-metoxicarnésico, carnosol, rosmanol y
sus isomeros (epiisorrosmanol y epirrosmanol), rosmadial, rosmaridifenol, hinoquiona y

miltipolona.

El valor de permeabilidad mas alto en la direccion AP-BL y para el extracto de forma libre
se obtuvo para el compuesto acido carnosico seguido del epiisorrosmanol con una diferencia
estadisticamente significativa entre ellos (p<0,001). Los siguientes compuestos por orden de
permeabilidad fueron, el epirrosmanol y el rosmanol, que no mostraron diferencias significativas
entre ellos (p>0,05), pero si con respecto al anterior, el epiisorrosmanol (p<0,001). EI compuesto
carmnosol y su isémero, el rosmadial, el acido 12-metoxicarndsico y la miltipolona mostraron
valores de Papp entre 1,46 y 2,10x10-5 cm/s. Por otro lado, el rosmaridifenol mostré valores
inferiores (Pagp €n el rango de 106 cm/s), mientras que para el compuesto hinoquiona no se

observo absorcion.

Respecto a la direccion BL-AP, el acido carndsico también presento el valor méas alto de
permeabilidad (p<0,001), seguido por el resto de compuestos sin diferencias significativas entre

ellos (p>0,05), excepto para la miltipolona que no fue absorbida.

En el estudio del extracto de romero encapsulado en la direccion AP-BL, el rosmanol
mostré la permeabilidad mas alta, seguido del epiisorrosmanol, rosmadial, epirrosmanol y
carnosol. Sin embargo, la encapsulacion de dichos compuestos provocd una disminucién en los

valores de permeabilidad.
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En general, para todos los diterpenos presentes en el extracto de romero, los valores de
permeabilidad de los compuestos fueron inferiores en la forma encapsulada que en la libre

(Tabla 7).

Triterpenos

Los triterpenos son la familia de compuestos mas abundante en el extracto de romero
segun su caracterizacion previa [59], la cual incluye 6 compuestos: la anemosapogenina y los

acidos augustico, betulinico, micromérico, bentamico y ursdlico.

Respecto al extracto de romero encapsulado en liposomas, no se observé absorcion en

ninguna de las dos direcciones estudiadas de los compuestos mencionados anteriormente.

En el estudio del extracto de romero de forma libre, se observd que dicho grupo de
compuestos presento valores de Papp bajos (en el rango de 10-6 cm/s). En la direccion AP-BL, los
acidos betulinico y ursélico no presentaron absorcion, pero si se encontraban presentes en la
monocapa celular. En cuanto a los otros triterpenos, el valor de permeabilidad mas alto se
obtuvo con el &cido augustico, seguido por el acido micromérico, bentdmico y la
anemosapogenina, sin presentar diferencias estadisticamente significativas entre ellos (p>0,05).
Respecto a la direccion BL-AP, cabe destacar que los seis triterpenos fueron absorbidos, pero

mostraron valores de permeabilidad bajos (Tabla 7).
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Discusion
1. El extracto de romero produce un efecto antiproliferativo muy similar a sus
compuestos aislados en lineas celulares de cancer de colon.

En diversos estudios se ha demostrado la actividad citotoxica de diferentes extractos de
romero y de sus principales compuestos en varios tipos de modelos de cancer, como leucemia,
prostata, mama, piel y colon [61, 106-108]. Al analizar la composicién del extracto de romero, se
observa que los diterpenos junto a los triterpenos, podrian ser los compuestos mas activos en la
inhibicion de la proliferacion celular. En la bibliografia se pueden encontrar estudios que postulan
que el acido carnosico podria ser el principal compuesto en la actividad citotoxica del extracto de

romero.

Esta hipotesis corrobora los resultados obtenidos en el presente trabajo, en el cual la
fraccion 7, correspondiente al acido carnosico, fue una de las méas activas en la mayoria de
lineas celulares a la concentracion mas baja ensayada (30 pg/mL). Las fracciones 5 (compuesta
por carnosol) y 9 (taxodiona) mostraron una actividad citotoxica muy similar a la del extracto de
romero completo, lo que demuestra el gran poder antiproliferativo de los diterpenos. La fraccion 1
(rosmanol) mostré un gran efecto antiproliferativo en la linea HGUE-C-1 respecto a las otras
lineas celulares. Ademas, la fraccién 8 (compuesta por &cido 12-metoxicarndsico) presentd una
gran inhibicién de la proliferacion celular en la linea SW480 respecto a las otras dos lineas. En
concordancia con los resultados obtenidos, diversos estudios han demostrado la actividad

antiproliferativa del acido 12-metoxicarnésico en lineas celulares de cancer de higado [109].

Sin embargo, la fraccidén 10 (compuesta principalmente por el triterpeno acido betulinico),
demostrd que este grupo de compuestos también podria contribuir significativamente a la

actividad citotdxica del extracto de romero.
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Respecto a los valores de ICso, en la bibliografia se pueden encontrar valores para el
acido carndsico, betulinico y ursélico de 48,5, 32,7 y 26,0 uM respectivamente, los cuales
corresponden a 24 horas de tratamiento en la linea celular HT-29 [67, 110, 111]. En trabajos
realizados por el grupo de investigacion se han obtenido valores de ICsy similares a los
encontrados en la bibliografia, 31,9, 10,3 y 9,49 uM para el acido carnosico, betulinico y ursolico
respectivamente. El &cido ursolico presenta un valor de 1Cso en SW480 después de 48 horas de
tratamiento de 23,9 uM [102]. En el caso de ofros diterpenos y triterpenos, no se han encontrado
valores de ICso relativos a dichos compuestos, por lo tanto, de acuerdo con los resultados
obtenidos, se postula que el valor de ICsq para estos compuestos es inferior a la concentracion

mas baja probada (30 ug/mL).

Estudios recientes han demostrado la actividad antitumoral de los compuestos del romero,
tanto en modelos in vitro como en modelos animales [61]. Segun los resultados obtenidos en el
presente trabajo, el acido carndsico y el carnosol se proponen como los compuestos mas activos
de la hoja de romero, responsables de la actividad antiproliferativa en las células de cancer de

colon, con la posible contribucién de algun triterpeno como el &cido betulinico.

A pesar de que los diterpenos acido carnésico y carnosol presentaron una alta actividad
citotdxica y/o citostatica, otros diterpenos como el rosmanol y el triterpeno acido ursélico han
mostrado en diversos estudios que inducen apoptosis en células tumorales [112, 113]. Los
diterpenos &cido carndsico y carnosol han demostrado alterar multiples vias asociadas con la
inflamacion y el cancer, en las cuales se incluye el factor de transcripcion nuclear kappa B (NF-
kB), proteinas relacionadas con la apoptosis, la via de sefializacion de la fosfatidilinositol-3-
kinasa (PI13K/AKkt), receptores de andrégenos y estrogenos y, actividad antiangiogénica [14, 107].
Dentro de los triterpenos, el &cido betulinico se ha propuesto como un prometedor compuesto

antitumoral por su actividad antiproliferativa en una gran variedad de lineas celulares de cancer
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[114-116]. Este compuesto presenta actividad antiangiogénica, induce apoptosis, actia como
inmunomodulador y ademas posee capacidad para inducir la diferenciacién celular [117]. En el
extracto de romero completo, el acido betulinico es bastante abundante, un 3,8%, siendo el
compuesto principal de la fraccién 10, una de las fracciones mas activas en la linea celular
SW480. Ademas, la fraccién contenia de forma minoritaria el diterpeno hinoquiona, que podria

derivar de la degradacion del compuesto carnosol.

La fraccion 9 también presentd una gran actividad antitumoral, formada por (9)-shogaol,
gingerol y taxodiona. Otros compuestos estructuralmente relacionados con el shogaol han
demostrado capacidad para inducir apoptosis en células de cancer de colon y la taxodiona
procedente de especies del género Salvia ha mostrado poseer efecto antiproliferativo en células

de leucemia [118, 119].

Finalmente, los resultados obtenidos demostraron que el extracto de romero presenta una
actividad antiproliferativa igual o superior a las fracciones purificadas del mismo. Dicha actividad
podria deberse a los diterpenos acido carnosico y carnosol, ademas de la contribucion de
triterpenos con el acido betulinico y ursélico. Este comportamiento podria deberse a un efecto
aditivo o sinérgico entre los compuestos presentes en el extracto, el cual deberia ser
comprobado en estudios futuros. Se puede concluir que no procede avanzar en la obtencién de
una fraccion purificada o incluso de un compuesto puro ya que no mejora la actividad
antiproliferativa del extracto completo y si aumentaria los costes de su produccién. Por estas

razones, los estudios posteriores fueron realizados con el extracto de romero completo.
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2. El extracto de romero posee un efecto antiproliferativo en modelos de cancer de
colon debido principalmente a una muerte celular por necrosis y a un bloqueo del
ciclo celular.

En el presente trabajo se ha podido determinar el mecanismo de accion por el cual el
extracto de romero inhibe la proliferacion celular. En primer lugar, mediante el analisis del ciclo
celular se determin que el extracto de romero provocaba un efecto citostatico en las lineas HT-
29 y SW480, bloqueando de manera significativa las células en la fase Go/M. Por otra parte, en

la linea HGUE-C-1 se observo un efecto citotoxico, aumentando la fase Sub-G1 (apoptosis).

Estudios previos han demostrado que extractos de romero bloquean el ciclo celular en la
fase Go/M en células de melanoma humano [65]. Por otro lado, al ser un extracto enriquecido en
diterpenos (acido carnésico y carnosol), dichos compuestos podrian ser responsables del efecto
citostatico del extracto de romero. En la bibliografia existen diversos estudios en los cuales se
demuestra la capacidad del acido carndsico y del carnosol de bloquear el ciclo celular en la fase
Go/M en células de leucemia [120]. Dentro de los triterpenos, el acido betulinico también ha

demostrado ejercer un bloqueo en la fase G2/M en células de cancer de mama [121].

Respecto a la cuantificacion de la apoptosis, se observd una acumulacion de la poblacion
celular en el cuadrante de Anexina V/7-AAD doble positivo de manera dependiente de la dosis, lo
que sugiere una muerte celular por apoptosis tardia o bien por necrosis. A pesar de la presencia
de la poblacion celular en dicho cuadrante, la ausencia de células en apoptosis temprana sugiere
que el mecanismo por el cual el extracto de romero ejerce su efecto antiproliferativo es la
necrosis en lugar de la apoptosis. Para confirmar este efecto, se estudio la liberacion de la
enzima LDH, hecho que se relaciona con la permeabilizacion de la membrana plasmatica y, por
consiguiente, con una muerte por necrosis [122-124]. En este caso, tanto la cuantificacién de la
Anexina-V como la liberacién de LDH coincidieron en los resultados obtenidos, lo que refuerza la

hipdtesis de una muerte celular mediada por necrosis.
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Dado que la muerte celular por necroptosis comparte caracteristicas fundamentales con la
necrosis, una muerte celular regulada e independiente de caspasas [125, 126], se estimo6
oportuno el estudio de dicha muerte mediante el inhibidor especifico necrostatina-1 [127]. El
pretratamiento de las células con este compuesto no inhibié la muerte celular, por lo que se
descarta este mecanismo de muerte. Ofra hipétesis planteada como posible causa de muerte
celular fue la induccion de autofagia producida por el extracto de romero. Para valorar esta
posibilidad, las células fueron pretratadas con el compuesto cloroquina, un inhibidor de la
autofagia [128]. Los resultados obtenidos parecen descartar la autofagia en las tres lineas

celulares estudiadas.

El andlisis del ciclo celular, la cuantificacion de la apoptosis mediante Anexina-V, la
liberacion de la enzima LDH al medio de cultivo y el estudio de la necroptosis y autofagia
proporcionan resultados contundentes de que el extracto de romero no induce una muerte
celular por los mecanismos mencionados anteriormente. Por el contrario, todos los resultados
obtenidos revelan que la actividad antitumoral del extracto de romero en las lineas celulares de
cancer de colon se debe principalmente a un efecto citotoxico, a través de muerte por necrosis, y

en menor medida a un efecto citostatico, bloqueando el ciclo celular en la fase Go/M.
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3. El tratamiento con el extracto de romero induce la generacion intracelular de
ROS y afecta a la viabilidad mitocondrial.

Existen evidencias de que las ROS juegan un papel importante tanto en la muerte celular
por apoptosis como en la necrosis. Los resultados obtenidos demuestran que el tratamiento con
el extracto de romero eleva los niveles de ROS intracelular en todas las lineas utilizadas. Niveles
fisioldgicos de ROS pueden regular la transcripcion de mdiltiples genes, actuar como moléculas
de sefalizacion y como defensa contra la infeccion por patégenos. Por otra parte, la produccion
excesiva de ROS conduce a un estado exacerbado de estrés oxidativo y puede dafiar
irreversiblemente moléculas vitales y organulos, lo que puede desembocar en una muerte celular

por Necrosis.

Conocidas estas afirmaciones y con el fin de determinar la influencia de las ROS en el
mecanismo de muerte mediado por el ER, se determind el nivel de estrés oxidativo intracelular y
sus posibles efectos en el potencial de membrana mitocondrial. En general, los resultados
obtenidos demuestran que, tras el tratamiento con el extracto de romero, existe un porcentaje
significativo de células con el potencial mitocondrial despolarizado, hecho que podria estar

relacionado con la muerte por necrosis en las células de cancer colorrectal.

Existen estudios que demuestran que los compuestos bioactivos pueden actuar como
antioxidantes o como prooxidantes [31]. Diversos autores han comprobado que los diterpenos
acido carndsico, camnosol y rosmanol alteran la funcionalidad de la mitocondria en células
humanas de cancer hepatico, mama y colorrectal, respectivamente [73, 129]. Otro compuesto
como el triterpeno acido ursélico también ha demostrado alterar el potencial de membrana

mitocondrial y poseer efecto prooxidante en células humanas de cancer de mama [130].
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4. El tratamiento de las células de cancer de colon con ER activa la via del factor
de transcripcion Nrf2 en correlacién con el aumento de ROS. El silenciamiento del
gen aumenta los niveles de ROS y disminuye la viabilidad celular.

Estudios recientes han demostrado que el factor de transcripcién Nrf2 es fundamental en
la respuesta de defensa celular tanto en células normales como tumorales frente a gran variedad
de compuestos y agentes como las ROS [131]. Para confirmar este hecho, se procedio al
silenciamiento del gen de Nrf2 mediante la transfeccion con un siRNA. En el estudio realizado, la
transfeccion aumenté los niveles de las especies reactivas de oxigeno de las células
transfectadas frente a las no transfectadas y, ademas, disminuyd significativamente la viabilidad

celular.

Este resultado indica que el silenciamiento del gen acelera el dafio celular debido al
aumento masivo de las ROS, lo que conlleva una disminucién considerable de la viabilidad en
las células transfectadas, provocada probablemente por una muerte por necrosis. Por lo tanto, se
confirmd que el silenciamiento de Nrf2 sensibilizé a las lineas celulares frente al tratamiento con
el extracto de romero. La posible supresion de enzimas antioxidantes y citoprotectoras,
mecanismos de proteccion activados en la via Nrf2, podria ser una de las causas del aumento de

ROS y, por consiguiente, del aumento de la citotoxicidad.

En estudios anteriores se comprob6 que el tratamiento de células HT-29 con dicho
extracto de romero aumento los niveles de expresion de Nrf2 y de ofras proteinas reguladas por
este factor de transcripcién, como son las involucradas en la generacién de NADPH,
detoxificantes y antioxidantes [132]. Como consecuencia, es previsible que en el modelo celular
estudiado en el presente trabajo y bajo el tratamiento con el extracto de romero, las células de
cancer de colon activen la via del factor Nrf2 simplemente como mecanismo de proteccion y

como respuesta al aumento en los niveles de ROS.
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Diversos autores postulan que los compuestos inductores de Nrf2 son eficaces en el
ambito de la prevencion del cancer [133, 134], mientras que otros investigadores afirman que su
activacion continuada en ciertos tipos de cancer favorece la proliferacion celular y la
quimiorresistencia [135, 136]. Por lo tanto, el sistema regulador Nrf2-Keap1 puede jugar un
“doble papel” en el organismo, ya que diversos compuestos (inductores o inhibidores) pueden
ser beneficiosos o perjudiciales segun las condiciones en las que se encuentren.

5. El tratamiento de modelos celulares de colon con ER inhibe tanto Ila
proliferacion como la migracion celular.

Dentro de las caracteristicas principales de las células tumorales destacan la capacidad
proliferativa, invasiva, de supervivencia y de formacién de tumores a través de la metastasis.
Evidentemente, los sistemas in vitro poseen muchas limitaciones para abordar estos aspectos
dado que la tumorogénesis y la metastasis son el resultado de la interaccion entre los diversos

tipos celulares en el tumor y las células del tejido.

Estudios previos han demostrado la capacidad de diversos extractos de romero de inhibir
la proliferacion celular en varias lineas tumorales de colon [92], pancreas [137], mama [108, 138],
leucemia [108, 139], préstata [108], higado [108, 140] y pulmén [108]. En el presente trabajo,
ademas de determinar la capacidad antiproliferativa del ER mediante técnicas convencionales,
como la determinacion de células viables por MTT, se utilizaron técnicas adicionales para
elucidar los efectos del extracto sobre otros aspectos mencionados como la proliferacién, la

capacidad de supervivencia y la migracion celular.

Se abordd el andlisis de la proliferacion celular a tiempo real mediante el equipo
xCelligence RTCA en las tres lineas de cancer de colon durante 72 horas de tratamiento con el
extracto de romero, obteniendo asi el indice celular en los intervalos de tiempo establecidos.
Este ensayo proporciond un resultado muy fiable sobre los cambios acontecidos en la viabilidad

celular a tiempo real y durante un periodo de tiempo mas amplio, indicando que el ER realmente
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produce una fuerte inhibicién en la proliferacion de las tres lineas celulares, sobre todo en las

lineas HGUE-C-1'y SW480.

Uno de los aspectos con mayor relevancia en el desarrollo del cancer es la capacidad de
supervivencia que poseen las células tumorales frente a los farmacos utilizados para su
tratamiento. Uno de los métodos mas empleados para determinar la citotoxicidad en modelos
celulares es el ensayo clonogénico o de formacion de colonias. Es un estudio a largo plazo que
permite analizar la supervivencia celular a partir de la capacidad que tiene la célula de
regenerarse tras haber sido expuesta a un agente toxico, de tal manera que la evaluacion in vitro
nos permite estimar el posible tipo de respuesta del agente a nivel in vivo [141-143]. Los
resultados obtenidos en este ensayo demostraron una inhibicién de la supervivencia por el
extracto de manera dosis-dependiente en las tres lineas estudiadas, que se demostroé de manera
mas intensa a 20 pg/mL, sobre todo en las células HGUE-C-1 y SW480. Diversos autores han
demostrado la capacidad de extractos de romero de inhibir la formacién de colonias en células
tumorales de colon y pulmén [144, 145]. Los diterpenos acido carndsico y carnosol también han
demostrado inhibir la formacion de colonias en cancer cervical y de mama [73, 146]. Dentro de
los triterpenos, cabe destacar que el tratamiento de células de melanoma con &cido betulinico en
combinacion con la radioterapia posee un efecto aditivo en el ensayo clonogénico respecto a los
tratamientos individuales [147]. En la misma linea se encuentra el acido ursélico, el cual ha
demostrado que su combinacion con el acido zoledrénico (ZOL), farmaco para el tratamiento del
osteosarcoma, potencia el efecto de los compuestos de forma aislada en este tipo de cancer

[148).

El estudio de la migracion celular en la investigacion del cancer es de gran interés, ya que
la principal causa de muerte en los pacientes con cancer es la capacidad de las células de
migrar e invadir otros tejidos u érganos. Entre los diversos métodos para el estudio de la

migracion celular cabe destacar el ensayo de “cierre de herida” o wound healing. Estudios
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recientes han demostrado la capacidad del acido carnésico, compuesto principal del extracto de
romero, de inhibir significativamente la proliferacion celular y la capacidad de migracion en
células de cancer de colon y cancer cervical [67, 146]. Dichos resultados apoyan los obtenidos
en la presente Tesis Doctoral, los cuales demuestran que el extracto de romero presenta una
gran capacidad de inhibir la migracién celular, principalmente en la linea celular HGUE-C-1,

seguida de las lineas HT-29 y SW480.

6. El extracto de romero no presenta signos de toxicidad oral aguda en ratas
Wistar.

El uso de plantas medicinales estd ampliamente extendido, sin embargo, es pertinente
estudiar sus posibles efectos secundarios si se piensa en el desarrollo de nuevos farmacos a
partir de extractos procedentes de dichas plantas [149]. La toxicidad de un extracto puede
deberse a los compuestos presentes en él, a una sobredosis, a un uso prolongado o a la
interaccion con otros compuestos [150]. Por estos motivos, se debe evaluar la toxicidad oral del

extracto y, con ello, establecer la seguridad del producto.

A pesar de que la guia 420 de la OCDE fija las dosis en 5, 50, 300 y 2000 mg/kg, se debe
fijar como dosis inicial aquella a la cual se espera que exista algin signo de toxicidad o
mortalidad; en este caso, se considerd oportuno comenzar el ensayo con el extracto de romero a
una dosis de 300 mg/kg de peso corporal, dados los antecedentes sobre el uso de este tipo de
extractos. La administracion de una dosis limite de 2000 mg/kg de peso corporal no provoco
mortalidad ni signos de toxicidad aparente en ningin animal estudiado. Los resultados del
estudio histopatoldgico realizado al finalizar el ensayos también corroboraron la ausencia de
toxicidad. Ademas, la evolucién del peso corporal respecto al tiempo, indicador de toxicidad,
mostro una tendencia positiva. De acuerdo con las normas internacionales para la clasificacion
de sustancias, los resultados de la exposicion oral aguda del extracto de romero en ratas indican

que éste podria considerarse como un extracto relativamente seguro. De hecho, estos resultados
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se encuentran en concordancia con el estudio realizado por Anaddn et al., en el cual también se
determino que la ingesta aguda de un extracto de romero similar no provocd alteraciones en los
parametros comentados anteriormente, por lo que es considerado un extracto que presenta baja
toxicidad oral [151].
7. El extracto de romero disminuye la tumorogénesis en un modelo in vivo de
xenotransplantes de cancer de colon.

La implantacion de xenotransplantes en ratones inmunodeprimidos permitié estudiar la
progresion y la evolucion de los tumores de colon humano durante el tratamiento de los animales

con el extracto de romero por via oral.

Existen antecedentes de la capacidad de los compuestos del romero de inhibir el
crecimiento de tumores de diverso origen. Kim et al. comprobaron que los ratones tratados con
acido carndsico frente a los no tratados presentaron un menor nimero de tumores de colon [71].
Un estudio reciente realizado por Wang et al. en un modelo de raton con leucemia inducida por
la linea celular K562/A02 demostrd que el tratamiento de los animales con acido carnésico y
adriamicina aumentd el nimero de células apoptoticas en comparacion con los animales tratados
s6lo con adriamicina [152]. Estos resultados demuestran que el &cido carndsico posee actividad
antitumoral de forma individual o en combinacién con otros compuestos en modelos in vivo.
Ademas, se ha descrito un posible efecto preventivo de este compuesto, a 10 mg/kg en un
modelo de hamster dorado (Golden Hamster) con cancer bucal inducido por 7,12-
dimetilbenzo(a)antraceno, inhibiendo casi por completo la implantacion de estos tumores
respecto al grupo control [153]. Esto podria deberse a la absorcion intestinal del acido carndsico
0 a posibles metabolitos derivados de este compuesto con efecto antitumoral. De hecho,
Doolaege et al. demostraron que el acido carndsico se absorbe después de la administracion

oral en ratas y existen trazas en intestino, abdomen, higado, piernas y tejido muscular [154].
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Otro diterpeno presente en el ER, el carnosol, ha demostrado capacidad por via oral para
disminuir de manera significativa el volumen de tumores de fibrosarcoma implantados en ratones
atimicos BALB/c [155]. Ademas, existen estudios que demuestran que el carnosol administrado
por via oral a una dosis de 30 mg/kg reduce el crecimiento de tumores de prdstata en ratones
inmunodeprimidos un 36% respecto al control no tratado [156]. Cabe destacar que extractos de
romero similares al estudiado en el presente trabajo presentaron efecto antitumoral en modelos

in vivo de cancer de colon y pancreas [137].

Los resultados comentados anteriormente confirman los datos obtenidos en el presente
trabajo, los cuales demuestran que el tratamiento con el extracto de romero enriquecido en
diterpenos y triterpenos podria tener un efecto preventivo en la formacion de tumores y que,
ademas, inhibe el desarrollo del tumor una vez formado.

8. La absorcion de los compuestos del ER en forma libre y liposomada en modelos

de monocapas de células intestinales es moderada y se produce principalmente
por difusion pasiva.

La absorcion intestinal de compuestos bioactivos en el modelo celular Caco-2 ha sido
ampliamente estudiada por diversos autores [157-161]. Sin embargo, existe una escasa
informacion sobre la absorcién de los compuestos cuando se encuentran presentes en extractos

complejos.

A pesar del bajo porcentaje de flavonoides y derivados de acidos fenolicos presentes en el
extracto de romero, estos compuestos merecen el estudio de su absorcion por la importante
actividad biolégica que suelen presentar. El compuesto (9)-shogaol y su isomero se encontraban
por debajo de su limite de deteccion, por lo que no se pudo obtener el valor de permeabilidad,
sin embargo, el andlisis de las muestras mediante HPLC desvelé que estos compuestos se
encontraban parcialmente retenidos en la membrana celular y en la fraccion citoplasmatica de la

linea Caco-2. A pesar de no existir en la bibliografia datos sobre la absorcion del compuesto (9)-
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shogaol, los datos sobre un compuesto similar, el (6)-shogaol, podrian confirmar dicha teoria,
sugiriendo que dicho compuesto podria sufrir una biotransformacion a través de la monocapa

celular o bien quedar retenido en ella [162].

Segun los resultados obtenidos, puede concluirse que los flavonoides presentes en el
extracto de romero no mostraron diferencias en la absorcion entre los dos sentidos estudiados
cuando el extracto se encontraba en forma libre, lo que sugiere un transporte de absorcion por
difusion pasiva [163, 164]. Por otra parte, cabe resaltar que la encapsulacion del extracto en
liposomas no mejoré la absorcion de esta familia de compuestos. En cuanto al flavonoide
apigenina, no se pudo cuantificar ya que se encontraba por debajo del limite de cuantificacion.
Sin embargo, existe un estudio en el cual se determina su absorciéon de forma individual,
obteniendo un valor de permeabilidad de 1,38 x 10-° cm/s [165]. Los valores de permeabilidad
més elevados pertenecen a la cirsimaritina y la genkwanina, siendo el primer estudio en

determinar dichos valores a partir del extracto completo en el modelo celular Caco-2.

La diosmetina y la hispidulina mostraron los valores de permeabilidad mas bajos, sin
embargo, un estudio demuestra que la diosmetina de forma pura presenta valores de
permeabilidad mas altos [159]. Esta diferencia con los resultados obtenidos en el presente
trabajo podria deberse a la baja presencia del compuesto en el extracto de romero y/o a la

competencia con otros polifenoles y terpenos presentes en el extracto.

Respecto al grupo de los diterpenos, el &cido carndsico fue el que presentd la mayor
permeabilidad, seguido del epiisorrosmanol, epirrosmanol y el rosmanol. En general, la
encapsulacion en liposomas del extracto no mejord la absorcion de ninguno de los compuestos
estudiados en este grupo. También se puede concluir, que ligeras modificaciones en la

estructura de estos compuestos podrian ser cruciales en los valores de permeabilidad.
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Por Gltimo, en el grupo de los triterpenos también se observd absorcién cuando el extracto
se encontraba de forma libre y no cuando se encontraba de forma liposomada. El acido
augustico y el acido micromérico presentaron los valores de permeabilidad més altos, sin
embargo, de manera global fue el grupo de compuestos que mostré menor absorcion. La alta
hidrofobicidad de estos compuestos podria ser la causa de quedar retenidos en los fosfolipidos
de los liposomas o por la interaccion con la membrana plasmatica y otras estructuras lipidicas en

el interior celular. Hechos que, sin duda, necesitan ensayos futuros para ser ratificados.

Dado que la absorcion de todos los compuestos se analizé en el contexto del extracto
completo, se pueden producir mecanismos de interaccion como competencia entre los
compuestos, en particular entre los que presentan estructuras quimicas muy similares. Los
resultados también indican que la mayoria de compuestos son moderadamente absorbidos vy el
principal mecanismo de absorcion para los compuestos es la difusion pasiva. Por otra parte, el
uso de liposomas para mejorar la absorcidon de los compuestos no resultd ser una estrategia

eficiente, ya que de manera contraria a otros estudios, no mejord la permeabilidad [166].

Finalmente, los resultados obtenidos en la presente memoria justifican la realizacién de
ensayos preclinicos adicionales con el objetivo de corroborar los efectos observados con el
extracto de romero y de profundizar en el mecanismo molecular de la accion potencialmente
antitumoral del extracto. En la actualidad se esta realizando un estudio transcriptémico,
protedmico y metabolomico de los tumores procedentes del ensayo animal con el objetivo de
esclarecer qué genes modulan su expresion y cuales son las rutas metabdlicas afectadas por la
acciéon del extracto utilizado por via oral. Por otro lado, también se hace necesario realizar
estudios de metaboldmica en modelos animales o en ensayos de intervenciéon en humanos con

el proposito de conocer los metabolitos potencialmente responsables de la actividad observada.
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Conclusiones

1. La caracterizacién y cuantificacion del extracto de romero (ER), revela que los compuestos
mayoritarios en el extracto son los triterpenos, seguidos de los diterpenos y, por ultimo, en
menor medida los flavonoides. Los ensayos de citotoxicidad en las tres lineas de cancer de
colon utilizadas mostraron una actividad antiproliferativa del extracto de romero muy similar o
superior, en la mayoria de los casos, a la que presentaron las fracciones aisladas del mismo.
Después de comparar los resultados obtenidos con aquellos previamente publicados en la
bibliografia, se propone a los diterpenos, &cido carnésico y carnosol, junto con algin

triterpeno como el acido betulinico, como responsables de los efectos observados.

2. Las causas principales de la inhibicién de la proliferacion celular en modelos in vitro de cancer
de colon por parte del extracto de romero son el bloqueo del ciclo celular (efecto citostatico) v,
en mayor medida, la muerte celular por necrosis (efecto citotoxico). Esta capacidad
antiproliferativa viene acompafiada por un aumento de la generacion intracelular de ROS que
conlleva la pérdida del potencial de membrana mitocondrial, hechos que podrian ser los

responsables de dicha capacidad antiproliferativa.

3. El silenciamiento del gen correspondiente al factor de transcripcion Nrf2 sensibiliza a las
células de carcinoma de colon frente al tratamiento con el extracto de romero, aumentando
los niveles de ROS intracelular y disminuyendo la viabilidad celular, probablemente por un
aumento de la necrosis. Este efecto podria deberse a la disminucion de la expresion de
enzimas antioxidantes y otros mecanismos de proteccion activados en la via Nrf2 que

protegen a las células de un elevado estrés oxidativo.
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4. El tratamiento de células de cancer de colon con el extracto de romero muestra una fuerte
actividad antiproliferativa a medio-largo plazo. El extracto de romero también disminuye la

capacidad migratoria de grupos de células en las tres lineas de cancer de colon utilizadas.

5. La administracién oral aguda del extracto de romero en ratas, 2000 mg/kg, no reveld ningln
signo de toxicidad ni mortalidad en los animales estudiados. Segun los resultados obtenidos,
el extracto de romero se clasifica segun la guia 420 de la OCDE como una sustancia no

clasificada, por lo que su ingesta se considera segura.

6. La administracion oral del extracto de romero a 200 mg/kg, en un modelo de xenotransplantes
de células de carcinoma de colon HT-29 en ratones inmunodeprimidos muestra una inhibicién
significativa del tamafio de los tumores, sin observar pérdida de peso corporal ni signos de
toxicidad en los animales. Estos hechos justifican la utilizacion de dicho extracto en nuevos

ensayos preclinicos para corroborar su eficacia.

7. Se han obtenido datos de permeabilidad y de absorcion de un total de 24 compuestos
presentes en el extracto de romero de forma libre y encapsulada en liposomas en un modelo
de monocapas de células intestinales, determinados por primera vez en un extracto complejo.
El mecanismo principal propuesto para la absorcion de estos compuestos es la difusion
pasiva. La encapsulacion del extracto de romero en liposomas no mejord en ningln caso la
absorcion de los compuestos presentes en el extracto. Los diterpenos mostraron valores de
permeabilidad superiores que los triterpenos y los flavonoides, siendo el acido carnésico y el
epiisorrosmanol los que presentaron los valores de permeabilidad mas altos. Se propone a
los diterpenos y a algun triterpeno como los compuestos que contribuyen a los efectos

observados en el modelo animal.
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Rosemary extracts have exhibited potential cytostatic or cytotoxic effects in several cancer cell models
but their bioactive compounds are yet to be discovered. In this work, the anticancer activity of a rosemary-
leaf extract and its fractions were assayed to identify the phenolic compounds responsible for their
antiproliferative/cytotoxic effects on a panel of human colon cancer cell lines. Bioguided fractionation
of the rosemary-leaf extract was achieved by semi-preparative chromatography. The rosemary extract
and the compounds in the fractions were characterized and quantified by HPLC-ESI-QTOF-MS. Cellular
viability in the presence of these fractions and the whole extract was determined after 24 or 48 h incu-
bations by using an MTT assay. Fractions containing diterpenes or triterpenes were the most active but
not as much as the whole extract. In conclusion, carnosic acid, carnosol, 12-methoxycarnosic acid, taxodione,
hinokione and betulinic acid were the putative candidates that contributed to the observed antiproliferative
activity of rosemary in human colon cancer cells. Whether the effects of the extract and fractions are
only cytostatic or cytotoxic needs to be elucidated. Nevertheless, the comparative antiproliferative study
on the fractions and whole extract revealed potential synergistic effects between several components

in the extract that may deserve further attention.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

At present, cancer is a major health problem in many devel-
oped countries and a leading cause of death worldwide, accounting
for 8.2 million deaths in 2012 (World Health Organization (WHO),
2014). Colorectal cancer is the fourth most common cause of death
from cancer, causing approximately 700,000 deaths per year. The
risk of developing this particular malignancy increases with age and
some environmental factors, with diet being one of the most closely
related factors. An inverse relation between high consumption of
fruit and vegetables and the colon cancer incidence in a population
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has been reported, and therefore proper nutrition seems to play an
important role in colorectal cancer prevention (Franceschi et al.,
1998; Pan et al.,, 2011; Pauwels, 2011).

Plants and herbs are a source of compounds with potential an-
ticancer activity that are able to prevent, reverse and/or inhibit
carcinogenesis at different stages. Among these compounds, poly-
phenols have attracted interest because of the pleiotropic properties
that target different inflammatory, redox-sensitive and energy-
sensing metabolic pathways by modulating the activity of different
transcription factors (Barrajon-Catalan et al., 2014; Menéndez et al.,
2013), which is consistent with the multifactorial character of cancer.
The potential use of several individual polyphenols such as quer-
cetin, ellagic acid or chlorogenic acid, or different vegetable matrices,
e.g., green tea or olive oil, to treat colorectal cancer has been re-
ported (Hosokawa et al., 1990; Kim et al., 2010; Pahlke et al., 2006;
Shan et al., 2009a; Xavier et al., 2009).

Rosemary (Rosmarinus officinalis L.) is a shrub from the family
Labiatae (Lamiaceae) that is mostly distributed throughout the Med-
iterranean area. Diterpenes such as carnosic acid (CA) and carnosol
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(CAR) are abundant in rosemary leaves, in addition to the caffeoyl
derivative rosmarinic acid. A wide variety of biological activities have
been attributed to this plant, namely hepatoprotective (Sotelo-Félix
etal,, 2002), antimicrobial (Bozin et al., 2007; Del Campo et al., 2000),
antithrombotic (Yamamoto et al., 2005), diuretic (Haloui et al., 2000),
antidiabetic (Bakirel et al., 2008), anti-inflammatory (Altinier et al.,
2007), antioxidant (Pérez-Fons et al., 2010) and anti-cancer (Dorrie
et al., 2001; Huang et al., 2005; Lo et al., 2002; Visanji et al., 2006).
Accordingly, the inhibitory effects of rosemary extracts and their
isolated components on the growth of breast, liver, prostate, lung
and leukemia cancer cells have been reported (Johnson, 2011;
Yesil-Celiktas et al., 2010). By using transcriptomic and metabolomic
analyses, we recently showed that CA and CAR exert antiproliferative/
cytotoxic effects on colon cancer cells by activating nuclear receptor
factor 2 (NRF2)-dependent pathways and ROS metabolism, which is
accompanied by elevated levels of glutathione and decreased levels
of N-acetyl putrescine (Valdés et al., 2014). This finding is consistent
with the activation of genes related to the antioxidant phase Il enzymes
observed in a transcriptomic analysis on the effects of a diterpene-
enriched rosemary extract on colon cancer cells (Valdés et al., 2013).
Nevertheless, the whole extract seems to exert additional changes
on the expression of genes related to cell cycle progression and the
endoplasmic reticulum stress response. This result suggests the po-
tential synergistic effects of the whole extract because of the presence
of additional compounds at a lower concentration in combination
with diterpenes, which deserves further attention.

Therefore, the aims of our study were to perform a bioguided
isolation of the bioactive fractions of rosemary extract by semi-
preparative chromatography, to characterize them by high-
performance liquid chromatography with electrospray ionization
coupled with quadrupole-time-of-flight mass spectrometry (HPLC-
ESI-QTOF-MS), and to study the comparative antiproliferative or
cytotoxic activity of the whole extract and the fractions against several
colon cancer cell lines to search for potential synergistic effects.

2. Materials and methods
2.1. Chemicals

All chemicals were of analytical reagent grade and used as received. Formic acid
and acetonitrile used for analytical and semi-preparative chromatography were pur-
chased from Fluka, Sigma-Aldrich (Steinheim, Germany) and Fisher Scientific (Madrid,
Spain), respectively. Water was purified by a Milli-Q system from Millipore (Bedford,
MA, USA). Ursolic acid (UA), rosmarinic acid, genkwanin, diosmetin and luteolin were
obtained from Extrasynthese (Genay, France). Carnosol (CAR), carnosic acid (CA) and
apigenin were obtained from Fluka, Sigma-Aldrich. The stock solutions containing
these analytes were prepared in dimethyl sulfoxide (DMSO) and methanol (Fisher
Scientific, Madrid, Spain) and stored at —80 °C until use.

2.2. Rosemary-leaf extract

The rosemary extract (RE) was obtained from dried rosemary leaves that were
acquired from Herboristeria Murciana (Murcia, Spain) as described by Herrero et al.
(2010). In brief, a supercritical fluid extraction system (Suprex Prep Master, Suprex
Corporation, Pittsburg, PA, USA) was used, the flow of neat CO, was set at 60 g/min,
and the extraction conditions were 150 bar and 40 °C with 6.6% ethanol as a mod-
ifier. The extraction time was 5 hours to ensure high recovery efficiency. For solvent
evaporation, a Rotavapor R-210 (Buchi Labortechnik AG, Flawil, Switzerland) was
employed.

2.3. The isolation and purification of rosemary compounds

For the isolation of the rosemary compounds, the SFE extract obtained as de-
scribed above was dissolved in DMSO up to a concentration of 50 mg/ml. Prior to
injection, the extract solution was filtered with a single-use filter (0.45 pm). The frac-
tionation of the rosemary-leaf extract was achieved by using a Gilson preparative
HPLC system (Gilson, Middleton, USA) equipped with a binary pump (model 331/332),
automated liquid handling solutions (model GX-271) and UV-Vis detector (model
UV-Vis 156). The compounds were fractionated with an Ascentis C18 column (10 um,
250 x 212 mm) at room temperature. The mobile phases used for the separation con-
sisted of water plus 0.1% formic acid as eluent A, and acetonitrile as eluent B. The
following multi-step linear gradient was applied: 0 min, 5% B; 10 min, 45% B; 20 min,

55% B; 26 min, 60% B; 46 min, 73% B; 50 min, 80% B; 55 min, 100% B; and 60 min,
5% B. The initial conditions were held for 15 min. The flow rate was 15 ml/min and
the injection volume was 1 ml.

The separated compounds were monitored by UV-Vis at a wavelength of 280 nm.
The fraction collection step consisted of UV-based purification, and this step deter-
mined the elution time window for collecting each fraction. Finally, a total of 10
fractions were collected and the solvent was evaporated in darkness under a nitro-
gen stream. The residue of each fraction was weighed and stored at -80 °C until use.

2.4. HPLC-ESI-QTOF-MS analysis

The rosemary-leaf extract and the collected fractions obtained by semi-
preparative chromatography were analyzed by HPLC-ESI-QTOF-MS. The extract was
dissolved in ethanol at concentrations of 800 and 5000 pg/ml. The collected frac-
tions were then dissolved in an appropriate volume of DMSO up to a concentration
of 100 pg/ml. Finally, the solutions were passed through a 0.25 um filter before HPLC
analysis. The samples were analyzed by using a UPLC Acquity (Waters, Milford, MA,
USA) coupled with a micrOTOF-Q Il mass spectrometer (Bruker Daltonik, Bremen,
Germany). The column was a Zorbax Eclipse Plus C18 (4.6 x 150 mm, 1.8 um). The
mobile phases consisted of water plus 0.1% formic acid as eluent A and acetonitrile
as eluent B. The separation was performed at room temperature with a gradient
elution programmed at a flow rate of 0.8 ml/min. The multi-step linear gradient was
as follows: 0 min, 5% B; 5 min, 40% B; 10 min, 60% B; 30 min, 95% B; and 32.5 min,
5% B. The initial conditions were maintained for 5 minutes. The injection volume
in the HPLC system was 5 pl.

The UPLC system was coupled to the mass spectrometer via an ESI interface op-
erating in negative ion mode with a capillary voltage of +4 kV. Because the flow rate
under chromatographic conditions was set at 0.8 ml/min to obtain a stable spray
and consequently reproducible results, the effluent from the HPLC had to be split. A
“T"-type splitter was employed to reduce the flow from 0.8 to 0.2 ml/min. For all the
experiments, detection was performed by considering a mass range of 50-1100 m/z,
and by using nitrogen as nebulizing and drying gas. The optimum values of the ESI-
QTOF parameters were as follows: drying gas temperature, 210 °C; drying gas flow,
9 1/min, nebulizing gas pressure, 2 bar; funnel 1 RF, 150.0 Vpp; funnel 2 RF, 200.0 Vpp;
hexapole RF, 100.0 Vpp; transfer time, 70 us; and pre-pulse storage, 7 us.

The instrument was calibrated externally with a 74900-00-05 Cole Palmer syringe
pump (Vernon Hills, IL, USA) that was directly connected to the interface and con-
tained a 10 mM sodium formate cluster solution. The calibration solution was prepared
as follows: 10 ul of 1 M sodium hydroxide was mixed with 990 pl of 0.1% formic acid
in water:isopropanol (1:1, v/v). The mixture was injected at the beginning of each
run and all the spectra were calibrated prior to compound identification. Due to the
compensation of temperature drifts achieved inside the instrument, this external
calibration provided accurate mass values that were better than 5 ppm. The accu-
rate mass data of the molecular ions were processed with Data Analysis 4.0 software
(Bruker Daltonik), which provides a list of possible elemental formulas via Gener-
ate Molecular Formula Editor.

2.5. Cell lines and cultures

Colon adenocarcinoma HT-29 and SW480 cells were obtained from the IMIM
(Institut Municipal d'Investigacié Médica, Barcelona, Spain) and ATCC (American Type
Culture Collection, LGC Promochem, UK), respectively, and HGUE-C-1 was an es-
tablished cell line derived from a primary colon cancer cell line from Hospital General
Universitario de Elche. The cells were grown in DMEM supplemented with 5% heat-
inactivated fetal bovine serum, 2 mM L-glutamine, 50 U/ml penicillin G, and 50 pg/ml
streptomycin at 37 °C in a humidified atmosphere with 5% CO,. The cells were
trypsinized every three days according to the manufacturer’s instructions, and they
were seeded in 96-well plates.

2.6. Antiproliferative activity assays

To study the rosemary extract effect on the proliferation of HGUE-C-1, HT-29
and SW480 cell lines, the cells were seeded at a density of 5 x 10 cells/well, per-
mitted to adhere overnight at 37 °C, and exposed to rosemary extract and the isolated
fractions containing 30 or 60 pug/ml for 24 or 48 h. To obtain the concentration of
rosemary extract that inhibited 50% of the cell growth (ICso value), the cells were
treated with various concentrations of extract (0-100 ug/ml), and cell prolifera-
tion was estimated by MTT assay. After incubations in the presence of the extract
or the fractions for 24 or 48 h, the cells were washed with PBS and incubated with
MTT (3-(4,5-dimethylthiazol-2-y1)-2,5 diphenyltetrazolium bromide) for 3-4 h at 37 °C
and 5% CO,. The medium was removed, and 100 pl of DMSO per well was added to
dissolve the formazan crystals. The plates were shaken for 15 min and analyzed by
using a microplate reader (SPECTROstar Omega, BMG LabTech GmbH, Offenburg,
Germany) at 570 nm.

2.7. Statistical analysis
The values are represented as the means + SD of 4-6 determinations, depend-

ing on the assay. The values were subjected to statistical analysis (one-way ANOVA
to compare between different treatments, Student’s t-test for unpaired samples and
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Tukey's test for multiple comparisons). Dose response curves and ICsq values were
obtained by non-linear regression analysis (sigmoidal dose responses with vari-
able slopes) and compared by using two-way ANOVA with a Bonferroni post-test.
The ICso values are expressed as the means of three experiments. All the calcula-
tions and adjustments were performed by using Graph Pad Prism version 5.01
software (Graph Pad Software Inc., CA, USA).

3. Results
3.1. Quantitative characterization of the rosemary-leaf extract

Figure 1 shows the base peak chromatogram (BPC) of the extract
that was analyzed as described in the Materials and Methods section
in which the main peaks have been numbered according to their
elution order. The rosemary-leaf extract under study was qualita-
tively characterized in a previous work (Borras Linares et al., 2011);
however, quantitative data were not reported. Table 1 summa-
rizes the quantitative results obtained by HPLC-ESI-QTOF-MS for the
major compounds in the extract.

For quantitative purposes, standard calibration graphs of CAR,
CA, UA, rosmarinic acid, genkwanin, diosmetin and apigenin were
prepared by using luteolin at a concentration of 5 ppm as an in-
ternal standard. The validation of the proposed method was
performed with linearity, sensitivity, and precision parameters.
Table 2 shows the limits of detection (LODs) and quantification
(LOQs), calibration range, calibration equations, and regression
coefficient (r?) for all the standards used. All calibration curves

showed good linearity between different concentrations depend-
ing on the analytes studied. The LODs and LOQs for individual
compounds in standard solutions were also calculated as S/N =3 and
S/N =10, respectively, where S/N is the signal-to-noise ratio. The re-
peatability of the method was measured as the relative standard
deviation (RSD %) in terms of concentration. The rosemary-leaf
extract was injected several times (n = 6) on the same day (intraday
precision) and 3 times on 2 consecutive days (interday precision,
n=12). The intraday repeatability of the developed method for all
analytes ranged from 0.09 to 3.67%, whereas the interday repeat-
ability ranged from 0.16 to 4.21%.

The compound concentrations were determined by using the cor-
rected area for each individual compound (three replicates) and by
interpolating in the corresponding calibration curve. Apigenin,
diosmetin, genkwanin, CAR, CA and UA were quantified by using
the calibration curves obtained from their respective commercial
standards. The other compounds were tentatively quantified on the
basis of calibration curves from other compounds with structural
similarities. Rosmanol, its isomers epiisorosmanol and epirosmanol,
miltipolone, rosmadial and rosmaridiphenol were quantified with
CAR standard. Hinokione and 12-methoxycarnosic acid were ex-
pressed as CA. The UA was used to quantify augustic, benthamic,
micromeric and betulinic acids, in addition to anemosapogenin.
Finally, a genkwanin standard was used for cirsimaritin quantifi-
cation. [9]-shogaol was expressed as rosmarinic acid, and diosmetin
was used to estimate the hispidulin and cirsiliol contents. Despite
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Fig. 1. A base peak chromatogram obtained by performing a UPLC-ESI-QTOF-MS analysis of the rosemary-leaf extract, in which the peaks are identified with numbers according
to their elution order. The insert indicates the relative percentage of compounds in the extract as distributed by families.
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Table 2
Analytical parameters for the standards used for quantification purposes.
Analyte LOD LOQ Calibration Calibration equations 2
(ug/ml) (ng/ml) range
(ug/ml)
8388838383885 853R5333208125 Carnosol 0019 006  01-25 y=84.476x+03537 0.989
COCoOooCo0OoToooOooRoTYoMNSSd Carnosicacid 0.018  0.06 0.5-70 y=94.036x+0.0152 0.9907
Ursolicacid ~ 0.070  0.22 0.5-50 y =10 x + 56483 0.9763
Rosmarinic ~ 0.035  0.09 0.5-15 y=40352x-0.0142  0.9909
acid
Genkwanin ~ 0.014  0.04 0.1-15 y=147.37x-0.0399 0.9803
Diosmetin  0.028  0.09 0.1-5 y=51.106 x - 0.0386  0.9906
N g~ babme © 0 - o Apigenin 0016  0.05 0.5-5 y=62.358 x +0.0308 0.9912
29999=9999 Sunuoua 9n 9 ©
OO0 O0O0CO0O0O0OO0O0O~O0O0O0O0OTOONOMO
HHHHHHHHHHHHHHHHHHHHHHH
R ARIRECRC 805Nl 558802823
SScS33¥dcMs 989N T RET ST Rnga
the fact that the response of the standards may differ from those
of the analytes, the concentration of each compound present in the
=] whole extract was estimated (Table 1).
S
S
Z
—_ o . . .
= g g 5 £ ® 3.2. Isolation and analysis of fractions from rosemary-leaf extract
S = $HwE¥v o9 w©
5 Bfep _25%i%5ss.0z.0s , ,
£E SZEE55 Z5 SCECSEE % B gg The major compounds present in the rosemary-leaf extract were
SECE 2 ESRGE 27 " i i cati ’ ir indi
E EZszzl SE EEZZE S E;E,o E—g 5 3 Sk isolated by semi-preparative chromatography to study their indi-
Eoa=zcEEgdamwgET NS e 82 . . - . .
ECSARSEREEE288 as s SZES vidual anticancer activity. A total of 10 fractions that contﬁungd
almost pure compounds were collected and selected for their bio-
activity evaluation based on the UV chromatogram registered in the
semi-preparative system, which corresponded to the major com-
pounds of the extract. The composition of these fractions (Table 3)
was analyzed and quantitated by HPLC-QTOF as previously de-
S Cz S Cz (5: 88888 5; S (?: S o: Cz o: o: 88888 scribed. Except for fractions F4 (3 compounds), F9 (2 compounds)
IZTTEL %‘ EEE %‘ E % ;,g :: ;,g i;' z :: ;,g i;' ;,g % and F10 (2 compounds), the purity of the fractions were of 72% (w/w)
[CXVEVEAVEVRVRURGIVEVEURGRRURVEVEGNURONURU RG] and above.
3.3. The effects of rosemary-leaf extract and isolated fractions on cell
proliferation
NONMNOALONNO=RAT —©OONINMY Y
NN FANYTYNTANNDS O AN W0
—n — NN~ =N = i i [ o -
The antiproliferative/cytotoxic activity of the rosemary extract
and the isolated fractions was assayed on HT-29, SW480 and HGUE-
C-1 cell lines at 24 and 48 h. The incubation of the cells with
rosemary extract yielded a dose-dependent decrease in cell viabil-
NNGCRRANINNMING OO ®NNMNS NN ity for all colon cancer cell lines and treatment time lapse (Fig. 2).
AToeNo"ooNomMOm oMY onn The comparison of the ICso values derived from Fig. 2 is summa-
rized in Fig. 3. At 24 h, the HGUE-C-1 cells were more sensitive to
rosemary extract (ICso=12.7 pg/ml) than SW480 (ICso = 18.1 pg/ml)
or HT29 cells (20.4 pg/ml). By contrast, the HGUE-C-1 and SW480
N ERERSEENMmes 992N AT cells were almost equally sensitive after 48 h treatments
28813 g E E E g § § E g § 33 § 853 § g (ICso= 92 Hg/ml and 8.1 ug/m!, rgspective}y) and the HT29 cells were
§ § § % E § § § g % § E 5 E 5 5 5 § E E § ﬁ 5 less sensitive (14.8 pg/ml). Significant differences between 24 and
48 h treatments were found in all cell lines (p <0.001), indicating
that the longer the treatment the lower the ICs values. The reduced
ICso value after 48 hours of treatment was more dramatic for SW480
cells (Figs. 2 and 3).
The capacity to reduce the cell proliferation of all the RE frac-
CBBRNYISIRAREIEIEIARIRLCZ tions was compared with that of the whole extract at two different
8888 NEER 2SI A2RINARAA trati 30 and 60 1) (Fig. 4). The RE treat t exhib
EE R e i g g g .concenralons( an pg/ml) (Fig. 4). 1e reatment exhib-
NANAMMmMmAAMMmINITMMmMFAT < ited the best results for all the tested conditions and cell lines or
at least showed a similar level of inhibition to that of the most
active fractions. In most cell lines, fractions 5, 7, 9 and 10 showed
. . . . a similar level of antiproliferative activity than RE. However,
SEINBIISLRRNIRFNEE=SS2R] fractions 2, 3, 4 and 6 exhibited less capacity to reduce cancer cell
TANNONNFTFNNODRO T T TANNT00NO Yy ere . apee P
TroooCmoo s s s aaaaaaaNaaaa viability than RE. On the contrary, fractions 1 and 8 exhibited similar
activity to that observed for RE in the HGUE-C-1 and SW480 cell
lines, respectively. In general, most fractions showed higher
NN ON RO NNTNON RO Z Y antiproliferative/cytotoxic activity in HGUE-C-1 relative to the other
two cell lines.
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Table 3
The composition of the selected purified fractions used for the antiproliferative assays.

219

Fraction number m/z experimental Molecular formula Error (ppm) mSigma Proposed compound Purity (% dw)
F1 345.1715 C20H205 2.2 121 Rosmanol 82.6
F2 3451714 C20H2605 =17 5.6 Epiisorosmanol 83.6
F3 283.0616 CisH1205 -13 12.2 Genkwanin 99.3
F4 299.1655 C19H2403 -0.7 217 Miltipolone 40.0
457.3325 C29H4604 -04 209 Notohamosin B 30.1
471.3483 C30H404 -0.7 318 Anemosapogenin 131
F5 329.1755 C20H2604 11 15.7 Carnosol 82.6
F6 343.1556 C20H2405 -16 7.8 Rosmadial 72.0
F7 3311922 C20H2804 -2.1 258 Carnosic acid 98.7
F8 345.2070 C21H3004 0.2 6.6 12-methoxycarnosic acid 98.6
F9 313.1819 Ca0H2603 -3.0 75 Taxodione 44.0
317.2137 C20H3003 -4.6 19.3 [9]-Shogaol 50.0
F10 299.2021 Ca0H2502 -15 15 Hinokione 13.8
455.3518 C30H4s03 2.8 11 Betulinic acid 81.0
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Fig. 2. The sigmoidal dose-response curves of cell viability for the following three different colon cancer cell lines: HGUE-C-1, HT-29 or SW480 (A, B and C) in the presence
of the RE. The cells were treated with different concentrations (0-100 ug/ml) of RE for 24 or 48 h. After the treatments, cell viability was measured by MTT assay. The data

are expressed as the means of 6 replicates + SD.
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Fig. 3. 1Csp values derived from cell viability plots with treatments of three colon
cancer cell lines in the presence of RE after 24 and 48 hours. Different letters above
the bars indicate statistically significant differences (p < 0.001) between samples after
two-way ANOVA analysis.

4. Discussion

Triterpenes were the most abundant compounds in RE (49.5%
of the total identified compounds), followed by diterpenes (44.3%)
and minor quantities of flavonoids (2.1%) (Fig. 1). Diterpenes
accounted for almost 11% of the total dry weight (dw) and triterpenes
for approximately 12% dw (Table 1). Considering the individual
compounds, the diterpene CA was the most abundant one (83 mg/g)
followed by the triterpenes micromeric, betulinic and ursolic
acids (47, 38 and 21.5 m/g, respectively), which were previously de-
scribed in rosemary (Laszczyk, 2009). CAR, the 8-lactone derivative

of CA, was also relevant (10 mg/g), and other diterpenes
(rosmanol, rosmadial, and 12-methoxycarnosic acid), triterpenes
(anemosapogenin, augustic acid, and benthamic acid), flavonoids
(genkwanin) and [9]-shogaol were present at concentrations ranging
from 1.36 to 10.1 mg/g extract. The rest of the compounds were all
below 1 mg/g extract.

The growth conditions (geographical and pedoclimatic factors),
extraction and conservation procedures may significantly influ-
ence the phenolic composition of a botanical extract. Indeed, the
phenolic diterpenes present in RE have been shown to be thermal
and photo-degradable (Schwarz and Ternes, 1992). Solid-liquid ex-
traction (SLE), pressurized-liquid extraction (PLE) and supercritical
fluid extraction (SFE) have been used to extract phenolic com-
pounds from rosemary. The studied rosemary-leaf extract exhibited
a high CA content compared to the data previously reported in lit-
erature for PLE and SFE rosemary extracts (Herrero et al., 2010;
Yesil-Celiktas et al., 2007). This result could be explained due to the
use of ethanol as co-solvent in SFE performed in this research. Con-
cerning the presence of intermediate phenolic diterpenes derived
from CA, these compounds were found in lower amount com-
pared to other extraction processes (Herrero et al., 2010; Kontogianni
et al., 2013). This fact suggests a low degradation level for some com-
pounds, especially for CA, during the extraction procedure used in
this research. In addition, regarding the flavonoid content, this extract
showed slightly lower concentrations in comparison to various rose-
mary extracts obtained with SLE (Kontogianni et al., 2013).

All the compounds present in the RE were identified in the pu-
rified fractions, except notohamosin B and taxodione, which appeared
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Fig. 4. The effects of RE and its isolated fractions on the cell viability of the three colon cancer cell lines HGUE-C-1, HT-29 or SW480. The cells were treated with different
concentrations (30 or 60 pg/ml) for 24 or 48 h. After the treatment, cell viability was measured by MTT assay. The values are represented as the percentage of viable cells
(100% viability corresponds to non-treated control cells). The data are expressed as the means of 4 replicates + SD. ** (p < 0.01) and *** (p < 0.001) indicate statistically significant

differences in comparison with control cells.

as newly identified compounds in fractions F4 and F9, respective-
ly, and were most likely present at a very low concentration in the
extract. After fractionating the RE, fractions 1, 2, 3, 5, 6, 7 and 8
(Table 3) were pure and only presented single compounds in each
one, namely rosmanol, epiisorosmanol, genkwanin, CAR, rosmadial,
CA and 12-methoxycarnosic acid, respectively. The phenolic
diterpenes CAR, CA, rosmadial, rosmanol and its isomer
epiisorosmanol, and the flavonoid genkwanin, have been previ-
ously described in this plant source (Almela et al., 2006; Chen et al.,
2005, 2006; Pérez-Fons et al., 2010; Sefiorans et al., 2000). Unfor-
tunately, it was not possible to purify the compounds miltipolone,
notohamosin B and anemosapogenin to homogeneity, and they were
found to be mixed into fraction number 4. Miltipolone is a
diterpenoid tropolone that was first identified in Salvia miltiorrhiza
(Regasini et al., 2008). Notohamosin B is a nortriterpenoid iso-
lated from methanol extracts of Notochaete hamosa Benth. and it has
been identified in rosemary extract (Borras Linares et al., 2011; Fujita
et al,, 1988). In addition, anemosapogenin is a triterpene, which is
also called 23-hydroxybetulinic acid, and it was isolated from the
aerial parts of rosemary (Mahmoud et al., 2005). Fractions 9 and
10 yielded 2 compounds each with taxodione and [9]-shogaol for
the first fraction, and hinokione and betulinic acid in the second.
[9]-shogaol, hinokione and betulinic acid were previously identi-
fied in different rosemary-leaf extracts, whereas taxodione has been

detected in the stems of this plant (Bai et al., 2010; El-Lakany, 2004;
Kontogianni et al., 2013; Nakasugi, 1996).

The antiproliferative or cytotoxic activity of different rosemary
compounds and extracts on various cancer cell lines and in vivo
models have been previously reported including leukemia, pros-
tate, breast, skin and colon cancers (Einbond et al., 2012; Johnson,
2011; Kar et al., 2012; Ngo et al., 2011; Yesil-Celiktas et al., 2010).
A compositional analysis of all these extracts indicates that phe-
nolic diterpenes are thought to be the most active compounds against
cancer cell proliferation followed by triterpenoids, which have shown
lower activity. Consistent with this finding, the above-mentioned
studies postulate that CA may be the major contributor to the
antiproliferative activity exhibited by rosemary extract. This finding
is consistent with our results from fraction F7, which was almost
composed of pure CA, and it was one of the most active in most
cell lines at the lowest concentration assayed (i.e., 30 ug/ml). In ad-
dition, fractions F5 (containing CAR), F9 (containing taxodione) and
F10 (containing hinokione + betulinic acid) were almost as
antiproliferative as the whole extract on most cell lines, which is
consistent with the strongest activity of diterpenes. Nevertheless,
the high percentage of betulinic acid in F10 (81.0%) indicates that
triterpenes may also significantly contribute to decreased cancer
cell viability. F8, which contained almost pure 12-methoxycarnosic
acid, also presented stronger antiproliferative activity in SW480 cells,
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in comparison with the other two cell lines, and F1 (rosmanol) had
a similar differential effect on HGUE-C-1 colon cancer cells. The
antiproliferative activity of 12-methoxycarnosic acid has also been
reported in hepatoma cell lines (Peng et al., 2007). Depending on
the cell type, this preferential effect may indicate that further modi-
fications of the pharmacophore nucleus of diterpenes would lead
to the design of more selective drugs against different colon cancer
cell phenotypes. In any case, due to the complexity of the terpe-
noid composition of the rosemary extract, the coexistence of
antiproliferative and cytotoxic effects in colon cancer cells may take
place. The nature of this effect may deserve further attention.

Reported ICso values for carnosic acid, betulinic acid and ursolic
acid were 48.5, 32.7 and 26 uM, respectively, after 24 h treat-
ments of HT-29 colon cancer cells (Barni et al., 2012; Ding et al.,
2013; Shan et al., 2009b), whereas ursolic acid ICso value on SW480
colon cancer cells after 48 h treatments was 23.9 uM (Wang et al.,
2013). No values were found for other diterpenes or triterpenes from
rosemary on colon cancer cells in the literature. In agreement to
our results, the reported ICso values would be slightly under the
lowest concentration used in this study for pure fractions, i.e.
30 ug/ml. The anticancer activity of rosemary compounds both in
vitro and in animal models has been recently reviewed (Ngo et al.,
2011). Consistent with our results, CA and CAR are proposed as the
most active constituents of rosemary leaves that are responsible for
antiproliferative effects on colon cancer cells with the contribu-
tion of some triterpenes such as UA. Whereas most diterpenes such
as CA and CAR seemed to display antiproliferative or cytostatic ac-
tivity, other diterpenes such as rosmanol and the triterpene UA
exhibited apoptotic effects. CAR and CA have been shown to target
multiple pathways associated with inflammation and cancer, which
include nuclear factor kappa B (NF-xB), apoptosis-related pro-
teins, the phosphatidylinositol-3-kinase (PI3K)/Akt proliferation
pathway, androgen and estrogen receptors and antiangiogenic ac-
tivity (Johnson, 2011; Lépez-Jiménez et al., 2013). Studies performed
in other cancer cell models show that their mechanism of action
is unlikely to be tissue-specific. In our study, the F1 fraction that
contained rosmanol (an oxidative degradation product derived from
CA or CAR) was also very active in the HGUE-C-1 colon cancer cell
line derived from the primary tumor, which may require further re-
search in relation to the specific phenotype of this cell line. In any
case, the low abundance of diterpenes in RE (11%) does not justify
its strong antiproliferative activity in comparison with that of almost
pure fractions containing diterpenes such as F1, F2, F5, F6, F7 or F8
(72-98%).

Like other pentacyclic triterpenes, betulinic acid has been sug-
gested as a promising anticancer lead compound with broad
anticancer activity in a series of cancer cell lines. This compound
has demonstrated antiangiogenic, apoptotic, and immunomodulatory
effects in addition to differentiation-inducing effects, which are be-
lieved to be related to the lupane moiety (Laszczyk, 2009). Betulinic
acid was fairly abundant in RE (3.8%) and was the primary com-
pound in F10 (81%), one of the most active fractions especially in
SW480 colon cancer cells. This fraction also contained minor quan-
tities of the diterpene hinokione, which most likely derives from
CAR degradation. However, the abundance of betulinic acid and that
of other triterpenes (12%) in the extract is not in accordance with
the strong antiproliferative activity of the whole extract. Fraction
9 also exhibited strong activity and contained [9]-shogaol, a gingerol-
like phenol, and the diterpene taxodione. Shogaol-related compounds
have shown apoptotic capacity in human colon cancer cells and
taxodione from Salvia species exhibited cytotoxicity in leukemia
cancer cells (Fu et al., 2014; Tayarani-Najaran et al., 2013).

As a general consideration, the results pointed out that the extract,
which contained approximately 11% diterpenes and 12% triterpenes,
exhibited higher antiproliferative/cytotoxic properties than any of
the purified fractions, which contained almost pure compounds at

percentages over 72% purity (dry weight). This finding may reveal
potential synergistic behavior between the different compounds in
the extract. This polypharmacological behavior of the RE would also
reduce the possible emergence of drug-resistant phenotypes. We
propose that the antiproliferative/cytotoxic activity of RE may be
based on the complementary concurrence of diterpenes and
triterpenes. The identification of the specific combinations of
diterpenes and triterpenes that exhibit maximum anticancer ac-
tivity and the character of this effect (cytostatic, cytotoxic or both)
will inevitably demand additional research.

5. Conclusions

A bioactive rosemary-leaf extract obtained by SFE and bearing
strong antiproliferative/cytotoxic capacity was first quantitatively
characterized by HPLC-ESI-QTOF-MS, and CA proved to be the most
abundant compound, followed by the triterpenes micromeric,
betulinic and ursolic acids. Bioguided fractionation by
semipreparative chromatography of the extract to obtain pure com-
pounds showed that CA, CAR, 12-methoxycarnosic acid, taxodione,
hinokione and betulinic acid were the putative candidates for the
antiproliferative activity in a panel of human colon cancer cells in-
cluding a cancer cell line derived from a primary tumor. Nevertheless,
the comparative antiproliferative study of the fractions and the whole
extract revealed the potential synergistic effect between several com-
ponents in the extract.
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Abstract

Rosemary (Rosmarinus officinalis) is grown throughout the world and is widely used as a
medicinal herb and to season and preserve food. Rosemary polyphenols and terpenoids
have attracted great interest due to their potential health benefits. However, complete infor-
mation regarding their absorption and bioavailability in Caco-2 cell model is scarce. The per-
meation properties of the bioactive compounds (flavonoids, diterpenes, triterpenes and
phenylpropanoids) of a rosemary extract (RE), obtained by supercritical fluid extraction, was
studied in Caco-2 cell monolayer model, both in a free form or liposomed. Compounds were
identified and quantitated by liquid chromatography coupled to quadrupole time-of-flight
with electrospray ionization mass spectrometry analysis (HPLC-ESI-QTOF-MS), and the
apparent permeability values (Ppp) were determined, for the first time in the extract, for 24
compounds in both directions across cell monolayer. For some compounds, such as triter-
penoids and some flavonoids, P, values found were reported for the first time in Caco-2
cells.Our results indicate that most compounds are scarcely absorbed, and passive diffusion
is suggested to be the primary mechanism of absorption. The use of liposomes to vehiculize
the extract resulted in reduced permeability for most compounds. Finally, the biopharma-
ceutical classification (BCS) of all the compounds was achieved according to their perme-
ability and solubility data for bioequivalence purposes. BCS study reveal that most of the RE
compounds could be classified as classes Il and IV (low permeability); therefore, RE itself
should also be classified into this category.
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Introduction

Rosemary (Rosmarinus officinalis L.) is a shrub from the Labiatae (Lamiaceae) family that is
primarily distributed throughout the Mediterranean area. It has been demonstrated that rose-
mary and its major compounds, the diterpenes carnosic acid (CA) and carnosol (CAR) and
the caffeoyl derivative rosmarinic acid, exert various beneficial effects on health, including
potent antioxidant capacity [1, 2] and hepaprotective [3], antimicrobial [4, 5], anti-inflamma-
tory [6, 7], anti-cancer [8-13] and antidiabetic effects [14].

We have previously reported the antiproliferative effects of a polyphenol-enriched rose-
mary extract (RE) obtained via supercritical extraction in several colon cancer cell models
[13]. Transcriptomic and metabolomic analysis suggested that the extract activated genes
related to antioxidant phase II enzymes and cell cycle progression [12]. This result was consis-
tent with the activation of nuclear receptor factor 2 (NRF2)-dependent pathways, ROS and
glutathione metabolism by CA as determined using a comprehensive Foodomics approach
[11]. However, bioguided purification of the extract revealed potential synergistic antiproli-
ferative effects between diterpenes and triterpenes [13].

The rosemary polyphenols (di- and triterpenes) are considered promising drug candi-
dates in the pharmaceutical, cosmetic, and nutritional fields. However, these compounds
exhibit physicochemical characteristics that result in unfavorable transcellular transport
across epithelial barriers. Several attempts have been made to evaluate the absorption of
the active compounds from rosemary extract in cell and animal models. The bioavailability
of major diterpenoids derived from rosemary extract in different tissues in a rat model of
obesity has been reported [15]. Moreover, the absorption, distribution and elimination of
carnosic acid have been evaluated in rats [16]. However, complete information regarding
the absorption and bioavailability of a full range of rosemary bioactive compounds (flavo-
noids, diterpenes and triterpenes) in Caco-2 cell monolayers is not available. Studies
examining the permeation of carnosic acid and carnosol in Caco-2 cells are present in the
literature, but permeation was either insufficiently characterized [17] or was found to be
almost negligible [18]. In addition, no comparative data regarding the permeation and
potential absorption mechanisms of all compounds present in rosemary extract have been
generated so far.

Liposomes have been utilized to improve solubility and selectivity and to improve bio-
availability of poorly soluble drugs by modifying drug absorption, reducing metabolism,
prolonging biological half-life or reducing toxicity. Phospholipid bilayers of liposomes are
very similar to the structure of cell membranes; therefore, liposomes can deliver encapsu-
lated drugs, peptides and natural compounds by fusing with target cell membranes, and
their specificity can be improved by antibody coupling [19-22]. Several plant polyphenols
and bioactive compounds, such as catechins [23], anthraquinones [24], phenylpropanoids
[25], and diterpenes [1], have been shown to possess the capacity to interact with phospho-
lipid membranes.

In the present paper, a Caco-2 cell monolayer model, which is a well-accepted model of
human intestinal absorption [26], was used to comprehensively study and compare the perme-
ation properties of different bioactive compounds (flavonoids, diterpenes, triterpenes and phe-
nylpropanoids) identified in a rosemary extract (RE) by HPLC-ESI-QTOF-MS and obtained
via supercritical fluid extraction [27]. The permeation behaviors of the compounds were com-
pared when the extract was in a free form or encapsulated into liposomes. Moreover, all com-
pounds were biopharmaceutically classified based on their permeability and solubility data for
bioequivalence purposes.
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Materials and methods
Chemicals and cell culture materials

All chemicals were of analytical reagent grade and were used as received. For mobile phase
preparation, formic acid and acetonitrile were purchased from Sigma-Aldrich (Steinheim,
Germany) and Fisher Scientific (Madrid, Spain), respectively. Water was purified using a
Milli-Q system from Millipore (Bedford, MA, USA). The standard compounds ursolic acid,
rosmarinic acid, genkwanin, diosmetin and luteolin were obtained from Extrasynthese
(Genay, France). Carnosol, carnosic acid and apigenin were obtained from Fluka, Sigma-
Aldrich (Steinheim, Germany). Egg yolk phosphatidylcholine was purchased from Lipoid
GmbH (Ludwigshafen, Germany), and cholesterol was obtained from Avanti Polar Lipids
(Alabaster, AL, USA). Methanol and dimethyl sulfoxide (DMSO) from Fisher Scientific
(Madrid, Spain) were used to prepare the stock solutions utilized for quantitation purposes.
Hank’s balanced culture medium (HBSS), Dulbecco’s Modified Eagle’s Medium (DMEM),
fetal bovine serum (FBS), 100 U/mL penicillin/streptomycin, MEM Non-Essential Amino
Acids Solution (100x) and 1 M HEPES were obtained from Gibco/Thermo Fisher Scientific
(Waltham, MA, USA). The human colon adenocarcinoma cell line Caco-2 was obtained from
the American Type Culture Collection. Caco-2 cells were cultured in DMEM containing D-
glucose (4.5 g/L) and supplemented with 10% FBS, 1% NEAA, 1% HEPES, penicillin (100 U/
mL) and streptomycin (100 pg/mL) at 37°C in a humidified atmosphere with 5% CO,.

Cell viability assay

The cytotoxic effects of free and encapsulated RE extract on Caco-2 cells were tested using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Caco-2 cells were
plated in 96-well plates (Costar, Fisher Scientific, Pittsburgh, PA, USA) until cell monolayers
were obtained. Then, the medium was aspirated, and cells were treated with different concen-
trations of RE for 2 h. The medium was removed, and cells were washed with PBS and incu-
bated with MTT for 3-4 h at 37°C and 5% CO,. The medium was removed, and 100 pL of
DMSO per well was added to dissolve the formazan crystals. The plates were shaken for 15
min, and absorbance was measured using a microplate reader (SPECTROstar Omega, BMG
LabTech GmbH, Germany) at 570 nm.

Caco-2 monolayer transport studies

Caco-2 cells are a well-established in vitro model for the investigation of intestinal permeabili-
ties of different compounds or drugs [28-30]. Cells were seeded at a density of 5.0 x 10° cells
on 6-well transwell polycarbonate filters (Millipore, Spain). Cell culture was maintained at
37°C under 90% humidity and 5% CO,. The medium was replaced every 2-3 days for both the
apical (AP) and basal (BL) sides of the transwell filters. Cell monolayers were used 19-21 days
after seeding, once confluence and differentiation were achieved. The integrity of each cell
monolayer was checked by measuring the trans-epithelial electrical resistance (TEER) before
and after the experiments with an epithelial voltohmmeter (Millicell-ERS®) (see results on S3
Table). Permeability studies were performed by adding the RE at a concentration of 200 ug/
mL or the liposomal RE formulation.

The liposomal formulation was prepared using the conventional thin film hydration tech-
nique. Egg yolk phosphatidylcholine and cholesterol (80:20 w/w) and 10% (w/w) RE with
respect to total phospholipids were dissolved in a 1:1 mixture of chloroform/methanol. A lipid
film was obtained by evaporating the organic solvent under a stream of nitrogen (N,) and then
further vacuum-dried for 3-4 h to remove any residual organic solvent. The film was hydrated
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with HEPES buffer (100 mM NaCl, 0.1 mM EDTA, 10 mM HEPES, pH 7.4) via vigorous vor-
texing for 30 min at 37°C. The multilamellar liposomal suspension was filter-extruded through
a 100-nm polycarbonate Track-Etch Nuclepore membrane (Whatman, UK) to obtain large
unilamellar vesicles (LUVs). Size reduction was carried out with 15 extrusion cycles performed
by hand with a LiposofastTM syringe extruder (Avestin Inc., Canada). The resulting suspen-
sion was centrifuged at 4,000 rpm for 30 min (2 cycle) using an Amicon® Ultra (Millipore,
Hayward, CA, USA) to separate the liposomes from non-encapsulated drug. The liposomal
suspension was diluted to a concentration of 1.5 mM with HBSS for absorption experiments
in the receiving chamber.

The transport experiment was initiated by removing the culture medium from the AP and
BL sides of the transwell filters. The Caco-2 monolayers were rinsed twice with pre-warmed
HBSS medium (pH 7.4) and incubated with the same solution at 37°C for 30 min. The test
compounds were added to the AP (2.2 mL) or BL side (3.2 mL), while the receiving chamber
contained the corresponding volume of HBSS. Incubation was performed at 37°C for 120 min,
with shaking at 50 rpm.

To follow transport across the cell monolayer, several culture medium samples of 0.2 mL
were collected at different time points (0, 30, 60, 90 and 120 min) from the AP or BL sides dur-
ing the permeability assay. The volume of the samples taken at each time point was replaced
with the same volume of HBSS to maintain the total volume in the chamber throughout the
experiment.

Before HPLC-ESI-QTOEF-MS analysis, samples were centrifuged for 15 min at 12,000 rpm
and 4°C. The supernatant was spiked with 5 pg/mL of an internal standard (luteolin) to ensure
the reproducibility of the results between analyses, and samples were stored at -80°C until
analysis was complete. At the end of the transport study, the Caco-2 cell monolayers were also
collected, and the cells were lysed with 3 subsequent freeze-thaw cycles (10 min each) followed
by bath sonication. The samples were centrifuged for 15 min at 14,000 rpm and 4°C, and the
supernatants (cytoplasmic fraction) and the pellets (cell membranes) were spiked with 5 pg/
mL luteolin as an internal standard. Then, the samples were subjected to protein precipitation
using methanol, vortex-mixed, maintained at -20°C for 2 h and centrifuged at 12,000 rpm for
15 min at 4°C. Finally, the supernatants were evaporated in a vacuum concentrator, re-dis-
solved in 100 pL of HBSS culture medium and stored at -80°C until analysis was performed.

Apparent permeability values (P,,) for each compound were calculated according to the
following equation:

Papp Q. L
PP =4 A Co- 60

where Py, is the apparent permeability (cm/s), dQ/dt is the steady state flux, A is the diffusion

app
area of the monolayers (cm?), Cy is the initial concentration of the drug in the donor compart-

ment (uM) and 60 is a conversion factor [31].

Analytical methodology

HPLC analyses were performed on an Agilent 1260 HPLC instrument (Agilent Technologies,
Palo Alto, CA, USA) equipped with a binary pump, an online degasser, an auto-sampler, a
thermostatically controlled column compartment, and diode array detectors. The samples
were separated on an Agilent Zorbax Eclipse Plus C18 column (1.8 pm, 4.6 x 150 mm). The
mobile phases consisted of water plus 0.1% formic acid as mobile phase A and acetonitrile as
mobile phase B, using a gradient elution based on the following profile: 0 min, 5% B; 5 min,
62% B; 10 min, 68% B; 19 min, 80% B; 34 min, 95% B; 37 min, 5% B and finally a conditioning
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cycle of 5 min under the initial conditions before the next analysis. The flow rate was 0.8 mL/
min, the column temperature set at 25°C and the auto-sampler compartment was refrigerated
at 4°C to avoid sample degradation.

Detection was performed using an Agilent 6540 Ultra High Definition (UHD) Accurate-
Mass Q-TOF mass spectrometer equipped with a Jet Stream dual ESI interface, which increases
LC/MS sensitivity by improving the spatial focusing of electrospray droplets. Mass spectra were
recorded in negative ionization mode over a mass range from 100-1700 m/z. Ultrahigh pure
nitrogen was used as the drying and nebulizing gas. The operating parameters were as follows:
drying gas flow rate, 10 L/min; drying gas temperature, 325°C; sheath gas temperature, 400°C;
sheath gas flow, 12 L/min; nebulizer, 20 psig; capillary, 4000 V; fragmentor, 130 V, nozzle volt-
age, 500 V; skimmer, 45 V and octopole 1 RF Vpp, 750 V. Continuous infusion of the reference
ions m/z 112.985587 (trifluoroacetate anion) and 1033.988109 (adduct of hexakis (‘H,'H, *H-
tetrafluoropropoxy) phosphazine or HP-921) in negative ion mode were used to correct each
spectrum to achieve accurate mass measurements, typically better than 2 ppm. All operations,
acquisition and analysis of data were controlled using Masshunter workstation software version
B.06.00 (Agilent Technologies, USA).

Statistical analysis

Two-way ANOVA and statistical comparisons of the different treatments were performed
using Tukey s post-test in GraphPad Prism version 5.00 (GraphPad Software, San Diego, CA,
USA). Differences were considered statistically significant at p < 0.05. Statistical significance is
detailed in figures using the following symbols: * p<0.05, ** p<0.01 and *** p<0.001.

Results and discussion

We recently reported the composition of the rosemary leaf extract (RE) under study as deter-
mined by HPLC-ESI-QTOF-MS analysis [13]. In that study, bioguided purification of the
most active fractions was undertaken to identify the compounds bearing the highest antiproli-
ferative capacities in a colon cancer cell model. The aim of the present study was to compare
the intestinal absorption and permeability behavior of all compounds in the RE, both when the
extract was in a free or in an encapsulated formulation, using the Caco-2 model system. To
achieve this, the quantitation of bioactive compounds and absorption results will be discussed
by grouping the different bioactive compounds into families (flavonoids, diterpenes, triter-
penes and phenylpropanoid derivatives).

HPLC ESI-UHD-Qqg-TOF-MS analysis

For quantitative purposes, six standard calibration graphs were prepared using HBSS culture
medium to quantify the major compounds in the rosemary extract using the following com-
mercial standards: carnosol, carnosic acid, ursolic acid, rosmarinic acid, genkwanin, and
diosmetin.

Variability of peak area produced by mass data change over time may be a limitation for
quantification by mass spectrometry, depending on the instrument. Thus, an internal standard
(luteolin) was used at a concentration of 5 pg/mlL to improve reproducibility. This compound
met all requirements in terms of structural similarity compared with the analytes, retention
time (which did not interfere with other compounds) and compensation for potential varia-
tions in instrumental analysis. Moreover, to avoid ion suppression or signal enhancement of
signals due to interference derived from the matrix, the calibration solutions were prepared in
HBSS culture medium, which was the same matrix containing the samples in the permeability
assay. Therefore, compound concentrations were determined using the corrected area for each
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individual compound (three replicates) and by interpolating the corresponding calibration
curve. The limit of detection (LOD) ranged from 0.0008 + 0.0002 (diosmetin) to 0.04 + 0.01
(ursolic acid) ug/mL. The limit of quantification (LOQ) ranged from 0.003 + 0.001 (diosmetin)
to 0.14 + 0.03 (ursolic acid) ug/mL.

Quantification was performed using available commercial standards for carnosol, diosme-
tin, apigenin, genkwanin and carnosic, ursolic and rosmarinic acids. Compounds that had no
commercially available standards were tentatively quantified on the basis of calibration curves
for other compounds with similar structures. Thus, rosmanol, its isomers epiisorosmanol and
epirosmanol, miltipolone, rosmadial and rosmaridiphenol were quantified with the carnosol
standard. Hinokione and 12-methoxycarnosic acid were expressed as carnosic acid. The urso-
lic acid calibration curve was used to quantify augustic, benthamic, micromeric and betulinic
acids, in addition to anemosapogenin. Finally, the genkwanin standard was used for cirsimari-
tin quantification; [9]-shogaol was expressed as rosmarinic acid, and diosmetin was used to
estimate the hispidulin content.

Determination of P,p, values

After quantifying the concentrations of all identified compounds in samples derived from the
apical and basolateral compartments, as described in the previous section, concentration val-
ues were used to obtain P, values based on the formula described in the Materials section.
Values are shown in Table 1 for both the AB and BA directions and for free and encapsulated
formulations. Some compounds could not be quantified because their concentrations fell
below LOQ values, sometimes for both directions or formulations (free or encapsulated) and
occasionally for one of these. Detailed explanations for clustering compounds in families are
provided in the following sections.

Flavonoids and phenylpropanoid derivatives. The phenylpropanoid derivative (9)-sho-
gaol (a gingerol-like compound) and its isomer (Fig 1D) were present in all the samples but
were below their respective LOQs; thus, no conclusions could be drawn for these compounds.
A deeper analysis of the samples revealed that both compounds were partly retained by Caco-2
cells without any transport to the receptor chamber because amounts of these compounds
below their LOQs were also detected in the cytoplasmic fractions of Caco-2 cells, as previously
reported for (6)-shogaol [32].

Despite the fact that flavonoids were less frequently represented in the extract based on our
previous quantitative characterization [13], their potential absorption and biological activity
are worthy of analysis. Flavonoids present in the RE were apigenin, hispidulin, diosmetin, gen-
kwanin and cirsimaritin (Fig 1A). Conclusions regarding apigenin in the context of the whole
extract could not be reached because the concentration fell below its LOQ. However, several
studies have reported apigenin absorption in the Caco-2 cell model [33-37]. For the other four
flavonoids, no permeation was detected in either of the directions when the RE sample was
encapsulated into liposomes. However, significant permeation was detected for the RE in its
free form in both the AB and BA directions. The highest values for AB were obtained for cirsi-
maritin and genkwanin, with no significant differences between them (p>0.05); this is the first
report of cirsimaritin and genkwanin values in Caco-2 cells. Diosmetin and hispidulin exhib-
ited lower permeation values that demonstrated statistically significant differences compared
to cirsimaritin (p<0.001 and 0.01, respectively), but there was no difference between them
(p>0.05). Higher values than those observed in our study have been reported for pure diosmetin
in both flux directions [38], but it must be noted that competition with other polyphenols and
terpenoids may take place in the whole extract. Absorption values for hispidulin and apigenin
in the whole extract were in agreement with those reported for the pure compounds [39, 40].
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Table 1. P, values.

Non encapsulated RE Encapsulated RE
AB direction BA direction AB direction BA direction
Compound Family Papp SD Papp SD Papp SD Papp SD
Apigenin Flavonoid N.C. | N.C. N.C. N.C.
Cirsimaritin Flavonoid 3.33E-05 1.17E-06 | 3.07E-05 | 6.29E-06 N.A. N.A. N.A. N.A.
Diosmetin Flavonoid 2.50E-06 N.E. | 4.13E-06 | 1.38E-06 N.A. N.A. N.A. N.A.
Hispidulin Flavonoid 9.05E-06 3.04E-06 1.31E-05 | 9.60E-07 N.A. N.A. N.A. N.A.
Genkwanin Flavonoid 1.49E-05 | 2.47E-06 | 1.62E-05 | 3.42E-06 N.A. N.A. N.A. N.A.
Carnosol Diterpene 1.46E-05 | 2.10E-06 | 1.35E-05 | 5.15E-06 | 4.03E-08 | 3.18E-08 | 2.61E-07 | 2.72E-08
Carnosol isomer Diterpene 2.15E-05 | 3.30E-06 | 2.13E-05 @ 5.73E-06 | 4.03E-08 & 3.18E-08 | 4.03E-08 A 3.18E-08
Carnosic acid Diterpene 1.27E-04 1.55E-05 | 9.04E-05 | 1.09E-05 N.A. N.A. N.A. N.A.
12-Methoxycarnosic acid Diterpene 1.85E-05 4.04E-06 | 2.77E-05 | 5.12E-06 N.A. N.A. N.A. N.A.
Rosmadial Diterpene 1.90E-05 2.84E-06 1.59E-05 | 1.20E-06 2.67E-06 | 6.43E-07 | 1.24E-05 | 9.19E-07
Rosmanol Diterpene 4.59E-05 | 7.48E-06 | 4.42E-05 @ 3.53E-06 | 2.91E-05 & 9.45E-06 | 3.33E-05 N.C.
Epirosmanol Diterpene 5.51E-05 2.79E-05 1.21E-05 | 7.90E-06 1.92E-06 | 4.17E-07 | 2.63E-06 | 6.02E-07
Epiisorosmanol Diterpene 1.04E-04 | 1.79E-05 | 9.23E-06 = 6.55E-06 | 8.18E-06 & 3.02E-06 | 1.30E-05 @ 3.52E-06
Miltipolone Diterpene 1.76E-05 1.97E-06 N.A. N.A. N.A. N.A. 1.68E-07 | 8.91E-08
Hinokione Diterpene N.A. N.A. | 1.36E-05 | 1.22E-06 N.A. N.A. N.A. N.A.
Rosmaridiphenol Diterpene 2.43E-06 6.44E-07 | 2.68E-06 | 1.28E-06 N.A. N.A. N.A. N.A.
Augustic acid Triterpene 7.35E-06 3.64E-06 [ 7.93E-06 | 4.12E-06 N.A. N.A. N.A. N.A.
Betulinic acid Triterpene 0.00E+00 | 0.00E+00 | 6.30E-06 | 5.66E-07 N.A. N.A. N.A. N.A.
Anemosapogenin Triterpene 3.27E-06 ‘ 1.79E-06 | 6.17E-06 | 2.99E-06 N.A. N.A. N.A. N.A.
Micromeric acid Triterpene 7.20E-06 | 2.26E-06 | 2.45E-06 | 1.63E-06 N.A. N.A. N.A. N.A.
Benthamic acid Triterpene 5.20E-06 ' 2.40E-06 7.03E-06 | 3.25E-06 N.A. N.A. N.A. N.A.
Ursolic acid Triterpene 0.00E+00 | 0.00E+00 | 7.20E-06 | 2.26E-06 N.A. N.A. N.A. N.A.
(9)-Shogaol Phenylpropanoid N.C. N.C. N.C. N.C.
(9)-Shogaol Isomer Phenylpropanoid N.C. N.C. N.C. N.C.

Papp values in cm/s for all the compounds quantitated in the free and encapsulated formulations of RE in both AB and BA directions. Values represent the
mean of six independent replicates + standard deviation (SD). N.C., non-calculated (see text for further explanations). N.E., no error was obtained as only

one of the replicates was used as the other presented values below LOQ. N.A. indicates P, = 0 (non-absorbed).

doi:10.1371/journal.pone.0172063.t001

Regarding the basal-apical direction, cirsimaritin, genkwanin and hispidulin demonstrated simi-
lar permeation values with no significant differences between them (p>0.05), followed by dios-
metin, which had the lowest value (p<0.001).

Based on our results, we can conclude that rosemary flavonoids did not exhibit differences
when comparing the two flux directions (AB and BA) for the free-form extract, which suggests
a passive diffusion transport mechanism. No transport at all was observed when these com-

pounds were incorporated into liposomes.
Diterpenoids. Diterpenoids (10.87% w/w of the extract) together with triterpenoids con-

stitute the major group of compounds in the extract and comprise up to 10 compounds (Fig

1B and Table 1) [13]. The diterpenoids present in the RE were carnosic acid, carnosol, rosma-

nol and its isomers (epiisorosmanol and epirosmanol), 12-methoxycarnosic acid, rosmadial,

rosmaridiphenol, hinokione and miltipolone.
Among all the diterpenes and the non-encapsulated RE, the highest permeability in the AB

direction was obtained for carnosic acid (with p<0.001), followed by epirosmanol and rosma-

nol, which did not demonstrate statistically significant differences between them (p>0.05). A

carnosol isomer, rosmadial, 12-methoxy carnosic acid, miltipolone and carnosol exhibited
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Fig 1. Chemical structures of all the compounds identified in RE. A: Flavonoids, B: diterpenes, C: triterpenes, D: phenylpropanoid
derivatives.

doi:10.1371/journal.pone.0172063.g001

Papp values ranging from 2.1 to 1.46E-05. In contrast, the diterpenoid rosmaridiphenol dem-
onstrated lower absorption (P, in the E-06 range), while hinokione showed no absorption.
For the BA direction, the highest permeability value was obtained for carnosic acid (p<0.001)
followed by the rest of the compounds, with no relevant differences between them (p>0.05)
with the exception of miltipolone, which was not absorbed.

In general, absorption values of the compounds were lower for the encapsulated form than
for the free extract. When absorption for the encapsulated form in the AB direction was stud-
ied, rosmanol demonstrated the highest permeability followed by epiisorosmanol, rosmadial
and epirosmanol. The encapsulated formulation dramatically decreased the permeability for
epirosmanol, epiisorosmanol (both at p<0.001) and rosmanol (p<0.05) in the AB direction,
with no changes in the BA direction compared with the free formulation. As there is no differ-
ence in polarity between these compounds (see Log P in Table 2), it can be assumed that the
few differences in their structures must be crucial for their absorption. Both isomers of carno-
sol showed significantly lower absorption values than those previously reported. The rest of
the compounds showed no absorption in the encapsulated extract (12-methoxy carnosic acid,
carnosic acid, rosmaridiphenol, miltipolone and hinokione). For the BA direction, identical
behavior for the abovementioned compounds was observed.

It can be concluded that among all the diterpenes, rosmanol and its isomers epiisorosmanol
and epirosmanol exhibited the highest permeabilities for both formulations, particularly in the
AB direction. Rosmadial and rosmanol demonstrated similar absorption values when the free
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Table2. Ch | family, physicoch | and permeation data and BCS classification.
Compound Family D(M) |S(mg/mL) Vs Do Solubility | LogP | Permeability BCS Class
Based on Log P | Based on Log P
Based on P,,, | BasedonP,p,

Apigenin Flavonoid 3.70E-02 | 4.47E-03 8.28 3.31E-02 High 1.90 Low 1]}
N.C. N.C.

Cirsimaritin Flavonoid 3.18E-02 | 2.57E-04 123.79 | 4.95E-01 High 2.04 Low 1]
Low 1]

Diosmetin Flavonoid 3.33E-02 | 4.27E-03 7.81 3.12E-02 High 1.78 Low LI}
Low 1]}

Hispidulin Flavonoid 3.33E-02 | 1.58E-03 21.01 8.41E-02 High 1.78 Low 1]
Low 11

Genkwanin Flavonoid 3.62E-02 | 4.17E-04 84.39 | 3.38E-01 High 217 Low LI}
Low LI}

Carnosol Diterpene 3.03E-02 | 2.57E-05 | 1177.43 4.71 Low 4.58 High 1]
Low [\

Carnosol Isomer Diterpene 3.08E-02 | 2.57E-05 | 1177.43 4.71 Low 4.58 High Il
Low [\

Carnosic acid Diterpene 3.01E-02 | 1.51E-02 1.99 7.95E-03 High 5.14 High |
Low 1l

12-methoxycarnosic acid Diterpene 2.89E-02 | 5.50E-03 5.25 2.10E-02 High 5.4 High |
Low 1]}

Rosmadial Diterpene 2.90E-02 | 9.12E-05 318.37 1.27 Low 3.74 High 1]
Low \%

Rosmanol Diterpene 2.89E-02 | 5.75E-05 501.65 2.01 Low 3.70 High ]
Low \%

Epirosmanol Diterpene 2.89E-02 | 5.75E-05 501.65 2.01 Low 3.70 High 1]
Low [\

Epiisorosmanol Diterpene 2.89E-02 | 5.75E-05 501.65 2.01 Low 3.70 High I
High Il

Miltipolone Diterpene 3.33E-02 | 3.55E-05 938.23 3.75 Low 1.02 Low \%
Low [\

Hinokione Diterpene 3.33E-02 | 2.19E-05 | 1521.42 6.09 Low 5.85 High Il
N.C. N.C.

Rosmaridiphenol Diterpene 3.16E-02 | 1.55E-06 | 20404.08 81.62 Low 4.89 High I
Low \%

Augustic acid Triterpene 2.11E-02 | 1.15E-04 184.25 | 7.37E-01 High 6.52 High |
Low 1]}

Betulinic acid Triterpene 2.19E-02 | 2.04E-05 | 1072.43 4.29 Low 7.38 High 1]
N.C. N.C.

Anemosapogenin Triterpene 2.12E-02 | 1.20E-04 175.96 | 7.04E-01 High 6.32 High |
Low LI}

Micromeric acid Triterpene 2.20E-02 | 1.23E-04 178.77 | 7.15E-01 High 6.91 High |
Low 1

Benthamic acid Triterpene 2.12E-02 | 5.89E-04 35.93 1.44E-01 High 6.13 High |
Low LI}

Ursolic acid Triterpene 2.19E-02 | 1.51E-05 1446.66 5.79 Low 7.33 High ]
N.C. N.C.

(Continued)
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Table 2. (Continued)

Compound Family D(M) | S(mg/mL) Vs Do Solubility | LogP | Permeability BCS Class
Based on Log P | Based on Log P
Based on P,,, = BasedonP,,,
[9]-Shogaol Phenylpropanoid | 3.14E-02 | 1.29E-06 | 24375.88 = 97.50 Low 5.26 High Il
N.C. N.C.
[9]-Shogaol Isomer Phenylpropanoid | 3.14E-02 | 1.29E-06 | 24375.88 | 97.50 Low 5.26 High ]
N.C. N.C.

Chemical family, physicochemical and permeation data and BCS classification for all the compounds of RE studied in the absorption assay in the free form
and considering 10 mg dose scenario.

doi:10.1371/journal.pone.0172063.t002

and encapsulated formulations were compared. In contrast, epirosmanol and epiisorosmanol
showed higher absorption values in the AB direction when encapsulated (p<0.001 for both).
Finally, miltipolone exhibited interesting behavior: no absorption was observed in the BA
direction for the free formulation, whereas no absorption was observed in the opposite direc-
tion (AB) for the encapsulated form.

Interestingly, certain facts should be noted for individual compounds. Diterpenoids, such as
carnosol and its isomer, demonstrated less absorption when encapsulated, regardless of the
direction analyzed. In the case of both carnosol isomers, the P, values for the AB direction and
for the BA direction were significantly higher for the free formulation (carnosol (p<0.01) and
carnosol isomer (p<<0.001)) than for the encapsulated formulation. The carnosol isomer exhib-
ited a higher Py, value than carnosol in the free formulation (both directions), but no significant
differences were observed for these compounds when the AB and BA directions were compared
(p >0.05). For the encapsulated extract, no significant differences were observed between the iso-
mers in the AB direction, but carnosol demonstrated a higher permeability than its isomer in the
BA direction. These results contradict the generally accepted notion that hydrophobic diterpenes
are better absorbed when encapsulated into phospholipid vesicles and thus may deserve further
study.

Another interesting issue is related to the influence of certain moieties present in the com-
pounds on absorption behavior. For carnosic and 12-methoxycarnosic acids, Py, values could
be obtained only for the free formulation. Permeation in the AB direction was higher than in
the BA direction for both compounds, but only for carnosic acid was statistically significant
(p < 0.001). The presence of the methoxy moiety increases the permeability by almost one
order of magnitude in the AB direction but reduces the permeability in the opposite direction.
This result indicates that the increase in hydrophobicity attributable to the methoxy group
increases absorption and concomitantly enhances retention once the compound is absorbed
by reducing BA permeability. However, further studies should be undertaken to elucidate the
absorption mechanism.

Considering previous data reported in the literature, it appears that the absorption observed
in the present work for most of the compounds was higher than absorption values previously
reported. For example, the absorption of carnosic acid and carnosol has previously been stud-
ied in a Caco-2 cell model, but no permeation was observed in certain cases [18], or longer
periods of time were required to achieve permeation into the basolateral chamber [17]. No
information regarding the other diterpenoids is available in the literature, either for individual
compounds or complex mixtures or extracts.
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Triterpenoids. Triterpenoids were the most abundant family in the rosemary extract
(12.16% w/w) according to our previous analysis [13] and comprised six compounds (Fig 1C):
augustic, betulinic, micromeric, benthamic and ursolic acids and anemosapogenin.

No absorption data for the triterpenoids could be determined based on the concentrations
of the compounds in the basolateral and apical chambers when the extract was applied in the
encapsulated formulation (Table 1). Augustic acid and anemosapogenin were detected only in
the donor chamber but at levels below their LOQs. A similar result was obtained for ursolic,
micromeric and benthamic acids; however, their concentrations could be measured in the
donor chamber because they surpassed LOQs. Betulinic acid was detected both in the donor
chamber and also inside the cells but was not detected in the receptor chamber. These data
indicate that none of the triterpenoids are absorbed from the encapsulated formulation, inde-
pendent of their chemical structure. It is likely that the high hydrophobicities of these com-
pounds, which demonstrate high Log P values (Table 2), favor their retention in phospholipid
vesicles or their association with the plasmatic membrane and other lipophilic structures
inside cells.

In contrast, all triterpenoids were absorbed with low Papp values in the free formulation,
although important differences were observed (Table 1). Ursolic acid, which showed a Py, val-
ues similar to that one previously reported [41]and betulinic acid were not absorbed in the AB
direction and were partly retained by the Caco-2 cells. The other four triterpenoids were
absorbed in the AB direction, with no significant differences (p>>0.05) between them. All six
triterpenoids were absorbed in the BA direction, also with low P,,, values and with no signifi-
cant differences between them (p>0.05). This indicates that the slight differences between the
chemical structures of these compounds do not result in different absorption behaviors. As
mentioned for the diterpenoids, encapsulation into phospholipid vesicles did not appear to be
a good approach to increase triterpenoid bioavailability. As with most of the diterpenoids ana-
lyzed in the previous section, data regarding the absorption of rosemary triterpenoids are pre-
sented in this study for the first time.

The absorption of natural polyphenols has been widely studied in the Caco-2 model [36-
38, 42-44]. However, scant information regarding the absorption of these compounds is avail-
able for complex mixtures such as botanical extracts. In some absorption studies, no identifica-
tion of rosemary compounds was performed, and only total polyphenolic content was
determined [42]. Other studies have reported the permeabilities of only a few compounds
within a studied extract, employing a semiquantitative approach [17, 18, 44]. In the present
study, the permeabilities of all compounds identified in the rosemary extract via HPLC
ESI-UHD-Qq-TOF-MS analysis were studied in both the AB and BA directions and, addition-
ally, were compared with an encapsulated formulation of the extract. Given that the absorp-
tions of all compounds were analyzed in the context of the whole RE, several mechanisms of
interaction, such as competition and inhibition of potentiation, between compounds may
occur, particularly between compounds sharing similar chemical structures. The analyses per-
formed in this study indicate that the permeabilities of complex botanical extracts can be fully
analyzed by employing high sensitivity mass spectrometry and improved purification
techniques.

Our results indicate that most compounds are scarcely absorbed, and passive diffusion is
suggested to be the major mechanism of absorption for most compounds, as the AB and BA
directions both yielded similar results. Further mechanistic studies must be carried out to elu-
cidate this mechanism. In contrast, we confirmed that contrary to previous observations for
other compounds, the use of liposomes to encapsulate RE compounds is not a good approach
to improve their permeability because P,y,, values were reduced or negligible for the majority
of the compounds. According to Fick’s Law, absorption depends on the permeability/diffusion
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constant and concentration of the compound. If the solubility of a compound demonstrating
low absorption is increased due to encapsulation into liposomes and its concentration is
enhanced in the donor chamber, an increase in the absorption may occur to compensate for
its reduced absorption, as reported for other hydrophobic natural compounds [45]. This does
not appear to be the case for the diterpenoids and triterpenoids in RE, but further studies must
be carried out to clarify these observations.

Biopharmaceutical classification

The Biopharmaceutical Classification System (BCS) was developed by Amidon and coworkers
twenty years ago to classify drugs for a waiver of in vivo bioequivalence studies [46]. This sys-
tem classifies drugs into four categories based on their intestinal permeability and solubility
(see S1 Table), and currently this system is accepted worldwide by researchers and governmen-
tal institutions such as the FDA and EMA. In addition to its regulatory use, BCS is a tool for
drug development because it helps identify the limiting factors in the absorption process [47].
In this work, the 24 compounds identified from RE were classified individually according to
this system to obtain relevant information regarding their absorbed oral fraction. For this pur-
pose, only data derived from the free extract permeation were used.

Permeability values. Log P values were obtained for all compounds using ChemDraw
software® Ultra version 8.0 (CambridgeSoft Corp. USA) and are shown in Table 2. The Log P
value is a widely accepted parameter to express the lipophilicities of biological drugs in medici-
nal and agro chemistry. According to BCS, compounds are divided into high permeability
(Class I: high permeability, high solubility; Class II: high permeability, low solubility) or low
permeability (Class III: low permeability, high solubility; Class IV: low permeability, low solu-
bility) categories by comparing with the Log P value (2.18) of the standard metoprolol, which
is the reference compound employed for this purpose [48, 49]. Based on this parameter, the
permeabilities of all compounds derived from RE were tabulated as high or low (Table 2).
Moreover, the P,,, value of this reference drug (0.6 x 10~* cm/s) was also available, which
allowed us to establish another classification for the permeabilities of RE compounds based on
this parameter, using the P, values of the compounds obtained in the AB direction only for
the free formulations (Table 2). Therefore, the Log P and P,,, values were used in Table 2 to
classify compounds as high- or low-solubility drugs for permeability, providing two different
classifications based on the partition coefficient and the intestinal permeability.

Solubility values

Together with permeability, water solubility is another parameter that is required to classify
drugs or compounds according BCS. For this purpose, the dose number value, Dy, must be
obtained from the following equation:

D — maximum administered dose
o S, - 250

where S, is the minimum solubility of each compound in water (in the pH range from 1.2 to
6.8) and the 250 value indicates the volume of a glass of water. A value of D < 1 indicates that
the maximum administered dose can be dissolved in a glass of water; thus, the compound is
classified as a high-solubility drug. Unfortunately, natural compounds such as polyphenols
and terpenoids exhibit poor solubility. No experimental data regarding the solubilities of the
24 compounds identified from RE in this study are available. This problem was overcome
using Marvin Suite software (version 16.1.11.0, ChemAxon Ltd.), which provides several
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Fig 2. BCS classification. Plots show the BCS classification of all compounds in RE using the 10 mg dose
scenario according LogP (A) y Paqp (B) values.

doi:10.1371/journal.pone.0172063.g002

physicochemical properties, including a prediction of water solubility (S,,). Table 2 includes
the S, values for all 24 compounds.

As no information was available regarding the maximum doses of these compounds, two
putative scenarios were selected to simulate a high-activity drug, dosed as a 10-mg tablet, or a
low-activity drug, dosed as a 100-mg tablet. Table 2 shows the results for the high-activity drug
(10-mg dose), and S2 Table includes results from the second option (100-mg dose). In the
present study, all compounds were classified for BCS by considering the experimental data for
absorption (P,p,p) and the calculated Log P value (Table 2). According to the Log P value, most
compounds belong to the high-permeability classes (I and II), with class II being the most
numerous (Fig 2A), except in the case of the flavonoids. However, when experimental Py, val-
ues were used for classification, the results changed dramatically, and low-permeability classes
(III and IV) became the most abundant (Fig 2B). This classification was nearly independent of
the solubility scenario and considered dose (compare Fig 2 and S1 Fig). Moreover, the different
families of compounds also exhibited different behaviors in terms of BCS classification. Most
flavones in RE were classified as class III (low permeability, high solubility) and class IV (low
permeability, low solubility) with the exception of apigenin, for which no experimental P,
could be determined and, consequently, no BCS classification was proposed. This result was in
agreement with recently reported data and reinforces the notion that the limited bioavailabilities
of most polyphenols may be improved by strategies focused on increasing drug solubilities and
dissolution rates in the gastrointestinal fluid [50]. The phenylpropanoid derivatives shogaol and
shogaol isomer (gingerol-like compounds) were classified as class II (high permeability, low sol-
ubility), which is in agreement with the presence of a long saturated carbon chain in their struc-
ture that confers a certain degree of hydrophobicity to these compounds.

Conversely, most terpenoids demonstrated different classes depending on the use of Log P
or P, for their classification (see Table 2). Both diterpenoids and triterpenoids were primarily
classified as class II (high permeability, low solubility) or class IV (low permeability, low solu-
bility) when Log P or P,,, was utilized, respectively, for the classification. A regulatory classifi-
cation of any compound must be based on experimental data, but the Log P approach has
previously been used for screening purposes [48, 49]. Based on our results, we confirm that
important differences may arise when experimental Py, values are used to classify compounds
versus Log P approximation. It can be concluded that the P, value, when available, is a more
appropriate alternative to establish BCS classification because this value is derived from data
determined in a living cellular model, which provides results with greater biological signifi-
cance than those obtained from calculations based on physicochemical characteristics.

It must be noted that in this study, S,, was obtained for the individual compounds. How-
ever, the solubilities of the compounds in the complex RE mixture may be affected by the pres-
ence of other compounds, and this will exert an undeniable impact on the absorption of the
compound. This feature deserves further investigation.
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In conclusion, BCS classification of the 24 compounds present in the RE extract was
achieved by considering the aforementioned limitations and using experimental P, rather
than Log P when available. This revealed that most of the compounds in RE were classified as
classes III and IV. Based on this, RE enriched in diterpenes and triterpenes should also be clas-
sified as class III or IV (low permeability), which is in agreement with the low bioavailabilities
of rosemary compounds reported in the literature. However, this statement should be inter-
preted with caution due to the complexity of the extract, and further research may be required
before a final classification is given. The results obtained here represent a significant contribu-
tion to our knowledge of the oral absorptions and bioavailabilities of rosemary compounds
and their biopharmaceutical classifications and will aid in the development of delivery strate-
gies to improve solubility and bioavailability. In addition, as rosemary compounds have dem-
onstrated their influence in microbioma in previous studies [51-53] this point must be also
addressed in future studies.

Conclusions

Rosemary is widely used as a medicinal herb and to season and preserve food, and its bioactive
compounds (terpenoids and polyphenols) possess demonstrated potential health benefits
related to chronic human diseases. Although most studies have been performed in cell models,
recent evidence for such effects is emerging in animal models. However, only a few studies have
explored the intestinal absorption of these compounds to determine their permeability and the
metabolites responsible for such effects. In this study, we provide data regarding the permeabili-
ties of 24 compounds derived from a rosemary extract in Caco-2 cell monolayers (flavonoids,
diterpenes, triterpenes and phenylpropanoids) by comparing the extract in both free and encap-
sulated form. Flavonoids demonstrated a passive diffusion transport mechanism, with cirsimar-
itin and genkwanin having the highest permeation values. Among the diterpenes, carnosic acid,
rosmanol and its isomers epiisorosmanol and epirosmanol exhibited the highest permeability
values. Triterpenoids exhibited lower permeability values than diterpenes and flavonoids. Most
compounds demonstrated poor or negligible permeation when RE was incorporated into phos-
pholipid vesicles. For some of the aforementioned compounds, this study is the first report of
their permeability. In this study, we also performed biopharmaceutical classification (BCS) for
all the compounds based on their permeability and solubility data for bioequivalence purposes,
which may represent a basis for future studies focused on the development of rosemary-based
nutraceuticals or drugs. Most of the RE compounds were classified as classes III and IV (low
permeability); therefore, RE should also be classified into this category.

Supporting information

S1 Fig. BCS classification. Plots show the BCS classification of all compounds in RE using the
100 mg dose scenario according LogP (A) y Py, (B) values.
(DOCX)

S1 Table. BCS classification.
(DOCX)

$2 Table. Chemical family, physicochemical and permeation data and BCS classification.
Chemical family, physicochemical and permeation data and BCS classification for all the com-
pounds of RE studied in the absorption assay in the free form and considering 100 mg dose
scenario.

(DOCX)
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S3 Table. TEER values. Trans-epithelial electrical resistance (TEER) obtained in Q.cm?units
by using an epithelial voltohmmeter (Millicell-ERS®). Each weel (6 wells were used for each
condition) was measured three independents times before sample addition (initial value) and
at the end of the incubation time (final value).
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ARTICLE INFO ABSTRACT

Keywords: Dietary polyphenols may exert their pharmacological effect via synergistic interactions with multiple
Adipogenesis targets. Putative effects of polyphenols in the management of obesity should be primarily evaluated
Hibiscus sabdariffa in adipose tissue and consequently in well-documented cell model. We used Hibiscus sabdariffa (HS), a
k:g;‘_"l widely recognised medicinal plant, as a source of polyphenols with a number of salutary effects previ-
Polyphenols ously reported. We present here the full characterisation of bioactive components of HS aqueous extracts
Synergism and document their effects in a model of adipogenesis from 3T3-L1 cells and in hypertrophic and insulin-
resistant adipocytes. Aqueous extracts were up to 100 times more efficient in inhibiting triglyceride
accumulation when devoid of fibre and polysaccharides. Significant differences were also observed in
reactive oxygen species generation and adipokine secretion. We also found that, when polyphenols were
fractionated and isolated, the benefits of the whole extract were greater than the sum of its parts, which
indicated a previously unnoticed synergism. In conclusion, polyphenols have interactive and complemen-
tary effects, which suggest a possible application in the management of complex diseases and efforts to

isolate individual components might be irrelevant for clinical medicine and/or human nutrition.
© 2012 Elsevier GmbH. All rights reserved.
Introduction lipids and facilitates alterations in structure and metabolism in

remote tissues, such as the pancreas, liver and muscle (Yu and

Obesity-associated metabolic, oxidative and inflammatory
disturbances are a growing epidemic and are associated with at
least six of the top ten causes of death (McGeer and McGeer 2004).
Adipocytes store excess energy, but when overloaded they become
resistant to insulin, which compromises their ability to accumulate
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tumour necrosis factor-alpha; IGF1, insulin-like growth factor-1; IL-6, interleukin-
6; VEGF, vascular endothelial growth factor; IL-1a, interleukin-1 alpha; IL-1b,
interleukin-1 beta; MCP-1, monocyte chemoattractant protein-1; IBMX, 3-isobutyl-
1-methylxanthine.
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Zhu 2004; Jernas et al. 2006; Rull et al. 2010). Excessive oxidation
in adipose cells is common and triggers cellular stress (Furukawa
et al. 2004; Yeop Han et al. 2010). The resulting sequence of events
remains poorly understood in humans but tends to self-perpetuate
if untreated. Initially, there is a complex process of cellular adapta-
tion, monitored by tissue-resident macrophages. When failure and
malfunction become extreme, a chronic inflammatory response is
unleashed (Rull et al. 2010).

If assumptions are accurate, it is conceivable that antioxidant
and/or anti-inflammatory therapies that act on adipose tissue may
have potential benefits in the amelioration of obesity-related dis-
eases. However, current available drugs have not been assayed
yet. The only validated therapeutic measure consists of prevent-
ing hypertrophy in adipocytes via caloric restriction or increased
caloric expenditure, but changes in lifestyle are difficult to achieve.
Plant-derived polyphenols may provide a similar effect with-
out restricting caloric intake (Lamming et al. 2004; Howitz and
Sinclair 2008). Polyphenols are antioxidant and anti-inflammatory
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molecules that interact in humans with molecular targets involved
in stress response pathways, and increased ingestion of dietary
polyphenols could be helpful. However, plant-derived polyphe-
nols are secondary metabolites that are synthesised in response
to a major stress event; consequently, the expected amount of
polyphenols in our commonly consumed food is very low. We
reasoned that tropical plant-derived products could be a poten-
tial source of polyphenol concentrate and could be used to design
dietary supplements. Recent data indicate that aqueous extracts of
Hibiscus sabdariffa (HS) might ameliorate metabolic disturbances
(Carvajal-Zarrabal et al. 2005; Alarcon-Aguilar et al. 2007; Kim et al.
2007), but human trials have been generally unsatisfactory, due to
an incomplete characterisation of the essential bioactive compo-
nents (Beltran-Debodn et al. 2009; Mozaffari-Khosravi et al. 2009;
Kuriyan et al. 2010). In this study, we address this issue, document
the effects of polyphenols on mouse adipocytes and provide data
that support multi-target action in the same signalling cascades or
response networks.

Materials and methods
Materials

3T3-L1 cells were purchased from the American Type Culture
Collection (Manassas, VA, USA). Dexamethasone, 3-isobutyl-1-
methylxanthine, insulin, crystal violet, Ascentis C18 preparative
reverse phase column, formic acid, acetonitrile and ethanol were
obtained from Sigma-Aldrich (Madrid, Spain). Dulbecco’s modified
Eagle’s medium, calf serum, foetal bovine serum, and an antibi-
otic mixture (penicillin-streptomycin) were purchased from PAA
Laboratories (Linz, Austria). Sodium pyruvate and trypsin—-EDTA
were obtained from Invitrogen (Carlsbad, CA). Polyvinyldifluoride
(PVD)filters, 0.22 p.m, were obtained from Millipore (Bedford, MA).
AdipoRed™ Assay Reagent was obtained from Lonza (Walkersville,
MD USA). The resin used for the preparative chromatogra-
phy was Amberlite™ FPX66 (Rohm and Haas, Philadelphia,
USA). The standards for the calibration curves, chlorogenic
acid, quercetin-3-rutinoside, quercetin-3-glucoside, kaempferol-
3-O-rutinoside, kaempferol 3-(p-coumaroylglucoside), quercetin,
4-hydroxycoumarin and delphinidin-3-sambubioside were pur-
chased either from Fluka, Extrasynthese (Genay, France) or
Polyphenols Laboratories (Hanaveien, Norway).

Methods of extraction and fractionation of polyphenols

Primary aqueous extract (AHS) was obtained from sun-dried
calyces from plants harvested by investigators in Senegal with an
approximate plant-to-extract ratio of 5:1 as previously described
(Beltran-Deb6n et al. 2009). The purified extract (PEHS) was
prepared by removing fibre and polysaccharides by precipita-
tion in 85% ethanol (v/v). Extracts were reconstituted in water
at 170 mg/ml and loaded onto a 1.5cm x 25 cm chromatography
column containing Amberlite™ FPX66. The retained phenolic frac-
tion was finally eluted with 95% ethanol and 0.01% trifluoroacetic
acid, rotary evaporated and freeze-dried. Total phenolic content
in AHS and PEHS was measured with the Folin-Ciocalteu method
(Huang et al. 2005). To further characterise the bioactive compo-
nents, PEHS was dissolved in distilled water to a concentration
of 230 mg/ml, filtered through a 0.45 pm PVD filter and fraction-
ated using a WellChrom preparative HPLC system (Merck-Knauer,
Berlin, Germany). We used an Ascentis C18 preparative reverse
phase column (10 wm, 25cm x 21.2mm), and elution was per-
formed using acetonitrile as a mobile phase in a multistep linear
gradient at room temperature with a flow rate of 19 ml/min. The
preparative version of EuroChrom® software, version 3.01, was

used for data acquisition and analysis. We obtained 35 fractions
representing distinct combinations of components, which were
identified and quantified. We then lyophilised the resulting frac-
tions for assays described below.

Characterisation and quantification of polyphenols

Analysis was performed in a Rapid Resolution Liquid Chro-
matography 1200 (Agilent Technologies, Palo Alto, CA) using a
Zorbax Eclipse Plus C;g,4.6 mm x 150 mm, 1.8 wm column at room
temperature with a flow rate of 0.5 ml/min and an injection vol-
ume of 10 pl (Rodriguez-Medina et al. 2009). The chromatographic
system was coupled to a time-of-flight (TOF) mass spectrometer
(MS) (Bruker Daltonic Bremen, Germany) that was equipped with
an orthogonal electrospray interface (ESI; model G1607A from Agi-
lent Technologies, Palo Alto, CA, USA) that operated in negative and
positive modes of ionisation. Compound identification was made
by comparing the retention times and mass spectra obtained by
TOF-MS with those of authentic standards or interpreted accord-
ing to previously obtained mass spectra. Quantification of the major
compounds in AHS, PEHS and the isolated fractions was carried out
using commercially available standards when available or previ-
ously reported structurally similar compounds (Fernandez-Arroyo
etal, 2011).

In vitro experimental models

The 3T3-L1 preadipocytes were propagated and differentiated
according to described procedures (Green and Kehinde 1975) (see
also supporting information). Differential effects on adipogenesis
were assayed by adding extracts and fractions in pre-designed
concentrations to the media at the beginning of the induction
period; these conditions were maintained until cells were har-
vested. The absence of cytotoxicity was ascertained by the crystal
violet method. In all experiments, more than 90% of the cells
were mature adipocytes after 8-10 days of incubation. For other
experiments, we used hypertrophied, insulin-resistant adipocytes
obtained by increasing the time of incubation (22 days) in 25 mM
glucose (Yeop Han et al. 2010). In these cases, extracts and frac-
tions were added at day 18 and allowed to incubate for 4 days
before harvesting. We assessed triglyceride accumulation with
AdipoRed™; extracts and fractions were added either at day 8
(mature adipocytes) or at day 18 (hypertrophied adipocytes) after
induction and were incubated for 2 or 4 additional days, respec-
tively. Fat droplets were analysed with a Nikon Eclipse TE 2000U
fluorescence microscope controlled by NIS-Elements software.

Measurement of intracellular reactive oxygen species (ROS) and
secreted adipokines

Measurements were performed on hypertrophied adipocytes
in 25 mM glucose to assess the effect of proposed extracts. These
extracts were added to adipocytes at day 18 after inducing dif-
ferentiation, and incubation proceeded for four additional days
under the same conditions. ROS generation was assessed with 2/,7'-
dichlorodihydrofluorescein diacetate as described (Yeop Han et al.
2010), and fluorescence was measured in a multiwell plate reader
(POLARstar Omega microplate) with excitation at 485 nm and emis-
sion at 520 nm. In separate experiments, several cytokines (leptin,
tumour necrosis factor-alpha (TNF-a), insulin-like growth factor-
1 (IGF-1), interleukin-6 (IL-6), vascular endothelial growth factor
(VEGF), interleukin-1 alpha (IL-1a), interleukin-1 beta (IL-1b) and
monocyte chemoattractant protein-1 (MCP-1)) were measured by
ELISA (Signosis, Inc., Sunnyvale, CA, USA) in resulting supernatants
following the manufacturer’s instructions.
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Statistical analyses

Values were represented as means +standard deviation. Dif-
ferences between two or more groups were compared using
non-parametric tests and were considered statistically significant
when p<0.05. The means of quantitative variables were analysed
using one-way ANOVA, the Student t-test for unpaired samples and
Tukey test for multiple comparisons. All statistical analyses were
performed with the Statistical Package for Social Science version
17.0 (SPSS, Chicago, IL, USA).

Results
Relative composition of candidate bioactive components

There were no major qualitative differences in polyphenol
content between AHS and PEHS; therefore, the precipitation pro-
cedures used to remove other soluble material did not result in
selective losses in benefit (Fig. 1A and B and Table 1). However, such
manipulations resulted in immediately apparent quantitative dif-
ferences and subsequent changes in relative contribution (Table 2).
The phenolic content of AHS, as expressed in gallic acid equivalents,
was significantly (p<0.001) lower (2.26+0.11g/100g) than that
of PEHS (28.42 +0.33 g/100 g). Relative differences were observed
in organic acids and all families of phenolic compounds: organic
acid derivatives (hydroxycitric and hibiscus acids), anthocyanins
(delphinidin-3-sambubioside and cyanidin-3-sambubioside), phe-
nolic acid derivatives (chlorogenic acid and 5-0-caffeoylshikimic
acid), and several flavonol derivatives (quercetin, myricetin and
kaempferol glycosides) (Table 2). PEHS was fractionated into 35
different fractions, and only fractions 6, 9 and 14 (Fig. 1C-E

and Table 2) significantly inhibited adipogenesis at concentra-
tions ranging from 10 to 40 wg/ml. For clarity, negative results
for the remaining fractions are not shown. During the fractiona-
tion procedure and the subsequent concentration, significant peaks
were additionally detected and identified in PEHS (hibiscus acid
dimethyl ester, coumaroylquinic acid, leucoside (kaempferol-3-
O-sambubioside)) and several unidentified compounds. At least
six new identified peaks (numbers 32-37) appeared only in
isolated fractions. The composition of these fractions differed
notably. The major component of fraction 6 was delphinidin-
3-sambubioside, fraction 9 contained cyanidin-3-sambubioside,
chlorogenic acid and tetra-O-methyljeediflavanone as major com-
ponents, and fraction 14 was especially rich in glycosylated
flavonols, such as quercetin-3-sambubioside and myricetin-3-
glucoside (Table 2).

Phenolic compounds inhibited adipogenic differentiation of
3T3-L1 cells: fibre and/or polysaccharides were either inactive or
interfered in the model

We found that AHS significantly inhibited lipid accumulation
and adipogenic differentiation of pre-adipocytes but only at con-
centrations >500 pg/ml, which are not likely to be achieved in vivo.
However, the relative activity of PEHS was much higher and evi-
dent even at concentrations <10 g/ml. Both extracts showed a
significant reduction in the number of differentiated cells when
compared with the control, as well as a dose-dependent response in
the reduction in the accumulation of triglycerides (Fig. 2A-E). Cells
differentiated in the presence of adipogenic agents plus 1000 p.g/ml
AHS or 40 pg/ml PEHS extracts accumulated 44.4% and 19.3% of
triglyceride, respectively, as compared to levels normally observed
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Fig. 1. Representative base peak chromatograms obtained by HPLC-ESI-TOF-MS of Hibiscus sabdariffa AHS (A) and PEHS (B) extracts at 50 mg/ml and 5 mg/ml, respectively.
Qualitative differences between AHS and PEHS were deemed negligible, but quantitative differences were evident, especially with respect to the content of phenolic acids,
anthocyanins and flavonols. Fractionation of PEHS, obtained through semipreparative liquid chromatography, showed that only a few fractions (C-E) were active in adipocytes.
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Table 1
Relevant analytical data for components isolated in AHS and PEHS (see also Fig. 1). Note that peaks 31-37 were only identified after a further process of purification.

Peak number Compound Retention time (min) Molecular formula [M-H]~ UV-Vis (nm)
1 Hydroxycitric acid 435 CgHgOs 207.0140 -
2 Hibiscus acid 4.72 CsHsO7 189.0035 -
3 Delphinidin-3-sambubioside 5.50 C26H30016 595.1446 280, 520
4 Unknown 5.86 CgHi208 235.0461 278,334
5 Cyanidin-3-sambubioside 6.11 Ca6H30015 579.1493 280, 520
6 Chlorogenic acid 6.52/8.41/8.92 Ci6H1509 353.0891 297,324
7 Unknown 7.13 - 230.0127 272,298
8 Hibiscus acid dimethyl esther 7.91 CgH1007 217.0354 292
9 Methyl digallate 9.62 CisHi209 335.0409 278

10 2-0-Trans-caffeoyl-hydroxicitric acid 10.60 C15H14011 369.0463 285,330

11 Myricetin-3-arabinogalactoside 10.91 Cy6H5017 611.1254 260, 354

12 Coumaroylquinic acid 11.86 Ci6H1508 337.0929 310

13 Unknown 12.34 Cy1H11NOs 236.0564 272

14 Quercetin-3-sambubioside 13.11 Ca6H25016 595.1309 345

15 Unknown 13.63 Ci6H20010 371.0984 278

16 Quercetin-3-rutinoside 14.50 Ca7H30016 609.1462 255,353

17 5-0-Caffeoylshikimic acid 14.69 Ci6H160s 335.0768 296,326

18 Leucoside (kaempferol-3-0O-sambubioside) 15.44 Co6H8015 579.1355 278,505

19 Unknown 15.69 Cy7H22010 385.1140 270

20 Quercetin-3-glucoside 16.04 C21H20012 463.0873 253,356

21 Kaempferol-3-O-rutinoside 16.71 Cy7H30045 593.1512 265,350

22 Unknown 17.58 CigH2209 381.1191 278

23 Unknown 18.33 C21H30011 457.1715 -

24 Methyl-epigallocatechin 18.60 Ci6Hi1607 319.0823 268,336

25 Unknown 18.93 - 503.1759 278

26 Myricetin 22.19 Cy5H1008 317.0298 372

27 N-Feruloyltyramine 23.40/25.19 CigH20NO4 312.1234 286,316

28 Unknown 26.94 - 307.0726 288,353,414

29 Quercetin 28.67 CisH1007 301.0339 253,372

30 Unknown 29.89 CigH3405 329.2333 -

31 Prodelphinidin B3 24.82 C30H26014 609.1250 312

32 Tetra-O-methyljeediflavanone 4.30 C34H30011 613.1715 341

33 Unknown 6.11 Ca6H30016 597.1461 338

34 Caffeoylglucose 6.46 Cy5H1509 341.0878 314

35 Unknown 11.37 C6H44016 611.2557 277

36 Unknown 11.93 Cy7H32047 627.1567 278

37 Myricetin-3-glucoside 12.25 C21H20043 479.0831 355

in control cells. The extract concentration that led to 50% of inhi-
bition of triglyceride accumulation (ICsp) was 799 +225 pg/ml for
AHS and 9.1 £ 2.8 p.g/ml for PEHS, respectively. This result revealed
that PEHS was approximately 90-100 times more effective in
reducing triglyceride accumulation. This difference was around 10
times higher than that expected for actual polyphenol concen-
trations, which indicated that the absence of polysaccharides and
other soluble material improved the inhibition of triglyceride cel-
lular uptake in this model.

Anti-adipogenic activity of polyphenols was no longer conserved
in most isolated fractions

Only 3 of 35 polyphenolic fractions (numbers 6, 9 and 14;
Fig. 1C-E) significantly inhibited adipogenesis. The efficacy of these
fractions was dose-dependent; fraction 14 was the most active
throughout the dosing range (Fig. 2F). None of these fractions
at 40 pg/ml achieved the effectiveness that was obtained with
the total mixture of polyphenols (PEHS). Changes in activity with
combinations of these fractions at different concentrations were
negligible. None of the binary combinations (20 or 30 pg/ml of each
fraction) achieved higher activities than the individual fractions.
Moreover, the strong inhibitory action of fraction 14 was main-
tained when using pairs 6/14 and 9/14. Finally, the combination of
three of the fractions (20 pg/ml of each) also failed to improve the
anti-adipogenic activity, as compared with both isolated fractions
and combinations. Taking all results into account, the presence
of all polyphenols was necessary in order to achieve maximum
efficacy, and the relative proportion was potentially a relevant
factor.

Phenolic compounds were active in mature as well as
hypertrophied and insulin-resistant adipocytes

When extracts were assayed in mature adipocytes, the addi-
tion of AHS did not significantly affect triglyceride content, even at
1000 pg/ml, but 40 pg/ml of PEHS decreased triglyceride content
by 20-30% when assayed at 40 pwg/ml (Supporting Information; Fig.
2). These novel findings prompted the exploration of the effects of
PEHS in a cell model of adipocyte hypertrophy in the context of
insulin resistance, similar to that observed in the adipose tissue
of obese patients (Yu and Zhu 2004; Jernas et al. 2006; Takahashi
etal.2008; Yeop Han et al. 2010). Surprisingly, we found significant
effects with AHS and that both AHS and PEHS were more efficient at
reducing triglyceride accumulation in insulin-resistant adipocytes
than in mature adipocytes (1000 pwg/ml AHS: 19% mean values
reduction; 40 pg/ml PEHS: 38% mean values reduction) (Fig. 3). It
appeared that the PEHS-mediated reduction in triglyceride accu-
mulation was significantly higher during the adipogenesis process
than in mature or hypertrophic adipocytes but we found a differ-
ential response with both extracts. The generation of endogenous
ROS was not affected by AHS (Fig. 4A and B), but the effect of PEHS
was significant and dose-dependent, achieving a 30% reduction,
which indicated that the removed material might have deleteri-
ous effects on either the diffusibility or the intrinsic antioxidant
activity of phenolic compounds. These deleterious effects were
not observed with their putative anti-inflammatory properties. We
observed that both extracts at the tested concentrations signifi-
cantly decreased the amount of secreted adipokines with respect to
controls (Fig. 4C). This result indicated that the effect of fibre and/or
saccharides could be specific. For most of the adipokines assayed,



Table 2

Quantitative data in ppm (m/m) for major components found in extracts and fractions with significant biological activity.

Fraction 6 Fraction 9 Fraction 14

PEHS

S
8288.0 + 397.6

31,122.0 + 11284
2701.2 + 165.6

1939.2 +39.3

AH!

Quantification technique
MS-TOF (m/z 207
MS-TOF (m/z 189

Compound

Peak number

128,134.2 + 9486.9
207,315.5 + 1807.6

415,227.9 + 18,558.3

193,354.1 + 3119.0

87,143.1 + 393.1
106,469.9 + 1182.0

137,219.1 + 1425.8

5381.5 + 173.9
5300.5 + 325.9

5720.0 +39.4

2802.3 + 46.6

47555 + 53.8

573 +25

7729 + 104
7673.8 + 34.6

113,130.2 + 2356.4

304.0 £ 5.9

4953.2 + 479

495.7 + 4.3

7312.7 + 168.9

3526.7 + 49.2

1715 £ 6.9

1123.0 +£ 254
3071.6 + 15.9

12,789.1 + 268.6

143.7 £ 2.2

2185.5 £ 15.5

919 +23
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3109 + 5.5

4765.9 + 49.1

867.9 + 8.6

99.0 + 1.8

5795.2 + 61.7

211025 +22 O
1839.2 + 25.3

327.0+29

13,515.7 + 125.8

2902.1 + 67.5

29,383.6 + 1245.1

Hydroxycitric acid
Hibiscus acid

Delphinidin-3-sambubioside
Cyanidin-3-sambubioside

Chlorogenic acid

DAD-UV (520 nm

DAD-UV (325 nm

Hibiscus acid dimethyl ester

Methyl digallate

DAD-UV

DAD-UV

Myricetin-3-arabinogalactose

Coumaroylquinic acid

DAD-UV

12
14
16
17
18
20
21

DAD-UV

Quercetin-3-sambubioside

Quercetin-3-rutinoside

DAD-UV

DAD-UV

5-0-Caffeoylshikimic acid

Leucoside

DAD-UV

DAD-UV

Quercetin-3-glucoside

DAD-UV

Kaempferol-3-O-rutinoside
Methyl-epigallocatechin

Myricetin

DAD-UV

24
26
27
29
31

DAD-UV

DAD-UV

N-Feruloyltyramine

Quercetin

DAD-UV

DAD-UV

Prodelphinidin B3

DAD-UV

Tetra-O-methyljeediflavanone

Caffeoylglucose

32

34
37

DAD-UV (350 nm

Myricetin-3-glucoside

both extracts showed the same quantitative efficacy. A differential
response, higher for PEHS than for AHS, was only observed with the
secretion of leptin and MCP-1.

Discussion

The efficacy of phytotherapy is currently under intense debate
(Wagner 2011). To firmly establish beneficial effects that may yield
valuable nutritional advice or dietary supplements, human stud-
ies demand (Mozaffari-Khosravi et al. 2009; Kuriyan et al. 2010)
full chemical characterisation of the source of polyphenols and
the effect of further manipulation in the relative composition. Our
novel findings suggested that the previous removal of fibre and
polysaccharides, which represent up to 60% of the total weight
of soluble extracts (Miiller and Franz 1992), might significantly
increase the activity of a polyphenolic mixture. Adipogenesis was
substantially inhibited by a standardised Hibiscus sabdariffa extract,
and the effect of the full extract was higher than the sum of its parts,
which provided further evidence that a combination of bioactive
components was superior to isolated constituents. In essence, the
assayed extracts are a complex mixture of anthocyanins, organic
acids, phenolic acids and flavonols (Rodriguez-Medina et al. 2009).
Nevertheless, our results revealed that some compounds can have
a higher contribution to the observed effects, which suggested
the importance of relative composition and that different formu-
lations might yield different outcomes. For instance, the putative
hypolipidemic effects of polyphenolic mixtures have been mainly
associated with the presence of organic acids (Carvajal-Zarrabal
et al. 2005). In contrast, the described effects of PEHS in adipo-
genesis were obtained in a scenario in which the proportion of
phenolic compounds was higher than that of organic acids. From
data obtained from isolated fractions, it could be concluded that
glycosylated flavonols were the most active compounds amongst
individual components, but this finding seemed irrelevant when
compared to the action of the full mixture. Although other isolated
phenolic compounds (apigenin, epigallocatechin gallate, resver-
atrol and quercetin) have also shown to inhibit adipogenesis in
3T3-L1 adipocytes in similar concentrations (10-50 p.g/ml, Lin et al.
2005; Bandyopadhyay et al. 2006; Yang et al. 2008), cytotoxicity
was readily observed. This point is extremely important because
plant-derived polyphenols are a complex mixture that interacts
with numerous endogenous molecular targets in humans but are
surprisingly safe even at high doses (Corson and Crews 2007; Goel
et al. 2008; Efferth and Koch 2011).

Another novel finding was that PEHS also actively diminished
triglyceride accumulation in mature and even insulin-resistant
hypertrophied adipocytes, which suggested an induction in the
lipolysis rate (Yu and Zhu 2004; Takahashi et al. 2008). This effect
could be important in the management of metabolic disturbances
because the uninhibited release of fatty acids from hypertrophied
adipocytes might lead to systemic lipotoxicity and insulin resis-
tance (Unger 1995). It was also established that excess triglyceride
accumulation in adipocytes generated an excess of ROS that
triggered inflammation (Yeop Han et al. 2010). Although the dif-
ferential abilities observed between AHS and PEHS deserve further
consideration, PEHS clearly possesses antioxidative and anti-
inflammatory actions in mature and hypertrophied adipocytes.
These properties might also have therapeutic implications because
these are important processes in 3T3-L1 adipocytes that are
directly related to the accumulation of fat and with potential
regulation via JNK/NF-kB pathways as described (Furukawa et al.
2004; Takahashi et al. 2008; Yeop Han et al. 2010). Once again we
highlight the importance of a particular formulation of phenolic
compounds because PEHS was particularly active in inhibiting the
secretion of leptin and MCP-1, which are important adipokines
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p<0.001 versus control.

that regulate the migration of non-resident macrophages to the
adipose tissue and overall systemic metabolism (Furukawa et al.
2004). This anti-inflammatory effect has also been observed
with resveratrol or alpha lipoic acid (Szkudelska et al. 2009;
Prieto-Hontoria et al. 2011).

The apparently additive, synergistic or even antagonistic action
of each polyphenol and the intrinsic complications of under-
standing adipocyte metabolism without knowledge of genetic
and proteomic kinetics impede efforts to describe the possible
biological reactions and metabolic networks involved. Polyphenol
reaction and diffusion rates also confound these efforts. Moreover,

the process of transformation and regeneration in these particular
cells, and the effects that we described strongly suggested the
presence of repeat-pattern mechanisms (Gierer and Meinhardt
1972), which is a self-organising, self-repairing, reaction-diffusion
system (Turing 1990).

We speculate that this relationship can be applied to every com-
bination of polyphenols with medicinal effects, but at least two
major points should be highlighted. Leptin production correlates
positively with insulin resistance, fat mass and adipocyte volume in
response to metabolic stress (Frederich et al. 1995). The observed
benefit with PEHS was comparatively higher than that observed
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with triglyceride accumulation, which suggested that leptin gene
expression was a possible pharmacologic target, although this is
effect obviously modulated by actions on a variety of other targets
(Frederich et al. 1995; Rupnick et al. 2002; Tilg and Moschen 2006;
Samuni et al. 2010). Results with MCP-1 excretion were expected.
We have previously reported in humans that these polypheno-
lic extracts significantly reduce the concentration of circulating
MCP-1, which is relevant because MCP-1 has been proposed as a
biomarker and therapeutic target in the management of obesity
and its related complications (Beltran-Debén et al. 2009).

We should express caution, however, when interpreting in vitro
data to actual actions of polyphenols in the body, especially if
no data have been collected regarding the action of physiological
metabolites of tested polyphenols on the same cell systems. First,
the intestinal flora is likely to metabolise some of these compounds.
Once the glucoside cleaved, the released aglycone is subjected to
the action of specific enzymes in the wall of the small intestine
leading to glucuronide, sulphated, and methylated metabolites,
which may reach their target tissues and organs. Obviously, our
in vitro assays do not take into account the in vivo bioavailability
issue and can lead to false positive interpretations. To date, there
is no data about human or animal studies on metabolites deriving
from HS polyphenols. Although some bioavailability studies on
phenolic acids, anthocyanins and flavonols are available, these
are contained in very different food matrixes what may radically
modify the interaction amongst these compounds in the gas-
trointestinal tract and therefore their absorption. Whilst human

absorption and bioavailability studies have revealed that phenolic
acids and anthocyanins can be retrieved in plasma and urine in
their intact form after food consumption (Paredes-Lopez et al.
2010; Williamson et al. 2011), flavonols and flavanols seem to
be found in various forms, free or conjugated with glucuronide,
sulphate or methyl groups (Day et al. 2001; Williamson et al. 2011).

Because in studies with green tea polyphenols, the metabolites
mostly had reduced biological activity, it might be tempting to
suggest that conversion of HS polyphenols into less-active metabo-
lites would compromise the cellular effects denoted in the present
study. In some systems, however, polyphenols-derived metabolites
were found to have the equivalent or even greater activity than the
parental polyphenols (Lambert et al. 2007). In the present study,
PEHS contains up to thirty identifiable phenolic compounds by
HPLC-MS. Accepting that absorption of many of these compounds
is negligible; still several of them will be conjugated and will inter-
act with multiple metabolic targets. Thus, to study the effects of all
possible metabolites becomes an enormous and fascinating target,
which will be undoubtedly matter for future research.

In conclusion, we propose that this particular formulation
of polyphenols should be assayed in clinical trials because of
its observed regulation of adipogenesis, its regulation of oxida-
tive stress signalling pathways in mature and/or hypertrophied
adipocytes and its subsequent ability to alter the expression of
adipokines. In regards to the preparation of phytopharmaceuti-
cals or dietary supplements, we propose that the separation of
soluble material other than polyphenols prior to use will increase
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the possibility of safely obtaining synergistic effects. Although
bioavailability and safety issues require further studies, we have
demonstrated the potential pharmacological and therapeutic supe-
riority of a combination of polyphenols with respect to their

individual components. The existence of synergistic efficacy of
binary combinations of compounds has been evaluated and ver-
ified by Berenbaum'’s isobole method (Berenbaum 1989; Wagner
2011). Unfortunately, this method cannot be applied in our case at
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this stage due to the complexity of the polyphenol mixture. It is pos-
sible that the benefits of polyphenols are the result of mere additive
effects or simple combinatory actions, but the data suggest a syn-
ergistic effect at least in the sense of that described by Mark Twain:
“a bonus achieved when things work together harmoniously”.
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A comparison among different advanced extraction techniques such as microwave-assisted extraction
(MAE), supercritical fluid extraction (SFE) and pressurized liquid extraction (PLE), together with traditional
solid-liquid extraction, was performed to test their efficiency towards the extraction of phenolic
compounds from leaves of six Tunisian olive varieties. Extractions were carried out at the best selected con-
ditions for each technique; the obtained extracts were chemically characterized using high-performance
liquid chromatography (HPLC) coupled to electrospray time-of-flight mass spectrometry (ESI-TOF-MS)
and electrospray ion trap tandem mass spectrometry (ESI-IT-MS?). As expected, higher extraction yields
were obtained for PLE while phenolic profiles were mainly influenced by the solvent used as optimum
in the different extraction methods. A larger number of phenolic compounds, mostly of a polar character,
were found in the extracts obtained by using MAE. Best extraction yields do not correlate with highest cyto-
toxic activity against breast cancer cells, indicating that cytotoxicity is highly dependent on the presence of
certain compounds in the extracts, although not exclusively on a single compound. Therefore, a multifac-
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torial behavior is proposed for the anticancer activity of olive leaf compounds.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In the search of new bioactive compounds from natural raw
materials, food by-products have gained a considerable attention
for their high potential as a source of phytochemicals, low cost
and high environmental impact of such residues. For instance, in
the olive oil industry, one of the most promising source of bioac-
tives are olive leaves obtained as biomass after pruning of olive
trees (Erbay and Icier, 2010). This residue is a very abundant veg-
etable material and it supposes a potential source of polyphenols
(De Leonardis et al., 2008). Constituents of olive leaves have shown
antiviral (Lee-Huang et al., 2003), antimicrobial (Markin et al.,
2003), antioxidant, anti-inflammatory (Bouaziz et al., 2008; Briante
et al., 2002), and anti-carcinogenic (Abaza et al., 2007; Bouallagui
et al,, 2011) activities.
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0278-6915/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
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Different extraction techniques have been used to extract bioac-
tives from olive leaves; among them, conventional solid-liquid
extraction with ethanol (Rada et al.,, 2007) or methanol: water
(Bouaziz et al., 2008) and ultrasound assisted extraction (Carcel
et al., 2010). Considering the importance of the extraction process
as a way to isolate and purify interesting compounds from natural
raw materials, testing different extraction procedures is manda-
tory. One of the main needs in the development of extraction pro-
cesses is to substitute inefficient and long extraction processes,
usually requiring high volumes of toxic organic solvents, for non-
conventional extraction procedures such as microwave-assisted
extraction (MAE), supercritical fluid extraction (SFE) or pressurized
liquid extraction (PLE), that require considerably less amounts of
toxic solvents while providing higher extraction efficiencies and
lower environmental impact (Herrero et al., 2010a,b; Mendiola
et al.,, 2007). These modern extraction techniques can be regarded
as a possible tool not only from a laboratory point of view but also
for the natural products and food industries. In fact, industrial
applications of SFE have experienced a strong development since
the early 1990s in terms of patents (Schiitz, 2007). It was reported
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that a large-scale commercial (3 ton/h) MAE is available for indus-
trial use (Pangarkar, 2008). Although few reports can be found con-
sidering pilot scale units (Terigar et al., 2011; Boonkird et al.,
2008), in view of the advantages of MAE and the development of
equipment for large-scale commercial operation, MAE has a bright
future. Thus lab scale studies can be used to determine factors re-
quired for scale-up the extraction process and equipments.

Recently, olive compounds have shown significant anti-carcino-
genic effects by directly modulating the activities of various types
of receptor tyrosine kinases, including the human epidermal
growth factor receptor (HER2) (Garcia-Villalba et al., 2010; Menen-
dez et al., 2007, 2009). Although secoiridoids seem to contribute
importantly to such activity, the main responsible compounds
have not been identified yet (Fu et al., 2010; Lozano-Sinchez
et al., 2010). A recent review has highlighted the chemoprevention
of doxorubicin toxicity (doxorubicin is a key of chemotherapeutic
agent in different types of cancer treatment with chronic and acute
associated toxic side effect) making use of natural antioxidants
among them antioxidants from virgin olive oil (Granados-Principal
et al., 2010).

Therefore, the goal of the present study was to compare differ-
ent extraction processes (conventional extraction, MAE, SFE and
PLE), performed under certain conditions reported in the literature,
towards the selective extraction of phenolic components from ol-
ive leaves deriving from six Tunisian olive varieties. To fully char-
acterize their phenolic composition, a new method was used based
on HPLC coupled to ESI-TOF-MS and ESI-IT-MS2 Moreover, the
cytotoxicity of the different extracts against the JIMT-1 breast can-
cer cell line, a trastuzumab-resistant human cell line, was assayed.
The possible correlation between the phenolic composition of the
extracts and their cytotoxic activity was also studied.

2. Experimental
2.1. Chemicals and reagents

HPLC-grade acetonitrile (ACN) methanol and ethanol were pur-
chased from Labscan (Dublin, Ireland). Acetic acid was of an ana-
lytical grade (assay >99.5%) and purchased from Fluka
(Switzerland). Water was purified by using a Milli-Q system (Mil-
lipore, Bedford, USA). The carbon dioxide liquefied at high pressure
used in supercritical extraction was supplied by Praxair Inc. (Dan-
bury, CT, USA).

Standard compounds such as hydroxytyrosol, luteolin, apigenin,
quercetin, taxifolin, vanillin and quinic acid were purchased from
Sigma-Aldrich (St. Louis, MO, USA), (+)-pinoresinol was acquired
from Arbo Nova (Turku, Finland), oleuropein and rutin from Extra-
synthése (Lyon, France).

2.2. Plant material and treatment

Leaves used in this study were obtained from six Tunisian olive
varieties: ‘Oueslati’ (1), ‘Chetoui’ (2), ‘Chemlali’ (3), ‘El Hor’ (4),
‘Jarboui’ (5) and ‘Chemchali’ (6). Olive leaves were collected from
different parts of the tree, so as to minimize the sun exposure ef-
fect. After collection, fresh leaves were immediately transferred
to the laboratory, washed with distilled water and ground under li-
quid Nitrogen.

2.3. Apparatus and instruments

2.3.1. MAE apparatus

MAE experiments were carried out with a START E Milestone
Microwave Laboratory System (Milestone S.r.1, Sorisole (BG) Italy).
The apparatus was equipped with a single magnetron system with

rotating diffuser for homogeneous microwave distribution in the
cavity, delivered microwave power was 1.200 W, controlled via
microprocessor, allowing rapid heating of high-throughput rotors,
output power up to 1200 W in 1 W increments, a fiber-optic auto-
matic temperature control (ATC-FO) System which allows direct
continuous monitoring and control of a reference vessel up to
300 °C, a MPR-600/12S medium pressure segmented rotor contain-
ing 12 vessels for operating pressure up to 30 bar (435 psi). The
microwave was operated via a compact control terminal 260 inter-
face with bright, touch-screen display.

2.3.2. SFE apparatus

The SFE system was based on a Suprex Prep Master (Suprex Cor-
poration, Pittsburg, PA, USA) with several modifications. A thermo-
static oven heated by air convection was used to set the extraction
cell (8 mL) containing the sample. An HPLC pump Waters 510
(Waters Corporation, Milford, MA, USA) was used to introduce
the modifier in the extraction system. A pre-heater system was
employed by placing a heating coil inside a glycerine bath (JP
Selecta Agimatic N, JP Selecta S.A., Abrera, Spain) to guarantee that
the fluid employed in all the experiences reaches the extraction
cell at the target temperature. After the modifier pump, a check
valve (Swagelok SS-CHS2-BU-10, Swagelok Corporation, Solon,
OH, USA) was used. A micrometering valve (Hoke SS-SS4-BU-VH,
Hoke Incorporated, Spartanburg, SC, USA) was placed after the
extraction cell to manually control the flowA computer-controlled
mass flowmeter (EL-FLOW® Mass Flow Meter/Controller F-111C,
Bronkhorst High-Tech BV, AK Ruurlo, The Netherlands) was used
to adjust the carbon dioxide flow rate at the values selected for
each experiment. After depressurization, the extracts were col-
lected in a collection vessel previously described (Ibafiez et al.,
1999). Inside the collection vessel, 30 mL volume glass vials were
placed to recover the extracts.

2.3.3. PLE apparatus

The PLE system consisted in a home-made device described
elsewhere (Ramos et al., 2007). Basically, it consisted of an extrac-
tion cell housed in an oven provided with temperature control and
regulation, a Hewlett-Packard 1050 series isocratic pump (Palo
Alto, USA) to deliver and pressurize the solvent in the extraction
cell and two six-port Rheodyne valves (model 7000, Rheodyne
L.P., Rohnert Park, CA, USA) connected to the inlet and outlet ends
of the extraction cell. The temperature and the heating rate were
set by varying the energy applied to the heating resistances. The
temperature programme was manually started at the beginning
of each experiment and stopped at the selected extraction time.
The extraction cell (8 mL) consisted in a stainless steel holder
(100 x 4.6 mm i.d. x 6.6 mm o.d.) sealed with 5 pm stainless steel
frits (Supelco, Bellefonte, USA).

2.3.4. HPLC apparatus

Separation of phenolic compounds from olive leaf extracts was
performed on an Agilent 1200 series Rapid Resolution LC (Agilent
Technologies, CA, USA) consisting of vacuum degasser, autosam-
pler, and a binary pump equipped with a C18 Eclipse Plus analyti-
cal column (4.6 x 150 mm, 1.8 pm) from Agilent Technologies. The
mobile phases used were water with acetic acid (0.5%) (mobile
phase A) and acetonitrile (mobile phase B) and the solvent gradient
changed according to the following conditions: from 0 to 10 min,
95% A to 70% A; from 10 to 12 min, 70% A to 67% A; from 12 to
17 min, 67% A to 62% A; from 17 to 20 min, 62% A to 50% A; from
20 to 23 min, 50% A to 5% A; from 23 to 25 min, 5% A to 95% A; from
25 to 35 min, 95% A. The flow rate used was set at 0.80 mL/min
throughout the gradient. The effluent from the HPLC column was
splitted using a T-type phase separator before being introduced
into the mass spectrometer. Flow entering into the ESI-TOF-MS
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or ESI-IT-MS detector was 0.2 mL/min. The column temperature
was maintained at 25 °C and the injection volume was 10 pL.

2.3.5. ESI-TOF-MS analysis

The HPLC system was coupled to a micrOTOF (BrukerDaltonics,
Bremen, Germany), an orthogonal-accelerated TOF mass spectrom-
eter (0aTOFMS), using an electrospray interface (model G1607A
from Agilent Technologies, Palo Alto, CA, USA). Parameters for
analysis were set using negative ion mode with spectra acquired
over a mass range from 50 to 1000 m/z. The optimum values of
the ESI-MS parameters were: capillary voltage,+4.5 kV; drying
gas temperature, 190 °C; drying gas flow, 9.0 L/min; and nebulizing
gas pressure, 2 bar.

The accurate mass data of the molecular ions were processed
through the newest software Data Analysis 3.4 (BrukerDaltonics,
Bremen, Germany), which provided a list of possible elemental
formulae by using the Generate Molecular Formula™ editor. The
Editor uses a CHNO algorithm, which provides standard functional-
ities such as minimum/maximum elemental range, electron config-
uration, and ring-plus double bonds equivalents, as well as a
sophisticated comparison of the theoretical with the measured
isotope pattern (sigma value) for increased confidence in the sug-
gested molecular formula. The widely accepted accuracy threshold
for confirmation of elemental compositions has been established at
5 ppm.

During the development of the HPLC method, external instru-
ment calibration was performed using a Cole Palmer syringe pump
(Vernon Hills, Illinois, USA) directly connected to the interface,
passing a solution of sodium formate cluster containing 5 mM so-
dium hydroxide in the sheath liquid of 0.2% formic acid in water/
isopropanol 1:1 (v/v). Using this method, an exact calibration curve
based on numerous cluster masses, each differing by 68 Da (Na-
CHO,) was obtained. Due to the compensation of temperature drift
in the micrOTOF, this external calibration provided accurate mass
values (better 5 ppm) for a complete run without the need for a
dual sprayer setup for internal mass calibration.

2.3.6. IT-MS? analysis

An identical HPLC system was coupled to a BrukerDaltonics Es-
quire 2000 ion trap mass spectrometer (BrukerDaltonics, Bremen,
Germany) equipped with an electrospray interface (Agilent Tech-
nologies, CA, USA) operating in the negative ionization mode. The
ion trap scanned at the 50-1000 m/z range at 13,000 u/s during
the separation and detection. The maximum accumulation time
for the ion trap was set at 200 ms, the target count at 20,000 and
compound stability was set at 50%. The optimum values of the
ESI-MS parameters were: capillary voltage,+3.0kV; drying gas
temperature, 300 °C; drying gas flow, 7.0 L/min; and nebulizing
gas pressure, 21.7 psi. The instrument was controlled by Esquire
NT software from BrukerDaltonics.

2.4. Extraction methods and conditions

2.4.1. Conventional solvent extraction (CM)

10 ml of a mixture of methanol and water (80:20, v/v) was
added to 1 g of fresh milled olive leaves and the sample was main-
tained 24 h in the dark at room temperature. The extracts were fil-
tered through a 0.45 pm syringe filter prior to analysis (Abaza
et al.,, 2011).

2.4.2. Microwave-assisted extraction procedure (MAE)

1.25 g of milled fresh olive leaves were transferred into the
microwave extraction vessel and suspended in 10 mL of a mixture
of methanol and water (80:20, v/v). Then extraction was carried
out for 6 min, considering an irradiation temperature equal to
80 °C. After extraction, the vessel was cooled down to room tem-

perature before opening, using the ventilation option of the sys-
tem. The extracts were filtered through a 0.45 pm syringe filter
prior to analysis.

2.4.3. Supercritical fluid extraction procedure (SFE)

Prior to the extraction process, 1 g of milled olive leaves was
homogenized with 1 g of sea sand, that was selected as inert mate-
rial to hold the sample inside the extraction cell and to improve
efficiency while avoiding formation of preferential flow paths. This
mixture was introduced into the extraction cell and packed with
glass wool. Extractions were carried out at 150 bar and 40 °C; once
reached the experimental conditions, the extraction solvent (con-
sisting on a mixture of CO, plus 6.6% of ethanol as modifier) passed
through the extraction cell for 2 h.

2.4.4. Pressurized liquid extraction procedure (PLE)

One gram of grinded olive leaves was placed in the extraction
cell that was subsequently filled with 5 g of sea sand. Once the cell
was mounted in the device, the selected solvent (either ethanol or
water) was pumped into the cell and the lines from the pump to
the outer valve. Then, the solvent was pressurized up to the se-
lected pressure (ca. 100 bar), which was controlled via the pump
recorder. Simultaneously, the temperature programme was started
to heat both, sample and extraction solvent at the selected temper-
ature (150 °C) for a given time (20 min). After the static time, the
upper valve was switched to allow the pressurized solvent leave
the cell. Blank samples were run after each extraction to avoid
any contamination or memory effect.

2.4.5. Cytotoxicity assays

The human breast carcinoma cell line JIMT-1, which derives
from a breast cancer clinically resistant to trastuzumab (Tanner
et al.,, 2004) was kindly provided by Institut Catala d’Oncologia
(Girona, Spain). Cells were routinely grown in DMEM + GlutaMAX
medium supplemented with 10% of heat-inactivated foetal bovine
serum (GIBCO) containing 50 U/ml penicillin and 50 mg/mL of
streptomycin (GIBCO). Cells were incubated at 37 °C in a humified
5% CO, air atmosphere. Cell viability was determined through the
MTT assay (Fu et al., 2010). Briefly, cells were plated in 96-well
plates at a density yielding 70-80% confluence when the cytotox-
icity assay was performed. Complete medium was refreshed and
cultures were treated with different doses of the extracts for
72 h. All the results corresponding to MTT experiments were ex-
pressed as the mean of a minimum of 6-8 replicates + SD. The
50% cytotoxic concentration values (CC50) were determined from
the survival plots using GraphPad PRISM 5 (GraphPad Software).

2.5. Statistical analysis

Two-way ANOVA test at a confidence level of 95% was per-
formed using SPSS 13.0 for windows software.

3. Results and discussion

Extraction conditions were established for each extraction pro-
cess considering previous results published in the literature for
phenolics extraction using SFE, PLE and MAE in different matrices,
including rosemary and olive leaves (Herrero et al., 2010a,b; Herre-
ro et al.,, 2011; Taamalli et al., 2012).

PLE and SFE are considered green technologies to produce bio-
actives from natural sources such as plants and algae (Herrero
et al,, 2010a,b; Plaza et al., 2009), as GRAS-qualified solvents such
as CO,, ethanol or water are frequently used in these technologies.
In this study, PLE and SFE extraction processes were carried out un-
der optimum conditions using only GRAS-qualified solvents. These
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have been compared to MAE and conventional solid-liquid extrac-
tion, which used a mixture of methanol and water (80:20). Hydro-
alcoholic extraction is the choice of solvent for optimum phenolic’s
extraction due to the high extraction yield of a wide range of phe-
nolic compounds from diverse types of samples including fruit,
vegetables and olive oil (Tura and Robards, 2002). Our main target
was to find out advantages and drawbacks between the different
extraction processes in relation to the extraction of phenolics from
olive leaves.

First of all, it is worth to mention that extraction processes as-
sisted by temperature, such as PLE and MAE, have shorter extrac-
tion times than conventional technologies and SFE; this is mainly
due to the increase of the analytes solubility in the extraction med-
ia when surface tension and solvent viscosity decreases, which, at
the end, improves extraction efficiency. MAE extraction tempera-
ture was selected at 80 °C because, as previously reported (Taam-
alli et al., 2012), higher temperatures provide lower extraction
efficiencies. Regarding PLE, 150 °C was selected as optimum tem-
perature for phenolics extraction when ethanol was used as
extracting solvent, since this condition has been reported to
achieve the highest phenolic content and antioxidant capacity
(Herrero et al., 2011). Although previous results obtained in our re-
search group suggested the use of 200 °C for PLE water extractions,
in this study we selected 150 °C in order to avoid the generation of
compounds deriving from thermal dehydration of saccharides such
as 5-hydroxymethylfurfural (Plaza et al., 2010). On the other hand,
these conditions were also optimum in terms of phenolics content,
antioxidant activity and extraction yield (Herrero et al., 2011).

Table 1 shows the yield obtained for the different extraction
processes using six different varieties of Tunisian olive leaves. A
two-way analysis of variance has been carried out and the results
showed that the yield was significantly influenced by the extrac-
tion method (p < 0.05), the olive variety (p < 0.05). The interaction
of extraction method and the olive variety was also significant
(p <0.05). As observed, the use of PLE with ethanol as extraction
solvent produced the highest yield for all the studied varieties. In
this sense, the highest yield was obtained from the Chemchali (6)
variety. MAE also produced high extraction yields, but significantly
lower than those obtained by PLE using ethanol. The only excep-
tion was the case of Jarboui (5) variety for which MAE was the less
efficient extraction technique in terms of total extracted yield.
Lastly, PLE using water as solvent, conventional extraction (MeOH:
H,0), as well as SFE using CO, and ethanol as cosolvent produced
comparable yields. It is important to remark that the extraction
yield strongly depends on the solvent employed. Nevertheless, ex-
tracts with similar yields, but produced under different extraction
techniques, would show completely different chemical composi-
tion. Therefore, the phenolic composition of the extracts was stud-
ied in detail to evaluate the potential of the different extraction
techniques.

In a recent study, we have optimized the MAE extraction condi-
tions for phenolics’ extraction from olive leaves and also identified,
via HPLC-ESI-TOF-MS/IT-MS?, the main phenolic compounds pres-
ent in MAE extracts (Taamalli et al., 2012). This information and

Table 1
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the data previously reported in literature (Briante et al., 2002; Fu
et al,, 2010; Arrdez-Romén et al., 2008; Meirinhos et al., 2005;
Mylonaki et al., 2008) have been used as a basis for identifying
the compounds detected in the different olive leaf extracts in the
present study through the comparison of their relative retention
time values, TOF-MS and IT-MS? data in addition to the comparison
with authentic standard solutions when available. Representative
base peak chromatograms (BPCs) of a mass range (50-1000 m/z),
for the extracts under the optimum extraction conditions for
MAE, PLE, SFE and conventional extraction are presented in Fig. 1
(only BPCs of samples showing the highest cytotoxic activity in
each extraction method are shown). Peak identification is shown
in Table 2.

As can be seen in Table 2, hydroxytyrosol glucoside was not de-
tected in ‘Oueslati’, ‘Chetoui’, ‘Chemlali’ and ‘El Hor’ varieties
whereas its aglycon form (hydroxytyrosol), in addition to elenolic
acid glucoside isomer 2, and luteolin rutinoside isomer 2, were
not found in ‘Chemchali’ variety. On the other hand, secologano-
side, luteolin rutinoside isomer, syringaresinol and luteolin dig-
lucoside isomer 2 were not detected in the ‘Jarboui’ extract.
Among the different extraction techniques used, extracts obtained
under MAE conditions showed the largest number of identified
phenolic compounds (Table 2). Hydroxytyrosol glucoside, secolog-
anoside, hydroxytyrosol, elenolic acid glucoside isomer 2, vanillin
and taxifolin were not detected in SFE samples from different olive
leaf varieties, although non-polar compounds were extracted in a
higher extent, as expected. Vanillin was not detected in the ex-
tracts obtained by PLE using ethanol as extracting solvent (PLE-
E), whereas quercetin was not detected in PLE using water as sol-
vent (PLE-W).

Quantitatively, the total phenolic contents (TPCs), expressed as
the total peak areas of the identified compounds, showed variation
among the different extracts according to the variety and the
extraction method employed. As Fig. 2A shows, MAE samples
showed the highest TPCs in comparison to the other extraction
methods, being ‘Chemlali’ (MAE 3) and ‘El Hor’ (MAE 4) the varie-
ties having the highest TPCs. MAE technique was followed by CM
and PLE techniques, being PLE-W and SFE those achieving the low-
est TPC values.

Fig. 2B, C and D shows the content of selected secoiridoid and
flavonoid compounds, expressed as peak area, of the samples ob-
tained with different processes and olive varieties.

Results showed that 2”-methoxyoleuropein was not well ex-
tracted with either PLE (using water or ethanol as solvent) or SFE
(using CO, +6.6% ethanol) as compared to the other extraction
methods (Fig. 2B). SFE and PLE (using water as solvent) did not
show a good efficiency either for extracting oleuropein. Besides,
SFE was the best extraction procedure for apigenin and diosmetin
isolation. In contrast, MAE showed the best recoveries for oleurop-
ein, 10-hydroxy-oleuropein and 2"- methoxyoleuropein (isomer 1
and 2), being these values higher than those of 10-hydroxy-oleu-
ropein in all the extracts, except for those extracted with PLE
(Fig. 2B). Therefore, most oleuropein derivatives seemed to be
more efficiently extracted with the use of MAE or CM, being SFE

Values of extraction yield (expressed as % of fresh weight) obtained for the six different Tunisian olive leaf varieties using different extraction processes (SFE, PLE, MAE,

conventional) performed at the mentioned conditions.

Extraction process (conditions: solvent, T, time, pressure) Oueslati Chetoui Chemlali El Hor Jarboui Chemchali
(1) yield (%) (2) yield (%) (3) yield (%) (4) yield (%) (5) yield (%) (6) yield (%)

SFE (CO; + ethanol, 40 °C, 1 h, 150 bar) 9.5 89 5.8 8.2 9.7 5.8

PLE (ethanol, 150 °C, 20 min, 100 bar) 19.9 19.5 14.8 19.6 16.7 224

PLE (water, 150 °C, 20 min, 100 bar) 10.4 7.5 8.4 8.9 11.2 11.0

MAE (methanol:water 80:20, 80 °C, 6 min) 16.7 10.6 11.2 11.6 52 121

Conventional (methanol:water 80:20, room T, 24 h) 9.4 8.1 8.2 8.2 9.1 16.8
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Fig. 1. Base Peak chromatograms (BPCs) of olive leaf extracts obtained with different extraction methods that showed highest cytotoxic activity on human breast cancer cells:
MAE 1, SFE 4, PLE-W 5, PLE-E 2 and CM 1: microwave-assisted extraction (MAE), supercritical fluid extraction (SFE), pressurized liquid extraction using water as solvent (PLE-
W), pressurized liquid extraction using ethanol as solvent (PLE-E) and conventional extraction method (CM). Numbers correspond to the different varieties according to Table

1.Peak identification as in Table 2.

the worst behaving technique. It was generally observed that con-
sidering the great chemical variability of the samples, each tech-
nique seemed to be more adequate than others for the extraction
of each particular class of compounds.

Abundance of the phenolic compounds was also dependent on
the variety. Among all the analyzed samples, ‘El Hor’ olive leaf ex-
tract obtained by SFE (SFE 4) was the richest in diosmetin (Fig. 2C),
whereas, when extracted by MAE, ‘El Hor’ olive leaf extract (MAE 4)
was the richest in oleuropein. ‘Chemlali’ and ‘Chemchali’ extracts
obtained by SFE (SFE 3 and SFE 6, respectively) were the richest
in apigenin (Fig. 2C) and luteolin (Fig. 2D), respectively. The ‘Chet-
oui’ olive leaf extract (sample 2) was the richest in apigenin rutino-
side regardless the extraction technique utilized, indicating that
this variety may be especially enriched in this flavone. Besides
‘Chetoui’ extracts, ‘El Hor’ extracts obtained by using CM extraction
and ‘Jarboui’ extracts obtained by MAE and CM were also rich in
apigenin rutinoside.

Olive leaf derived compounds have demonstrated their cyto-
toxic activity against different cancers such as leukemia, colon
and breast cancer (Abaza et al., 2007; Fu et al., 2010; Hashim
et al., 2008). Their cytotoxic activity is especially relevant in
HER?2 positive breast cancers where olive extracts reduce the over-
expression of HER2 and diminish the resistence to trastuzumab, a
monoclonal anti-HER2 antibody clinically used in the therapy of
these cancers (Menendez et al., 2007). JIMT-1 cells derive from a
HER2 positive breast carcinoma but resistant to trastuzumab and
then, constitute an adequate model to test the cytotoxic activity

of olive extracts. A recent study on Cistaceae extracts showed a
notorious capacity to inhibit the proliferation of JIMT-1 breast can-
cer cells (Barrajén-Cataldna et al., 2010). In our study, all the ex-
tracts obtained through the different techniques were tested for
their cytotoxicity on JIMT-1 cells after incubation during 72 h. Ta-
ble 3 shows the CC50 values obtained. Olive leaf extracts showing
CC50 values higher than 800 pg/mL were considered as non active
(NA). Most of the extracts obtained by PLE (water and ethanol) or
CM extraction methods showed a low cytotoxic activity with the
exception of PLE-E 5. In contrast, MAE extracts showed a signifi-
cant cytotoxic activity against JIMT-1 cells, especially that one
deriving from ‘Oueslati’ variety (MAE 1). In general, the highest po-
tency was obtained with extracts obtained by SFE. The highest
cytotoxic activity corresponded to ‘El Hor’ olive leaf extract ob-
tained by SFE (SFE 4), which showed a CC50 as low as 7 pg/mL.
Only in a few cases, higher cytoxicity correlated to higher extrac-
tion yield (MAE 1 and PLE-E 5) (Table 1). In general, extraction
yield did not correlate with the total phenolic content, revealing
that other compounds different than phenolics were extracted in
the processes. Whereas highest yield was obtained using PLE fol-
lowed by MAE, highest phenolic content was obtained with MAE
followed by CM. Therefore, cytotoxicity seemed to be more related
with phenolic compounds than with total yield. Nevertheless, most
SFE extracts, which showed the lowest extraction yields i.e. <10%,
and a low total phenolic content, presented high cytotoxic activity.
Thus, this activity might be due to a particular class of phenolic
compounds.
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Table 2
Characterized compounds in olive leaf extracts obtained by the different extraction methods using HPLC-ESI-TOF-MS/IT-MS? (selected ion: [M—H] ).
peak Compound MAE SFE PLE-W PLE-E Conventional Ref.
extraction
12345612345612345612345612345€6
1 Quinic acid + 4+ + + + + + + + + + + + + 4+ + + + + + + + + + + + + + + Taamalli et al. (2012)
2 Hydroxytyrosol- B i + Fu et al. (2010)
glucoside
3 Secologanoside R I e R L I + Fu et al. (2010) and Taamalli et al. (2012)
4 Vanillin L - - - - - = = = = + + + + + + Benavente-Garcia et al. (2000) and Taamalli
et al. (2012)
5 Hydroxytyrosol L T e e + - - - = = + — — + — Benavente-Garcia et al. (2000), Briante et al.
(2002), Fu et al. (2010) and Arrdez-Roman
et al. (2008)
6 Elenolic acid glucoside + + + + + + + — + — — — + + + + + + + + + + + + + + + + + + Fuetal (2010) and Taamalli et al. (2012)
isomer 1
7 Oleuropein aglycone + 4+ 4+ 4+ 4+ 4+ 4+ 4+ 4+ 4+ 4+ + + + + + + + + + + + + + + + + + + + Fuetal (2010) and Taamalli et al. (2012)
derivative
8 Luteolin diglucoside + 4+ 4+ -+ — 4+ — — — — 4+ + + + + + + + — + — + + + + + + + Fuetal (2010) and Taamalli et al. (2012)
isomer 1
9 Elenolic acid glucoside + — + + + — — — — — — — R A T i + + + + — Fuetal (2010) and Taamalli et al. (2012)
isomer 2
10  Luteolin diglucoside ++ ++ -+ -+ — — — —+ + — — —+ + — — — —+ + + + + — + Fuetal (2010) and Taamalli et al. (2012)
isomer 2
11 2-(2-Et-Hy-6- ok + + + + + + 4+ + 4+ + + + + + + 4+ + + + — 4+ + + + + + + Fuetal (2010) and Taamalli et al. (2012)
propionylcyclohexyl)
acetic acid glucoside
12 Rutin ++ + + + + + + - — — —+ + + + + + + + + + + + + + + + + + Benavente-Garcia et al. (2000), Mylonaki et al.
(2008), Fu et al. (2010) and Taamalli et al.
(2012)
13 Luteolin-rutinoside + 4+ 4+ 4+ 4+ 4+ 4+ + - — — — 4+ + + + + —+ + + + + + + + + + + + Mylonaki et al. (2008) and Taamalli et al.
isomer 1 (2012)
14  10-hydroxy-oleuropein + + + + + + + + + — — — + + + + + + + + + + + + + + + + + + Fuetal (2010) and Taamalli et al. (2012)
15  Luteolin glucoside ++ + + + 4+ + 4+ ++++ 4+ ++ +++++ + + + + + + + + + + Fuetal (2010) and Taamalli et al. (2012)
isomer 1
16  Oleuropein diglucoside + + + + + + — — — — — — + -+ + —+ + — — — — 4+ + + — + + + Fuetal (2010) and Taamalli et al. (2012)
17  Apigenin rutinoside + 4+ 4+ 4+ 4+ 4+ 4+ 4+ 4+ + + + + + + + + + + + 4+ + + + + + + + + + Meirinhos et al. (2005), Mylonaki et al. (2008)
and Taamalli et al. (2012)
18  Syringaresinol L I e + o+ o+ o+ + - - - = - + — + + + — + Fuetal (2010) and Taamalli et al. (2012)
19  Diosmin isomer 1 ++ 4+ + + 4+ + 4+ + ++ -+ ++ + + 4+ + 4+ + + + + + + + + + + Campanero et al. (2010) and Taamalli et al.
(2012)
20  Luteolin rutinoside ++ 4+ + - —+ 4+ + + — -+ + -+ — —+ + —+ — — + + + + — — Mylonaki et al. (2008) and Taamalli et al.
isomer 2 (2012)
21  Diosmin isomer 2 + 4+ 4+ 4+ 4+ 4+ 4+ 4+ + 4+ + -+ + + + + — + + + + + — + + + + + — Campanero et al. (2010) and Taamalli et al.
(2012)
22 Taxifolin R T T —— + — 4+ + —+ — — — — + + + + + + — Fuetal (2010) and Taamalli et al. (2012)
23 Luteolin glucoside R T A e S A T + + + — + + Fuetal (2010) and Taamalli et al. (2012)
isomer 2
24 Apigenin-7-o- ++ + + + + ++++H+++++++ + + + + + + + + + + + + + Benavente-Garcia et al. (2000), Meirinhos
glucoside et al. (2005), Fu et al. (2010) and Taamalli
et al. (2012)
25  Luteolin glucoside + 4+ 4 4+ + 4+ 4+ 4+ 4+ 4+ + + + + + + + + + + + + + + + + + + + + Fuetal (2010) and Taamalli et al. (2012)
isomer 3
26  Chryseriol-7-0- + 4+ 4+ 4+ 4+ 4+ 4+ 4+ 4+ + 4+ + + + + + + + + + + + + + + + + + + + Fuetal (2010) and Taamalli et al. (2012)
glucoside
27  2"-MethoxyOleuropein + + + + + + + + + — — — + + + + + + + + — + + — + + + + + + Tanahashi et al. (1999) and Taamalli et al.
isomer 1 (2012)
28  Luteolin glucoside ++ + + + 4+ + 4+ ++++ -+ + + ++ + 4+ + + + + + + + + + + Fuetal (2010) and Taamalli et al. (2012)
isomer 4
29  2"-Methoxyoleuropein + + + + + + + + — — — — 4+ + + + + + + + — + + — + + + + + + Tanahashi et al. (1999) and Taamalli et al.
isomer 2 (2012)
30 Oleuropein + 4+ + + 4+ + 4+ + + 4+ + 4+ ++ + ++ + 4+ + + + + + + + + + + + Benavente-Garcia et al. (2000), Briante et al.
(2002) and Taamalli et al. (2012)
31  Oleurpein isomer + 4+ + + 4+ + 4+ + + + + 4+ + 4+ - —+ + 4+ + + + + + + + + + + + Fuetal (2010) and Taamalli et al. (2012)
32 Luteolin ++ 4+ + 4+ + + 4+ + 4+ + 4+ + + 4+ + + + + + + + + + + + + + + + Benavente-Garcia et al. (2000), Meirinhos
et al. (2005), Arrdez-Roman et al. (2008) and
Fu et al. (2010)
33 Quercetin B e S S S S S S B e S S S Fu et al. (2010) and Taamalli et al. (2012)
34 Pinoresinol + 4+ + + 4+ + 4+ ++++ 4+ +++++ ++ + + + + + + + + + + + Taamalli et al (2012)
35  Acetoxy—pinoresinol  + + + + + + + + + + 4+ + 4+ + 4+ + + + + + + + + + + + + + + Taamalli et al. (2012)
36  Apigenin ++ + + + + + + ++++++++ + + + + + + + + + + + + + + Benavente-Garcia et al. (2000), Meirinhos
et al. (2005), Arrdez-Romdn et al. (2008) and
Taamalli et al. (2012)
37  Diosmetin + 4+ 4+ + 4+ 4+ + 4+ + 4+ + + + + 4+ + + + + + + + + + + + + + + Benavente-Garcia et al. (2000), Meirinhos

et al. (2005), Arrdez-Roman et al. (2008) and
Taamalli et al. (2012)
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Fig. 2. Extraction efficiency of the different extraction methods for total phenolic content (TPC) (A), for main identified secoiridoids (B) and flavonoids (C, D): microwave-
assisted extraction (MAE), supercritical fluid extraction (SFE), pressurized liquid extraction using water as solvent (PLE-W), pressurized liquid extraction using ethanol as
solvent (PLE-E) and conventional extraction method (CM), numbers correspond to the different varieties according to Table 1.

As mentioned, SFE extracts were poor in oleuropein derivatives cer cell cytotoxicity deserves further attention in future studies.
and especially abundant in flavones such as luteolin and diosmetin. Anyhow, the strong cytotoxic activity observed for some extracts
Consequently, the possible influence of these compounds on can- (SFE 4, MAE 1, and PLE-E 5) does not rely on the abundance of a
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CC50 values obtained after treating JIMT-1 breast cancer cells with the different phenolic extracts deriving from six Tunisian olive leaf varieties NA: CC50 higher than 800 pg/mL.

Table 3

Olive leaf sample MAE SFE

CC50 (pg/mL) CC50 (pg/mL)
Oueslati (1) 188 £24.5 633.5 +£260.3
Chetoui (2) 4159+ 142 NA
Chemlali (3) 481.1+49.5 560.1 £ 66.6
El Hor (4) 515.8 +69.1 7.0+£55
Jarboui (5) 435.8+42.6 364.0 £25.0
Chemchali (6) 7119+178.9 284.9+787

PLE-W PLE-E Conventional extraction
CC50 (pg/mL) CC50 (pg/mL) CC50 (pg/mL)

NA NA 550.5+92.2
729.2 +86.5 NA 796.1 £395.4

NA NA NA

NA NA NA

NA 135.6 +31.9 NA

NA NA 636.7 +57.6

single compound so the interaction of different compounds with
different cellular targets is postulated to exist. In this regard, sev-
eral authors have recently pointed out that dietary polyphenols
may exert their pharmacological effect through their synergistic
interactions by interacting with multiple targets (Efferth and Koch,
2011; Wagner, 2011). It is also plausible that the cytotoxic effect is
dependent on additional compounds that were not identified in
this study.

4. Conclusions

The development of new extraction processes to obtain bioac-
tives, such as phenolic compounds, from food by-products is rais-
ing the attention of researchers and industries. A comparison has
been carried out among non-conventional extraction techniques,
such as MAE, SFE and PLE, and traditional solid-liquid extraction.
Although the non-conventional techniques have shown important
advantages, it is worth to mention that the main compositional dif-
ferences among techniques depend on the type of solvent used to
carry out the extraction. Thus, fast processes could be obtained
using MAE and PLE, temperature-driven extraction processes,
while greener processes could be achieved using SFE and PLE with
water. Therefore, the optimum conditions for each process should
be selected depending on the target compound to be isolated and
other considerations (such as environmental impact, bioactivity, fi-
nal use, etc.). In general, MAE and CM seem to be the choice for
extracting more polar compounds such as oleuropein derivatives,
apigenin rutinoside and luteolin glucoside isomer 3. As expected,
SFE or PLE were more efficient to extract compounds with less
polarity such as apigenin, luteolin, or diosmetin. The cytotoxic
activity of the different olive leaf extracts against breast cancer
cells does not correlate either with olive variety, process extraction
yield, or amount of phenolic compounds. Highest cytotoxic effect
was observed with SFE extracts, which were richer in flavones such
as diosmetin or luteolin, but this biological activity does not rely on
the abundance of a single compound or a family of compounds.
Anyhow, the potential anticancer activity of these compounds
and their extracts, especially that of the ‘El Hor’ variety, deserves
further attention.
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ging can be viewed as a quasi-

programmed phenomenon driven
by the overactivation of the nutrient-
sensing mTOR gerogene. mTOR-driven
aging can be triggered or accelerated
by a decline or loss of responsiveness
to activation of the energy-sensing pro-
tein AMPK, a critical gerosuppressor of
mTOR. The occurrence of age-related
diseases, therefore, reflects the synergis-
tic interaction between our evolutionary
path to sedentarism, which chronically
increases a number of mTOR activat-
ing gero-promoters (e.g., food, growth
factors, cytokines and insulin) and the
“defective design” of central metabolic
integrators such as mTOR and AMPK.
Our laboratories at the Bioactive Food
Component Platform in Spain have ini-
tiated a systematic approach to molecu-
larly elucidate and clinically explore
whether the “xenohormesis hypothesis,”
which states that stress-induced synthe-
sis of plant polyphenols and many other
phytochemicals provides an environ-
mental chemical signature that upregu-
lates stress-resistance pathways in plant
consumers, can be explained in terms of

the reactivity of the AMPK/mTOR-axis

Cell Cycle

to so-called xenohormetins. Here, we
explore the AMPK/mTOR-xenohormetic
nature of complex polyphenols naturally
present in extra virgin olive oil (EVOO), a
pivotal component of the Mediterranean
style diet that has been repeatedly associ-
ated with a reduction in age-related mor-
bid conditions and longer life expectancy.
Using crude EVOO phenolic extracts
highly enriched in the secoiridoids oleu-
ropein aglycon and decarboxymethyl
oleuropein aglycon, we show for the first
time that: (1) The anticancer activity of
EVOO secoiridoids is related to the acti-
vation of anti-aging/cellular stress-like
gene signatures, including endoplasmic
reticulum (ER) stress and the unfolded
protein response, spermidine and poly-
amine metabolism, sirtuin-1 (SIRT1)
and NRF2 signaling; (2) EVOO seco-
iridoids activate AMPK and suppress
crucial genes involved in the Warburg
effect and the self-renewal capacity of
“immortal” cancer stem cells; (3) EVOO
secoiridoids prevent age-related changes
in the cell size, morphological hetero-
geneity, arrayed cell arrangement and
senescence-associated  [-galactosidase
staining of normal diploid human
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fibroblasts at the end of their prolifera-
tive lifespans. EVOO secoiridoids, which
provide an effective defense against plant
attack by herbivores and pathogens, are
bona fide xenohormetins that are able to
activate the gerosuppressor AMPK and
trigger numerous resveratrol-like anti-
aging transcriptomic signatures. As such,
EVOO secoiridoids constitute a new
family of plant-produced gerosuppres-
sant agents that molecularly “repair” the
aimless (and harmful) AMPK/mTOR-
driven quasi-program that leads to aging
and aging-related diseases, including
cancer.

Plants have been used for medicinal pur-
poses for thousands of years. A third of the
20 most widely sold drugs on the market
are plant-derived, and new molecules that
may be beneficial for health are rapidly
being discovered." The global economy
and human health both depend in part on
the discovery of new and effective medi-
cines. Surprisingly, little effort has been
focused on plants that are known to syn-
thesize molecules beneficial to the health
of other organisms. One of the reasons for
this lack of attention is the ease of patent-
ing new synthetic drugs (known as “new
chemical entities”); another is the “impu-
rity” (non-specificity) of plant-derived
biocompounds. A compound is consid-
ered “non-specific” if it interacts with a
number of endogenous proteins. A priori,
a plant-derived compound that interacts
with several molecular targets may have
an imperceptible effect (or even an adverse
effect) compared with a pure molecule
that interacts specifically with a particu-
lar protein.* However, a number of plant
molecules interact with enzymes and
receptors in ways that are not harmful. By
the 5th century B.C.E., Hippocrates had
described salicylic acid as “a bitter powder
extracted from the willow that relieves pain
and reduces fevers.”> In 1763, Reverend
Edward Stone experimented with the bark
of the white willow (Salix alba) to treat
fever and concluded that it was “a very
effective remedy.”®’” Since then, a vari-
ety of salicylates have been isolated from
plants and used in the treatment of goiter,
rheumatic fever, pain and arthritis. Today,
45,000 t of aspirin, an acetylated salicylic
acid derivative, is produced each year.
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Aspirin is just one example of the dozens
of plant-derived compounds that are now
known to be beneficial to human health
and that, furthermore, interact with more
than one molecular target. Curiously,
salicylate has been shown to activate ade-
nosine monophosphate-activated protein
kinase (AMPK),*? which is a key thera-
peutic target for the treatment of obesity,
type 2 diabetes and cancer due to its role
as a central regulator of lipid and glucose
metabolism''? and as a critical modula-
tor of aging through its interactions with
mTOR, SIRT1 and the sestrins.'>?*

Hormesis

Living organisms continually face adverse
situations or harmful stimuli. Adaptation
to these external aggressors, whether
chemical, physical, biological or social,
is paramount to survival. In addition,
mild exposure to a stimulus that could
be harmful at high concentrations might
confer subsequent resistance or tolerance
to some aggression, even one brought
about by the stimulus itself. This adaptive
response to stress has been identified as an
evolutionarily conserved process. In toxi-
cology, the term hormesis is used to define
a two-phase nonlinear biological response
in which exposure to a low dose of or weak
stimulus by an environmental toxin or
harmful substance produces a potentially
beneficial effect, while a high dose leads to
adverse effects.”>" In the biomedical field,
hormesis refers to an adaptive response of
cells and organisms to a moderate or inter-
mittent stressor.’' > Thus, hormesis could
be defined as a process in which exposure
to a low dose of an environmental factor
or chemical compound that is harmful
at high concentrations has a beneficial
and adaptive effect on the cell or organ-
ism. Furthermore, hormesis represents an
essential concept in evolution, because it
offers a possible explanation for how life
on this planet has adapted to an environ-
ment that is at times particularly aggres-
sive. To overcome environmental stresses,
organisms might have developed a variety
of cell signaling pathways that mediate
hormetic responses.®?* These include
transcription factors and the kinases that
regulate them, which modulate the expres-
sion of genes that encode cytoprotective
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and stress-response proteins such as chap-
erones and antioxidant and detoxifying
enzymes, among others.

Many animal studies involving dietary
restriction (DR) regimens such as caloric
restriction (CR), total-nutrient restriction,
alternate-day fasting and short-term fast-
ing have shown that DR can increase the
resistance of the cells of these animals to
various types of stress.””’ For example,
mortality due to natural causes or induced
by temperature or specific toxins is sig-
nificantly reduced in animals subjected to
CR compared with animals consuming a
normal diet. Reduced caloric intake may
also protect animals from various types
of cancer, including pancreatic, mam-
mary and prostate cancer.”’”” In humans,
alternate-day fasting improves symptoms
and reduces markers of inflammation and
oxidative stress in asthma patients, retards
the growth of tumors and sensitizes a range
of cancer cell types to chemotherapy.”®¢°
By considering CR without malnutrition
to be a “mild dietary stress,” the ability of
CR to prevent or lessen the severity of can-
cer, stroke, coronary heart disease, autoim-
mune disease, allergy, Parkinson disease
and Alzheimer disease has been largely con-
sidered to represent an “overcompensation”
resulting from hormetic mechanisms.*!

Xenohormesis

Another well-known example of a hormetic
process is exposure to low concentrations
of certain phytochemicals. Organisms
appear to have evolved the ability to detect
stress markers produced by other species
in their habitats. In this way, organisms
might prepare themselves in anticipa-
tion of potential adverse environmental
conditions. This inter-species hormesis is
known as xenohormesis, the phenomenon
in which an organism detects the chemi-
cal signals of another species regarding
the state of the immediate environment or
the availability of food.***® This hormetic
process generates beneficial effects for the
organism. The existence of xenohormesis
might explain how chemical compounds
produced by plants and other autotrophs
to defend against adverse environmen-
tal conditions can produce beneficial
effects in the heterotrophs (animals and
fungi) that consume them. Animals take
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advantage of the information contained
in specific compounds produced by plants
in response to stress. In fact, the majority
of the known beneficial health effects of
edible plants are attributed to molecules
produced in response to stress.

Plant stress responses have evolved over
millions of years. Because most plants
cannot move physically, they must tolerate
environmental stresses that may appear
at any moment. This type of “sedentary
lifestyle” may explain the complexity of
the stress response in plants. Plants pro-
duce toxins to protect themselves against
fungi, insects and predators. Plants cul-
tivated for consumption contain fewer
natural toxins than their wild counter-
parts. When plants grow under aggres-
sive conditions, one observes an increase
in the production of natural pesticides
(biopesticides) that can produce acute
intoxication in humans. Some studies
have estimated that more than 90% of
pesticides present in the human diet are
chemical compounds that are produced
by plants to protect themselves. Therefore,
xenohormesis could explain how the
sophisticated stress response that has
evolved as a result of the stationary life-
style of plants can confer stress resistance
and survival benefits to animals that con-
sume bioactive compounds produced by
environmentally stressed plants.®> While
xenohormetic compounds are harmful
to insects and microorganisms, the sub-
toxic levels at which humans ingest them
appear to result in moderate cellular stress
responses. This, in turn, might activate
stress-response adaptation pathways, lead-
ing to increased expression of genes that
encode cytoprotective proteins such as
antioxidant enzymes, chaperones, growth
factors, phase 2 detoxification enzymes
and mitochondrial proteins. In this sce-
nario, the ability of a combination of anti-
oxidant/anti-inflammatory  polyphenols
found in many fruits and vegetables to
slow aging® can be explained by molecular
mechanisms that are largely unrelated to
any potential antioxidant properties. For
example, dietary flavonoids such as quer-
cetin and blueberry polyphenols, among
others, have been shown to modulate the
lifespan of simple model organisms by
activating molecular mechanisms inde-

pendent of their antioxidant capacity.®*7
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Polyphenols found in tea and curcumin
interact with dozens of molecular targets,
providing many health benefits unre-
lated to their antioxidant properties.”>*
In this regard, the natural polyphenolic
compound resveratrol (3,5,4"-trihydroxys-
tilbene) has emerged as a still-debatable
mediator of longevity that certainly delays
or attenuates many age-related chronic
diseases in animal models.**1% Currently,
activation of AMPK™!11% rather than
activation of the deacetylase SIRT1 seems
to be a/the major effect of resveratrol, pro-
viding a plausible explanation for many of
the health benefits of this compound that
have been reported to date.

Extra Virgin Olive Oil (EVOO)
Polyphenols And Xenohormesis:
A Forgotten Scenario

We are beginning to accumulate epide-
miological, clinical and experimental
evidence suggesting that consumption of
phenolic-enriched fruits, vegetables and
herbs might reduce the risk of chronic dis-
eases, including human malignancies.'''"
In this regard, it has been repeatedly sug-
gested that the ability of the so-called
“Mediterranean diet” (i.e., the dietary
patterns found in olive-growing areas of
the Mediterranean basin) to significantly
reduce the incidence of atherosclerosis and
cardiovascular disease and decrease the
risk of several types of human carcinomas,
including breast cancer,"*"® can be largely
attributed to the unique characteristics of
extra virgin olive oil (EVOO), which is
an integral ingredient of the traditional
Mediterranean diet and is the juice of the
olive obtained solely by mechanical means
and consumed without any further refin-
ing process other than washing, filtration,
decantation or centrifugation. Apart from
the health benefits that can be expected
from EVOO as the richest source of the
monounsaturated fatty acid (MUFA)
oleic acid (OA; 18:1n-9),"? cold-pressed
EVOO includes minor components such
as aliphatic and triterpenic alcohols, ste-
rols, hydrocarbons, volatile compounds
and several antioxidants.'”*'** Although
tocopherols and carotenes are also pres-
ent, hydrophilic phenolics represent the
most abundant family of biocactive EVOO
compounds.
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As for many plant-derived polyphe-
nols, it has been largely assumed that
EVOO-derived complex phenols such as
lignans, flavonoids and secoiridoids'?'3
provide health benefits, primarily due to
their antioxidant activity."”''% However,
the antioxidant capacity of EVOO poly-
phenols does not directly correlate with
their efficacy in terms of bioactivity (e.g.,
toxicity against cultured cancer cells).
Moreover, when EVOO is provided in
the diet, plasma concentrations of poly-
phenols are often lower than the levels
required for protection against oxidation.
Although the metabolites of EVOO
polyphenols may reach concentrations
in the bloodstream that are several-fold
higher than that found in EVOO, EVOO
polyphenol-derived compounds tend to
have significantly decreased antioxidant
activity compared with the parental com-
pounds.®*'** As an alternative to general
mechanisms related to the antioxidant
and/or trapping activity of oxygen radi-
cals commonly observed with many plant-
derived phenolics, recent studies have
demonstrated that complex polyphenols
can exert anti-carcinogenic effects by
directly modulating the activities of vari-
ous types of oncoproteins.'* % The results
from our laboratory support the idea that
EVOO-derived complex polyphenols con-
stitute a previously unrecognized family
of anticancer phytochemicals that have
a significant impact on the proliferation
and survival of cancer cells, at least in part
through the specific suppression of protein
activities, gene expression and/or signal
transduction events closely related to the
malignant phenotype.'?1414

Although a Mediterranean diet and,
more specifically, EVOO consumption
have both been associated with increased
longevity in the human population,’*'>
few studies have attempted to explore in
depth the ultimate molecular mechanisms
by which EVOO may influence longevity;
for the most part, it has been assumed that
these effects are the result of the antioxi-
dant potential of its phenolic compounds
and other free-radical scavengers, such as
vitamin E."”” However, if it is accepted that
aging is not caused by reactive oxygen spe-
cies (ROS), which are instead associated
with longevity,**"55178 why have scientists
not yet rejected the commonly accepted
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Figure 1. The Bioactive Food Component Platform (BFCP), Spain. The Spanish BFCP has two main
goals: first, to molecularly elucidate the cellular and physiological abilities of humans to take
advantage of the health benefits chemically encrypted within plant-derived biocompounds; sec-
ond, to translate the sophisticated stress response of plants, which has evolved as a result of their
stationary lifestyle, to the clinical arena to combat human aging and age-related diseases. Both
goals of the BFCP revolve around the assumption that age-related diseases (e.g., atherosclerosis,
diabetes, cancer, and others) reflect the synergistic interaction between our evolutionary path to
sedentarism, which chronically increases a number of mTOR activating gero-promoting factors
(e.g., nutrients, growth factors, cytokines, insulin), and the “defective design” of central metabolic
integrators such as mTOR and AMPK. Design defects in the metabolic nature of the antagonistic
pleiotropy model of aging involve both the ability of the mTOR gerogene to continue, in an aim-
less (and harmful) manner, a developmental program that was beneficial early in life but was not
switched off upon its completion, and the necessary weakness of gerosuppressor genes such as
AMPK that antagonize the gerogenic mTOR pathway (i.e., the responsiveness of AMPK signaling
should clearly decline with aging, because robust, continuous activation of AMPK in response to
cellular stresses will result in accelerated aging).*>**> The BFCP therefore aims to revisit the xeno-
hormesis hypothesis in terms of clinically valuable plant-produced gerosuppressant agents that
molecularly “repair” the aimless (and harmful) AMPK/mTOR-driven quasi-program of aging and
aging-related diseases (top panel). The BFCP integrates five multidisciplinary teams of biologists,
biochemists, chemists, pharmacists, physicians, and engineers to research, design, and develop
anti-aging biomedical strategies based on plant-derived gerosuppressants. From left to right in
the bottom photograph are Dr Jorge Joven (Universitat Rovira | Virgili, Reus, Spain), Dr Javier A.
Menendez (Catalan Institute of Oncology, Girona, Spain), Dr Vicente Micol (Miguel Hernandez Uni-
versity, Elche, Spain), Dr Antonio Segura-Carretero (University of Granada, Granada, Spain), and Dr
Carlos Alonso-Villaverde (Universitat Rovira i Virgili, Reus, Spain). (The original painting in the top
panel is from Dr Jorge Joven based on Fig. 3, ref. 311 by Dr Mikhail V. Blagosklonny; the BCFP team
photograph in the bottom panel is by photographer Pere Ferré, Tarragona, Spain).
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view that the anti-aging benefits of EVOO
phenolics are simply due to their antioxi-
dant potential? Even more intriguing is
the fact that, despite the structural resem-
blance of EVOO complex polyphenols to
some of the hormetic polyphenols men-
tioned above (e.g., resveratrol), none of the
phenolic components naturally present in
EVOO have been characterized in terms
of their potential to extend lifespan. An
exception is a recently published study by
Cafiuelo and colleagues'” suggesting that
tyrosol, a phenol present in EVOO, may
increase lifespan and stress resistance in
Caenorhabditis elegans, likely through the
activation of hormetic mechanisms.

Our laboratories at the Bioactive Food
Component Platform (BFCP) in Spain
(Fig. 1) have recently begun a systematic
approach to evaluate for the first time
whether secoiridoids, a family of complex
phenols found in Oleacea plants that struc-
turally resemble well-known anti-aging
molecules such as resveratrol, are bona
fide xenohormetic compounds that signifi-
cantly impact pivotal signal-transduction
pathway(s) (i.e., gerogenes and/or gero-
suppressors) that drive(s) most, if not all,
aging-related discases. Dr Blagosklonny
has recently proposed that “hormesis does
not make sense except in the light of TOR-
driven aging.”"® Instead of purposely rec-
onciling hormesis with the conventional
view on aging (i.e., aging is a decline and/
or a deterioration due to the accumulation
of random molecular and cellular damage),
Dr Blagosklonny proposes that, because
aging is an aimless quasi-programmed phe-
nomenon that is driven by overactivated
gerogenes belonging to the nutrient-sensing
mTOR (mammalian target of rapamycin)
pathway (e.g., mTOR, S6K), the mTOR
pathway limits lifespan by accelerating
age-related diseases (Fig. 1). Therefore,
in humans (and other mammals), age-
related diseases represent hyperfunctional
phenotypes of mTOR-driven aging that
actually limit lifespan. Understandably,
if mTOR gerogene activity limits lifespan
by accelerating the progression of age-
related diseases, such as atherosclerosis or
cancer, direct or indirect pharmacologi-
cal suppression of mTOR-driven aging
via the activation of mTOR gerosuppres-
sors such as AMPK would be expected to
increase healthy lifespan. In this scenario,
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Dr Blagosklonny differentiates two types
of hormesis, namely, “increasing aging
tolerance” or “hormesis B,” which does
not affect the aging process itself, and
“slowing-down aging” or “hormesis A,”
which does affect the aging process by
directly inhibiting mTOR activity (e.g.,
CR, rapamycin, resveratrol, metformin) or
by imitating mTOR inhibition (e.g., heat
shock). We obviously rejected the idea that
EVOO secoiridoids could increase aging
tolerance, which may allow an organism
to survive catastrophes caused by aging-
related diseases. In a “hormesis A” scenario,
we hypothesized the following: (1) The
anticancer activity of EVOO secoiridoid
polyphenols results from the activation
of anti-aging-like gene signatures in can-
cer cells (i.e., the enhancement of cellular
stress mechanisms suppresses the hyper-
functional phenotype of immortal cells).
(2) EVOO-derived secoiridoids activate
the energy-sensing AMPK  gerosuppres-
sor (i.e., EVOO secoiridoids operates as
AMPK-activating low-energy mimickers).
(3) Chronic exposure to EVOO secoiridoid
polyphenols efficiently delays the senes-
cence phenotype in normal diploid human
fibroblasts (i.c., the agonistic activity of
EVOO secoiridoids toward the AMPK
gerosuppressor improves the structural and
functional integrity of normal cells without
promoting their entrance into a potentially
deleterious hyperproliferative mode).

In this paper, we present the first body
of experimental evidence suggesting that
EVOO secoiridoid polyphenols, by act-
ing as biocompounds that belong to the
recently defined group of “hormesis A”
compounds, can efficiently promote cyto-
toxicity in human cancer cells through
the paradoxical activation of anti-aging/
cellular stress-like gene signatures, which,
in turn, significantly weaken age-related
effects (e.g., cellular senescence) in normal

human diploid fibroblasts.

Secoiridoid-Rich EVOO Phenolic
Fractions Activate
Resveratrol-Like Anti-Aging
Transcriptomic Signatures
in Cancer Cells

We previously reported that the cyto-

toxic potencies of individual phenolic
extracts (PE) from a variety of EVOO
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monovarietals were positively related to the
relative content of secoiridoids, a group of
complex polyphenols."®!%¢ Highly active
EVOO PEs were notably enriched in seco-
iridoids (Fig. 2), whereas substitution of
secoiridoids by other complex polyphe-
nols, such as lignans, in PE mixtures was
related to a loss of tumoricidal activity. To
identify the key pathways and functions
associated with the anti-tumoral activity of
crude PE isolated from individual EVOO
monovarietals, we performed genome-
wide analyses in which we compared the
global transcriptomic profiles of JIMT1
breast cancer cells using whole human
genome microarrays. RNA was extracted
and prepared from metastatic JIMT1
breast cancer cells that had been cultured
for 6 h at 70% confluence in the absence
or presence of four different EVOO
PEs exhibiting the following cytotoxic
potencies: EVOO-PE7 > EVOO-PE3 >
EVOO-PE10 > > EVOO-PE12, as deter-
mined by MTT-based cell viability assays
after 5 d exposure to EVOO PEs.!'®4
After RNA hybridization to an Agilent
44K (double-density) Whole Human
Genome Oligo Microarray containing
45,220 features (probes) representing
41,000 unique human genes and tran-
scripts, the normalized and filtered data
from all experimental groups were ana-
lyzed simultancously using the SAM algo-
rithm. We set the significance cut-off at a
median FDR of < 5.0%. When we used
a 2.0-fold change cut-off relative to the
transcriptome of untreated control cells to
identify specific effects of EVOO PEs on
gene expression, we observed that JIMT1
cancer cells treated with the EVOO PE
with the lowest secoiridoid content (PE12)
had the lowest number of altered genes
(Fig. 3). Of note, while the total num-
ber of altered genes was similar (-400 to
600) after exposure to EVOO PEs with
higher secoiridoid content (EVOO-PE7,
EVOO-PE3 and EVOO-PE10), there
was a trend toward enhanced levels of
transcripts of more genes in response to
EVOO PEs with higher secoiridoid con-
tents. Intriguingly, the majority of the
altered genes (-84%) were upregulated
following treatment with EVOO-PE7, the
phenolic extract with the highest relative
secoiridoid content (Fig. 2; Table S1) and
the highest anti-tumoral activity.'
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When we previously screened the
Kyoto Encyclopedia of Genes and
(KEGG) pathway database
by performing Gene Set Enrichment
Analysis (GSEA) to identify key path-
ways and functions potentially associ-
ated with the anti-tumoral activity of
EVOO PEs, we observed that the highly
active EVOO-PE7 had a dramatic dif-
ferential impact on the expression of the
GADD45 stress-response gene family;
by contrast, the expression of this fam-
ily of genes remained largely unchanged
upon treatment with EVOO-PE3 or
EVOO-PE10."¢ We thus speculated that
naturally occurring phenolic mixtures
highly enriched in the complex polyphe-
nols oleuropein aglycon (OA) and decar-
boxymethyl oleuropein aglycon (DOA)
(Fig. 2) could lead to enhanced transcript
levels of genes that are upregulated by

Genomes

stress. To test this hypothesis, we utilized
the “core analysis” function included in
the analysis software package ingenuity
pathway analysis (IPA, Ingenuity Systems
Inc.) to interpret EVOO-PE7-induced
global transcriptomic profiles in the con-
text of biological processes, networks and
pathways. The IPA software algorithmi-
cally generates networks of up- and down-
regulated functionally related annotated
genes based on their connectivity and
assigns a score (i.c., a numerical value that
takes into consideration both the number
of focus genes in a network and the size of
the network to approximate how relevant
each network is to the original list of focus
genes). Figure 4 illustrates graphically
the two gene network functions that were
most significantly (score > 3) upregulated
(red) and downregulated (green) within
the EVOO secoiridoid-induced  stress
transcriptomic signature in human breast
cancer cells.

EVOO secoiridoids activate endo-
plasmic reticulum (ER) stress chap-
erones and unfolded protein response
(UPR) genes. The primary function of
the gene networks that were upregulated
by EVOO secoiridoids was related to “cel-
lular function and maintenance and cellu-
lar compromise” (score = 49). These gene
networks include numerous genes encod-
ing isoforms of constitutevely expressed
and stress-induced 70-kDa heat shock
proteins (Hsp70s), which are chaperones
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shows also the percent distribution of the main phenolic families identified in the Picual EVOO-PE7.

Figure 2. Main phenolic compounds identified in EVOO phenolic extracts by HPLC-DAD-ESI-TOF. The figure shows the chemical structures of the
main phenolic compounds compounds identified in secoiridoids-rich Picual EVOO variety following protocols described in reference 147. The figure
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Figure 3. Relationship between the distribution of phenolic families in EVOO-PEs and their impact on the whole-genome transcription profile of hu-
man breast cancer cells. Total RNA isolated from JIMT1 cells grown in the absence or presence of EVOO-PE12, EVOO-PE10, EVOO-PE3 or EVOO-PE7 (2
g/mL) for 6 h was extracted with TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. RNA quantity and quality were determined
using the RNA 6000 Nano Assay kit on an Agilent 2100 BioAnalyzer (Agilent Technologies) as recommended. Whole Human Genome Oligo Microarrays
(G4112F) were then hybridized. Briefly, 500 ng of total RNA from each sample was amplified by Oligo-dT-T7 reverse transcription and labeled by in vitro
transcription with T7 RNA polymerase in the presence of Cy5-CTP or Cy3-CTP using the Quick Amp Labeling Kit (Agilent) and purified using RNAeasy
columns (Qiagen). After fragmentation, 825 ng of labeled cRNA from each of the two samples were co-hybridized in in situ hybridization buffer (Agi-
lent) for 17 h at 65°C and washed at room temperature for 1 min in Gene Expression Wash Buffer 1 (Agilent) and 1 min at 37°C in Gene Expression Wash
Buffer 2 (Agilent). The images were generated on a confocal microarray scanner (G2565BA, Agilent) at 5 um resolution and quantified using GenePix
6.0 (Molecular Dynamics). Spots with signal intensities of at least twice the local background that were not saturated and not flagged by GenePix were
considered reliable. Extracted intensities were background-corrected, and the log2 ratios were normalized in an intensity-dependent fashion by the
global LOWESS method (intra-chip normalization). Normalized log2 ratios were scaled between arrays to make all data comparable. Raw data were
processed using MMARGE, a web implementation of LIMMA, a microarray analysis library developed within the Bioconductor project in the R statisti-
cal environment. To identify genes that are differentially expressed, the multiclass SAM procedure (significance analysis of microarrays) was applied.
Genes with a g-value (FDR) below 5% and a fold change exceeding 2.0 in absolute value were selected as relevant (see also Table S2).

involved in crucial cellular functions in
all kingdoms of life.'$11% While constitu-
tively expressed Hsp70 chaperones have
housekeeping functions (e.g., folding of
nascent polypeptides, protein transloca-
tion between cellular compartments and
degradation of unstable and misfolded
proteins), stress-induced Hsp70s prevent
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the accumulation of proteins that have
become denatured in response to various
cellular stresses (e.g., heat stress, radiation,
ischemia, heavy metals or other stimuli
that activate stress transcription fac-
tors). Treatment with the secoiridoid-rich
EVOO-PE7 extract markedly (-11-fold)
upregulated the expression of the HSPAG

Cell Cycle

(Hsp70B’) gene, which is strictly inducible
with no detectable basal expression.!®18¢
Indeed, HSPAG protein induction is a
sensitive biomarker of cellular stress that
appears transiently in response to heat
stress, whereas levels of HSPAIA (Hsp72),
which was also induced by EVOO-PE7,
persist  for  days.!”  EVOO-PE7
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Figure 4. Network analysis of EVOO secoiridoids-regulated genes in human breast cancer cells. Left: Gene networks were constructed using ingenuity
pathway analysis (Ingenuity” Systems). Data sets containing identifiers of genes with > 2.0-fold up- or downregulatory changes were uploaded into
the application. These “focus genes” were overlaid onto a global molecular network developed from information contained in the ingenuity pathway
knowledge base. Networks of these “focus genes” (nodes) are algorithmically generated based on the principle that highly connected gene networks
are most biologically meaningful. All edges are supported by at least one reference from the literature stored in the ingenuity pathway knowledge
base (the IPA interaction database is manually curated by scientists and updated quarterly). Briefly, the user-input or “/focus genes” gene list is
compared with the “global molecular network” (GMN) database, which consists of thousands of genes and interactions. The focus genes are sorted
based on highest to lowest connectivity within the GMN; networks of approximately 35 genes are then constructed beginning with the most highly
connected focus gene. IPA assigns a p valuefor a network of size n and an input focus gene list of size f by calculating the probability of identifying f
or more focus genes in a randomly selected set of n genes from the GMN. The intensity of the node color indicates the degree of expression (green

scale for downregulated nodes; red scale for upregulated nodes). The score indicates the likelihood that the genes in a network are found together by
random chance. Using a 99% confidence interval, scores of > 3 are significant. Nodes are displayed using various shapes that represent the functional
class of the gene product (diamonds, enzymes; ovals, transcription factors; triangles, kinases; circles, others). A solid line indicates a direct interaction;

a dashed line indicates an indirect interaction. A line without an arrowhead indicates binding, and a plus sign indicates that other networks contain
this gene product. Figure shows up- and downregulated networks with the two highest IPA score (a composite measure that indicates statistical
significance that molecules depicted in the network are interconnected). Right: Representative western blot analyses of SIRT1, total AMPK, and phos-
phorylated AMPK (fosfo-AMPKa™"72) in EVOO untreated (control) and secoiridoids-treated JIMT1 breast cancer cells.

secoiridoids enhanced the expression
of the HSPAIL gene (Hsp70-hom or
Hsp70t), which encodes a constitutively
expressed, non-inducible cytosolic pro-
tein that is highly abundant in testis,'®"°
and of HSPA2 (Hsp70-2), a constitutively
expressed gene that is expressed at high
levels in testis, is essential for the matu-
ration of male gametocytes and is linked
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to male infertility.”"*  Importantly,

EVOO-PE7 secoiridoids also upregu-
lated the transcriptional expression of
the DNAJA4 and DNAJC3 genes, which
encodes the endoplasmic reticulum (ER)-
localized DnaJ family of proteins (ERd]
proteins).”” The induced transcription of
DNAJ genes is part of a specific pathway
that is collectively termed the “unfolded
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protein response” (UPR) and is evoked
when unfolded proteins accumulate in
the ER.’*" The UPR ultimately leads
to reduced import of proteins into the ER
and upregulation of genes encoding ER
chaperones and other components of the
ER-associated degradation pathway.*”
The previously unrecognized ability of
EVOO secoiridoids to upregulate a set of
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genes involved in the ER stress response
to unfolded proteins may appear to con-
flict with the demonstrated ability of
these compounds to strongly inhibit the
growth of highly aggressive breast cancer
cells.!®!%¢ The UPR is the major protec-
tive and compensatory mechanism that
enables cells to survive during ER stress.
While UPR induction initially results in
a general decrease in protein synthesis,
which reduces the influx of nascent pro-
teins into the ER, activation of the UPR
also results in the enhanced transcrip-
tion of ER resident chaperones, folding
enzymes and other components of the
protein degradation machinery, thus pre-
venting aggregation of the accumulating
misfolded proteins. This cell protective
mechanism, which is also elicited upon
induction of Hsp70s,2

transient induction of cell cycle arrest and

results in a

in the accumulation of molecular chap-
erones that bind and recover unfolded
proteins. However, prolonged exposure of
cells to ER stress can induce a switch from
cell survival to cell death, because the
protective function of these mechanisms
appears to be temporally restricted.??2%
In this scenario, it is reasonable to sug-
gest that exposure to EVOO secoiridoids
promotes cell death-UPR branch signal-
ing by impeding the alleviation of ER
stress. Moreover, the coupling of EVOO
secoiridoid-activated ER stress and UPR
with EVOO secoiridoid-induced cytotox-
icity in cancer cells appears to recapitulate
the molecular mechanism by which the
well-known defense molecule resveratrol
simultaneously exerts anti-proliferative
and chemopreventive effects.®>?°® First,
induction of GADDI153/CHOP (DDIT3),
one of the pivotal components of the
ER stress pathway that is significantly
upregulated by EVOO secoiridoids, has
been shown to be involved in resvera-
trol-induced cell death in cancer cells.*””
Second, resveratrol has been shown to
upregulate genes involved in the ER
stress response to unfolded proteins.?*®
Third, because resveratrol can trigger ER
stress-induced cell death, UPR could be a
potential mechanism of resveratrol cyto-
toxicity.?’*”  EVOO  sccoiridoids and
resveratrol could also share mechanism(s)
through which they activate ER stress-
like responses. Like resveratrol, EVOO
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secoiridoid  polyphenols  paradoxically
have a propensity to stimulate the for-
mation of ROS,?2 which can cause
oxidation of nascent proteins, leading to
misfolding of proteins and ER stress.?'* In
addition, EVOO secoiridoid polyphenols
can operate in a resveratrol-like manner
to molecularly mimic a CR-like situation
involving ATP deficiency.!>!07110215217

EVOO secoiridoids induce c-Fos and
modify the expression of genes related to
polyamine metabolism. The most promi-
nent EVOO secoiridoid-activated “cellu-
lar function and maintenance and cellular
compromise” gene network involves not
only the chaperone genes HSPAG and
Hsp70, but also c-Fos, a key resveratrol-
targeted proto-oncogene.?®” Indeed, the
gene whose expression was most enhanced
after treatment with EVOO secoiridoids
was ¢-Fos (FOS; ~20-fold). FOSB, another
member of the Fos family of transcrip-
tion factors, which includes c-Fos, FosB,
Fral and Fra2, was also one of the 10
most upregulated genes (-11-fold). The
Fos family proteins heterodimerize with
Jun family proteins (c-Jun, JunB and
JunD) to form active AP-1 (activator pro-
tein-1) transcription factors, which bind
to AP-1 sites present in the promoters of
certain genes and regulate their transcrip-
tion. Of note, treatment of human breast
cancer cells with EVOO secoiridoids
significantly (-3-fold) upregulated the
expression of JUNB. There is increasing
evidence that the AP-1 complex plays an
important role not only in the prolifera-
tion but also in the differentiation of sev-
eral cell types; several chemopreventive
agents (e.g., 1,25-dihydroxyvitamin D3
and butyrate) stimulate cell differentia-
tion in an AP-1-dependent manner.??*?*!
Resveratrol also stimulates the AP-1 con-
stituents c-Fos and c-Jun to inhibit cancer
cell growth.?"® The data imply that EVOO
secoiridoid-induced upregulation of AP-1
is not associated with tumorigenesis, but
rather with growth inhibition and/or dif-
ferentiation of breast cancer cells.

Because resveratrol-induced ¢-Fos is
functionally related to resveratrol’s abil-
ity to modify polyamine metabolism,*®
we speculated that the previously unrec-
ognized ability of EVOO secoiridoids to
induce c-Fos might involve changes in
the expression of genes associated with
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polyamine synthesis and/or polyamine
catabolism. Similar to resveratrol, EVOO
secoiridoids  significantly  upregulated
(~4-fold) the expression of spermidine/
spermine N'-acetyltransferease (SSAT),
the rate-limiting enzyme in polyamine
catabolism (Table S1). This enzyme con-
verts spermine to spermidine and the
latter to putrescine in cooperation with
polyamine oxidase (PAOX). Increased
polyamine catabolism in response to
EVOO secoiridoids was also suggested
by the significant upregulation of the
spermine oxidase (SMO) gene. Unlike
resveratrol, EVOO secoiridoids down-
regulated PAOX gene expression, whereas
they upregulated some genes involved in
polyamine biosynthesis, such as arginase
(ARG2) and ornithine decarboxylase
(ODC). Although we lacked experimental
approaches for measuring the intracellular
levels of spermine, spermidine, putrescine
and acetyl-spermidine following exposure
to EVOO secoiridoids, our data indicate
that the mechanism of the growth inhibi-
tory action of EVOO-derived complex
polyphenols likely involves an increase
in polyamine catabolism with simultane-
ous induction of ¢-Fos and its AP-1-related
DNA binding activity.

The previously unrecognized ability
of EVOO secoiridoids to upregulate key
genes directly involved in the conversion
of arginine to ornithine (i.e., arginase) and
in the conversion of ornithine to putres-
cine (i.e., ornithine decarboxylase) sug-
gests that the augmentation of polyamine
catabolism observed after exposure of cells
to EVOO secoiridoids could be related
to growth inhibition processes, whereas
the augmentation of polyamine synthesis
could be related to bona fide anti-aging
effects. This appears likely, because poly-
amine levels decline continuously with age
and polyamine (spermidine or high-poly-
amine diet) supplementation increases life
span in model organisms.!*"?22%! Because
autophagy is required for the cytoprotec-
tive and/or anti-aging effects of resve-
ratrol and spermidine, experiments are
currently underway in our laboratories at
the Bioactive Food Component Platform
in Spain to determine if regulation of
polyamine metabolism by EVOO-derived
secoiridoids differentially impacts the fit-
ness of cancer vs. normal cells undergoing
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metabolic stress. Because pro-autophagic
polyphenols have been shown to reduce
the acetylation of cytoplasmic proteins,?*
we are also investigating whether EVOO
secoiridoids might impact the activation
status of autophagy while differentially
affecting the acetylproteome of cancer vs.
normal cells.

EVOO secoiridoids upregulate SIRT1
and inhibit cancer-promoting genes. In
the above-mentioned transcriptome sce-
nario and considering that resveratrol and
spermidine increase lifespan by activating
the histone deacetylase Sirtuin 1 (SIRT1)
and inhibiting histone acetylases, respec-
tively,'”! we determined if the resveratrol-
like actions of EVOO secoiridoids involve
changes in the expression of the SIRT1
gene. Of note, not only was SIRT1 sig-
nificantly upregulated by EVOO secoiri-
doids, SIRTI was also part of the second
most significant gene network activated by
EVOO secoiridoids, the “organ morphol-
ogy” gene network (score = 41) (Fig. 4).
Although SIRT1I has long been thought
to play a role in cancer, the debate regard-
ing its role as an oncogene or tumor sup-
pressor continues.'**??% As an inducer of
cell survival, it might appear reasonable to
suggest that SIR71 fits the definition of
an oncogene; conversely, because SIRT1
is considered important in organism sur-
vival, a tumor suppressor function might
also be anticipated. Genetic and drug-
induced activation of SIRT1 has been
shown to inhibit growth and/or induce
apoptosis in certain cancer models,?3%?%
while super-SIRTT mice exhibiting mod-
erate SIRT1 overexpression (a -~3-fold
increase) are generally healthier than con-
trol mice and are partially protected from
certain solid tumors.?%¢2%

Because neoplastic cells are thought
to recapitulate many stem cell character-
istics, including metabolic ones,20240-24
the oncogenic vs. tumor-suppressive
activities of SIRT1 can be viewed in terms
of the specific contribution of SIRT1 to
maintaining or impeding “stemness-like”
status in cell populations involved in tis-
sue regeneration or cancer tissue heteroge-
neity, respectively. To preliminarily assess
whether  EVOO  secoiridoid-induced
upregulation of SIRT1 is related to the
activation of onco-suppressive transcrip-
tional events in highly aggressive cancer
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cells, we evaluated whether well-known
oncogenes were among the 92 genes that
were  significantly downregulated by
EVOO sccoiridoids (Table S1; Fig. 4).
Interestingly, the EVOO  secoiridoids
most frequently downregulated gene net-
works related to “cancer and reproductive
system disease” (score = 52), including
numerous metallothionein (MT) gene
isoforms (MTIE, MTIG, MTIX, MTIL,
MTIH). MT belongs to a family of metal-
binding proteins whose roles range from
heavy metal detoxification to the pro-
motion of tumorigenesis. MT has been
reported to be highly expressed in many
tumors, including breast cancer, and is
known to regulate key processes such as
cell proliferation, apoptosis and even che-
moresistance.?*> Because the role of
MT in metal ion homeostasis is funda-
mental for controlling the activation of
stem/progenitor cells, we speculated that
MT downregulation by EVOO secoiri-
doids might be part of a broader genetic
network involving key cancer stem cell
(CSC)-related genes. Consistent with this
hypothesis, the “cancer and reproductive
system disease” gene network downregu-
lated by EVOO secoiridoids includes the
ALDHIA3 gene, a biomarker of primitive
normal human mammary luminal cells
that shows high activity specifically in
breast carcinomas. In such tumors, expres-
sion of the ALDHIA3 gene identifies the
tumorigenic cell fraction that is capable
of self-renewal and of generating tumors
by recapitulating the heterogeneity of the
parental tumor (i.e., breast CSCs).?!"*
We are currently investigating whether
treatment with EVOO  secoiridoids
impedes the propensity of breast CSCs to
form multicellular “microtumors” under
non-adherent and  non-differentiating
conditions (i.e., mammospheres).

In addition to the CSC marker
ALDHIA3, with  EVOO
secoiridoids notably downregulated the
expression of SKP2, the gene that encodes
the F-box protein S-phase kinase-asso-
ciated protein 2 (Skp2). Skp2 belongs to
the ubiquitin-proteasome system (UPS),
which plays a vital role in regulating
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many biological processes by controlling
the timely turnover of proteins. Because
Skp2 is responsible for the degradation
of several tumor suppressor proteins
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(e.g., p27, p57, p21, p130, FOXOL), it is
thought to function as an oncoprotein
that interacts with other major signal-
ing pathways (e.g., PI3K/Akt, mTOR,
PPARy, ERK, FoxP3 and IGF) in breast
cancer.”?? As such, there is renewed
interest in developing Skp2 inhibitors as
a general approach for cancer prevention
and therapy.” Although specific drugs
that inactivate Skp2 in cancer cells have
not been identified, it is noteworthy that
several naturally occurring compounds
(1,2,3,4,6-penta-O-galloyl-B-D-glucose
[PGG], gallic acid, epigallocatechin-gal-
late [EGCG], quercetin, curcumin, and
lycopene) downregulate Skp2 expression
in human cancers, including breast can-
cer.?0262 We now add the complex poly-
phenols secoiridoids to the growing list of
natural polyphenols that can function as
potent inhibitors of Skp2.

The function of the second most
downregulated gene network in response
to EVOO secoiridoids is related to “cell
cycle, amino acid metabolism and small
molecule biochemistry” (score = 27) and
was identified based on LDHA, a gene
that was also overrepresented in the most
downregulated gene network described
above (Fig. 4). Lactate dehydrogenase
(LDH) acts at a critical branch point in
the metabolism of major nutrients; it is
also active in the tricarboxylic acid (TCA)
cycle and in determining tumor pH.?*
Glucose and glutamine are the major
carbon sources for rapidly proliferating
tumors and provide precursors for nucleic
acids, proteins and lipids as well as reduc-
ing capability (NADPH). Pyruvate is
largely derived from glucose and gluta-
mine metabolism; it can be converted to
lactate by the LDH complex and/or enter
the TCA cycle for conversion to CO, and
ATP. The conversion of pyruvate to lac-
tate is also catalyzed by LDH in a revers-
ible reaction that results in the formation
of NAD*, which is necessary for further
glycolysis. LDH is a tetrameric enzyme
containing two major subunits (A and B)
that are coded by the LDHA and LDHB
genes; together, these subunits form five
different isoenzymes.”** Although all five
isoenzymes can catalyze the forward and
backward conversion of pyruvate and lac-
tate, LDHA kinetically favors the conver-
sion of pyruvate to lactate, whereas LDHB
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RESVERATROL

Top Molecules

OLEUROPEIN AGLYCON

Fold Change up-regulated

Molecules Exp. Value |
FOS 120,027
MMP3 717,034
RGS2 115,296
HSPAS T15,182
MMP1 (includes EG:4312) T12,820
EGR1 T12,431
GADD45B 711,400
FOSB T11,084
ATF3 19,240
ADM 17,070

Top Canonical Pathways

Name p-value Ratio
NRF2-mediated Oxidative Stress Response 4,35E-05 13/185 (0,07)
Glucocorticoid Receptor Signaling 6.47E-05 16/282 (0,057)
p53 Signaling 8,89E-05 9/94 (0,096)
VDR/RXR Activation 1,57E-04 8/80 (0,1)
Polyamine Regulation in Colon Cancer 231E-04 4/22 (0,182)

Figure 5. Top: Structural similarities between resveratrol and the EVOO secoiridoid oleuropein aglycon. Bottom: IPA-identified top individual genes
and top canonical pathways affected by EVOO secoiridoids.

predominantly converts lactate to pyru-
vate, which is further oxidized through
the TCA cycle. Serum LDH levels are
often increased in cancer patients, and
LDHA protein expression is often upregu-
lated in tumors.?*>?7 Like high lactate lev-
els, which are a key feature of the aerobic
glycolysis (Warburg effect) in tumor cells
and are associated with the subsequent
development of metastases,””*?”* the pres-
ence of high LDH levels in tumors has
been linked to poor prognosis and greater
metastatic potential. Because the LDHA
protein is required for the maintenance
and progression of many tumors, it also
represents a potential target for cancer
therapy.”® Our findings suggest a poten-
tial inhibitory role of EVOO secoiridoids
against the Warburg effect in tumor cells.

EVOO secoiridoids are resveratrol
transcriptional mimickers that activate
the energy sensor AMPK. Previous stud-
ies have shown that resveratrol efficiently
induces changes in the transcriptional
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profiles of key metabolic tissues that
closely resemble the changes induced by
CR."?7 The data presented here demon-
strate that EVOO secoiridoids appear to
mimic key features of resveratrol-induced
gene expression patterns to inhibit the
growth of cancer cells, whose aberrant
bioenergetic and biosynthetic metabo-
lism is unambiguously required for pro-
liferation and/or survival. To further
confirm that administration of EVOO
secoiridoids functionally mimics resvera-
trol via activation of AMPK-related stress
signaling pathways, we employed two
additional complementary approaches.
First, systematic and integrative analy-
ses of EVOO secoiridoid-regulated gene
lists were conducted using the DAVID
(Database for Annotation, Visualization
and Integrated Discovery) bioinformat-
ics resource (National Institute of Allergy
and Infectious Diseases, NIH), a web-
based public database capable of uncov-
ering biological features and meaning
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associated with large gene lists, regard-
less of which genomic platform or soft-
ware package was used to generate the list
(http://david.abce.nciferf.gov/). DAVID
uses a set of fuzzy classification algo-
rithms to group genes based on their co-
occurrence in annotation terms and ranks
the gene groups using an internal (EASE)
score.”’%?”? DAVID was used to evaluate
the enrichment distribution across the
“biological processes” in the gene ontol-
ogy (GO) tree. The threshold value of the
enrichment score was set at 1.0 instead of
1.3, thereby avoiding the loss of impor-
tant information. The gene list was orga-
nized and condensed into biologically
meaningful modules using the DAVID
gene functional classification tool at the
medium level of statistical stringency.
When ranking the importance of annota-
tion groups with enrichment scores > 1.0,
DAVID term-centric modular enrichment
analysis revealed that the “biological mod-
ules” significantly enhanced by EVOO
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secoiridoids paradoxically included posi-
tive regulation of “developmental and
biological processes,” “response to stress,”
“organ morphogenesis,” “response  to
chemical stimulus (unfolded protein),”
“response to wounding” and “chromatin
assembly,” among others (Table S2). The
activation of anti-aging biological mod-
ules was concomitant with the significant
downregulation of “hexose catabolic pro-
cesses,” “cell cycle” and “cellular carbohy-
drate metabolic processes,” among others
(Table S2). Therefore, highly aggressive
cancer cells appear to react to EVOO sec-
oiridoid-triggered cellular stress signals by
evoking cell survival programs that ulti-
mately result in cancer cell death.

Second, to unambiguously determine
whether the crucial signaling pathways
that are significantly altered in the pres-
ence of EVOO secoiridoids are similar to
those previously recognized for resveratrol,
we used the “canonical pathway analysis”
function included in the IPA analysis soft-
ware. This analysis associates probe sets
with the canonical pathways included in
Ingenuity’s Knowledge Base and returns
two measures of association: (1) the ratio
of the number of genes from the list that
map to the pathway to the total number
of genes that map to the same pathway,
and (2) a p valuebased on Fisher’s exact
test to ascertain enrichment. Notably,
when the canonical pathways induced
by EVOO secoiridoids were ordered by
p value(p < 0.05; the ratio value is also
shown), all of the molecular mechanisms
underlying resveratrol’s recognized anti-
aging effects were over-represented in the
five canonical pathways that were most
significantly upregulated by EVOO seco-
iridoids in cancer cells (Fig. 5). First, the
above-mentioned resveratrol-induced
FOS-dependent inhibition of polyamine
synthesis and increased polyamine catab-
olism?'®2"” was mirrored in the EVOO
secoiridoid-induced “polyamine regula-
tion in colon cancer” pathway (p value=
2.31E-04). Second, the resveratrol-related
vitamin-D/retinoic acid-like differentia-
tion-induced effects?®*?% were mirrored
in the EVOO secoiridoid-induced “VDR/
RXR activation” pathway (p value=
1.57E-04). Third, the resveratrol-induced
p53-related engagement of cell cycle arrest
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and/or apoptotic signals was mirrored
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in the EVOO secoiridoid-induced “p53
signaling” pathway (p value= 8.89E-05).
Fourth, resveratrol’s anti-inflammatory
effects related to epigenetic and chaper-
one-dependent activation of the gluco-
corticoid receptor'***'"% were mirrored
in the EVOO secoiridoid-induced “glu-
cocorticoid receptor signaling” pathway
(p value= 6.47E-05). Fifth, resveratrol’s
ability to protect against oxidative stress
damage by modulating nuclear redox fac-
tor 2 (NRF2) signaling?>?%? was mirrored
in the EVOO secoiridoid-induced “NRF2-
mediated oxidative stress response” path-
way (p value= 4.35E-05). Considering
that most of the beneficial effects of CR on
the carcinogenic process are likely medi-
ated by NRF2%%3% and that recent stud-
ies have shown that a diet rich in EVOO
phenolics (e.g., hydroxytyrosol, which is
mainly formed from the hydrolysis of the
secoiridoid oleuropein aglycone) induces
SIRT1 and NRF2-dependent gene expres-
sion of anti-stress targets [e.g., glutathione-
S-transferase (GST), y-glutamyl cysteine
synthetase (y-GCS), nicotinamide ade-
nine dinucleotide phosphate [NAD(P)
HJ:quinone oxidoreductase (NQOI) and
paraoxonase-2 (PON2) mRNAs as well as
paraoxonase-1 (PONI) activity] in senes-
cence-accelerated (SAMP8) mice,’” our
findings strongly support the idea that the
ability of secoiridoids to activate NRF2
signaling in somatic cells constitutes a
mechanism through which EVOO com-
plex polyphenols could lead to a delay in or
the prevention of the onset of some forms
of human cancers (e.g., breast cancer)
and subsequently contribute to improved
human health and lifespan.

Finally, we sought to investigate the
unexplored possibility that EVOO seco-
iridoids might attenuate the adaptable
aging-accelerating mTOR signaling path-
way in cancer cells. Incubation of JIMT1
breast cancer cells (Fig. 4) and PC9 lung
carcinoma cells (data not shown) with
increasing concentrations of an EVOO
PE rich in secoiridoids resulted in increas-
ing activation of the mTOR gerosup-
pressor AMPK.3% Activation of AMPK
was associated with phosphorylation of
the a-catalytic subunit of the enzyme at
Thr-172, as assessed using a phosphospe-
cific antibody. Minimal changes in total
AMPK protein levels were detected with
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anti-al/-a2 AMPK antibodies. When
EVOO phenolic extracts highly enriched
with secoiridoids were replaced by EVOO
phenolic extracts with a similar content
of total polyphenols but enriched with
lignans, we observed a drastic decrease
in the ability of the EVOO PEs to acti-
vate AMPK (data not shown). These
results demonstrate for the first time that
AMPK becomes significantly activated by
EVOO-derived phenolic extracts when
the amount of complex polyphenol seco-
iridoids but not lignans exceeds a critical

threshold.

EVOO Secoiridoid Polyphenols
Induce Senescence Delay
in Human Diploid Fibroblasts

Well-accepted hormetic strategies such
as repeated mild heat stress (RMHS) sig-
nificantly affect several age-related phe-
nomena in human skin fibroblasts, e.g.,
cell size and cell morphology, but do not
modify the proliferative capacity of these
cells. 33378 We  decided to investigate
whether repeated exposure to non-cyto-
toxic concentrations of EVOQO secoiri-
doids might improve the structural and
functional integrity of skin fibroblasts in
vitro without promoting entrance of these
cells into a potentially deleterious hyper-
proliferative mode. Thus, using the well-
established in vitro senescence model of
human diploid fibroblasts (HDFs), we
determined for the first time whether
senescence-associated changes occur in
response to chronic exposure to crude
EVOO PEs. Cell viability (MTT assays)
confirmed that, at the concentration
employed in our studies, EVOO secoiri-
doids did not exhibit highly toxic effects.
Compared with untreated control fibro-
blasts, we observed almost no cell death
of young HDFs after 72 h of incubation
with 200 ng/mL EVOO-PE7. After 10
d of treatment, however, 20-25% of the
cells cultured in the presence of the sec-
oiridoid-rich EVOO PE were metaboli-
cally nonviable (data not shown).
Low-passage pl6™Kipositive
WI-38 fetal lung HDFs and pl6™é-
negative BJ-1 neonatal foreskin HDFs
were exposed to low concentrations of
EVOO secoiridoids or to the same vol-
ume of vehicle twice a week during serial
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Figure 6. For figure legend, see page 568.
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debris in pre-senescent HMECs.

Figure 6 (See previous page). Impact of chronic exposure to EVOO secoiridoids in age-related changes of cultured human diploid fibroblasts (HDFs)
and human mammary epithelial cells (HMECs). Left: Graphs showing cumulative population doubling for BJ-1 (top) and WI-38 (bottom) HDFs continu-
ously cultured in the absence or presence of 200 ng/mL EVOO-PE7. Representative microphotographs illustrate the differential acquisition of age-
related biomarkers including changes in cell morphology and SA-B-gal activity (blue staining) in response to EVOO secoiridoids. Right: Representative
microphotographs illustrate the impact of short-term treatment (3 d) with EVOO secoiridoids in the vacuolization and abundant accumulation of cell

passaging throughout their entire rep-
licative life spans. Chronic exposure to
EVOO secoiridoids failed to lengthen the
proliferative lifespans of WI-38 and BJ-1
HDFs (Fig. 6). However, whereas the
growth rates, population doubling rates
and cumulative population doubling
(PD) levels of the cells were mostly unaf-
fected by repeated exposure to EVOO
secoiridoids, age-related changes in cell
size, cellular morphology and senescence-
associated  B-galactosidase  (SA-B-gal)
staining were significantly altered. Age-
related alterations in the morphology
of fibroblasts, which is one of the most
obvious changes that occurs during cel-
lular aging, was significantly reduced in
EVOO secoiridoid-treated HDFs. At
the end of their proliferative lifespans,
underwent
a significant increase in cell size, taking

untreated control cultures

on a flattened appearance; their morpho-
logical heterogeneity also increased, and
they suffered a complete loss of arrayed
arrangement and accumulated significant
amounts of intracellular and extracellular
debris, with concomitant increases in the
sizes of their nuclei and nucleoli (Fig. 6,
left). Indeed, a short-term treatment (3 d)
with EVOO secoiridoids notably ame-
liorated the intense vacuolization and
abundante accumulation of cell debris
in nearly senescent human mammary
epithelial cells (HMECs) (Fig. 6, right).
Moreover, we noted significantly higher
proportions of B-gal-positive WI-38 and
BJ-1 cells in old HDF cultures than in
young HDF cultures. At the end of their
proliferative lifespans, HDF cultures
grown continuously in the presence of
EVOO secoiridoids demonstrated sig-
nificantly reduced age-related morpho-
logical alterations and displayed relatively
young-like morphologies. Old HDF
cultures chronically exposed to EVOO
secoiridoids did not undergo significant
cell enlargement and largely maintained
the thin, long, spindle shapes observed
in younger HDF cell populations. In
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contrast to control cultures, EVOO sec-
oiridoid-treated HDFs maintained an
arrayed arrangement of morphologically
homogeneous cells (Fig. 6), with reduced
accumulation of lysosomal residual bod-
ies and an almost complete absence of
multinucleated cells. When the prolifera-
tion rate of the untreated control cultures
began to decrease as cellular senescence
approached, SA-B-gal activity was mea-
sured; we notably observed significantly
fewer B-gal-positive cells in EVOO sec-
oiridoid-treated HDFs than in vehicle-
treated HDFs (Fig. 6).

Taken together, these findings dem-
onstrate for the first time that complex
mixtures of crude EVOO PEs antago-
nize cellular senescence without modify-
ing the proliferative capacity of HDFs.
Katsiki and  colleagues®”  previously
reported that oleuropein-treated cultures
of normal human fibroblasts exhibited
a significant delay in the appearance of
senescence morphology. In their hands,
however, oleuropein treatment of human
embryonic fibroblasts conferred a life
span extension of approximately 15%. It
is plausible that the presence of numer-
ous phenolic molecules within a crude
EVOO PE would not preclude the abil-
ity of “diluted” secoiridoids to suppress
senescence as efficiently as a single puri-
fied secoiridoid (e.g., oleuropein) and
that, at concentrations such as those used
in our experiment, the slightly cytotoxic
effects of the crude EVOO phenolic mix-
ture would prevent a plausible anti-aging
(preservation of proliferative capac-
ity) effect. Of note, when older HDFs
chronically cultured in the presence of
200 ng/mL EVOO-PE7 were challenged
with higher concentrations of the same
PE, they were notably refractory to the
cytotoxic effects observed when EVOO
secoiridoid-naive young HDFs were
treated with the same high dose of poly-
phenols (data not shown). This finding
supports the idea that continuous expo-
sure to hormetic stresses (e.g., low-dose

Cell Cycle

secoiridoids) can protect cells from stron-
ger stresses (e.g., high-dose secoiridoids)
but that these stronger stresses do not
cause aging, as aging is not caused by any

stress.'s

EVOO Secoiridoid Polyphenols:
A New Family of “Xenohormetic”
Compounds

The previously unrecognized ability of
EVOO secoiridoids to activate endog-
enous cellular defense pathways (e.g., the
evolutionarily conserved NAD-dependent
deacetylase sirtuin-1 and NRF2 path-
ways) that integrate the adaptive stress
response and positively control the expres-
sion of a battery of stress response pro-
teins in human cells support the original
“xenohormesis hypothesis” of Howitz and
Sinclair®# 3% invoking the interspecies
communication of stress signals. The liter-
ature on sirtuin focuses on pharmacologi-
cal activators of SIRT1 (e.g., resveratrol,
SRT1720), which have been proposed as
therapeutics for diabetes, neurodegen-
eration, inflammation and other diseases.
However, many compounds may have
been identified as SIRT1 activators due to
artifacts in the assay methodology (i.c., the
use of fluorescently tagged substrates). By
performing the first comprehensive analy-
sis of gene expression and transcriptome
dynamics of human breast cancer cells
grown in the presence of crude phenolic
EVOO extracts, we present compelling
data that suggest that the stress response
of Oleacea plants, which has evolved as a
result of their stationary lifestyle, might
confer stress resistance and “anti-aging
benefits” to animals such as humans that
consume bioactive secoiridoids produced
by Oleacea.

In highly proliferative cancer cells that
possess aberrant bioenergetic and biosyn-
thetic metabolism, EVOO secoiridoid-
imposed metabolic reprogramming would
be expected to promote growth inhibition
and cell death; however, the ability of
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relatively non-toxic secoiridoids to upreg-
ulate a variety of transcriptomic programs
involved in regulating stress responses
should result in increased longevity of nor-
mal cells. This apparent metabolic paradox
can easily be resolved in the context of an
evolutionary view of the “AMPK/mTOR-
xenohormetic” model. AMPK, whose
ancestral role may have been related to
the response to starvation for the preferred
carbon source, glucose, appears to have
arisen very early during eukaryotic evolu-
tion. Rapid cell growth requires the active
synthesis of proteins, RNA and lipids, all
of which are switched off by the activation
of AMPK (and, likely, by downstream
inactivation of mTOR). Indeed, one rea-
son for the high glycolytic rate of rap-
idly proliferating cells, including tumor
cells, is that the TCA cycle ceases to be a
purely catabolic pathway and becomes at
least partially anabolic, actively providing
precursors for biosynthesis, particularly
citrate for lipid synthesis.””> Accordingly,
both tumor cells and viruses (and likely
other pathogens) appear to have devel-
oped mechanisms to downregulate the
energy sensor AMPK and escape from
its restraining influence on growth and
biosynthesis.”'*!”” In an “AMPK/mTOR-
xenohormetic” model, there is no need
to assume that animals and fungi have
retained an ability to be activated by cer-
tain plant stress molecules, because they
provide useful advance warning of a dete-
riorating environment or food supply. Soil
bacteria do not produce the macrocyclic
lactone rapamycin as an anticancer drug
or a pro-longevity medicine but as an anti-
biotic that inhibits the growth of fungal
competitors. The French lilac or goat’s rue
(Galega officinalis) produces galegine, the
bioactive starting material from which
metformin was developed, as a defense
compound to deter grazing by herbivores,
not as a gerosuppressant that delays aging
and suppresses tumorigenesis. Grapes
produce resveratrol in response to fungal
infection but not as a longevity nutri-
ent with anticancer properties. Similarly,
upon activation and conversion to oleuro-
pein aglycon by deglycosylation, phenolic
secoiridoid glycosides such as oleuropein
can induce a loss of nutritive value via the
loss of lysine and inactivation of enzymes
by functioning as a unique multivalent
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and aging-related diseases, including cancer.

Figure 7. EVOO secoiridoids: A new family of plant-produced gerosuppressant agents that mo-
lecularly “repair” the aimless (and harmful) AMPK/mTOR-driven quasi-program that leads to aging

alkylator that acts as a protein crosslinker,
providing plants with an effective defense
against attack by herbivores and possibly
by pathogens.?*”!° The fact that numerous
and apparently unrelated “nutraceuticals,”
“xenobiotics” and other biocompounds
derived from traditional herbal medicines
act as xenohormetic compounds merely
reflects their common ability to inhibit the
aging-driven activity of mTOR gerogenes
and/or to activate key gerosuppressors of
the mTOR pathway (i.e., AMPK) 180311322
Considering that mitochondria became
the main cellular power source during
the evolutionary development of eukary-
otes,”” AMPK plausibly arose very early
during eukaryotic evolution due to the
requirement for sensing energy status
in the cytoplasm and providing a sig-
nal to modulate mitochondrial function.
Indeed, the ancestral function of AMPK
in plants and animals was likely to orches-
trate resistance responses to the effects of
carbohydrate starvation (e.g., to trigger a
switch back to oxidative metabolism in
response to deprivation of the preferred
carbon source, glucose). Of note, most of
the potent activators of AMPK are plant
defense compounds that inhibit mito-
chondrial ATP synthesis. Forthcoming
studies  should definitively elucidate
whether EVOO  secoiridoids and other
xenohormetic compounds impact both
mitochondrial functionality and AMPK-
like metabolic sensors across different spe-
cies (e.g., olive and human) during times
of stress; in this scenario, xenohormesis
should be viewed as providing a shared
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ability to molecularly connect mito-
chondria and AMPK during evolution.
Curiously, SIRT1 has been shown to play
an essential role in the ability of moder-
ate doses of resveratrol to stimulate AMPK
and improve mitochondrial function both

in vitro and in vivo.??*

EVOO Secoiridoid Polyphenols:
A New Family of “Gerosuppres-
sant” Compounds

Despite the high degree of structural
EVOO-derived
complex polyphenols and well-recognized
CR-like polyphenols that are known to
experimentally extend lifespan (i.e., res-
veratrol), no studies have explored the
actual molecular function of EVOO sec-

resemblance  between

oiridoids in retarding human aging. As
for many other polyphenols, it has been
erroneously assumed that EVOO-derived
complex phenols provide health ben-
efits, including higher longevity, largely
because of their antioxidant activity. Our
laboratories at the Spanish BFCP have
been studying for the first time whether
secoiridoids, a family of complex pheno-
lics characteristic of Oleacea plants, by
functioning as biocompounds belonging
to the recently defined group of “hormesis
A” compounds (i.e., inhibitors of the pro-
aging activity of mTOR gerogenes and/or
activators of mTOR gerosuppressors such
as AMPK) can, like resveratrol, affect
anti-aging signaling pathways in ways
that significantly promote cytotoxicity in
immortal tumor cells and that weaken
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age-related pro-senescence effects in nor-
mal cells. Because changes in the expres-
sion of significant numbers of genes have
been linked to the anticancer and lifespan
effects of all known lifespan interventions
(CR- and the so-called CR-mimetics), we
hypothesized that global changes in the
human transcriptome detectable by the
use of high-density microarrays could be
used for the preliminary identification of
candidate  EVOO  secoiridoids-induced
anti-aging/anticancer gene signatures.
The strength of evidence supporting the
xenohormetic activity of EVOO secoiri-
doids was tested by assuming that their
tumoricidal activity results from the para-
doxical activation of cellular stress-like,
anti-aging transcriptomic signatures in
cancer cells. By following this genome-
wide analysis approach in highly aggres-
sive human breast cancer cells that were
briefly exposed to crude EVOO phenolic
extracts highly enriched in the secoiridoids
oleuropein aglycone and decarboxymethyl
oleuropein aglycone, we demonstrated
that Oleacea plant defense molecules,
which are able to exert strong protein-
denaturing/protein-crosslinking/lysine-
alkylating activities against herbivores,
can efficiently induce in human cells
intracellular signaling pathways that may
respond to biological stress at the molecu-
lar/cellular level. We confirmed that the
stress pathways activated by EVOO seco-
iridoids might defend cells and tissues
in a hormetic-like manner, because they
regulate energy metabolism in a way that
would be expected to enhance cellular
survival during times of stress. Thus, the
anticancer activity of EVOO secoiridoids
was found to be related to the activation
of anti-aging/cellular stress-like gene sig-
natures, including endoplasmic reticu-
lum (ER) stress and the unfolded protein
response, spermidine and  polyamine
metabolism, sirtuin-1 (SIRT1),>*3" and
NREF2 signaling. EVOO  secoiridoids
activated the gerosuppressor AMPK and
inhibited crucial metabolic genes involved
in the Warburg effect and the self-renewal
capacity of “immortal” cancer stem cells
and EVOO secoiridoids significantly pre-
vented age-related changes in cell size,
morphological  heterogeneity, arrayed
arrangement and  senescence-associated
B-galactosidase staining of normal diploid
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human fibroblasts at the end of their pro-
liferative lifespan.

Aging can be viewed as a quasi-pro-
grammed phenomenon driven by the
overactivation of the nutrient-sensing
mTOR gerogene. Complementing this
idea, emerging studies indicate that the
responsiveness of AMPK signaling clearly
declines with aging.’*® The loss of sensitiv-
ity of AMPK activation to cellular stress
impairs metabolic regulation, increases
oxidative stress and reduces autophagic
clearance. Not surprisingly, very recent
studies have illuminated the central role
that loss of the AMPK gerosuppressor
plays in dictating the unique metabotype
that drives tumorigenesis.»>*3 Given that
AMPK is a crucial gerosuppressor and
tumor-suppressor that suppresses mTOR-
driven geroconversion (as well as mTOR
oncogenic transformation), age-related
diseases reflect a synergistic interaction
between our evolutionary path to sed-
entarism, which chronically increases a
number of gero-promoting factors, e.g.,
mTOR activators such as nutrients (glu-
cose, amino acids, fatty acids), growth
factors, cytokines and insulin and the
“defective design” of central metabolic
integrators such as AMPK and mTOR.
In this scenario, xenohormesis should be
viewed in terms of plant-produced gero-
suppressants that molecularly “repair” the
aimless (and harmful) AMPK/mTOR-
driven quasi-program of aging and aging-
related diseases (Fig. 7).
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Ultraviolet radiation absorbed by the epidermis is the major cause of various cutaneous disorders, includ-
ing photoaging and skin cancers. Although topical sunscreens may offer proper skin protection, dietary
plant compounds may significantly contribute to lifelong protection of skin health, especially when
unconsciously sun UV exposed. A combination of rosemary and citrus bioflavonoids extracts was used
to inhibit UV harmful effects on human HaCaT keratinocytes and in human volunteers after oral intake.
Survival of HaCaT cells after UVB radiation was higher in treatments using the combination of extracts
S than in those performed with individual extracts, indicating potential synergic effects. The combination
UV radiation o X . .
Oral photoprotection of extrac'ts also decreased UVB-induced intracellular radical oxygen specnesv (ROS) angl prgvented DNA
ROS damage in HaCaT cells by comet assay and decreased chromosomal aberrations in X-irradiated human
DNA damage lymphocytes. The oral daily consumption of 250 mg of the combination by human volunteers revealed
Rosemary a significant minimal erythema dose (MED) increase after eight weeks (34%, p < 0.05). Stronger protection
Citrus was achieved after 12 weeks (56%, p < 0.01). The combination of citrus flavonoids and rosemary polyphe-
Polyphenols nols and diterpenes may be considered as an ingredient for oral photoprotection. Their mechanism of
action may deserve further attention.

Keywords:

© 2014 Elsevier B.V. All rights reserved.

1. Introduction Both UVA and UVB contribute significantly to photoaging. Photo-

aging is the superposition of chronic UV-induced damage on intrin-

UV radiation from the sun induces several harmful responses,
including erythema, immunosuppression, edema, sunburn, hyper-
plasia, hyperpigmentation, premature aging and skin cancer. Only
UVA (320-400 nm) and UVB (280-320 nm) are harmful to our
skin. UVA accounts for more than 90% of the total UV radiation
reaching us and is constant throughout the year, but UVB photons
are one thousand times more capable of causing sunburn than UVA
and increase considerably in the summer [1]. UVA is thought to
play a crucial role in photoaging and causes epidermal hyperplasia,
stratum corneum thickening and the synthesis of inflammatory
cytokines and metalloproteinases (MMPs) [2,3]. Meanwhile, UVB
causes sunburn, sun tanning, pigmented spots and wrinkles and
accelerates skin aging.

* Corresponding author. Tel.: +34 96 6658430; fax: +34 96 6658758.
E-mail address: vmicol@umbh.es (V. Micol).
! These authors have contributed equally.

http://dx.doi.org/10.1016/j.jphotobiol.2014.04.007
1011-1344/© 2014 Elsevier B.V. All rights reserved.

sic skin aging and accounts for most age-related changes in skin
appearance [4]. The molecular mechanism of photoaging is mostly
triggered by ROS-mediated activation of cell surface receptors lead-
ing to stimulation of stress-associated kinase pathways, which are
mediated by protein 1 (AP-1) nuclear transcription factor [5]. This
factor prompts prostaglandin release, keratinocyte proliferation
and a loss of collagen synthesis [6]. ROS also lead to the activation
of NF-xB transcription factor, which induces the expression of pro-
inflammatory cytokines and metaloproteinases (MMPs). Finally,
ROS-induced mitochondrial DNA deletions compromise mitochon-
drial function [4]. All these factors together with direct protein oxi-
dation contribute to accelerate extracellular matrix degradation.
Although UVA is suspected to play a major role in photoaging,
UVB activates AP-1 and causes direct DNA damage, inflammation,
immunosuppression, angiogenesis and elastin degradation.

Major protective systems in human skin cells are the natural
pigment melanin, which absorbs and scatters UV radiation, and
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skin cells’ antioxidant enzymes (catalase, superoxide dismutase
and glutathione peroxidase) [4]. Moreover, p53 protein plays a cru-
cial role in UVB protection, acting as a transcription factor that con-
trols genes involved in the cell cycle, apoptosis and DNA repair [7].

Human skin is inadvertently exposed to approximately 2/3 of the
cumulative erythemal ultraviolet (UV) dose/year when no topical
protection is used [8]. Therefore, beyond topical sunscreen protec-
tion when consciously exposed [9], photoprotection by dietary
compounds via endogenous delivery to the skin may significantly
contribute to lifelong protection of skin health. Several plant phyto-
chemicals have been found to be effective in preventing UV-induced
DNA oxidative damage through a ROS scavenging mechanism
in vitro and in animal models [ 1]. Rosmarinic acid [10-12], a pheno-
lic acid derivative, the isoflavone genistein [13] and silibin from
milk thistle [14] have exhibited skin protective effects against
UVB-induced ROS on mice and cell models through p53 activation
and decreased DNA damage. Chrysin (5,7-dihydroxyflavone) atten-
uates apoptosis, ROS generation and cyclooxygenase 2 (COX-2)
expression and diminishes aquaporin-3 downregulation induced
by UVB and UVA [15]. Rosemary diterpenes display strong in vitro
antioxidant and anti-inflammatory effects, together with in vivo
skin protective effects [16-18], and forskolin protects keratinocytes
from UVB-induced apoptosis independently of melanin content
[19].

In the present study, a specific combination of a rosemary
extract, enriched in polyphenols and diterpenes, and a citrus biofl-
avonoid extract, containing flavonoids, was used for the first time to
inhibit UVB’s harmful effects on human keratinocytes. The capacity
of this combination to decrease UVB-mediated cell death, ROS for-
mation and DNA damage in human keratinocytes, and genotoxicity
induced by X-rays in human lymphocytes, was assessed. A human
intervention study using 250 mg of this combination by oral admin-
istration for three months was also established to determine the
capacity of the ingredient to increase the minimal erythema dose
(MED) of the volunteers upon UV exposure.

2. Materials and methods
2.1. Materials

The human keratinocytes HaCaT (a spontaneously immortal-
ized cell line) were obtained from CLS Cell Lines Service GmbH
(Eppelheim, Germany). Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS) and penicillin-streptomycin
were obtained from Gibco® (Life Technologies Co., Europe). Phyto-
hemagglutinin, cytochalasin B (Cyt B) and the rest of the reagents
were purchased from Sigma-Aldrich (Europe).

2.2. Extracts

Herbal extracts were kindly provided by Monteloeder, Inc. Cit-
rus extract, obtained from immature grapefruit, was enriched in
citrus bioflavonoids as declared by the manufacturer and showed
a phenolic content of 22.57 + 2.65 expressed as GAE (gallic acid
equivalents)/100 g dry weight (dw). The rosemary extract con-
tained phenolic compounds and diterpenes, as declared, and a phe-
nolic content of 57.16 + 1.25 GAE/100 g dw was determined. The
combination of extracts (NutroxSun®) used in the cellular assays
and the human intervention study contained the two extracts at
a 1:1 ratio and had a phenolic content of 36.32 +3.91 GAE/100 g
dw. Powered extracts were stored at RT under controlled humidity
conditions in a desiccator. Rosemary extract was dissolved into
sterile distilled water and citrus extract and the combination were
dissolved into DMSO at desired concentrations. Solutions were
sterile filtered and freshly prepared for every cellular assay.

2.3. Keratinocyte cell culture

HacaT cells were grown in DMEM with 10% (v/v) FBS and 1% (v/v)
penicillin-streptomycin (0.1 mg/ml penicillin and 100 U/ml
streptomycin) in a humidified atmosphere with CO, (5% v/v) at
37 °C. The HaCaT cells were trypsinized every third day, following
the manufacturer’s instructions, and seeded in 96- or six-well plates,
depending on the assay.

2.4. Treatment of cells, UVB irradiation and MTT survival assay

Cells were cultured in 96-well plates and maintained in med-
ium for 24 h. For treatments, cells at 50-70% confluence were
washed with phosphate-buffered saline (PBS) and treated with
PBS containing the selected extract (12.5-100 pig/ml, no toxicity
was observed at these concentrations), followed by treatment with
UVB light emitted from a Bio-Link Crosslinker BLX-E312 (Vilber
Lourmat, France) at 800 or 1200 ]J/m? [20]. Afterward, the PBS
was replaced with fresh medium, and the cells were incubated
for 72 h for viability assays or for 2 h for comet or ROS assays.
The MTT assay was used for determining cellular viability [21].
The cell protection level was calculated as the percentage of cell
viability recovered under a certain condition, where 100% was
the difference between non-irradiated cells and irradiated cells in
the absence of the extract.

2.5. Total phenolic content determination

Total polyphenolic content was determined using the Folin-
Ciocalteu method, using gallic acid as the standard [22,23].

2.6. ROS generation evaluation

2',7'-Dichlorodihydrofluorescein diacetate (H,DCFDA) (Molecu-
lar probes®, Life Technologies Co., Europe) was used to monitor
the intracellular ROS generation induced by UVB radiation [21].
Promptly, cells were cultured in a 96-well black plate until 90-
100% confluence was reached. The cells were then treated with a
thin layer of PBS containing the combined extract (75-100 pg/ml),
followed by treatment with UVB light (800 or 1200 J/m?) and
labeled with H,DCFDA.

2.7. Single-cell gel electrophoresis (comet assay)

Comet assay was essentially performed as previously reported
[11]. A total of 50 nuclei by duplicate were utilized for determina-
tion of Comet score. The gels were analyzed by fluorescence
microscopy (Nikon Eclipse TE2000U). DNA damage was quantified
as described in Supplementary information section.

2.8. Cytokinesis-blocked micronucleus (CBMN) assay and genotoxicity

Human whole blood samples were obtained and treated in the
presence and in the absence of the extracts and exposed to 2 Gy
doses of X-rays (see Supplementary information for details). After
X-irradiation, the micronucleus assay was performed on the irradi-
ated lymphocytes using a reported CBMN method [24,25], adapted
by the International Atomic Energy Agency (2011).

2.9. Human intervention study

The human intervention assay was developed on 10 healthy
human volunteers by EVIC HISPANIA, Centro Experimental de
Evaluacién Cutdnea, S.L. (Spain) to study the protective activity of
the combination (NutroxSun®) after oral ingestion by the calcula-
tion of MED at different times (reference code 10-0266/0).
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The compliance of the product with the European regulations in
force was guaranteed after reviewing the procedure, undertaking
letter, informed consent and previous documentation on the tested
product (see Supplementary information for details).

2.10. Statistical analysis

The data were expressed as the mean + SD of 4-8 determina-
tions, depending on the assay. One-way analysis of variance
(ANOVA) and statistical comparisons of the different treatments
were performed using Tukey’s test in GraphPad Prism version 5.0
(GraphPad Software). In the CBMN study, the degree of depen-
dence and correlation between variables was assessed using
ANOVA complemented by a contrast of means (p<0.05). For
human intervention study, a Student’s ¢ test for paired series was
used.

3. Results and discussion

3.1. Effects of the combined extract and its individual components on
the viability of HaCaT cells exposed to UVB

To study the protective effects of citrus and rosemary extracts
and that of their combination, HaCaT cell viability after UVB irradi-
ation (800 or 1200 J/m? dose) in the presence of the extracts, was
determined using the MTT assay (Fig. 1). At 800 J/m?, the presence
of citrus extract steadily increased cell protection until saturation
observed approximately at 50 pg/ml (Fig. 1A). A level of maximum
protection of approximately 40% was reached compared with a
control irradiated in the absence of the extract. When the UVB dose
was increased to 1200 J/m?, protection gradually increased with
extract concentration until reaching a similar level of protection,
i.e, 50%, but at higher concentrations (100 pg/ml). Rosemary
extract exerted a lower level of protection than citrus extract, espe-
cially at high radiation dose (Fig. 1B). Levels of protection of 30%
and 13% were observed at 800 and 1200 J/m?, respectively, at the
maximum extract concentration assayed (100 pg/ml).

The dissimilar polyphenolic compositions of citrus and rose-
mary extracts might provide with complementary protective
mechanisms by reaching different cellular targets. To test this
hypothesis, a mixture at a 1:1 ratio was evaluated in UV protection
assays, as previously described, in a concentration range of 12.5-
100 pg/ml (Fig. 1C). The combination showed a higher level of pro-
tection at all concentrations compared with individual citrus or
rosemary extracts. When cells were exposed to 800 J/m?, the com-
bined extracts promoted a significant level of protection upon an
increase in extract concentration, reaching a protection level of
70% at the highest concentration used. At 1200 J/m?, the combina-
tion was also extremely potent and reached a nearly 60%
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protection level at 100 pg/ml compared with cells irradiated in
the absence of it. When protection levels were compared at
800]J/m? (Supplementary Table 1), citrus and rosemary extracts
at 50 pg/ml accomplished 40% and 13% protection, respectively
(a theoretical additive effect of 53%). However, the combined
extract achieved 70% protection at 100 pg/ml (which contained
50 png/ml of each extract). These results indicate that the combina-
tion of citrus and rosemary extracts provided stronger protective
effects in the cell model than the sum of the formulation’s separate
components. An even more striking result was observed when cells
were irradiated with a 1200 J/m? dose. The combination achieved
60% protection at 100 pg/ml, whereas individual citrus and rose-
mary extracts at 50 pg/ml accomplished 13% and 5%, respectively.
Detailed protection percentages for every concentration and
extract are shown in Supplementary Table 1. These results strongly
support the hypothesis that both extracts act synergistically in
photoprotection since the combination exhibited better protection
results than the sum of the effects of the individual components.
Synergic effects have been previously described for plant polyphe-
nols in order to explain abnormally enhanced antimicrobial, anti-
oxidant and hypotriglyceridemic activities [21,26].

The rosemary polyphenols rosmarinic acid, carnosic acid and
carnosol have been postulated to be effective agents for attenuat-
ing cell-damaging effects against UV radiation and also ionizing
radiation [10-12,27,28]. Moreover, naringenin, a citrus bioflavo-
noid, was able to increase the survival of UVB-irradiated keratino-
cytes [29]. Nevertheless, the current study is the first one to report
the synergic effect between these plant compounds. Rosemary and
citrus polyphenols show a significant absorption within UVB range,
so it seems reasonable to assume that part of their protective effect
is based on a direct absorption and scattering of UVB radiation.
Nevertheless, since some of these compounds may rapidly reach
intracellular targets, we propose that they may be able to scavenge
superoxide radical anions (0,), hydroxyl radicals (‘OH) and lipop-
eroxy radicals (R-00'), which subsequently generate DNA damage
and protein oxidation. Due to these preliminary results in a cell
model, the combined extract was selected for further assays in
which the formulation’s capability to attenuate specific harmful
effects related to photoaging, such as ROS generation and DNA
damage, were analyzed.

3.2. Antioxidant activity and attenuation of ROS generation in UVB-
irradiated HaCaT cells by rosemary and citrus combined extract

Intracellular ROS are one of the most damaging effects of both
UVB and UVA radiations on skin, with subsequent damage to lipids,
proteins and mitochondrial and nuclear DNA. Both citrus bioflavo-
noids and rosemary compounds have well-documented ROS-scav-
enging capacity in several models, including human skin cells.

Bl Non-irradiated
3 800 J/m2
Bl 1200 J/m2

Cc

pg/ml

ug/ml

ng/ml

Fig. 1. Survival of human keratinocytes after irradiation with 800 or 1200 J/m? UVB in the presence of citrus extract (A), rosemary extract (B) or the combination of both (C).
The data are expressed as the mean of 6-8 replicates + SD. *(p < 0.05), **(p < 0.01) and ***(p < 0.001) indicate statistically significant differences compared with an irradiated

sample in the absence of the extracts.
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Naringenin inhibits apoptosis and pyrimidine dimers upon UVB
radiation [29]. Several rosemary compounds have shown a potent
radical-scavenging capacity, primarily against lipid peroxidation
[16], and the prevention of UV-induced ROS generation and MMP
expression by carnosic acid has been reported [30].

To study the potential protective effect of the combination of
extracts on the intracellular ROS generation induced by UVB radi-
ation, cells were exposed to UVB at an 800 or 1200 J/m? dose in the
presence of two different concentrations of the combined extract.
ROS generation was then measured with H,DCFDA, a fluorescent
probe that becomes fluorescent when oxidized by free radicals
and that is especially sensitive to H,0,, ‘OH and peroxynitrite at
the intracellular level [31]. Fig. 2 shows the ROS generation in
HacCaT cells after UVB radiation in the absence and in the presence
of various concentrations of the combined extract. As observed, a
certain fluorescence signal was observed due to basal metabolism
of HaCaT cells in the absence of irradiation and extract supplemen-
tation (black bar). When cells were irradiated either with 800 J/m?
or 1200]J/m? in the absence of the extract, fluorescence signal
showed a significant increase of 36% and 62%, respectively, com-
pared with basal condition (0%) due to UVB-induced ROS genera-
tion (p<0.001). Although UVA is more effective in inducing
oxidative damage [4], these results strongly demonstrate that
UVB is able to produce ROS species at intracellular level in cell
model. In contrast, when cells were irradiated with 800 J/m? in
the presence the combined extract, fluorescence intensity
decreased significantly (p < 0.001) as concentration increased com-
pared to irradiated and non-treated cells, i.e., 42% ROS decrease at
75 pg/ml and 50% ROS decrease at 100 pg/ml of the combined
extract. The capacity of the combination to inhibit ROS generation
was even stronger at 1200]/m? UVB dose, showing 64% ROS
decrease at 75 pg/ml and 71% ROS decrease at 100 pg/ml of the
combination compared to irradiated and non-treated cells. Besides
the evident UVB absorption capacity of the polyphenols present in
the combination, these results clearly indicate that an additional
mechanism of the combined extract photoprotective properties
may be related to its capacity to decrease the generation of intra-
cellular radical species such as H,0,, ‘OH or peroxynitrite, which
have been directly linked to DNA oxidative damage [32].

3.3. Effects of the combined extract on UVB-induced DNA damage

To confirm the hypothesis that inhibition of UV-induced
intracellular ROS was concomitant with a certain level of DNA
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Fig. 2. Measurement of UV-induced ROS generation using H,DCFDA fluorescent
probe. Total fluorescence is expressed as arbitrary units. The data are expressed as
the mean +SD. The black bar indicates the fluorescence signal under basal
conditions in the absence of irradiation (0%). “*(p <0.001) indicates significant
differences compared with irradiated cells at the same UVB dose in the absence of
the extract combination.

protection, we studied the level of nuclear DNA damage in individ-
ual cells exposed to UVB using the comet assay. Fig. 3 shows rep-
resentative pictures of the effect of combined extract on comet
electrophoresis gels for HaCaT cells that were either irradiated at
1200 J/m? or non-irradiated and the corresponding gels’ quantifi-
cation. The incubation of human keratinocytes with 100 pg/ml of
combined extract did not significantly affect the comet score when
cells were not irradiated (Fig. 3C) compared with the control
(Fig. 3B), indicating the absence of genotoxicity for the extract.
When control cells were irradiated, the comet score increased con-
siderably (Fig. 3D) indicating an increased DNA damage. In con-
trast, the presence of 100 pig/ml of the combined extract (Fig. 3E)
significantly reduced the DNA damage (p < 0.05), i.e., by 26% com-
pared with irradiated and untreated cells. Therefore, our results
reveal that the combination of rosemary and citrus extracts can
decrease the number of UV-induced DNA breaks and hence either
attenuates the genotoxic effects of UV radiation or protects the
DNA repair machinery.

UVB acts on the epidermal basal cell layer of the skin; is
absorbed by chromophores (such as DNA, RNA, proteins and mel-
anin); and has been experimentally demonstrated to cause DNA
damage, pyrimidine dimers, 8-OHdG formation, p53 induction,
protein oxidation and the generation of ROS [33,34]. Incorrect
repair of these lesions leads to mutations, which may cause the
development of cancer cells [35]. The excited oxygen electrons of
the ROS induced by UVB alter the red/ox state of the cell and also
damage mitochondria, inducing apoptosis and tissue injury and
contributing to altered cell growth and differentiation or to the
development of skin cancer [33,36]. Considering all of the above
mentioned in vitro evidence, i.e., the cell survival increase and
the decrease in intracellular ROS generation and DNA damage by
the combined extract, we suggest that the combination of rose-
mary and citrus extracts may be able to attenuate further major
events leading to photoaging and skin cancer.

3.4. The genoprotective effects of combined extract against X-ray-
induced ROS and DNA damage

Ionizing radiation generates reactive oxygen and nitrogen spe-
cies within minutes of exposing cells to radiation, leading to com-
promised mitochondria viability, MAPK pathways activation and
DNA damage [37]. Therefore, we have used X-ray as a model to test
whether the combination of the extracts would be able to protect
against a massive generation of radical species induced by X-ray
exposure through micronuclei (MN) measurement.

Human whole-blood samples were X-ray-irradiated in the pres-
ence or absence of combined extract, and the number of lympho-
cytes bearing MN was determined after cell culture. When whole
blood was exposed to 2 Gy in the absence of the combined extract,
the number of lymphocytes bearing MN increased considerably
compared with non-irradiated cells (Fig. 4). In contrast, combined
extract caused a significant reduction of MN/500 CB frequency
(p<0.001) when administered either before or after irradiation
(Fig. 4) compared with irradiated and non-treated cells. The pro-
tection factor exhibited a value of 39% protection when the com-
bined extract was utilized before irradiation and 32% protection
when the combined extract was used immediately after irradia-
tion. These results agree with those obtained in the comet assay
and corroborate the genoprotective and antimutagenic capacity
of rosemary and citrus extracts combination against both UV-
induced DNA damage and X-ray-induced ROS/RNS formation and
subsequent chromosomal damage. The mechanism of this protec-
tion is most likely based on the capacity of the compounds present
in the combination to scavenge the massive number of free radicals
generated by X-ray, which leads to chromosomal aberrations.
It has been postulated that both hydrophilic and lipophilic
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Fig. 3. Rosemary and citrus combination decreases UVB-induced DNA strand break formation in HaCaT cells (A). Keratinocytes were treated with the combination (100 pg/ml)
and exposed to UVB (1200 J/m?). To evaluate DNA damage, 50 cells (nuclei) per slide were analyzed. Total damage was expressed in arbitrary units and determined as described
in the materials and methods section. Control consisting of non-irradiated HaCaT cells (B), non-irradiated cells in the presence of the combination (100 pg/ml) (C), irradiated
cells at 1200 J/m? (D) and irradiated cells in the presence of the combination (100 pg/ml) at 1200 J/m? (E). The data are expressed as the mean + SD. *(p < 0.05) indicates

significant differences compared with irradiated cells in the absence of the combination.
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Fig. 4. Influence of rosemary and citrus combination administered before or after
X-ray irradiation on the frequency of MN in irradiated and non-irradiated human
lymphocytes. The number of MN was expressed in arbitrary units and determined
as described in the materials and methods section. The data are expressed as the
mean + SD. ***(p < 0.001) indicates significant differences compared with irradiated
and non-treated cells.

antioxidants from rosemary protect human lymphocytes from
gamma-radiation when added before irradiation due to their
capacity to eliminate the massive generation of superoxide anion
and hydroxyl radicals upon irradiation. Interestingly, only oil-solu-
ble antioxidants such as rosemary diterpenes seem to protect after
irradiation probably due to their capacity to inhibit lipid peroxida-
tive processes leading to chromosomal oxidative damage [27,28].
Therefore, we propose that the lipophilic antioxidants are the
major contributors to DNA protective effect after irradiation, and
that both, hydrophilic polyphenols and lipophilic antioxidants,
contribute to the increased protection when added before
irradiation.

3.5. Human intervention study results

To test the photoprotective efficacy of the combined extract,
a human intervention study was performed by the oral

100+
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1 29 57 85
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Fig. 5. Evaluation of the average MED of human volunteers measured at days 29, 57
and 85 of receiving the dietary supplement containing the combination compared
with the starting value. The data are expressed as the mean + SD. “(p <0.05) and
**(p < 0.01) indicate significant differences compared with the first day.

administration to volunteers for whom the MED was determined
after exposure to UV radiation. Details of the study protocol and
MED variation results are described in the materials and Supple-
mentary sections. None of the volunteers discontinued oral
administration, so no exclusions were considered. The average
results for MED variation during the trial are shown in Fig. 5.
No significant differences in the MED value were by day 29th
of consumption of combined extract compared with the initial
values (p = 0.429). In contrast, at the day 57th of treatment, a sig-
nificant increase in the MED was observed (34%, p < 0.05), indicat-
ing that after approx. eight weeks of oral ingestion of the
combined extract, higher doses of UV radiation were needed to
cause an erythematous skin reaction. The MED also increased after
85 days of treatment (56%, p <0.01), indicating that longer oral
treatments can improve UV protection effects. Long treatments
with the supplement can most likely maintain steady-state
systemic concentrations of active metabolites that protect skin
cells from the inflammatory reaction appearing after UV radiation.
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Several studies have reported the capacity of dietary supple-
ments to prevent UV-induced skin damage in human volunteers.
The oral consumption of B-carotene (90 mg/d) for 24 weeks
resulted in a modest increase in the MED [38,39], as for high daily
doses of o-tocopherol (1000-30001U) and ascorbate (2-3g)
[40,41]. An increase in the MED by 15% after the consumption of
a combination of lycopene and a probiotic for six weeks has also
been reported [42]. A high dose of squalene (13.5-27 g/day) for
90 days showed significant effects on photoprotection after mea-
surements of skin biopsies [43]. In contrast, a combination of
carotenoids, vitamins C and E and proanthocyanidins did not show
significant differences in the MED compared with a placebo, but a
significant decrease in MMP-1 and MMP-9 was observed in the
group receiving the supplement [44|. Considering the reported
Folin values, daily dose of total polyphenols in the combination
used in the present human trial was approximately 100 mg, which
supposes a very reasonable and safe antioxidants dose, and much
lower compared to most of the abovementioned studies. In most
studies on photoprotection based on nutritional ingredients, there
is a time frame of approximately 6-10 weeks until protection
against erythema becomes significant [8]. This data that reveals
relatively long consumption periods is in agreement with our
results, which show that the oral ingestion of a combination of
rosemary and citrus extracts for eight weeks provides improved
protection against UV-induced erythema. The most likely reason
for this behavior seems to be that skin biological turnover requires
several weeks to incorporate photoprotective nutrients.

In conclusion, although rosemary and citrus extracts have indi-
vidually demonstrated cellular protective properties against the
damaging radical species induced by UVB radiation, the extract
combination used in this study showed a synergistic behavior in
increasing the survival of human keratinocytes. The combination
drastically decreased the generation of UVB-induced intracellular
ROS and was also capable of preventing UV-induced DNA damage
in the comet assay, which may contribute to decrease the risk for
further skin disorders. Combination also showed genoprotective
and antimutagenic properties in a model for massive generation
of radical species using ionizing radiation. Finally, the photoprotec-
tive properties of this combination were corroborated in human
volunteers through a 37% increase in the MED (p < 0.05) after eight
weeks of oral ingestion, and even stronger MED increase after
twelve weeks (56%, p <0.01). This study is the first to show that
the oral ingestion of a combination of rosemary and citrus extracts
can reduce some molecular events related to skin photodamage,
such as intracellular ROS generation and DNA damage. The results
may contribute to understand how dietary polyphenols may pro-
vide a skin protective effect against UV, further than the daily
use of topical sunscreens.
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Article history: In recent years, the green microalgae Neochloris oleoabundans have demonstrated to be an interesting natural
Recegved _24 Fel?ruary 2016 source of carotenoids that could be used as potential food additive. In this work, different N. oleoabundans ex-
Received in revised form 23 May 2016 tracts obtained by pressurized liquid extraction (PLE) have been analyzed in depth to evaluate the influence of
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different culture conditions (effect of nitrogen, light intensity or carbon supplied) not only on the total carotenoid
content but also on the carotenoid composition produced by these microalgae. Regardless of the cultivation con-
ditions, lutein and carotenoid monoesters were the most abundant carotenoids representing more than 60% of
the total content in all extracts. Afterwards, the effect of the different N. oleoabundans extracts and the dose-effect
of the most potent algae extracts (namely, N9, PS and CO, (—)) on the proliferation of human colon cancer cells
lines (HT-29 and SW480) and a cell line established from a primary colon cancer cell culture (HGUE-C-1) were
evaluated by an MTT assay whereas a stepwise multiple regression analysis was performed to get additional ev-
idences on the relationship between carotenoid content and the antiproliferative activity. Results revealed that,
asa general trend, those extracts with high total carotenoid content showed comparably antiproliferative activity
being possible to establish a high correlation between the cell proliferation values and the carotenoid constitu-
ents. Monoesters showed the highest contribution to cell proliferation inhibition whereas lutein and violaxanthin
showed negative correlation and diesters and zeaxanthin showed a positive significant contribution to cell
proliferation.
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1. Introduction

Nowadays, cancer constitutes one of the leading causes of death.
Cancer research has been mainly focused on the search for curative
treatments, and few studies have aimed to develop preventive strate-
gies that can be useful in the long period of carcinogenesis of the tumors.
This period is suitable for employing chemopreventive strategies based
on the use of natural, synthetic or biological substances to reduce the
risk of developing a cancer (Talero et al., 2015). In this regard, the explo-
ration of compounds from natural sources with health effects with the
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aim of developing a new functional food or nutraceutical is an intense
field of research.

Marine environment, which contains a vast array of organisms (bac-
teria, cyanobacteria, fungi, algae, microalgae or small invertebrates with
unique biological properties), represents a huge and underutilized nat-
ural source to isolate bioactive compounds to be used in the food and
pharmaceutical industries. Among all the marine sources, microalgae
have raised an enormous interest. These microorganisms may be used
as natural bioreactors since depending on the cultivation conditions
they are able to stimulate the synthesis of compounds with health ef-
fects, including carotenoids (Herrero, Mendiola, Castro-Puyana, &
Ibéfiez, 2012; Ibafiez & Cifuentes, 2013). In fact, contents up to 10% ca-
rotenoids (w/w) have been described in some microalgae species and
may be of high interest as source of pure carotenoids (Guedes, Amaro,
& Malcata, 2011). The beneficial effects of carotenoids as antioxidant
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compounds are well documented. Moreover, they have been also asso-
ciated with relevant bioactivities such as lower risk of coronary heart
diseases and prevention of cancer. Several studies have demonstrated
the antiproliferative activity of carotenoids, such as violaxanthin, zea-
xanthin, lutein or fucoxanthin, isolated from microalgae against differ-
ent cancer cells (Cha, Koo, & Lee, 2008; Christaki, Bonos, Giannenas, &
Florou-Paneri, 2013; Guedes et al., 2011; Moghadamtousi et al., 2014;
Pasquet et al,, 2011). A key point to carry out these analyses is obviously
the extraction of carotenoids from the microalgae. From the viewpoint
of the extraction processes, the new challenges involve the develop-
ment of green and sustainable processes which enable a fast, selective
and efficient extraction and isolation of bioactive compounds from nat-
ural matrices (Barba, Grimi, & Vorobiev, 2015; Herrero & Ibaiiez, 2015;
Rosell6-Soto et al., 2015). In this regard, advanced extraction techniques
based on the use of compressed fluids (Supercritical Fluid Extraction
(SFE), pressurized liquid extraction (PLE)) (Herrero, Castro-Puyana,
Mendiola, & Ibafiez, 2013) and the employment of new strategies
based on ultrasound-assisted extraction (Parniakov, Apicella, et al.,
2015) and pulsed electric field assisted extraction (Parniakov, Barba,
et al, 2015a; Parniakov, Barba, et al., 2015b) are among the most prom-
ising techniques. These techniques are considered alternative processes
to extract nutritionally valuable compounds from microalgae while
complying with green chemistry principles and sustainability. Among
them, PLE (technique based on the extraction at high temperatures
(usually above the boiling point of the solvent) and pressures that main-
tain the solvent in the liquid state during the extraction) has demon-
strated being an interesting alternative to extract carotenoids from
different microalgae such as Haematococcus pluvialis, Dunaliella salina,
Chlorella vulgaris, Spirulina platensis, etc. (Cha et al., 2010; Denery,
Dragull, Tang, & Li, 2004; Herrero, Jaime, Martin-Alvarez, Cifuentes, &
Ibafiez, 2006; Jaime et al., 2005; Jaime et al., 2010; Plaza et al., 2012). Re-
cently, PLE has also been successfully applied to the extraction of carot-
enoids from Neochloris oleoabundans (Castro-Puyana et al., 2013).
Besides the production of lipids, N. oleoabundans has recently demon-
strated its potential to accumulate relevant amounts of carotenoids
when it is grown under certain conditions so that it can be considered
as a novel source of natural carotenoids (Castro-Puyana et al., 2013;
Chue et al., 2012; Goiris et al., 2012; Urreta et al., 2014).

Considering that microalgae structure has a marked influence in cell
disruption and thus in the degree of extraction of intracellular valuable
compounds, extraction conditions should be optimized targeting the
compounds of interest. In this sense, it is important to focus not only
on the family of compounds of interest, for instance carotenoids, but
also on the specific compounds responsible for a described bioactivity.
Therefore, it is crucial also to perform an in depth chemical characteriza-
tion, using potent analytical techniques, of the compounds present in
the bioactive extracts and to correlate them with the associated
bioactivity.

Therefore, the aim of this work was to study the composition and
content of carotenoids in different N. oleoabundans extracts obtained
by PLE in order to evaluate the differences in the type and amount of ca-
rotenoids produced when different culture conditions (effect of nitro-
gen, light intensity or carbon supplied) are employed. Furthermore,
the activity of the different N. oleoabundans extracts against two colon
cancer cell lines and one primary colon cancer cells was also investigat-
ed to establish correlations between not only the carotenoid content but
also carotenoid constituents and their antiproliferative activity.

2. Material and methods
2.1. Chemicals and reagents

Ethanol was supplied by Panreac Quimica (Barcelona, Spain). Meth-
anol, methyl tert-butyl ether (MTBE), hexane, and acetone were obtain-

ed from LabScan (Gliwice, Poland). Sea sand was from VWR (Leuven,
Belgium). Standard samples of 3-carotene, lutein, chlorophyll a (from

Anacystis nidulans algae), and chlorophyll b (from spinach) were obtain-
ed from Sigma-Aldrich (Madrid, Spain), whereas astaxanthin
monopalmitate and astaxanthin dipalmitate were purchased from
CaroteNature GmbH (Lupsingen, Switzerland).

2.2. Samples

Neochloris oleoabundans (UTEX#1185) was obtained from the cul-
ture collection of algae at the University of Texas (Austin, TX, USA).
Modified Bold's Basal Medium (BBM) was used as medium for cultiva-
tion (Andersen, Berges, Harrison, & Watanabe, 2005). Cultures were
established in BBM containing 9 mM KNOs until cell reached optical
density (OD 660 nm) of 5.0. Aliquots of 200 mL were centrifuged
(520 x g during 5 min), washed with distilled water once and used as in-
oculum in three consecutive experiments aimed to study the effect of
nitrogen, light and CO, in the carotenoid and chlorophyll cellular
content.

All the experiments were carried out in a culture chamber at 24 +2°
C, under 16-h photoperiod. Cultures were grown in batch mode, using
9-cm wide glass reactors containing a working volume of 1 L and sub-
jected to continuous stirring by bubbling air at a constant flow rate.

To evaluate the effect of nitrogen, cultures were grown in BBM sup-
plemented with KNO5 (used as nitrogen source) at concentrations of 3,
6 and 9 mM (samples N3, N6 and N9, respectively). Pure CO, was sup-
plied automatically to the bubbling air for 30 s every 10 min to maintain
the pH below 8 and ensure carbon sufficiency. The incident light inten-
sity on the reactor surface was 400 pmol photons m~2 s~ (Philips TLD
58 W).

To determine the effect of light intensity, cultures were grown in
BBM supplemented with 3 mM KNO5 and subjected to two different in-
cidentlightintensities on the reactor surface: 240 pmol photonsm~2s~!
1 (sample LL) and of 400 pmol photons m~2 s~ ! (sample HL). Pure CO,
was automatically supplied as is described above.

The effect of carbon supply was investigated in cultures grown in
BBM supplemented with 3 mM KNO3 and under an incident light inten-
sity of 400 umol photons m~2 s~ ! which were cultivated suppressing
the CO, addition during cultivation (sample CO, (—)) or supplementing
CO, automatically as is described above (sample CO, (+)).

In all of the above experiments, cells were harvested by centrifuga-
tion (520 xg, 5 min) 6 days after reaching the stationary phase of
growth, which was induced by the depletion of the initially supple-
mented nitrogen, as described in Urreta et al. (Urreta et al., 2014). The
obtained algal biomass was pre-frozen at —20 °C, lyophilized and
stored under dry and dark conditions until further use.

In addition to those samples described above, other two samples
were included in this study. The first of them was obtained from cul-
tures grown in MBB medium at 3 mM KNOs, using an incident light in-
tensity of 400 umol photons m~2 s~ ' and with automatic injection of
CO,, (therefore under similar culture conditions than those used for
samples N3, HL and CO, (+)). In this case, cells were harvested
10 days after reaching the stationary phase of growth instead of after
6 days (sample D10).

The last sample (sample PS) was collected from a culture operated at
pilot plant scale which was used to reproduce the culture conditions
corresponding to sample N3, therefore grown with 3 mM KNOs,
400 umol photons m~2 s~ ! of light intensity and automatic supply of
CO,, until 6-days after reaching the stationary phase of growth. This cul-
ture was grown in a 30-cm wide tubular photo bioreactor with a work-
ing volume of 40 L.

2.3. Pressurized liquid extraction (PLE)

Before PLE, between 1.2 and 2.5 g of lyophilized algae samples were
treated by 3 cycles of cryogenic grinding using a Mixer Mill CryoMill
(Retsch, Haan, Germany) to break down the cell wall to obtain the
highest extraction yield. Three steps were carried out in each cycle:
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precooling (frequency 1/s = 5 during 2 min), grinding (frequency 1/
s = 20 during 3 min) and intermediate cooling (frequency 1/s = 5 dur-
ing 1 min), as previously described (Castro-Puyana et al., 2013). PLE ex-
tractions of pre-treated samples were performed using an accelerated
solvent extractor (ASE 200, Dionex, Sunnyvale, CA, USA). Extractions
were carried out using ethanol as solvent at 100 °C and 20 min as static
extraction time, as suggested in Castro-Puyana et al. (2013). An extrac-
tion cell heating-up was applied during 5 min prior to each extraction
(time fixed by the system). All extractions were done (in duplicate)
using 11 mL extraction cells at 1500 psi containing 0.6 g of algae
mixed homogenously with 2 g of sea sand. In addition, these samples
were introduced inside the cell between sand layers in a sandwich-
like format. The extracts obtained were protected from light and stored
under refrigeration until HPLC analysis.

To carry out the antiproliferative activity assay, the extracts were
evaporated with a Rotavapor R-210 (Biichi Labortechnik AG, Flawil,
Switzerland). Dry extracts were dissolved in dimethyl sulfoxide
(DMSO, Sigma-Aldrich) at 125 mg/mL, and stored as aliquots at —80 °
C until use.

2.4. Quantification of carotenoids and chlorophylls by LC-DAD

Carotenoid and chlorophylls content in the extracts was determined
by HPLC employing an Agilent HP 1100 series liquid chromatograph
(Agilent Technologies, CA, USA) equipped with a DAD, and using a
YMC-C30 reversed-phase column (250 mm x 4.6 mm id, 5 um particle
size, YMC Europe, Schermbeck, Germany). The mobile phase was a mix-
ture of MeOH:MTBE:water (90:7:3 v/v/v) (A) and MeOH:MTBE
(10:90 v/v) (B) eluted according to the following gradient: 0 min, 0%
B; 20 min, 30% B; 35 min, 50% B; 45 min, 80% B; 50 min, 100% B;
52 min, 0% B. Flow rate was 0.8 mL/min, the injection volume was
10 pL, and detection was at 450 and 660 nm (recorded spectra
from 240 to 770 nm by DAD). For the calibration curve, standard
solutions of [3-carotene (ranging from 0.025 to 1 mg/mL), lutein (from
1.25 x 1073 to 0.04 mg/mL), astaxanthin monopalmitate and
dipalmitate (both ranging from 6.25 x 10~* to 0.04 mg/mL), chloro-
phyll a and chlorophyll b (both from 3.13 x 10~ to 0.2 mg/mL) were
prepared by appropriate dilution of the stocks and injected into the
LC-DAD instrument. Each standard was dissolved from a stock solution
(1-2 mg/mL) with different solvents, i.e. lutein, chlorophyll a, and chlo-
rophyll b were dissolved in ethanol, astaxanthin monopalmitate and
astaxanthin dipalmitate in hexane:acetone (1:1 v/v), and 3-carotene
in hexane. The linear regression equations for each standard curve
were obtained by plotting the amount of standard compound injected
against the peak area.

2.5. Cell culture conditions

Colon adenocarcinoma HT-29 and SW480 cells were obtained from
the IMIM (Institut Municipal d'Investigacié Médica, Barcelona, Spain)
and ATCC (American Type Culture Collection, LGC Promochem, UK), re-
spectively, and HGUE-C-1 was an established cell line derived from a
primary colon cancer cell line of a single primary human colon carcino-
ma at the Hospital General Universitario de Elche (Alicante, Spain). The
cells were grown in DMEM supplemented with 5% heat inactivated fetal
bovine serum, 2 mM L-glutamine, 50 U/mL penicillin G, and 50 pg/mL
streptomycin at 37 °C in a humidified atmosphere with 5% CO,. The
cells were trypsinized every three days according to the manufacturer's
instructions, and they were seeded in 96-well plates.

2.6. Antiproliferative activity assay

To study the effect of N. oleoabundans extracts on the proliferation of
HT-29, SW480 and HGUE-C-1 cell lines, the cells were seeded at a den-
sity of 5 x 10> cells/well, permitted to adhere overnight at 37 °C, and ex-
posed to algae extracts of 27, 83 or 250 pg/mL for 24 h. After incubations

in the presence of the extract, the cells were washed with PBS and incu-
bated with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium
bromide) for 3-4 h at 37 °C and 5% CO,. MTT is reduced to formazan by
the succinate dehydrogenase system of active mitochondria, and hence,
specifically used to assay for the viable cells as measurement of cell pro-
liferation. The medium was removed, and 100 pL of DMSO per well was
added to dissolve the formazan crystals. The plates were shaken for
15 min and analyzed by using a microplate reader (SPECTROstar
Omega, BMG LabTech GmbH, Offenburg, Germany) at 570 nm.

2.7. Statistical analysis

Data sets obtained from chemical analysis, as well as those obtained
from the antiproliferative activity assay were analyzed with one-way
analysis of variance (ANOVA) and Tukey's post hoc analysis at the
(p<0.05) significance level. To get additional evidences on the relation-
ship between carotenoid content and the antiproliferative activity, a
stepwise multiple regression analysis was applied. This approach was
applied to find predictive equations for the antiproliferative activity
with the carotenoids concentrations as the predictor variables. Regres-
sion (Beta) coefficients were analyzed to evaluate key variables for the
prediction of the antiproliferative activity. The magnitude of Beta coeffi-
cients allows comparing the relative contribution of each independent
variable in the prediction of the dependent variable. All the statistical
analyses were performed using statistical package Statistica 7.1
(StatSoft Inc., OK, USA).

3. Results and discussion
3.1. Analysis and quantification of carotenoids

Previous works have shown that N. oleoabundans can be considered
as a novel source of natural carotenoids when grown under certain con-
ditions (Castro-Puyana et al.,, 2013). Considering that different cultiva-
tion conditions (such as nitrogen concentration, light intensity and
carbon supply) have an important impact on the accumulation of carot-
enoids (Urreta et al., 2014), it is relevant a deeper analysis to know how
these conditions affect the type and amount of carotenoids produced.

Nine extracts marked as N3, N6, N9, LL, HL, CO, (—), CO; (+), D10,
and PS, were obtained from cultures of N. oleoabundans grown under
different controlled conditions (see Section 2.2) by PLE. Table 1 shows
the values of extraction yield (determined as extract dry weight/initial
dry weight expressed as a percentage) obtained for each algae extract,
which ranged from 23.4 to 35.5%.

To establish differences in the carotenoid and chlorophyll composi-
tion of each N. oleoabundans extract and to evaluate the influence of
the different nutritional and environmental factors in their production,
it is essential to carry out the chemical characterization of each extract
and an accurate quantification of each component.

The application of the LC-(APCI)-MS methodology previously de-
scribed (Castro-Puyana et al., 2013) provided information on the main
pigments (carotenoids and chlorophylls) found in the PLE extracts.
Fig. 1 depicts, as example, the chromatographic profiles (at a wave-
length equal to 450 nm) obtained for three different N. oleoabundans ex-
tracts (PS, N9, and CO, (—)). In spite all extracts have a similar
chromatographic profile, important differences were obtained in
terms of the amount of carotenoids and chlorophylls produced by N.
oleoabundans at the different cultivation conditions (Table 1).

The quantitation of carotenoids whose standards were no commer-
cially available was performed using as standards those with higher
similarity in terms of spectra and structure. In addition, a molecular-
weight-correction factor (determined by dividing the molecular weight
of the carotenoid to be quantified by that of the standard) was applied
to consider the difference in detector response (Chandra, Rana, & Li,
2001; Dhooghe et al., 2008). Thus, violaxanthin (peak 1), lutein (peak
3), canthaxanthin (peak 5), canthaxanthin related-compound (peak
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Table 1
Extraction yield, total amount of carotenoid and chlorophylls, and content of the main carotenoids identify in N. oleoabundans PLE extracts cultivated under different grown conditions.
Total
Total carotenoids ~ Violaxanthin  Lutein Zeaxanthin Canthaxanthin ~ Monoesters (3-Carotene Diesters chlorophylls
Extraction mg/g mg/g extract mg/g extract mg/g extract mg/g extract mg/g extract mg/g extract  mg/g extract mg/g
Sample  yield (%) extract (peak 2) (peak 5) (peak 7) (peak 8) (peaks 13-16)  (peak 17) (peaks 18-20)  extract
N9 297407 12949h 11.0¢ 62.6 %¢ 6.0 bde 13,6 9&h 163 *<df 174 desh 2,04sh 4274
N6 244410 14289 6.8°%8 46.3 ¢ 6.1 2bde 17.3 %% 403 ¢ 209 den 3.0°¢ 249°¢
N3 355408 7675 272befh 91 beh 5.5 2bdeh 53 20k 279" 11.430cfs 1 pabes 10.7 2beh
HL 336407 6207 2,02bethi 70 6.3 2bde 5.9 2befi 20,0 24 8.1 2bci 1.0 2P 7.6 *bch
LL 300407  66.1°f 3.13bcth 931 beh 2.8 cehi 7.6 17.52¢4 10430cfs g 2bel 11.8 2bekh
CO,(+) 266+07 626<F 3.5 abafh 269 12.8° 6.0 bk 12.7 “dte 03f 141
CO,(—) 263+10 113.88" 7.0 6229 308 16.2 de8 9.0% 13.5bedfgh 1 7bdegh 3898
PS 234407 1186" 2.9 2beth 247 Peth 3.3 beahi 13.190 53.1" 169 defsh - ppdsh 109 *beh
D10 328+ 0.8 452" 0.8 6.7' 2.0¢ehi 4.7 2bdi 226 6.1 0.9 #>¢ 23"

#IMeans in a column without a common superscript letter differ (p < 0.05), as analyzed by one-way ANOVA.
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Fig. 1. LC-UV chromatograms (450 nm) of three different algae extracts; PS, N9, and CO; -.
PLE conditions: cryogenic grinding pretreatment; temperature, 100 °C; static extraction
time, 20 min; extraction pressure, 1500 psi. Chromatographic conditions: YMC-C30
reversed-phase column (250 mm x 4.6-mm inner diameter, 5-um particle size);
mobile phase, methanol-MTBE-water (90:7:3 v/v/v) (solvent A) and methanol-MTBE
(10:90 v/v) (solvent B) eluted according to the following gradient: 0 min, 0% solvent B;
20 min, 30% solvent B; 35 min, 50% solvent B; 45 min, 80% solvent B; 50 min, 100%
solvent B; 52 min, 0% solvent B; flow rate, 0.8 mL/min; injection volume, 10 pL. Peak
identification: 1, violaxanthin; 2, chlorophyll b; 3, lutein; 4, zeaxanthin; 5,
canthaxanthin; 6, chlorophyll a; 7, canthaxanthin-related; 8, echinenone, 9-12,
monoesters; 13, 3-carotene; 14-16, diesters.

7) and echinenone (peak 8) were quantified using the calibration curve
of lutein; zeaxanthin (peak 4), 3-carotene (peak 13) and carotenoids
monoester others than astaxanthin (peaks 9 and 11) were quantified
using the calibration curve of 3-carotene; astaxanthin monoesters
(peaks 10 and 12) and diesters (peaks 14-16) were quantified using
the calibration curves of astaxanthin monopalmitate and astaxanthin
dipalmitate, respectively. On the other hand, chlorophyll b (peak 2)
and chlorophyll a (peak 6) were quantified using the calibration curves
of their respective standard solutions.

As mentioned, Table 1 shows the total carotenoids and chlorophylls
content along with the amount of the main carotenoids (violaxanthin,
lutein, zeaxanthin, canthaxanthin, monoesters, [3-carotene, and dies-
ters) obtained from the different N. oleoabundans cultures. As it can be
observed, regardless of the culture conditions employed, all the extract
analyzed contained between 3 and 19-times higher amount of caroten-
oids than chlorophylls. However, there is a considerable range of varia-
tion in the content of both types of pigments among the different
culture conditions employed.

In general, there was an inverse relationship between the amount of
nitrogen supplemented to the cultures and the pigment levels in the ex-
tracts. One-way ANOVA showed significant increase in the total carot-
enoids content in the extracts obtained from cultures supplemented
with the two highest amounts of nitrogen (samples N6 and N9) in rela-
tion to those obtained from cultures with the lowest nitrogen concen-
tration (sample N3). This inverse relationship between nitrogen and
pigment levels was even more evident to the chlorophyll content.

The effects of carbon availability and light were assayed in cultures
supplemented with the lowest nitrogen concentration. Under these
conditions, lack of carbon gave rise to a significant increase in the carot-
enoid content compared to cultures grown with CO, supply (from 62.6
to 113.8 mg/g extract), as well as to an increase in chlorophyll concen-
tration (from 14.1 to 38.9 mg/g extract). Contrarily, the variation of
the light intensity from 400 pmol photons m~2 s~ ! (sample HL) to
240 pmol photons m~2 s~ (sample LL), did not imply a significant
change in the pigments content compared to the above factors.

Compared to any other analyzed extract, sample D10 exhibited a sig-
nificant reduction both in the carotenoid concentration as in the chloro-
phyll content (45.2 and 2.3 mg/g extract, respectively). This sample was
obtained from a culture grown under similar conditions than N3, CO,
(+) and HL, but subjected to a longer culture period (4 more days).

Considering the above results, it can be noted that firstly, pigment
levels were mainly affected by nutritional factors (nitrogen and carbon)
as well as by the culture time and secondly, that both types of pigments
vary similarly with respect to the culture conditions. Sample PS is an ex-
ception to the above, as it exhibited high levels of carotenoids and a very
low level of chlorophyll. This sample comes from cultures set at a pilot
scale using similar culture conditions to those of samples N3, CO, (+)
or HL. From our point of view, the differences observed among the
above samples are attributed to the impossibility of strictly reproduce
the culture conditions established at laboratory scale when cultures
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are set outdoor (for instance, to the temperature fluctuations in outdoor
cultures). However, these differences support the importance of culture
factors on the pigment content of microalgae.

The ability of microalgae to adapt their pigment content to environ-
mental changes is well documented and it is considered as a cellular
mechanism to quickly optimize the photosynthetic efficiency or even
as a survival mechanism to face long-term unfavorable environmental
conditions. Among these unfavorable conditions, nutrient limitation,
and especially nitrogen starvation, is a well-known factor affecting
microalgae pigment content (Del Campo et al., 2000; Jin, Polle, Lee,
Hyund, & Chang, 2003; Li, Horsman, Wang, Wu, & Lan, 2008;
Solovchenko, Khozin-Goldberg, Didi-Cohen, Cohen, & Merzlyak, 2008).
Several authors indicates that when nitrogen availability become limit-
ing for growth, cellular nitrogen-rich compounds (mainly photosyn-
thetic proteins and chlorophylls), are degraded and used as an
internal source of nitrogen to face its unavailability in the surrounding
media (Li et al., 2008; Pruvost, Vooren, Cogne, & Legrand, 2009;
Rismani-Yazdi, Haznedaroglu, Hsin, & Peccial, 2012). This process of
degradation can explain the inverse relationship observed between
the nitrogen supplied to the cultures and chlorophyll content in the an-
alyzed samples. Furthermore, as chlorophylls, those known as primary
carotenoids are closely bound to photosynthetic proteins, so degrada-
tion of photosynthetic structures inevitably would lead to a concomi-
tant reduction of carotenoid content (Solovchenko et al., 2008). This
justifies the observed similar pattern for the content of both types of
pigments in relation to culture conditions.

It must be noted that, regardless of the specific culture conditions
applied, all the extracts analyzed in this work come from cultures main-
tained for at least 6 days in stationary growth-phase and that the sta-
tionary growth-phase was triggered by the complete depletion of the
nitrogen initially supplied to the medium (whatever the others culture
factors applied). Therefore, there is an additive effect to nitrogen starva-
tion exerted over the other applied culture factors. In this context,
higher amounts of nitrogen could provide to the cells higher reserve
of nitrogen-rich compounds to face the nitrogen unavailability, thus
leading to a lesser pigment reduction under the same starvation time.
Likewise, by removing the CO, supply, cells are subjected to a lesser im-
balance between the availability of carbon and nitrogen, which would
reduce the internal nitrogen demand and the degradation of photosyn-
thetic pigment in the sample CO, (—) (Urreta et al., 2014). In an oppo-
site way, long-term nitrogen-starvation would give rise to further
pigment degradation, which would explain the found lowest chloro-
phyll content in the sample named D10.
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Culture conditions not only affected the total carotenoid content, but
also the carotenoid composition. This can be observed in Table 1, which
shows the concentration of specific carotenoids in the extracts (as well
as in Fig. 2 which displays their relative content). Regardless of the cul-
tivation conditions, lutein and carotenoid monoesters were the most
abundant carotenoids, representing more than 60% of the total content
in all extracts. However, the relative content of these two compounds
displayed an opposite pattern regarding the culture conditions. For in-
stance, lutein account for the largest fraction of the total carotenoids
in the extract obtained from cultures with the highest nitrogen dosage
(N9) and from those lacking of carbon (CO, (—)), 48.4% and 54.7% re-
spectively, which also show the lowest percentage of monoesters
(12.6% and 7.9%, respectively). It is worth mentioning that these same
samples showed the highest pigment values (chlorophylls and caroten-
oids). On the contrary, the highest fraction of monoesters, along with
the lowest of lutein, was found in the extract D10 (that exhibited the
lowest pigment content) and in the extract PS. Therefore, the latter ex-
tract stands out both for its high content of total carotenoids as for a sig-
nificant fraction of monoesters. In spite of the pattern above described,
the absolute value of lutein and monoesters in the extract differs from
the percentage due to the differences in the total carotenoid content
among samples from different culture conditions. This makes that sam-
ple D10 displays a monoester content halved compared to PS (22.6 and
53.1 mg/g extract, respectively), despite having a similar percentage
(close to 45% of the total carotenoids).

Among monoesters produced by N. oleoabundans, we identified two
specific esters of astaxanthin by applying the LC-(APCI)-MS methodolo-
gy. Astaxanthin (which is one of the most valuable microalgae caroten-
oid due to its antioxidative properties) is synthetized and massively
accumulated in the cytoplasmatic oil bodies by certain microalgae
under some stressful environmental conditions (Jin et al., 2003). For in-
stance, under stressful culture conditions, esters of astaxanthin can ac-
count for more than 95% of total carotenoids in Haematococcus
pluvialis, where it seems to act for preventing photo-oxidative damage
of cellular lipids (Solovchenko, Chivkunova, & Maslova, 2011). In this
sense, astaxanthin play a very different role compared to lutein, which
is a structural and functional component of the photosynthetic appara-
tus of most of green microalgae.

Among the other major carotenoids identified in the extracts, only
violaxanthin displayed a clear pattern regarding to the culture condi-
tions. Violaxanthin content was directly proportional to that of lutein,
so the highest absolute content of this carotenoid was found in samples
N9, N6 and CO, (—).

M Diesters
[ Cantaxathin
OZeaxanthin

B Violaxanthin

O B-carotene

E Monoesters

@ Lutein

PS D10

Fig. 2. Relative content of the carotenoids obtained from the different N. oleoabundans cultures analyzed.
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3.2. Anti-proliferative activity

In previous studies, HT-29 cell line has shown to be more refractory
to the anti-proliferative activity of natural compounds than other
established colon cancer cell lines (Valdés et al., 2013). Besides, this
cell line constitutes a paradigm of the colon carcinogenesis pathway
proposed by Fearon and Vogelstein (1990). Thus, in the present work,
we screened the algae extracts on HT-29 line as a previous step in
order to select the most active extract. To attain this, HT-29 cells were
incubated with 250 pg/mL of the different algae extracts for 24 h, and
cell proliferation was analyzed by the MTT assay. In general, most of
the extracts reduced the proliferation of HT-29 human colon cells at
an initial concentration of 250 pg/mL after 24 h treatment (Fig. 3). As
a general trend, those extracts with high total carotenoid content
showed comparably high antiproliferative activity. An exception to
this observation was N6 extract that showed the highest carotenoid
concentration, but only inhibited proliferation by 16%. A possible expla-
nation for the low inhibitory potency observed with this extract is that
the presence of certain carotenoids or other constituents in the extract
may have potential contrasting effects. Then, the contribution of each
carotenoid to the antiproliferative activity was evaluated using a step-
wise multiple regression model. This analysis showed that when six
variables (violaxanthin, lutein, zeaxanthin, monoesters, [3-carotene
and diesters) were fitted to the cell proliferation data, the value of the
adjusted coefficient of multiple determination (adjusted R?) was 0.981
(p < 0.05). This means that 98% of the variation in the cell proliferation
data was explained by the six variables. It was found that monoesters
showed the highest contribution to inhibit cell proliferation
(Beta = —1.83, p <0.01). Likewise, lutein and violaxanthin showed
negative correlation (Beta = —1.39, p < 0.05; Beta = —0.83, p < 0.05;
respectively) with cell proliferation. In contrast, diesters and zeaxanthin
showed positive significant contribution (Beta = 1.41, p < 0.05; Beta =
1.06, p < 0.01) to cell proliferation. The anti-proliferative effect of
violaxanthin has been previously demonstrated on MCF-7 human
mammary cancer cells, in which a concentration as low as 1 ug/mL of
a violaxanthin-enriched fraction obtained from Dunaliella tertiolecta
microalgae exerted significant inhibition on cell proliferation after
24 h exposure (Pasquet et al., 2011). In agreement with this, two of
the most potent extracts tested in the present study contained
violaxanthin at concentrations (~1.8 and ~2.8 pg/mL in N9 and CO,
(—), respectively) that were close to that previously reported. In anoth-
er report, violaxanthin was found as possibly involved in the antiprolif-
erative and pro-apoptotic activity of Chlorella ellipsoidea extracts on

80 B
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ol | L | L L
N6 N9 PS
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HCT-116 human colon cancer cells (Cha et al., 2008). On the other
side, low-micromolar concentration (10 uM) of lutein has been shown
to protect HT-29 cells against deoxynivalenol-induced oxidative stress
and apoptosis (Krishnaswamy, Devaraj, & Padma, 2010). In our present
study, the assayed lutein concentrations (~15 pg/mL) in two of the most
potent extracts (N9 and CO, (—)) were higher than 10 pM (~5.6 pg/
mL) and exerted significant inhibition (~35%) of HT-29 cell proliferation.
These contrasting results compared with those reported in the literature
support the idea that factors including the lutein concentration, the pres-
ence of other constituents in the extracts, or cell culture conditions such as
cell density might influence the outcome of the anti-proliferative studies
with these compounds. In agreement with other reports, our data sug-
gested that the presence of zeaxanthin did not enhance the growth inhib-
itory activity of the extracts on cancer cells (Kotake-Nara et al., 2001). To
further characterize the anti-proliferative effect of the most active algae
extracts (N9, PS, and CO, (—)), the effective concentration range of the
extracts was determined on different colon cancer cell lines exhibiting dif-
ferent drug resistance patterns. To that aim, the dose-effect of the most
potent algae extracts (N9, PS, and CO, (—)) on proliferation of primary
colon cancer cells (HGUE-C-1) and two cell lines (HT-29 and SW480)
was evaluated after exposure of the cells to different concentrations of
each extract by MTT assay. As it can be observed in Fig. 4, in general, the
treatments with algae extracts resulted in a reduction of cell proliferation
in dose-dependent manner. However, cells showed different sensitivity
to the extracts. In particular, SW480 line (Fig. 4 B) was the most sensitive
to the three extracts exhibiting significant decrease on cell proliferation
after exposure to the lowest assayed concentration (i.e., 27 ug/mL) of
the extracts. By contrast, HGUE-C-1 cells (Fig. 4 C) were more resistant
to the effect of the extracts, showing to be especially refractory to PS ex-
tract that, in comparison with its effect on the other cell lines, exhibited
negligible activity at the highest assayed concentration (250 pg/mL) In
the same cell line, N9 extract at highest concentration inhibited the cell
proliferation 36.4% compared to control (Fig. 4 C). The strongest resis-
tance of HGUE-C-1 cell line could be in correlation to the higher presence
of a mesenchymal phenotype which is associated to the invasion and me-
tastasis linked to cancer stem cells in numerous carcinomas (Grasso et al.,
2015).

Besides the cytoprotective attributes of carotenoids, in recent years,
rising evidence suggest that these compounds may inhibit cancer cell
proliferation and, in some cases, induce cell death. Although several
mechanisms on their mode of action have been suggested, the exact
molecular mechanisms by which carotenoids exert their anticancer ef-
fects are still unclear.

r 160

3
Total carotenoids
(mglg extract)

LL CO02(+) HL D10

Fig. 3. Effect of 250 pg/mL of the different algae extracts on HT-29 cell proliferation upon treatment for 24 h (black bars). Error bars are given as the 95% confidence interval of three
independent experiments each performed in triplicate. Total carotenoids (mg/g extract) (grey bars). The data are given as the mean =+ SD.
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Fig. 4. Dose-dependent effect of the algae extracts PS,N9 and CO, — on HT-29 (A), SW-480
(B) and HGUE-C-1 (C) cell proliferation upon treatment for 24 h. The data are given as the
mean + SD. One-way analysis of variance (ANOVA) and statistical comparisons of the
different treatments were performed using Tukey's test. ***p < 0.001 versus control group.

4. Conclusions

The study of N. oleoabundans extracts obtained by PLE has enabled to
demonstrate that under appropriate culture conditions, these green
microalgae are able to produce considerable amounts of carotenoids
that provide to the biomass an added value. Lutein, carotenoids mono-
esters and violaxanthin were the most abundant carotenoids, regardless
the cultivation conditions. In addition to evaluate the composition and
total carotenoid content of each N. oleoabundans PLE extract, the activity
of these extracts against colon cancer cell lines has been also investigat-
ed. The results obtained demonstrated that those extracts with high
carotenoid content showed comparably high antiproliferative activity.
In this way, it was possible to correlate the cell proliferation values
and the carotenoid constituents. Thus, while carotenoids monoesters

showed the highest contribution to inhibit cell proliferation, lutein
and violaxanthin showed negative correlation and diesters and zeaxan-
thin showed a positive significant contribution to cell proliferation. This
work opens new possibilities in the use of carotenoids from N.
oleoabundans as a functional food ingredient or nutraceutical that can
help in the prevention of colon cancer development. However, more
in depth studies are needed in order to scientifically demonstrate the
observed effects in-vivo.
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Abstract

Background: Plant polyphenols have been found to be effective in preventing ultraviolet radiation (UVR)-
induced skin alterations. A dietary approach based of these compounds could be a safe and effective method
to provide a continuous adjunctive photoprotection measure. In a previous study, a combination of rosemary
(Rosmarinus officinalis) and grapefruit (Citrus paradisi) extracts has exhibited potential photoprotective
effects both in skin cell model and in a human pilot trial.

Objective: We investigated the efficacy of a combination of rosemary (R. officinalis) and grapefruit
(C. paradisi) in decreasing the individual susceptibility to UVR exposure (redness and lipoperoxides) and
in improving skin wrinkledness and elasticity.

Design: A randomised, parallel group study was carried out on 90 subjects. Furthermore, a pilot, randomised,
crossover study was carried out on five subjects. Female subjects having skin phototype from I to III and
showing mild to moderate chrono- or photoageing clinical signs were enrolled in both studies. Skin redness
(a* value of CIELab colour space) after UVB exposure to 1 minimal erythemal dose (MED) was assessed in
the pilot study, while MED, lipoperoxides (malondialdehyde) skin content, wrinkle depth (image analysis),
and skin elasticity (suction and elongation method) were measured in the main study.

Results: Treated subjects showed a decrease of the UVB- and UVA-induced skin alterations (decreased skin
redness and lipoperoxides) and an improvement of skin wrinkledness and elasticity. No differences were
found between the 100 and 250 mg extracts doses, indicating a plateau effect starting from 100 mg extracts
dose. Some of the positive effects were noted as short as 2 weeks of product consumption.

Conclusions: The long-term oral intake of Nutroxsun™ can be considered to be a complementary nutrition
strategy to avoid the negative effects of sun exposure. The putative mechanism for these effects is most likely
to take place through the inhibition of UVR-induced reactive oxygen species and the concomitant
inflammatory markers (lipoperoxides and cytokines) together with their direct action on intracellular
signalling pathways.

Keywords: plants extracts; Rosmarinus officinalis; Citrus paradisi; clinical study; photoprotection; antiageing
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one of the most important environmental factors

affecting skin physiology. Solar UVR reaching the
earth’s surface can be classified according to wavelength
as UVB (290-320 nm) and UVA (320-380 nm) radiation.
UVA and UVB radiation ratio reaching earth’s surface
is 95%:5%, and it is dependent on geo-orbital factors
(latitude, season, time) and on environmental factors
(ozone layer, cloud thickness, pollutants, UV rays reflec-
tion from ground) (1, 2).

Exposure to solar ultraviolet radiation (UVR) is

Historically, UVB radiation has been considered re-
sponsible for early and late consequences of solar UVR
exposure. UVB radiation is, in fact, the main cause of the
cardinal sign of acute solar UVR exposure: the erythema
sign characterising the inflammatory reaction typical of
sunburn (3-7). Erythema starts approximately 3—5 h after
UVB radiation exposure, reaches its maximum at 12-24 h,
and fades over 72 h (8). Skin inflammation due to acute
exposure to UVR has been shown to be characterised by
the release of neuropeptides, histamine, prostaglandins,
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serotonin, and oxygen radicals (4-6, 9, 10), and the
upregulation of pro-inflammatory cytokines such as
interleukin 1 (IL-1), interleukin 6 (IL-6), and tumour
necrosis factor alpha (TNF-a) (11-16). Histologically,
sunburn is characterised by dyskeratotic and vacuolated
keratinocytes (sunburn cells), mild epidermal spongiosis,
depletion of Langerhans cells, dermal oedema, endothe-
lial cell enlargement, and later by a neutrophilic dermal
infiltrate (17). Accumulated evidence on the effects of
prolonged or repetitive UVB exposure during the past two
decades has been reported to lead to generalised immu-
nosuppression leading to carcinogenesis (18, 19) through
the production/secretion of anti-inflammatory cytokines
such as IL-4 and IL-10 (11, 20, 21).

In recent years, an increasing use of artificial sources of
UVA radiation both for medical treatment (phototherapy
and photochemotherapy) and for aesthetic purposes
(solarium) has revealed the harmful role of UVA radiation
in the pathophysiology of skin alterations due to sun
exposure. UVA radiation penetrates deeper within the skin
and is mostly responsible for the generation of reactive
oxygen species (ROS) including singlet oxygen ('0,), and
other non-radical and radical ROS, such as hydrogen
peroxide (H,0,) and the superoxide radical (O57) (22-26)
and, to a lesser extent than UVB radiation, can also induce
DNA damage (27, 28). UVA-induced oxidative stress
increases the potential for reactions like the oxidation of
lipids and proteins (29). Both UVA and UVB contribute
significantly to photoageing.

The protection of the skin from solar exposure is
consigned to topical sunscreens. However, topical sunsc-
reens have drawbacks including seasonal application
(generally sunscreens are applied only during holidays)
and inadequate application methods (e.g. quantity and
spreading). Furthermore, the sun protection factor (SPF)
provided by sunscreens seems to be overestimated, under
testing conditions, when compared to the real-life condi-
tion of use (30, 31). Therefore, a dietary approach to
photoprotection could be an effective method to provide a
continuous adjunctive protection measure, with population-
level impact (32).

Several plant extracts have been found to be effective
in preventing UV-induced skin alterations. The most
important group of compounds includes phenolic acid,
flavonoids, and high-molecular-weight polyphenols
(33-39). Several studies have shown the flavonoids to act
as scavengers of superoxide anions, singlet oxygen, hydro-
xyl radicals, and lipid peroxyl radicals (37, 40—43). There
are also reports of flavonoids inhibiting the activities of
many enzymes, including lipoxygenase, cyclooxygenase,
monooxygenase, xanthine oxidase, mitochondrial succi-
nate dehydrogenase, NADH oxidase, phospholipase A2,
protein kinases, and nuclear transcription factor (NF-«xB)
(44, 45).

A previous study demonstrated the efficacy of a com-
mercially available mixture of citrus and rosemary extracts
(Nutroxsun™, Nutrafur S.A. & Monteloeder S.L., Spain)
in skin cell models and on humans. The following was
reported: 1) a protective effect on cells viability after UVB
radiation, a decrease of UVB-induced intracellular ROS,
and prevention of DNA damage in an immortalised
human keratinocyte cell line (HaCaT), 2) a decreased
chromosomal aberrations in X-irradiated human lympho-
cytes, and 3) an increase of the minimal erythemal dose
(MED) 8 and 12 weeks after the oral daily consumption
(250 mg) of the extracts (46). Based on these preliminary
data, in the current study we investigated the efficacy of the
tested product (100 and 250 mg doses) in decreasing the
individual susceptibility to UVR exposure (redness and
lipoperoxides [LPO]), in decreasing wrinkle depth, and in
improving skin elasticity. To our knowledge, no other
studies have investigated the photoprotective and antiage-
ing efficacy of the tested product.

Methods

Study design

This was a monocentric, randomised, crossover (short-
term study), parallel group (long-term study) study con-
ducted in Italy. The study protocol and the informed
consent form were approved by the ‘Independent Ethical
Committee for Non-Pharmacological Clinical trials’ dur-
ingits meeting on 15 December 2014. All subjects provided
written informed consent before initiation of any study-
related procedures. No changes to treatment regimen or
to methods were necessary after study starting.

Subjects

Eligible subjects were all adult, female subject, having skin
phototype from I to III (Fitzpatrick classification) (47)
and showing mild to moderate chrono- or photoageing
clinical signs. The subjects were of general good health,
had no alimentary/eating disorders (i.e. bulimia, psycho-
genic eating disorders, etc.), and have known history
of metabolic syndrome. Exclusion criteria were pregnancy
or intention to become pregnant, lactation, food into-
lerances/allergy, pharmacological treatments known to
interfere with the test product or having an effect on
metabolism, participation in another similar study, un-
willingness or inability to comply with the requirements of
the study protocol. The study further excluded subjects
using food supplements containing active ingredients that
have an influence on skin response to UV rays or on skin
ageing. During all the study period, subjects were asked to
avoid any UV exposure (artificial UV light or sunlight).
The study took place at Farcoderm Srl facilities in San
Martino Siccomario (PV), Italy. Farcoderm Srl is an
independent testing laboratory for in vitro and in vivo
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safety and efficacy assessment of cosmetics, food supple-
ments and medical devices.

Intervention
The test product was a commercially available mixture
of rosemary and citrus extracts (Nutroxsun™, supplied
by Monteloeder S.L., Miguel Servet 16, Elche, Alicante,
Spain), obtained from dried rosemary (Rosmarinus
officinalis) leaves and grapefruits (Citrus paradisi), re-
spectively. Nutroxsun™ total phenolic standard content
is higher than 35 gallic acid equivalents/100 g dry weight
(dw) as determined by Folin assay (48), being the total
rosemary phenolic content higher than 7% dw and total
grapefruit flavones content higher than 20% dw.

Both in the long-term and in the short-term tests,
subjects were randomly assigned to receive 100 mg

Screening

L 46]
NO _/Subj. meet

/

Nutroxsun™, 250 mg Nutroxsun™, or the placebo
(100% maltodextrin) product. In the short-term study,
subjects received the first dose (100 or 250 mg) of the test
product or the placebo product 15-30 min before UVB
exposure to 1 MED. Two supplementary doses were
given 24 and 48 h after UV exposure (Fig. 1). In the
long-term study, subjects received 100 mg Nutroxsun™,
250 mg Nutroxsun™, or the placebo product once a day at
breakfast.

Primary and secondary outcomes

The primary endpoints with respect to the photoprotec-
tive efficacy were the measurement of the UVB-induced
skin redness, the assessment of the erythemal response
of the skin after UVB exposure (290320 nm), and the mea-
surement of the basal and UVA-stimulated (320-400 nm)

NO_/Subj YES oE
ol ot e, —{_Subject enrolment | & 10.02.2015 (1+ subject enrolled)

! 1
2] SHORT-TERM TEST 5 LONG-TERM TEST
100 mg (n=2) Placebo (n=3) 250 mg (n=3) L 100 mg l [ Placebo ] [ 250mg ‘
250 mg (n=3) /Placebo (n=2) /<100 mg (n=3) I
———24h [ Provisional MED | ——_o4p | Provisional MED ‘
assessment assessment
& 1oh UVB exposure to 1 +o
| ,04p |Basal measurement R
¢ of skin redness
3 1 15" check
1 4psn|  thefficacy o 0.5M visit l‘ Measurement  LUNNIWAS

assessment

1 +28h 4h efficacy R
assessment
24h efficacy

& -+48h [ assessment R

1 70n 48h efficacy R
assessment

© 17.04.2015 T2M

(last subject enrolled)

1M

UV exposure
Skin stripping
Skin stripping

+4h L
+24h LM

2% check )
visit
3" check
visit

D 27.04.2015
(last subject enrolled)

Fig. 1. Study flow and schedule of assessments chart. Subjects were first screened in the Farcoderm volunteers database
(keywords: Sex = ‘female’, Age = 18, Skin phototype = ‘I < phototype < III’, Skin type: ‘ageing or photoageing’, Testing
preferences: ‘food supplements’). Eligible participants were then screened by a board certified dermatologist. During the
screening visit, a physical examination was carried out in order to assess the uniformity of the test area (back) and the clinical
sign of skin ageing on the face. Subjects meeting the inclusion criteria were then enrolled and randomised to participate in the
short- or in the long-term study. Legend: §, physical examination; [, informed consent signature; i, eligibility check; €3,
randomisation; PM*, provisional MED measurement (carried out only before study start); M, MED; L, lipoperoxides; W,
wrinkle depth; E, skin elasticity; R, skin redness ¢ product intake.
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skin LPO content. The primary endpoint with respect
to the antiageing efficacy was the measurement of the
wrinkle depth. Skin elasticity was measured as a second-
ary efficacy endpoint. The study flow and the schedule of
assessments chart are reported in Fig. 1.

Measurement of skin redness

A spectrophotometer/colorimeter CM-700D (Konica
Minolta, Milano, Ttaly) was used to measure skin redness
in the CIELab colour space. The a* (red-green) para-
meter was measured in the UVB-exposed skin site to
1 MED. Measurements were taken excluding the specular
reflection. The specular component excluded mode,
provides results similar to those observed visually.

Assessment of minimal erythemal dose

One day before the study began, a provisional MED was
determined in order to centre the UV doses ranges for
the MED assessment through the study. A series of UVB
doses (geometric progression of 1.25 x ), were applied on
six small subsites (Fig. 2) of the skin of the back. MED
was then assessed, under blind conditions, 20+4 h after
UV exposure. MED assessment was carried out in a room
with matt neutral wall colour and sufficient illumination
conditions (at least 450 lux). MED assessment was con-
sidered invalid when: 1) the series of UVB exposures on
a subject failed to elicit an erythemal response on any
sub-site, 2) all subsites in the exposure series showed an
erythemal response, and 3) erythemal responses within an
exposure series were randomly absent. The source of UVB
radiation was a Multiport 601-300 W Solar simulator
(Solar® Light Co. Inc., Philadelphia, USA) compliant

with ISO 24444:2010 standard requirements (49). UVB
dose was adjusted with a model PMA 2100 radiometer
(Solar® Light Co. Inc., Philadelphia, USA) equipped
with a PMA 2103 LLG SUV detector (Solar® Light Co.
Inc., Philadelphia, USA). Both the solar simulator and the
radiometers were calibrated externally.

Assessment of LPO

Basal and UVA-induced (10 J/cm?) skin LPO were
measured in the 10th skin layer obtained using the skin
stripping technique. Skin stripping was performed in the
back (Fig. 2) using Corneofix® foils (Courage + Khazaka
Electronic, Koéln, Germany) under standard pressure
conditions (225 g/em?). The first stripping was discarded
while strip no. 11 was collected and stored at —80°C until
further analysis. Malondialdehyde (MDA) was measured
according to the assay described by Erdelmeier et al.
in 1998 (50) with minor modification, as follows: 1) skin
strippings were layered in 12 multiwell plates containing
500 pl of a 0.5 mM CuSO,4 aqueous solution, 2) multiwell
plates were incubated at 37°C, using a microplate incu-
bator/shaker under continuous agitation for 1 h, 3) after
incubation 1.3 ml R1 solution (2.13 mg N-methyl-2-
phenylindole/ml acetonitrile) and 0.3 ml 37% HCI was
added and samples were further incubated at 45°C for
60 min under continuous agitation, 4) the reaction was
stopped in ice for 10 min followed by 10 min at room
temperature, 5) 1 ml of solution was centrifuged at 13,000
rpm per 10 min, and 6) absorbance was read at 586 nm
using a multiwell plates reader (programmable MPT
reader model DV 990BV6; Gio DeVita & C, Rome, Italy).

Fig. 2. (a) UV exposure site and subsites. (b) Minimal erythema dose (MED).
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The source of UVA radiation was a Multiport 601-300 W
Solar simulator (Solar® Light Co. Inc., Philadelphia,
USA) compliant with the Japan Cosmetic Industry
Association (JCIA) measurement standard for UVA
protection (51) and ISO 24442:2011 standard require-
ments (52) (Table 1). UVA dose was adjusted with a model
PMA 2100 radiometer (Solar® Light Co. Inc., Philadel-
phia, USA) equipped with a PMA 2113 LLG UVA
detector (Solar® Light Co. Inc., Philadelphia, USA).
Both the solar simulator and the radiometers were
calibrated and compliant to ISO 24444:2010 standard.

Wrinkle depth

Wrinkles depth was measured using a three-dimensional
(3-D) microtopography imaging system (PRIMOS 3D lite,
GFMesstechnik GmbH, Teltow, Germany). The imaging
system projects structured light on a specific surface of
the skin with a digital micro-mirror device (DMD, Texas
Instruments, Irving, TX, USA) and records the image with
a CCD camera. Skin surface microtopography is then
reconstructed using temporal phase shift algorithms
to generate 3-D images. The imaging system has an
overlap feature which enables precise matching of photos
taken at different visits. In order to improve image overlap,
subjects’ position was regulated using a stereotactic device
(Canfield Scientific, Inc., Fairfield, NJ, USA). Wrinkle
depth was measured in the periocular area (‘crow’s feet
wrinkles’) using the appropriate software routine.

Skin elasticity

A skin viscoelasticity analyser (Cutometer® MPA 580,
Courage + Khazaka Electronic, Kéln, Germany) was used
to measure skin elasticity. The skin surface of the face
(cheek) was drawn into the aperture (3 mm) of the probe
by a negative pressure (450 mbar) for 3 sec and thereafter
released for 3 sec. The penetration depth of the skin inside
the probe, during the suction and the release phase, was
measured by a non-contact optical measuring system.
Two skin elasticity indices were measured: 1) R2 (Ua/Uf,
gross elasticity or overall elasticity, Fig. 3a represents the
ability of redeformation of the skin to its basal state, and
2) R5 (Ur/Ue, net elasticity, Fig. 3b represents the elastic

eformation (mm)

0 0.3

recovery of the skin deformation to its basal state due to its
elastic component.

Sample size

Sample size was calculated, for the long-term study, with a
two-sided 5% significance level and a power of 80% taking
into account a 20% variation of the primary endpoints
due to both inter-individual human variability and error
in the measurement techniques. Sample size was calcu-
lated using PASS 11 statistical software (version 11.0.8 for
Windows) running on Windows Server 2008 R2 Standard
SP1 64 bit edition (Microsoft, USA). A sample size of
20 subjects per group was necessary given an anticipated
dropout rate of 20%.

Randomisation

A restricted randomisation list was created using PASS
11 (version 11.0.8; PASS, LLC. Kaysville, UT, USA)
statistical software running on Windows Server 2008 R2
Standard SP1 64 bit edition (Microsoft, USA) by a
biostatistician and stored in a safe place. Randomisation
sequence was stratified using 10% maximum allowable %
deviation with a 1:1:1 allocation ratio. The allocation
sequence was concealed from the study director in
sequentially numbered, opaque, and sealed envelopes,
reporting the unblinded treatment allocation (based on
subject entry number in the study). The A4 sheet reporting
the unblinded treatment was folded to render the envelope
impermeable to intense light. After acceptance of the
subject in the study the appropriate numbered envelope
was opened. An independent technician dispensed either
active or placebo products according to the card inside
the envelope. The study adhered to established procedures
to maintain separation between the investigator and its
collaborators and the staff that delivered the intervention.
Investigator and its collaborators who obtained outcome
measurements were not informed on the product group
assignment. Staff who delivered the intervention did not
take outcome measurements. Subjects, investigator and
collaborators were kept masked to products assignment.
The active and the placebo products were in capsule form
and identical in appearance. They were prepacked in

Time (s)

Time (s)

Fig. 3. Skin elasticity curve. (a) R2 parameter calculation. (b) RS parameter calculation.
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blisters and consecutively numbered for each subject
according to the randomisation schedule. Each subject
was assigned an order number and received the capsules in
the corresponding prepacked blister.

Statistical methods

Statistical analysis was performed using NCSS 8 (version
8.0.4 for Windows; NCSS, Kaysville, UT, USA) running
on Windows Server 2008 R2 Standard SP1 64 bit
edition (Microsoft, USA). Data normality was checked
using Shapiro-Wilk W normality test and data shape.
Intragroup (vs. baseline) statistical analysis was carried
out using repeated measures analysis of variance (RM-
ANOVA) followed by Tukey—Kramer post-test. Inter-
group (between treatments) statistical analysis was carried
out using multivariate analysis of variance (M-ANOVA)
followed by two-way t test of Student. A p <0.05 was
considered statistically significant. Statistical analysis out-
put was reported as follows: * p <0.05, ** p <0.01, and
**% p <0.001.

Results

Subjects

The study was conducted between February and April
2015. A total of 90 female subjects were successfully
randomised (Fig. 4) in the long-term study while a total
of five female subjects were enrolled in the short-term
study. The population was Caucasian. Demographic
and baseline characteristics (Table 2) were similar across
treatment arms, indicating an unbiased randomisation
and the absence of covariates. Subjects participating in the
short-term pilot study attended clinic visits at the time of

randomisation (baseline) and 24, 48 and 72 h after UVB
exposure and the first product intake; while remained
at our clinical facilities where the measure was done 1 and
4 h the day after UVB exposure. In the long-term study,
subjects attended clinic visits at the time of randomisation
(baseline) and after 14 days, 1, and 2 months of product
use. Data analysis was intention-to-treat and involved
all subjects who were randomly assigned. Subjects’ com-
pliance to treatment was assessed by means of product
accountability, as follows: at each visit, the expected
amount of consumed capsule was compared with the
amount dispensed minus the amount the subject returned.
No major deviation was observed in the treatment regi-
men. All subjects were included in the safety analysis data
set. All the tested products were well tolerated. No adverse
reactions occurred during the study period.

Effect of the extracts on UVB-induced skin redness

Twenty-four hours after UVB exposure to 1 MED, skin
redness was increased by 40.5% (p =0.0099) in the placebo
group, by 37.0% (p =0.0011) in the 100 mg dose group,
and 39.6% (p =0.0006) in the 250 mg dose group (Fig. 5).
The effect of UVB on skin redness was similar for all
treatments (p =0.9387). Skin redness time course (varia-
tion vs. 24 h) exhibited a decrease compared to placebo
as the extract dose was increased from 100 to 250 mg. A
statistical significant variation was observed at 48 h in the
100 mg dose group (p =0.0252), and at 25 h (p =0.0437)
in the 250 mg dose group, compared to 24 h data point. At
72 h for both the 100 and 250 mg dose groups skin redness
returned to its basal (pre-UVB-exposure) value. In the
placebo-treated group, skin redness showed a significant
decrease at 72 h (p =0.0112), but even it remained slightly
higher when compared to its basal value (p =0.0289).

[ Assessed for elighilty (n=90) ]

Enrolment

Excluded (n =0
- Not meeting the inclusion criteria (n = 0)
- Declined to participate in the study (n = 0)

( Randomized (n = 90) )|

Allocated to 100 mg dose (n = 30)
- Received allocated intervention (n = 30)

Allocated to 250 mg dose (n = 30)

- Received allocated intervention (n = 30)
|- Did not receive allocated intervention (n = 0)) | - Did not receive allocated intervention (n = 0)} | - Did not receive allocated intervention (n = 0)

Allocated to placebo (n = 30)
- Received allocated intervention (n = 30)

r N\
Lost to follow-up (n = 0)
Discontinued intervention (n = 0)

Lost to follow-up (n = 0)
Discontinued intervention (n = 0)

Lost to follow-up (n = 0)
Discontinued intervention (n = 0)

Included in the analysis (n = 30)
Excluded from analysis (n = 0)

. AN

Included in the analysis (n = 30)
Excluded from analysis (n = 0)

Included in the analysis (n = 30)
Excluded from analysis (n = 0)

[Analysis | [Fotlow-up ) ["Alocation |

Fig. 4. Flow chart of inclusion of subjects.
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Table 1. UVB and UVA solar simulator specifications

% RCEE
Spectral range (nm) Lower limit Upper limit Spectral range (nm) Limit (%)
<290 - <0.1 UVA | (340—400 nm) irradiance >60
290-300 2.0 8.0 UVA Il (320340 nm) irradiance >20
290-310 49.0 65.0 Total energy <150 mW/cm?
290-320 85.0 90.0 UVA/Total 92-100
290-330 915 95.5 UVB/UVA <0.1
290-340 94.0 97.0 UVA2/UVA 8.0-20.0
290-350 95.5 985 Spectrum continuity Continuous

Despite the evident differences in time course behaviour of
skin redness between 100 and 250 mg dose groups, this
variation was not statistically significant (p =0.3720) when
100 and 250 mg data were compared (Fig. 6). The variation
of skin redness observed for both 100 and 250 mg extracts
dose treatment regimen was statistically significant when
compared to placebo treatment regimen (100 mg group,
p =0.020; 250 mg group, p =0.0182).

Effects on MED

A significant increase of the MED was observed for
both 100 and 250 mg dose groups (Fig. 7). MED increased
by 4.0 (+15.2%), 5.2 (4+20.5%), and 7.7 (+29.8%)
mlJ/em?, after 0.5, 1, and 2 months treatment, respectively
(» =0.0000) in the 100 mg dose group. A similar efficacy
profile was seen for the 250 mg dose group, where MED
was increased by 3.1 (+11.7%), 5.5 (+20.2%), and

Tuble 2. Demographic and baseline characteristics

7.5 (+26.9%) mlJ/em?, after 0.5, 1, and 2 months treatment,
respectively (p =0.0007 at 0.5 months and p =0.0000 at
1 and 2 months). Variation of MED was not statistically
significant (p =0.1857) when 100 mg and 250 mg data were
compared. MED variation observed for both 100 mg
and 250 mg extract dose groups was statistically signifi-
cant when compared to placebo group (100 mg group,
p=0.0001; 250 mg group, p =0.0000). MED was un-
changed (p =0.4049) in the placebo-treated subjects (Fig. 8).

Horny layer lipoperoxides content

Basal lipid peroxidation

A significant decrease of the basal, not UVA stimulated,
LPO content was observed for both 100 and 250 mg
dose groups (Table 3). Skin horny layer MDA content
was decreased by 14.4, 18.5 and 18.7% after 0.5, 1, and 2
months treatment, respectively (p =0.0000) in the 100 mg

STT LT
100 mg 250 mg Placebo 100 mg 250 mg Placebo Units
Sex

Male 0 0 0 0 0 0 No.

Female 5 5 5 30 30 30 No.
Skin phototype

| - - - 6.7% 6.7% 6.7% %

I 40% 40% 40% 33.3% 30.0% 36.7% %

n 60% 60% 60% 60.0% 56.7% 50.0% %
Age 30.8 308 30.8 529 51.0 50.9 years
Skin erythema (basal) 7.1 7.0 7.1 - - - au.
Skin erythema (after UVB) 9.7 9.5 9.9 - - - au.
Minimal erythema dose (MED) - - - 29.0 303 293 mj/em?
LPO (basal) - - - 261 272 258 1M MDA
LPO 4 h at DO - - - 3.60 3.64 354 uM MDA
LPO 24 h at DO - - - 323 3.30 321 1M MDA
Wrinkle depth - - - 296.6 257.7 282.6 Hm
Skin elasticity (R2 = Ua/Uf) - - - 0.7233 0.7271 0.7214 Ratio
Skin elasticity (R5 = Ur/Ue) - - - 0.2856 0.2940 0.2907 Ratio

Data are means +SE.
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a*(a.u.)
©

Time (hours)

=0=100mg =O=250mg =O=Placebo

Fig. 5. Skin redness time course after 1 MED UVB
exposure. Data are means (arbitrary units) +SE. *Statisti-
cally significant (p <0.05) when compared to 24 h; ¢
Product intake.

dose group. A bigger decrease (p =0.0038 compared to
100 mg) in the horny layer MDA content was observed for
the 250 mg dose group, where MDA content was decreased
by 25.5, 37.7, and 32.6% respectively (p =0.0000). MDA
variation observed for both 100 and 250 mg dose groups
was statistically significant when compared to placebo
treatment regimen (p =0.0000). MDA was unchanged
(p =0.1054) in the placebo-treated subjects.

UVA-stimulated lipid peroxidation

A significant decrease of the UVA-stimulated LPO
content was also observed, after 4 and 24 h from UVA
exposure (10 J/cm?), for both 100 and 250 mg dose groups
(Table 3) compared to baseline. Skin horny layer MDA
content 4 h after UVA exposure was decreased by 9.7, 16.2
and 20.1% after 0.5, 1, and 2 months treatment, respec-
tively (p =0.0000) in the 100 mg dose group while 24 h
after UVA exposure the MDA content was decreased by
8.7, 13.4, and 15.1% after 0.5, 1, and 2 months treatment,
respectively (p =0.0000). A similar efficacy profile
was seen for the 250 mg dose group, where MDA, 4 h
after UVA exposure, was decreased by 10.2, 16.4, and
21.7% after 0.5, 1, and 2 months treatment, respectively
(p =0.0000); while 24 h after UVA exposure the MDA
content was decreased by 9.1, 13.3, and 15.8% after
0.5, 1, and 2 months treatment, respectively (p =0.0000).
MDA variation observed for both 100 and 250 mg dose
groups was also statistically significant when compared
to placebo treatment (Table 3). MDA was unchanged
(p =0.7952 at 4 h, and p =0.7384 at 24 h) in the placebo-
treated subjects.

Wrinkle depth

A significant decrease of the wrinkle depth in the ‘crow’s
feet” was observed for both 100 and 250 mg dose groups
(Fig. 9). Wrinkle depth decrease was by 27.4 ( —8.8%),42.4
(—13.4%), and 43.7 (—14.8%) pm, in the 100 mg dose
group, after 0.5, 1, and 2 months treatment, respectively
(» =0.0000). A similar efficacy profile was seen for the

250 mg extracts dose treatment regimen, where wrinkle
depth was decreased by 22.7 (—9.1%), 31.5 (—12.6%),
and 359 (—13.9%) um, after 0.5, 1, and 2 months
treatment, respectively (p =0.0001 at 0.5 months and
p =0.0000 at 1 and 2 months). Variation of wrinkle depth
was not statistically significant (p =0.7731) when 100
and 250 mg data were compared. Wrinkle depth variation
observed for both 100 and 250 mg dose groups was stati-
stically significant when compared to placebo treatment
(p =0.0000). Wrinkle depth was unchanged (p =0.9740)
in the placebo-treated subjects throughout the study.

Skin elasticity

Gross elasticity (R2 parameter)

A significant increase of the skin gross elasticity (Fig. 3a)
was observed for both 100 and 250 mg extracts dose
treatment regimen (Table 4). Skin elasticity increased by
1.8, 3.2, and 4.6%, in the 100 mg dose group after 0.5, 1,
and 2 months treatment, respectively (p =0.0026 at 0.5
months and p =0.0000 at 1 and 2 months). A similar
efficacy profile was seen for the 250 mg dose group, where
skin elasticity was increased by 1.5, 2.9, and 3.7%, after 0.5,
1, and 2 months treatment, respectively (p =0.0010 at 0.5
months; p =0.000 at 1 month and p =0.002 at 2 months).
Variation of skin elasticity was not statistically significant
(p =0.9253) when 100 and 250 mg were compared. Skin
elasticity variation observed for both 100 and 250 mg
dose groups was statistically significant when compared to
placebo group (100 mg group, p =0.0455; 250 mg group,
p =0.0281). Skin elasticity was unchanged (p =0.1355) in
the placebo-treated subjects throughout the study.

Net elasticity (R5 parameter)

A significant increase of the skin net elasticity (Fig. 3b)
was also observed for both 100 and 250 mg dose groups
(Table 4). Skin elasticity increase was by 3.3, 5.8 and
9.0%, in the 100 mg dose group after 0.5, 1, and 2 months
treatment, respectively (p =0.0000). A similar efficacy
profile was seen for the 250 mg extracts dose treatment
regimen, where skin elasticity was increased by 2.9, 5.5,
and 7.4%, after 0.5, 1, and 2 months treatments, respec-
tively (p =0.0000). Variation of skin elasticity was not
statistically significant (p =0.2061) when compared 100 and
250 mg data were compared each other. Skin elasticity
variation observed for both 100 and 250 mg extracts dose
treatment regimen was statistically significant when com-
pared to placebo group (p =0.0000). Skin elasticity was
unchanged (p =0.2984) in the placebo-treated subjects
throughout the study.

Discussion

In recent years, different extracts derived from plants have
been investigated for therapeutic application due to their
pharmacological activity on inflammatory processes and
other physiopathological conditions. Dietary interventions
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Fig. 6. Skin redness variation after | MED UVB exposure. Digital pictures of (a) placebo, (b) 100 mg extracts dose, and
(c) 250 mg extracts dose were taken using a Nikon D300 camera (Nikon corporate, Japan) equipped with a Nikon macro lens
(AF-S Micro Nikkor 60 mm f/2.8 G ED) and parallel-polarised filters.

can interfere with several cell-signalling pathways and
molecular targets may be involved in their efficacy in
preventing or treating altered physiopathological condi-
tions (53). Many plants, herbs and spices typically used
for food flavouring and nutrition are excellent sources of
phenolic compounds, which have been reported to show
antioxidant activity. The anti-inflammatory activity of
natural extracts has been associated to their antioxidant

activity, and to a specific role on nitric oxide (NO)
production suppression (54-56).

In a previous study, it was reported (46) the synergistic
effects of a mixture of rosemary and citrus extracts in
decreasing the generation of UVB-induced intracellular
ROS and in preventing UVR-induced DNA damage in
the comet assay. The mixture also showed genoprotective
and antimutagenic properties in a model for massive
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[100mg [E250mg [ Placebo
Fig. 7. Minimal erythemal dose (MED) before and after 0.5, 1, and 2 months treatment. Intragroup (vs. 0) statistical
analysis is reported inside the bars of the histogram. Intergroup (vs. placebo) statistical analysis is reported upon the bars

of the histogram. Statistical analysis is reported as follows: *p <0.05, **p <0.01, and ***p <0.001. Data are means
(mJ/cm?) + SE.

(a)

(b)

Fig. 8. Digital pictures of (a) placebo, (b) 100 mg extracts dose, and (c) 250 mg extracts dose were taken using a Nikon D300
camera (Nikon corporate, Japan) equipped with a Nikon macro lens (AF-S Micro Nikkor 60 mm f/2.8 G ED) and parallel-
polarised filters. The a* (CIELab chromatic space) channel image is reported in order to enhance image contrast. The blue circle
indicates the MED.
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Tuble 3. Basal and UVA-stimulated horny layer MDA content

Basal level 0 05 M I'M 2M

100 mg 2.61+0.13 2.17 +£0.09%% (— 14.4%) 2.01 +0.07%% (—18.5%) 1.98 +0.05%% (— 18.7%)
250 mg 2.72+0.16 1.94 +0.12% (—25.5%) 1.60 +0.08+* (—37.7%) 1.69 +0.07+ (—32.6%)
Placebo 2.58+0.10 2.60+0.11 (+1.3%) 2.5040.09 (—1.2%) 2.47+0.09 (—2.3%)
UVA stimulated 0 05M I'M 2M

4h 24 h 4h 4h 24 h 4h 24 h

100 mg 40.8% 25.6% 3119 16.9%* 24.6%*F 12,29 20.79%%* 10.59%*#*
250 mg 37.5% 24.0% 27.3%*F 14.9%%+* 21.19%% 10.7%%+* 15.8%%*+* 8.29¢
Placebo 39.7% 26.3% 44.7% 30.8%%**+* 45,1 9%+ 30.7%%*%* 49.0%*+* 30.19%%%

Data are means (tM MDA) + SE. Values in brackets: % variation vs. 0. *p < 0.05, *p < 0.01,**p < 0.001. UVA stimulated LPOs are % variation vs. baseline.

generation of radical species using ionising radiation.
A pilot trial in humans also showed the preliminary effect
of the combination in increasing MED. Therefore, our
present study aimed to investigate the anti-inflammatory,
photoprotective, and antiageing effects of this combina-
tion. Two doses of the combination (100 and 250 mg) were
investigated in order to assess if a dose-effect relationship
between the measured parameters and the product intake
exists.

The in vivo anti-inflammatory effect of the extracts on
UVB-induced skin inflammation was investigated in a
pilot (n =5 subjects) crossover study. Both 100 and 250 mg
combination doses proved to be effective in decreasing
the skin redness induced by 1 MED UVB exposure. As
observed in the skin redness time course curves, the group
having 250 mg dose of the combination recovered basal
level in a much faster manner than that of the 100 mg
dose group, clearly revealing a dose-dependent anti-
inflammatory effect. The results also indicate the potential

340
320 -
300
280
260
240
220

Wrinkle depth (pm)

200
180

effect of the tested products in decreasing the UVB-induced
skin redness with only 2 days of product consumption;
however the small sample size and the associated high
standard deviation was a limitation of the study and
further studies would be required. Anyway, the results
obtained in the pilot study provided the basis for sample
size calculation.

In most studies on photoprotection based on nutritional
ingredients, there is a time frame of approximately 610
weeks until protection against erythema becomes signifi-
cant (57). A time frame much longer than we have seen in
this study where the individual susceptibility to UVB
radiation exposure (erythema) was decreased (+15.2 and
+11.7% for 100 and 250 mg dose group, respectively) after
2 weeks of product use (Fig. 7). Two months after product
use, the lowest dose of UVB radiation to produce the
erythematous reaction was increased by about 7 mJ/cm?,
corresponding to an increase around 33% of the time of
sun exposure without experiencing sunburn. A result

160

Time (months)

E1100 mg

250 mg

E Placebo

Fig. 9. Wrinkle depth before and after 0.5, 1, and 2 months treatment. Intragroup (vs. 0) statistical analysis is reported inside the
bars of the histogram. Intergroup (vs. placebo) statistical analysis is reported upon the bars of the histogram. Statistical analysis
is reported as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. Data are means (um)+ SE.
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Table 4. Skin elasticity

R2 (skin gross elasticity) 0

0.5 M

M

2M

100 mg 0.7233+0.0135

0.7360 +0.0134% (4 1.8%)

0.7462 +0.0135% (4+3.2%)

0.7557 +0.0136% (+4.6%)

250 mg 0.7271 +0.0127 0.7375+0.0129%% (+ 1.5%) 0.7475 +0.0127%% (+2.9%) 0.7525+0.01 13%* (+3.7%)
Placebo 0.7214+0.0114 0.7195+0.0116 (—0.3%) 0.7250+0.0120 (+0.5%) 0.7233+0.0121 (+0.2%)
R5 (skin net elasticity) 0 05 M M 2M

100 mg 0.2856+0.0111 0.2948 +0.01 1 5% (+3.3%) 0.3020+0.01 19*** (+5.8%) 0.31124£0.0121%* (+9.0%)
250 mg 0.2940 +0.0098 0.3024 +0.0101%% (+2.9%) 0.3093 +0.0096*** (+5.5%) 0.3147 +0.0098%** (+7.4%)
Placebo 0.2907 +0.0091 0.2907 +0.0096 (—0.1%) 0.2926 +0.0089 (+0.8%) 0.2888+0.0088 (—0.5%)

Data are means =+ SE. Values in brackets: % variation vs. 0. **p < 0.001.

similar to that was obtained in a previous study where
volunteers showed a 37% increase in the MED after 8
weeks of product use (46).

In the previous cell study using the same extract
combination, part of the protective effect of rosemary
and citrus polyphenols was assigned to their capacity of
absorption/scattering of UVB radiation. However, this
factor may have a negligible contribution in vivo due to
the low concentration of polyphenols’ metabolites in
skin cells.

The antioxidant properties of the skin metabolites
derived from the compounds of the extracts combination
may have a significant contribution to the observed UVR
protective effects but further effects are expected to take
place. The terpenes and caffeic acid derivatives from
rosemary and citrus flavanones and flavones of the
combination showed the capacity to scavenge first stage
intracellular free radicals induced by UVR and ionising
radiations such as such as superoxide radical anions
(057), H,0,, and hydroxyl radicals (OH") (46, 58, 59).
Furtherly, some of these radicals generate second stage
lipoperoxy radicals (R-OO*) which are responsible for
the generation of inflammatory mediators and generate
DNA damage and protein oxidation. ROS are also
considered inflammatory mediators through the activa-
tion of the NF-kB signalling, which controls the expres-
sion of pro-inflammatory cytokines. Therefore, the
clinically visible increase of MED and the decrease of
UVB-induced skin redness of the ingredient is not only
due to their antioxidant capacity but also to their ability
to attenuate the subsequent inflammatory response.

Moreover, it has been proven that some of these
compounds are capable to reach intracellular targets and
modulate multiple metabolic processes that go beyond
their antioxidant properties (60). Hence, the polyphenols
in the combination may be able to exert a direct modula-
tion of the NF-kB signalling regardless their antioxidant
capacity. In fact, rosemary polyphenols were shown
in vivo to reduce the expression of several inflammation-
associated genes which are regulated by NF-xB such as
IL-1B, TNF-o, COX-1 and COX-2 in a mouse inflamed
skin model, (61). In a keratinocyte HaCaT cell model

stimulated with sodium lauryl sulphate, rosemary diter-
penes also blocked the translocation of nuclear factor
NF-kB by directly inhibiting its upstream signalling
including (spleen tyrosine kinase) Syk/Src, phosphoinosi-
tide 3-kinase (PI3K) and protein kinase B (Akt) tyrosine
kinases (62).

Skin LPO basal content (Table 3) was decreased
indicating an effect of the extracts in improving the skin
antioxidant status. Interestingly, the skin ability to coun-
teract UVA-induced lipoperoxidation was also increased
starting from 2 weeks of product use. Two months after
product use, the UVA-induced LPO content was decreased
by about 20 and 15%, 4 and 24 h after UVA exposure
(Table 3). These results indicate that the metabolites
derived from the ingredient are able to decrease the level
of lipid peroxidation in the skin cells in only 2 weeks of
consumption and therefore diminish the levels of skin
LPO (lipoperoxy radicals, and MDA and hydroxynonenal
as final products), which have been demonstrated to
induce DNA and protein oxidation (63). Since LPO are
also considered as inflammatory response mediators, their
drop is also consistent with the observed decrease in skin
redness after 2 weeks of product consumption.

In the present study, an improvement of the wrinkle
depth (Fig. 9) and skin elasticity (Table 4) was also ob-
served starting from 2 weeks of product use. No differences
in the measured outcomes were found between 100 and
250 mg extracts dose regimen, indicating a plateau effect
starting from the lowest dose.

This result reveals an improvement of the extracellular
matrix status that is composed of proteoglycans, poly-
saccharides and proteins, which are responsible for skin
elasticity and stiffness. UVR-induced ROS and inflamma-
tory mediators have been shown to induce the activation
of nuclear transcription complex AP-1, through intracel-
lular kinases signalling activation (MAP kinases, p38
and JNK), leading to metalloproteinases (MMPs) activa-
tion and decreased expression of collagen and other
matrix proteins with the final consequence of reduced
dermal matrix formation (64). Therefore, the combined
antioxidant and anti-inflammatory effects of the in vivo
product metabolites together with their direct action on

Citation: Food & Nutrition Research 2016, 60: 31871 - httpi//dx.doi.org/10.3402/fnrv60.3187 |

(page number not for citation purpose)



Skin photoprotective and antiageing effects of rosemary and grapefruit combination

intracellular signalling pathways may be the responsible
factors for the decreased signs of photoaged skin.

As the study protocol was implemented for all ages,
skin phototype from I to III (the most susceptible to
UVR), chrono- and photoaged skin, study results can be
extended to the general population. The female gender
selection does not represent a limitation for study results
extending to the general population since the molecular,
cellular, and tissue-specific events leading to inflamma-
tion, chrono- or photoageing are shared among genders.

Conclusions

Our results confirm the previous in vitro and in vivo results
(46) indicating a photoprotective and antiageing efficacy
of a combination of two plants extracts obtained from
dried rosemary (R. officinalis) leaves and grapefruits
(C. paradisi). Long-term oral extract supplementation can
contribute to skin protection by maintaining a steady-state
systemic concentration of compounds capable of protect-
ing the skin cells from UVR-induced alteration. Positive
effects such as reduced UVR-induced erythema, decreased
skin LPO, decreased wrinkle depth, and increased elasti-
city are noted as short as 2 weeks of product consumption.
The putative mechanism for these effects is most probably
to take place through the inhibition of UVR-induced ROS
and the concomitant inflammatory markers (LPO and
cytokines) together with their direct action on intracellular
signalling pathways which are responsible for extracellular
matrix degradation. In conclusion, the intake of Nutrox-
sun™ can be considered a complementary nutrition stra-
tegy to avoid the negative effects of sun exposure and
photoageing. To the best of our knowledge, this is the first
study demonstrating the antioxidant, photoprotective, and
antiageing efficacy of this combination of plants extracts.
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ARTICLE INFO ABSTRACT
Article history: Background: Solar ultraviolet (UV) radiation is one of the main causes of a variety of cutaneous disorders,
Received 30 March 2016 including photoaging and skin cancer. Its UVB component (280-315nm) leads to oxidative stress and

Received in revised form 27 May 2016

causes inflammation, DNA damage, p53 induction and lipid and protein oxidation. Recently, an increase
Accepted 3 August 2016

in the use of plant polyphenols with antioxidant and anti-inflammatory properties has emerged to
protect human skin against the deleterious effects of sunlight.

Objective: This study evaluates the protective effects of lemon balm extract (LBE) (Melissa Officinalis, L)
and its main phenolic compound rosmarinic acid (RA) against UVB-induced damage in human

Keywords:
Lemon balm extract

Rosmarinic acid — i
UV radiation eratinocytes.

Keratinocytes Methods: The LBE composition was determined by HPLC analysis coupled to photodiode array detector
Reactive oxygen species (ROS) and ion trap mass spectrometry with electrospray ionization (HPLC-DAD-ESI-IT-MS/MS). Cell survival,
DNA damage ROS generation and DNA damage were determined upon UVB irradiation in the presence of LBE. The
melanogenic capacity of LBE was also determined.
Results: RA and salvianolic acid derivatives were the major compounds, but caffeic acid and luteolin
glucuronide were also found in LBE. LBE and RA significantly increased the survival of human
keratinocytes upon UVB radiation, but LBE showed a stronger effect. LBE significantly decreased
UVB-induced intracellular ROS production. Moreover, LBE reduced UV-induced DNA damage and the
DNA damage response (DDR), which were measured as DNA strand breaks in the comet assay and histone
H2AX activation, respectively. Finally, LBE promoted melanogenesis in the cell model.
Conclusions: These results suggest that LBE may be considered as a candidate for the development of oral/
topical photoprotective ingredients against UVB-induced skin damage.
© 2016 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction
Abbreviations: 6-4PPs, pyrimidine (6-4) pyrimidone; CPDs, cyclobutane . . .
pyrimidine dimers; DDR, DNA damage response; DMSO, dimethy! sulfoxide; DSBs, The skin is the largest organ of the human body, participates in
double-strand brakes; H,DCF-DA, 2',7'-dichlorofluorescein diacetate; HNE, 4- Sensitivity and temperature maintenance and offers protection

hydroxy-2-nonenal; IBMX, 3-isobutyl-1-methylxanthine; LBE, lemon balm extract;
MDA, malondialdehyde; ORAC, oxygen radical absorbance capacity; PBS, phos-
phate-buffered saline; RA, rosmarinic acid; ROS, reactive oxygen species; SSBs,

from chemicals, microorganisms and UV radiation [1]. An
excessive UV exposition can lead to several skin pathological

single-strand brakes; TEAC, trolox equivalent antioxidant capacity; UV, ultraviolet. disorders, including erythema, immunosuppression, edema, sun-
* Corresponding author at: Instituto de Biologia Molecular y Celular, Universidad burn, hyperplasia, hyperpigmentation, premature aging and skin
Miguel Hernandez. Avda. de la Universidad S/No. 03202 Elche, Alicante, Spain. cancer [2] UV radiation is divided into long wave UVA
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order. (280-315nm, 5% of UV radiation), and short wave UVC
2 Frutarom Group. (200-280nm). UVB is one thousand times more capable of
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0923-1811/ © 2016 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights reserved.
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causing sunburn than UVA and is considered the most damaging
and genotoxic [3].

Melanin is the main skin protective barrier that acts by
absorbing and scattering UV radiation. Nevertheless, other
intracellular molecules are targeted (DNA, RNA, lipids and
proteins). The direct effect of UVB on DNA leads to the formation
of cyclobutane pyrimidine dimers (CPDs) and to a lesser extent
pyrimidine (6-4) pyrimidone (6-4PPs) photoproducts. When these
alterations are not well repaired, the resulting substitution/
transition mutations (cytosine-thymine) in the epidermal cells
can lead to the development of skin cancer [4,5].

UVB, together with UVA, generates superoxide (0,°), either
directly or through enzyme activation [6,7]. This is the most
promptly generated oxygen radical species (ROS) and is rapidly
derived into H,0,, which forms OH upon the Fenton reaction [4].
UVB induced *OH is postulated to be responsible for the formation
of DNA single-strand breaks (SSBs) and also for lipid peroxidation
through the generation of lipoperoxy radicals (ROO), malondial-
dehyde (MDA) and 4-hydroxy-2-nonenal (HNE). Additionally,
UVB-induced ROS interact with numerous cellular targets and
receptors that regulate crucial pathways related to inflammation,
cell survival, cell growth and differentiation in human keratino-
cytes: the NF-kB, the AP-1 transcription factor, the mitogen-
activated protein kinase (MAPK) and extracellular signal-regulated
kinase (ERK1/2) pathways [8-10]. Most of these effects lead to
extracellular matrix degeneration by proteases activation and skin
photoaging [1].

Plant polyphenols possess strong free radical scavenging
properties and have exhibited the capacity to modulate multiple
cellular pathways [11]. Recently, their potential skin photo-
protective effects have gained considerable attention [12]. The
UVB protective effects of botanical extracts, such as Punica
granatum [13], citrus and rosemary [14], green tea polyphenols
[15] and pure compounds, such as resveratrol [ 16], genistein [ 17,18]
and hydroxytyrosol [ 19] has been reported. Recently our group has
demonstrated the synergistic protective effect of rosemary and
citrus polyphenolic extracts both in vitro and in vivo [14].

Lemon balm (Melissa officinalis, L.) is a representative of the
Lamiaceae family, native to Europe but with a worldwide
distribution. This herb is used not only for ornamental purposes
but also for medicine and cosmetics. It is commonly used for
insomnia and anxiety [20], herpes [21], and indigestion [22], as an
antioxidant [23] and as an antimicrobial agent [24]. Lemon balm
extraction may lead to the essential oil and the lemon balm
polyphenolic extract (LBE), which is enriched in phenylpropanoid
derivatives and flavonoids. The major phenolic compound found in
the polyphenolic extract is rosmarinic acid (RA), which is an ester
of caffeic acid, and 3,4-dihydroxyphenyllactic acid [25] (Fig. 1, see
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Fig 1. HPLC-DAD chromatogram for LBE at 280 nm. Insert shows RA structure.

insert). The antioxidant activity of LBE has been previously
characterized in both in vitro and in vivo models [26-29].

In the present study, the UVB protective effects of LBE and its
major polyphenol RA were explored and compared in human
keratinocytes. The potential of LBE to protect human keratinocytes
from UVB-induced oxidative stress and to alleviate DNA damage
was studied. The protective effect through melanogenesis activa-
tion was also studied in a cellular model.

2. Materials and methods
2.1. Materials and LBE

Human keratinocytes (the spontaneously immortalized cell line
HaCaT) were obtained from Cell lines Service GmbH, CLS
(Eppelheim, Germany). Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), and penicillin-streptomycin
were obtained from Gibco/Thermo Fisher Scientific (Waltham, MA,
USA). RA (96%) and the rest of the reagents were purchased from
Sigma-Aldrich (St. Louis, MO, USA). LBE standardized containing
18.0+0.3% RA (w/w) was kindly provided by NUTRAFUR,
SA - Frutarom Group (Alcantarilla, Murcia, Spain).

2.2. Cell culture

HacCaT cells were grown in DMEM with 10% (v/v) FBS and 1% (v/
v) penicillin-streptomycin (0.1 mg/mL penicillin and 100U/mL)ina
humidified atmosphere with CO, (5% v/v) at 37 °C. The HaCaT cells
were trypsinized every third day following the purchaser
instructions and seeded in 96- or 6-well plates depending on
the assay. B16-F10 mouse melanoma cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA) and
grown using the same conditions described for the HaCaT cells.

2.3. HPLC-DAD-ESI-IT-MS/MS analysis of LBE

LBE was dissolved in DMSO:PBS (1:10) and filtered through a
0.45 pm nylon membrane. The extract was analyzed using a LC-MS
system consisting of an Agilent LC 1100 series (Agilent Technolo-
gies, Inc., Palo Alto, CA, USA) controlled by the Chemstation
software. The HPLC instrument was coupled to an Esquire 3000
(Bruker Daltonics, GmbH, Germany) mass spectrometer equipped
with an ESI source and ion trap mass analyzer. The electrospray
ionization source was operated in negative mode to generate
[M—H]~ ions using the following conditions: desolvation temper-
ature was set at 300°C, and the dry gas (nitrogen) and nebulizer
were set at 10 L/min and 60 psi, respectively. The MS and MS/MS
spectra were acquired over 100-1000m/z at 10ms, and the
capillary voltage was 4.0kV. A Teknokroma C-18 Tracer Excel 120
ODSB 5 um 25 x 0.4 cm column was used for analytical purposes.
The mobile phase was (A) formic acid (1%) and (B) acetonitrile, and
the following linear gradient was used: 20% B at Omin, 70% at
25min, 70% at 30 min, 20% at 31 min and 5 more minutes for re-
equilibration. The flow rate was 1 mL/min. Diode-array detection
was set at 280, 320 and 340 nm. The MS data were acquired as full
scan mass spectra at 50-1100 m/z using 200 ms for collection of the
ions in the trap. Identification of the main compounds was
performed by HPLC-DAD analysis. The retention times, UV spectra
and MS/MS data of the peaks in the samples were compared with
those of authentic standards or data reported in the literature.
Quantitation of the RA content was performed using a commercial
standard (Sigma-Aldrich, Europe) at 280 nm. The linearity range of
the responses was determined on eight concentration levels of RA
(ranging from 0.18 mg/mL to 5.4 mg/mL) with three injections for
each level. Calibration graphs for the quantitative evaluation of the
compounds were performed using a seven-point regression curve
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(r?>0.9973). The limit of detection (LOD) and limit of quantifica-
tion (LOQ) for RA were 1 ug/mL and 10 pg/mL respectively.

2.4. LBE and RA absorption spectra

Absorption spectra collection was performed on an UV-1603
UV-vis spectrophotometer (SHIMADZU, Kyoto, Japan). The 5 ppm
RA and LBE solutions (used at an equivalent RA concentration)
were prepared by dissolving the compounds in ultra-pure water.
The calculations were performed with the Origin software
(OriginLab Co.) using data from at least two independent experi-
ments in the range from 190 to 400 nm at 2 nm intervals.

2.5. UVB cell treatment and survival quantitation

For UVB treatment, cells were cultured in 96-well plates and
maintained in medium for 24h. When 50-70% confluence was
reached, the cells were washed with phosphate-buffered saline
(PBS) and treated with a thin layer of PBS containing LBE (15—
100 pg/mL) or RA (2.7-18 g/mL), followed by UVB light treatment
(800 or 1200]J/m?) emitted from the Bio-Link Crosslinker BLX-
E312. Afterwards, the PBS was replaced with fresh medium and the
cells were incubated for 72 h. Then, the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium (MTT) assay was used as a simple,
quantitative and reliable assay to determine cell viability after
irradiation as previously described [30]. The protection percentage
was obtained using the following formula:

PC — sample)

ion% —= — | et et
Protection% = 100 — 100 ( PC_NC

where all parameters represent the survival percentage of each
sample obtained from the MTT assay as follows: PC (% survival in
the non-irradiated control and the non-treated and non-irradiated
sample) and NC (% survival in the irradiated control and the non-
treated but irradiated sample).

2.6. Melanogenesis assays

B16 mouse melanoma cells were seeded into a 96-well plate to
obtain a confluent monolayer. The cells were incubated with the
LBE samples or the melanin induction agent 3-isobutyl-1-
methylxanthine (IBMX) at the indicated concentrations for 72 h.
Both extracellular (cell supernatants) and intracellular (after
dissolving the cell layer with 1M NaOH for 1h at 80°C with
moderate shaking) melanin were analyzed using a microplate
reader at 405 nm. Cell viability was not modified by the treatments
as determined by a MTT assay performed in parallel (data not
shown).

Table 1

2.7. In vitro antioxidant assays and ROS generation measurement

The Trolox equivalent antioxidant capacity assay (TEAC) was
performed as described elsewhere through decoloration of the
ABTS radical cation (ABTS**) by reducing agents [30]. The results
were expressed in mmol of Trolox per 100 g of extract dry weight.
The oxygen radical absorbance capacity (ORAC) assay was
performed as previously described using fluorescein and AAPH
as the radical generator [31]. The final ORAC values were calculated
using a regression equation between the Trolox concentration and
the net area of the fluorescence decay curve.

The H,DCF-DA fluorescence probe was used to monitor the
intracellular ROS generation induced by UVB radiation. Cells were
cultured in 96-well black plates and maintained in medium for
24h. When 90-100% confluence was reached, the cells were
treated with LBE, followed by treatment with UVB light (800 or
1200]/m?) emitted from the Bio-Link Crosslinker BLX-E312.
Afterwards, PBS was replaced with fresh medium and the cells
were incubated with H,DCF-DA (10 pg/mL) for 1h at 37°C and 5%
CO,. Fluorescence was measured using a microplate reader
(POLAstar Omega, BMG LabTech GmbH, Offenburg, Germany)
with 495 nm excitation and 520 nm emission filters.

2.8. Comet assay

Cells were cultured in 6-well plates and maintained in medium
until they reached 80-90% confluence. Then, the cells were washed
with PBS and treated with a thin layer of PBS containing LBE,
followed by treatment with UVB light (1200 J/m?) emitted from the
Bio-Link Crosslinker BLX-E312. Subsequently, the cells were
trypsinized, pelleted, resuspended in PBS and mixed with low
melting point agarose (1%). The alkaline single cell electrophoresis
assay was performed as previously reported [14] (Supplementary
information).

2.9. H2AX activation

HacCaT cells were cultured in 6-well plates and maintained in
medium for 24 h. When 70-90% confluence was reached, the cells
were washed with PBS and treated with LBE (15, 60 or 100 p.g/mL)
dissolved in a thin layer of PBS, followed by UVB irradiation (1200 ]/
m?). Then, the PBS was replaced with fresh medium and the cells
were incubated for 24 h. The phosphorylated form of the H2AX
protein (a marker for DNA damage; T-H2AX) was measured with
the Activation Dual Detection Kit (Merck Millipore, Darmstadt,
Germany) according to the manufacturer’s instructions using the
Muse Cell Analyzer (Millipore Corporation, Darmstadt, Germany).

Relevant mass spectral data of the compounds identified in LBE obtained by HPLC-DAD-ESI-IT-MS/MS.

Peak no. Retention time (min) [M-H]~ Main fragments Proposed compound

1 31 196.9 179,135, 73 3-(3,4-Dihydroxyphenyl) lactic acid
2 3.6 178.9 135 Caffeic acid

3 6.0 597.1 579, 535, 399, 337, 293, 267, 197 Yunnaneic acid F

4 6.6 521.0 359, 161 Rosmarinic acid hexoside

5 6.9 717.0 519, 475, 359, 297 Salvianolic acid B isomer

6 71 719.2 607, 539, 409, 359, 297 Sagerinic acid

7 7.8 438.9 359, 259, 215, 179, 135 Sulphated rosmarinic acid

8 8.4 358.8 223,197, 161 Rosmarinic acid

9 8.9 460.9 461, 285 Luteolin-3'-O-glucuronide
10 9.0 536.9 527, 493, 447, 359, 313,177 Lithospermic acid A

1 9.9 829.2 697, 667, 577, 535 491, 311 Salvianolic acid C derivative
12 11.0 4929 359, 313, 161 Salvianolic acid A

13 12.2 715.1 535, 491, 311 Salvianolic acid C derivative
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2.10. Statistical analysis

The data were represented as the mean + standard deviation of
the mean. All cellular measurements derived from three indepen-
dent experiments with each experiment performed in 4-6
determinations unless specified. One-way ANOVA and statistical
comparisons of the different treatments were performed using
Tukey'’s test in GraphPad Prism version 5.00 (GraphPad Software,
San Diego, CA, USA). The differences were considered statistically
significant at p <0.05. Statistical significance is detailed in the
figures using the following symbols: * p < 0.05, ** p <0.01 and ***
p<0.001.

3. Results
3.1. Characterization of LBE by HPLC-MS/MS

The major components of LBE were identified by HPLC-DAD-
ESI-IT-MS/MS as described in the Methods section. The main
polyphenolic compounds were identified using a library of
phenolic compounds by comparing their retention times, UV
spectra and MS/MS data with those of commercial standards or
reports in the literature. Fig. 1 shows the chromatogram obtained
at 280nm for LBE. Thirteen major phenolic compounds were
identified in LBE as detailed in Table 1 and were assigned numbers

50

Cell Survival (%)

LBE (ngmL) 0 15 30 45
RA (ng/mL) 0 2.7 5.4 8.1

Cell Survival (%)

LBE (ug/mL) 0 15 30 45
RA (ug/mL) 0 2.7 5.4 8.1

1-13 according to their elution order. RA (insert in Fig. 1) was the
major phenolic compound in the extract and corresponded to peak
number 8, with a parental ion at m/z 359 and fragment ions at m/z
223, 197 and 161 [32]. RA represented 18% (w/w) of LBE as
determined by HPLC-DAD using a RA commercial standard. The
biosynthetic precursors of RA, caffeic acid and 3-(3,4-dihydrox-
yphenyl) lactic acid were also detected (peaks 1 and 2), and up to
10 RA derivatives were identified (peaks 3-8 and 10-13), with
salvianolic acid the most abundant. An additional non-structurally
related compound (the flavone luteolin-3’-O-glucuronide) was
detected based on previous studies [33]. Structures of all identified
compounds are displayed in Supplementary Fig. 3.

3.2. LBE and RA protect human keratinocytes against UVB radiation

LBE and RA were challenged in a cell survival assay to determine
their capacity to protect human keratinocytes from UVB-induced
damage at different UVB radiation doses (800 or 1200]/m?). The
LBE extract contained 18% w/w RA; therefore, LBE and RA were
compared at equivalent RA concentrations so that the data points
at the abscissa axis contained equivalent RA concentrations
(Fig. 2A). After irradiation with 800]J/m? of UVB, only LBE showed
a level of photoprotection based on the significant increase in the
percentage of cell viability. The LBE protective effect exhibited a
dose-response behavior and showed significant differences (p

B Non-irradiated
BN LBE
BN RA

60 70 80 90 100
10.8 12.6 14.4 16.2 18
Bl Non-irradiated

Bl LBE
B RA

60 70 80 90 100
10.8 12.6 144 16.2 18

Fig. 2. Cell survival of human keratinocytes after irradiation with 800 J/m? (Fig. 2A) or 1200 J/m? (Fig. 2B) doses of UVB in the presence of LBE or RA and determined using MTT
assay after incubation of cells for 72 h post-irradiation. Data points at the abscissa axis contain equivalent concentrations of RA in pg/mL for comparison purpose. The data are
expressed as the mean of 6 replicates + SD. * (p < 0.05), ** (p < 0.01) or *** (p < 0.001) indicate statistically significant differences compared with irradiated sample in the

absence of the extracts.
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<0.05 or lower) starting at 80 g/mL of LBE compared with the
untreated cells or cells treated with different RA concentrations
(Fig. 2A). A similar effect was observed after irradiation of
keratinocytes with 1200]J/m? UVB. At this UVB dose, only the
highest concentration of LBE (100 g/mL) exhibited a protective
effect with a significant difference compared with the untreated
cells or cells treated with different RA concentrations (p < 0.05)
(Fig. 2B). Although a noticeable increasing trend was observed for
cell viability in irradiated cells incubated with different RA
concentrations, no statistically significant differences were ob-
served compared to controls, indicating that pure RA had no effect
on cell survival at the studied UV doses. LBE or RA concentrations
higher than 100 wg/mL were not used because these concen-
trations had a cytotoxic effect on human keratinocytes (data not
shown).

The protection magnitude was calculated as the difference
between cell survival in the irradiated control (cells irradiated in
the absence of agents) and cells treated with different LBE or RA
concentrations (Supplementary Table S1). The levels of protection
of 42% for LBE and 12% for pure RA were observed at 800 J/m? UVB
at the highest concentration used. These percentages were reduced
to 12% and 4% for LBE and RA, respectively, when the UVB
irradiation dose was increased to 1200]J/m?.

3.3. In vitro antioxidant activity and attenuation of ROS generation in
UVB-irradiated keratinocytes by LBE

To test whether the free radical scavenging capacity of LBE
significantly contributed to the observed photoprotective effect,
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the antioxidant capacity of LBE was evaluated both in vitro and in a
cellular model after UVB irradiation. First, in vitro antioxidant
activity was studied using the electron transfer-based TEAC assay
and the hydrogen atom transfer-based ORAC assay as described in
the Methods section. LBE exhibited a value of 271.46 + 6.37 mmol
Trolox equivalent/100g DW for TEAC assay. The ORAC measure-
ment for LBE revealed a high oxygen radical absorbance capacity
for the extract, i.e., 14,246 + 621 pmol Trolox equivalent/g DW.

To study the potential protective effect of LBE on the
intracellular ROS generation induced by UVB radiation, cells were
exposed to 800 or 1200]/m? UVB in the presence of several LBE
concentrations. ROS generation was measured using H,DCF-DA,
which is a probe that becomes fluorescent when oxidized by
intracellular ROS. Fig. 3 shows the increase in fluorescence linked
to ROS generation in HaCaT cells after UVB radiation in the
presence and absence of various LBE concentrations. A certain level
of fluorescence was detected in the non-irradiated cells due to
basal cell metabolism (white bars). Upon irradiation with UVB and
in the absence of LBE, the fluorescence showed a significant
increase of 33% or 45% in cells irradiated with the 800 or 1200 J/m?
doses, respectively, compared with their respective non-irradiated
controls. In contrast, significant decreases of 19% and 23% were
observed compared to the irradiated controls when the cells were
irradiated with 800J/m? and 1200]J/m? UVB (p < 0.001), respec-
tively, in the presence of 60 pg/mL of LBE. An enhanced capacity to
decrease ROS generation was achieved when LB was used at the
100 pg/mL concentration, with a 29% ROS decrease at 800 J/m? and
a33%decrease at 1200 J/m? compared with the irradiated and non-
treated cells.

800 800 1200 1200 1200
+ + + + +
60 100 = 60 100

Fig. 3. LBE decreases UVB-induced intracellular ROS generation in HaCaT cells (A). Keratinocytes were treated with different concentrations of LBE and exposed to UVB
radiation (800 or 1200 J/m?). Total fluorescence is expressed as arbitrary units. Pictures are representative of control of irradiated HaCaT cells at 800 J/m? (B), irradiated cells at
800]/m? in the presence of LBE (100 p.g/mL) (C), irradiated cells at 1200]J/m? (D) and irradiated cells at 1200 J/m? in the presence of LBE (100 p.g/mL) (E). Data are expressed as
the mean + SD. *** (p < 0.001) indicates significant differences compared to irradiated cells at the same UVB dose in the absence of LBE.
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3.4. LBE protects against UVB-induced DNA damage and triggers the
DNA damage response (DDR) in human keratinocytes

To test the hypothesis that the inhibition of ROS generation by
LBE observed in UVB-irradiated human keratinocytes correlated
with the protection of DNA damage, the presence of nuclear DNA
damage was studied using the alkaline comet assay. The alkaline
single cell comet assay primarily detects single-strand DNA breaks
(SSDs), alkali-labile sites (base or phosphate alkylations that
become strand breaks upon alkali treatment), incomplete excision
repair sites and DNA:DNA crosslinking at the level of the individual
cell; double-strand breaks (DSBs) are also partially detected [34].
The presence of smeared bands reflects smaller structures that can
be correlated to the level of DNA damage. Fig. 4(B-E) shows
representative pictures of the effect of LBE treatment on the comet
electrophoresis gels for keratinocytes irradiated at 1200 J/m?, and
Fig. 4A shows the corresponding quantitation of the comet score.
The incubation of non-irradiated HaCaT cells with LBE did not
significantly change the comet score (Fig. 4C) compared to the
control cells (Fig. 4B), suggesting the absence of LBE genotoxicity in
the cellular model. In contrast, when keratinocytes were UVB
irradiated at 1200]/m?, the comet score was considerably
increased (Fig. 4A) and the nucleoid DNA adopted a strong
smeared pattern (Fig. 4D). The presence of 100 wg/mL of LBE

500
400+
300+

200

Comet score (a.u.)

100

0_
UVB (J/m?) = S
LBE (ug/mL) - 100

reduced UVB-induced DNA damage by 64% (p <0.001) (Figs. 4A
and E) compared with the irradiated but untreated cells.

The activated form of H2AX ('y-H2AX) was evaluated to study
the potential correlation of a lesser degree of the DNA damage
response (DDR) with a lower level of DNA damage in UVB
irradiated keratinocytes incubated with LBE. The phosphorylated
form of H2AX was assessed in keratinocytes irradiated at 1200 J/m?
in the presence and absence of increasing LBE concentrations
(Fig. 5). As expected, UVB irradiation of HaCaT cells in the absence
of LBE led to a remarkable 16-fold increase in H2AX activation
compared to non-irradiated cells. The presence of 15 pg/mL of LBE
at the moment of irradiation gave rise to a significant decrease in
y-H2AX of almost 50% compared to irradiated cells in the absence
of LBE (p <0.01 or lower). A dose response effect was observed
with 60 pwg/mL of LBE, whereas no further decrease was detected at
the highest LBE concentration tested (100 pg/mL).

3.5. LBE promotes endogenous melanin production in melanogenesis
cell model

Melanin is one of the main endogenous defenses in human skin
against UV radiation, and an increase in melanin production
correlates with improved UV radiation protection [12]. Therefore,
we explored the ability of LBE to modulate melanin synthesis in a

1200 1200
= 100

Fig. 4. LBE protects HaCaT cells from UVB-induced DNA damage in comet assay (A). Cells were treated with 100 pg/mL LBE and exposed to 1200 J/m? of UVB. DNA damage was
expressed in arbitrary units and determined as described in Methods section. Pictures are representative of control of non-irradiated HaCaT cells (B), non-irradiated cells in
the presence of LBE (C), irradiated cells at 1200J/m? (D) and irradiated cells at 1200 J/m? in the presence of LBE (100 jg/mL) (E). The data are expressed as mean -+ SD. ***
(p <0.001) indicates significant differences compared with irradiated cells in the absence of LBE.
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Fig.5. LBE decreases DNA damage response in UVB irradiated HaCaT cells through a
reduction of H2AX histone activation. Total damage was expressed as % of activation
of H2AX and determined as described in Methods section. The data are expressed as
the mean=+SD. ** (p<0.01) and *** (p<0.001) indicate significant differences
compared to irradiated but non-treated cells.

cell model as a potential contributor to skin photoprotection.
Melanin production was determined using the well-established
melanogenesis model with B-16 melanoma cells. The cells were
incubated in the presence of IBMX, which is a well-known
melanogenic compound [35], or increasing concentrations of LBE
for 72h; then, the total melanin (extracellular+intracellular)
concentration was determined. As shown in Fig. 6, an increasing
trend in total melanin was observed as the concentration of LBE
was enhanced, showing a significant difference at 100 pwg/mL LBE
compared to the control (p < 0.01), concentration at which melanin
was increased by 40%. The increase was stronger in the
intracellular melanin (Supplementary Fig. S2), which exhibited
statistically significant differences at 90 and 100 wg/mL LBE
compared to the control and achieved >50% increase at the
maximum concentration of LBE tested.

4. Discussion

In this study, the capacity of a lemon balm extract to prevent
signs of cellular damage induced by UVB was explored. The major
compound in LBE was RA (18% w/w), but other phenylpropanoid
derivatives were also present (caffeic acid, salvianolic acid,
yunnaneic acid, sagerinic acid and lithospermic acid; Supplemen-
tary Fig. S3). Additionally, small amounts of the flavone luteolin-3’-
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Fig. 6. LBE increases melanin synthesis in B16 melanoma cells. Melanin fold
increase of B16 cells incubated in the presence of different concentrations of LBE
(green bars) compared to control cells (whitebar). Grey bar corresponds to the
melanogenic inducer IBMX in pM. Data are expressed as the mean + SD. * (p < 0.05)
and ** (p < 0.01) indicate significant differences compared to cells in the absence of
LBE (white bar).

O-glucuronide were found. Hence, most of the effects observed
must be due to RA and related polyphenols. Our results show that
LBE exhibits a higher protective capacity (almost 2-fold protection)
than does the equivalent RA concentration in preventing UVB-
induced cell death, indicating that other compounds present in the
extract at low concentrations significantly contribute to the
protective effect. The total polyphenolic content of the extract
as measured by the Folin Ciocalteu assay was 34.04 + 0.83%. Hence,
the rest of the compounds that account for the phenolic content
must contribute to the higher preventive effect of the extract.
Because LBE revealed stronger photoprotective properties than the
pure compound, the extract was selected for studies in the cellular
model.

To examine the possible causes that may account for the
additional photoprotective properties of LBE compared to RA, the
LBE and RA absorption spectra were analyzed and compared
(Supplementary Fig. S1). The spectra of both agents (the extract
and pure compound) showed two absorption maxima at approxi-
mately 285 nm and 325 nm within the ultraviolet B spectra, which
was typical for a hydroxycinnamic acid moiety. Thus, the
absorption capacity of LBE and RA at this wavelength might
contribute to their photoprotective properties. Theoretically, this
finding limits the effectiveness of LBE when given orally because
low concentrations of polyphenol metabolites must be presumed
to reach skin cells. However, plant polyphenols bearing a UV
protective capacity in the skin cell model and similar absorption
spectra also exhibited efficacy in a human trial [14]. Moreover,
higher concentrations could be achieved after topical application
of LBE.

UVB radiation has been reported to induce first stage
intracellular ROS, such as superoxide radical anions (0,'—), H,0,,
and hydroxyl radicals (*OH), either directly or through enzyme
activation [4,6,7]. Our results using the fluorescent probe H,DCF-
DA, which is sensitive to the above mentioned ROS and most likely
to OH [36], indicated that LBE decreased the intracellular UVB-
induced ROS level in a dose-dependent manner with a higher
efficacy at high UVB doses (i.e., 1200]/m?), revealing almost 33%
protection against ROS-induced damage. ROS are considered
inflammatory mediators that function through the activation of
NF-kB signaling, which controls the expression of pro-inflamma-
tory cytokines and enzymes such as IL-1(3, IL-6, IL-9 and COX-2.
Therefore, we postulate that LBE polyphenols may be capable of
reducing the inflammatory response concomitant with intracellu-
lar ROS generation as reported for RA in several in vitro and in vivo
models [25]. Recently, other polyphenols, such as the flavone
naringin, have shown the capacity to protect against UVB-induced
p38-mediated keratinocyte apoptosis in a manner correlated with
a decrease in intracellular ROS and inflammation [9,37].

Oxidative stress-driven lipid peroxidation is responsible for
continuous chromosomal and DNA damage and protein oxidation
and is involved in the pathogenesis of several human diseases.
Lipid peroxidation has been shown to be generated by UVB-
induced ROS, such as OH. Hydroxyl radicals trigger lipoperoxy
radicals (R-00*), which are a class of radical species derived from
the oxidation of membrane unsaturated fatty acids, leading to MDA
and HNE as the final products. The electrophilic addition of MDA or
HNE to DNA guanine bases exerts their promutagenic action not
only by forming DNA adducts but also at least partially by
compromising the base excision repair pathway [38]. Our results
confirmed the capability of LBE to decrease the generation of UVB-
induced OH. Therefore, we propose that the extract should
contribute to decreased lipid peroxidation and consequently the
formation of mutagenic peroxide DNA adducts. We found similar
protective behavior using lipophilic antioxidants such as rosemary
diterpenes, which avoid the generation of OH induced by ionizing
radiation [39]. Using the ORAC assay, which primarily detects the



176 A. Pérez-Sdanchez et al. /Journal of Dermatological Science 84 (2016) 169-177

lipoperoxy radical scavenging capacity [40], we found a high ORAC
value for the LBE extract, than those reported for strong
antioxidant extracts such as African potato or lemon verbena
extract [30,41], which strengthened our hypothesis.

UV light and ionizing radiation induce transient SSBs (initial
damage) and DSBs, which are the most dangerous type of DNA
damage and lead to cell death, mutations or genome aberrations
when incorrectly repaired [42,43]. Cells have evolved repair
pathways to detect DNA lesions, signal their presence and promote
their repair through the DNA damage response (DDR). The protein
kinases ATM (ataxia telangiectasia mutated) and ATR (ataxia
telangiectasia and Rad3-related protein) are key DDR-signaling
components in mammalian cells. When activated by damaged
DNA, these kinases phosphorylate serine 139 of the histone H2A
variant H2AX, which acts as a sensor and promotes the recruitment
of DDR factors plus other chromatin-modifying components that
together promote DNA repair and regulate cell-cycle checkpoints
or apoptosis through p53 and checkpoint kinase 1 (CHK1) [44].
UVB irradiation induces H2AX phosphorylation and recruits DDR
proteins to CDP and 6-4PP damaged DNA sites, which persist for
several hours after irradiation. Resolution of DDR proteins occurs
when the nucleotide excision repair system acts. If DNA damage is
not repaired and DDR persists, apoptosis usually occurs [43]. The
UVB-induced accumulation of y-H2AX foci results from the
collapse of replication forks at unrepaired CPDs, leading to the
generation of SSBs and DSBs [4]. In our cellular system, we found a
correlation between the level of UVB-induced DNA damage in the
alkaline comet assay (probably SSBs, DSBs and alkali-labile sites)
and the phosphorylation of histone H2AX as a sign of DDR. The
incubation of keratinocytes with LBE at the time of UVB irradiation
significantly decreased both DNA damage and y-H2AX, suggesting
that the extract prevented the generation of CDP and 6-4PP
photoproducts in the DNA of HaCaT cells and concomitantly less of
a DDR arose. Therefore, the ability of LBE to decrease DNA damage
and the subsequent activation of the DDR and repair systems
suggested that the extract might enable fewer chances for
incorrectly repaired DNA or mutations.

The analysis of the composition of the LBE extract used in this
study by HPLC-MS highlighted the abundance of RA and its
biosynthetically related compounds 3-(3,4-dihydroxyphenyl) lactic
acid and salvianolic acid, which was in agreement with previous
reports [45,46]. The presence of other cinnamate derivatives, such as
the salvianolic, sagerinic, lithospermic and yunnaneic acids,
indicates that the predominant secondary metabolic pathway in
LBE polyphenols is the phenylpropanoid derivative pathway, which
proceeds from phenylalanine via trans-p-coumaric acid directly to
trans-caffeic acid. Previous studies have reported the presence of
phenolic acids, gallic acid, ellagic acid, flavanes and flavonols as
major compounds in dichloromethane, ethyl acetate and butanolic
fractions derived from lemon balm leaves analyzed by regular
HPLC-DAD [46]. However, we have found that phenylpropanoid
compounds related to RA, as identified by HPLC-DAD-ESI-IT-MS/
MS, were maximized in our extract probably due to the use of
acetone extraction in the manufacturing process of the extract.

The exceptional antioxidant, antiinflammatory and cytopro-
tective capacities of RA in parallel with its effects on cell signaling
pathways and gene expression have been thoroughly studied [25].
The capacity of RA to protect human keratinocytes from UVB-
induced ROS generation, apoptosis, IL-6 release and DNA breakage
have also been reported [29]. Moreover, RA was especially efficient
in inhibiting MDA formation in vitro [47] and showed a unique
capability to penetrate lipid bilayers and protect them from
oxidation without disturbing their structure [23]. Therefore, we
hypothesize that part of the DNA protective effects of LBE in our
cellular system may be due to the capacity of RA to interact with
cell membranes and therefore inhibit lipid peroxidation.

In contrast to previous studies, we found a higher protective
effect for LBE than for pure RA when both were used at equivalent
RA concentrations. The presence of other caffeic acid derivatives
structurally related to RA (Supplementary Fig. S3) in the extract
may be responsible for this effect. The flavone luteolin also
exhibited UV protection activity in cellular models [10,48], but the
LBE extract contained only small quantities of this compound. The
whole extract is definitely more convenient, less expensive and
easier to produce for nutraceutical or nutricosmetic applications.
However, the stronger photoprotective activity of LBE compared to
RA deserves further attention to identify the compounds
responsible for the additional performance of the extract.

Finally, the melanogenic capacity of LBE was studied in a
cellular system. The extract showed the capacity to promote
melanogenesis as determined by the increase in both intracellular
and extracellular melanin in melanoma cells. Flavonoids, such as
the flavonols quercetin or kaempferol, and flavones, such as
apigenin or luteolin, were reported to promote melanogenesis in a
melanoma cell model [49]. Whether the melanogenic capacity of
the LBE extract is due to the small quantities of luteolin or other
compounds present in the extract requires further research.
Regardless, the melanogenic capacity of LBE may be an interesting
feature of the extract that should be explored for its application
(topically or by oral consumption) as a UV protector.

Theoretically, the relevance of these results is limited by the
bioavailability of the bioactive polyphenols in LBE. The physiological
concentration of RA and its metabolites in the plasmaofrats after oral
ingestion was reported to vary within the low micromolar range
(1.5-5uM) [50], which represented an RA concentration of
approximately 0.5-1.8 pg/mL; this concentration is below those
used in our cell model. However, topical application of RA to rat skin
resulted in the percutaneous absorption of RA, which was
subsequently distributed in the skin, blood, bone and muscle [51].
Thus, higher concentrations may be achieved in skin tissue.

In summary, the present study demonstrates the higher
capacity of LBE compared to pure RA to increase the survival of
human keratinocytes upon UVB irradiation, which is reflected in
the inhibition of the generation of intracellular ROS and the
concomitant decrease in DNA damage. We postulated that the DNA
protective capacity of LBE was partially due to a decrease in direct
DNA damage and CPD and 6-4PP photoproduct production, leading
to a lower level of DNA strand breaks in the comet assay.
Additionally, LBE may exert an indirect DNA protective effect
through the inhibition of lipid peroxidation triggered by OH. These
effects were correlated with a decrease in the DNA damage
response that diminished the chances for incorrectly repaired DNA
or mutations. Nevertheless, the complete understanding of the
molecular mechanism requires further research.

Although the efficacy of the ingredients must be tested topically
and by oral ingestion in a human trial, the photoprotective
properties of LBE together with its melanogenic capacity suggest
its potential as a candidate for the protection of human skin against
the deleterious effects of sunlight and will allow the future
development of new topical and nutraceutical products.
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ABSTRACT

The signal transducer and activator of transcription 3 (STAT3) has been suggested to play a prominent role
in mediating non-small-cell lung cancer (NSCLC) resistance to some tyrosine kinase inhibitor (TKI)-
mediated therapies. Using a model of anaplastic lymphoma kinase gene (ALK)-translocated NSCLC with
acquired resistance to the ALK TKI crizotinib, but lacking amplifications or mutations in the kinase domain
of ALK, we herein present evidence that STAT3 activation is a novel mechanism of crizotinib resistance
that involves the upregulation of immune escape and epithelial to mesenchymal transition (EMT)
signaling pathways. Taking advantage of the flavonolignan silibinin as a naturally occurring STAT3-
targeted pharmacological inhibitor, we confirmed that STAT3 activation protects ALK-translocated NSCLC
from crizotinib. Accordingly, silibinin-induced inhibition of STAT3 worked synergistically with crizotinib to
reverse acquired resistance and restore sensitivity in crizotinib-resistant cells. Moreover, silibinin treatment
significantly inhibited the upregulation of the immune checkpoint regulator PD-L1 and also EMT regulators
(e.9., SLUG, VIM, CD44) in crizotinib-refractory cells. These findings provide a valuable strategy to potentially
improve the efficacy of ALK inhibition by cotreatment with silibinin-based therapeutics, which merit
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clinical investigation for ALK TKI-resistant NSCLC patients.

Introduction

Genetic abnormalities with “driver” characteristics have been
extensively reported in several distinct subsets of non-small-
cell lung cancer (NSCLC). Among these rare genetic changes,
transforming rearrangements in the anaplastic lymphoma
kinase gene (ALK) are present in about 2-5% of NSCLC
tumors. The most often encountered rearrangement is an
inversion of chromosome 2 leading to the fusion of ALK with
echinoderm microtubule-associated protein like 4 (EML4),
which results in the abnormal expression and activation of
ALK in the cytoplasm of NSCLC cells.!

Patients with ALK-EML4 translocation obtain clinical bene-
fit from molecularly targeted therapy with precision ALK tyro-
sine kinase inhibitors (TKIs). Crizotinib, a first-in-class
multitargeting TKI with activity against ALK, ¢-MET, and
ROS1, is particularly effective in ALK-rearranged NSCLC,
resulting in a median progression-free survival of 6-10 months
and an overall survival of nearly 75% at one year.> Unfortu-
nately, despite the dramatic and prolonged responses with low
toxicity, systemic acquired resistance invariably develops over
time and the median progression-free survival does not exceed
11 months in crizotinib-treated ALK-positive NSCLC
patients.” Intriguingly, while ALK TK mutations appear to be
major determinants of acquired resistance to crizotinib, over 2

thirds of cases of ALK-rearranged NSCLC with acquired resis-
tance to crizotinib lack kinase mutations. Accordingly, several
studies have revealed that ALK-rearranged tumors activate
other oncogene kinases (e.g., HERs) to circumvent the inhibi-
tion of ALK phosphorylation conferred by crizotinib and
more potent TKIs, thereby maintaining the downstream
PI3K/AKT and ERK/MAPK signals in the presence of TKIs.*®
Using a model of ALK-translocated NSCLC with acquired
resistance to crizotinib, but lacking amplifications or muta-
tions in the kinase domain of ALK, we here evaluated the
molecular and therapeutic relevance of signal transducer and
activator of transcription 3 (STAT3) as a nongenetic mecha-
nism mediating crizotinib resistance in ALK-rearranged
tumors.

Results

ALK-rearranged NSCLC cells with acquired resistance to
crizotinib exhibit crizotinib-unresponsive hyperactivation
of STAT3

Because constitutive ALK activation results in tumorigenic
activity through activation not only of PI3K/AKT and ERK1/2/
MAPK but also of STAT3 signaling, we envisioned that if
acquisition of crizotinib resistance was accompanied by
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changes in STAT3 activity, then therapies targeted to STAT3
might be effective to overcome crizotinib resistance in ALK-
rearranged NSCLC. To test this hypothesis, we utilized the cri-
zotinib-responsive NSCLC cell line H3122, which harbors the
fusion variant EML4-ALK E13; A20, and a derived resistant
variant capable of growth in the presence of 1 pmol/L crizoti-
nib (H3122/CR) but lacking amplification or mutations in the
kinase domain of ALK.

To characterize the relationship between crizotinib resis-
tance and STAT3 signaling, we measured the phosphorylation
status of STAT3 at Tyr705, which is known to induce its activa-
tion via dimerization, nuclear translocation, and DNA binding.
Using a commercially available solid phase enzyme-linked
immunosorbent assay (ELISA) that specifically detects endoge-
nous phospho-STAT3™7% protein, we observed a marked
induction (~3-fold) of phospho-STAT3"¥*7%% expression in cri-
zotinib-refractory H3122/CR cells relative to crizotinib-respon-
sive H3122 parental cells (Fig. 1A). To establish a causal
relationship between the activation of STAT3 and the acquisi-
tion of resistance to crizotinib, we examined the effect of crizo-
tinib on STAT3 signaling in crizotinib-sensitive and resistant
H3122 cells. We found that STAT3 activity was significantly
lower in crizotinib-sensitive H3122 cells than in resistant cells
(80% reduction in the presence of 0.2 pmol/L crizotinib).
Although an equimolar concentration of crizotinib reduced the
expression of phospho-STAT3™7%° by 40-45% in H3122/CR
cells, it failed to return STAT3 activation to the baseline levels
found in crizotinib-sensitive H3122 cells. Consequently, the
residual activation of STAT3 in crizotinib-treated H3122/CR
cells remained significantly higher (1.5-fold) than that observed
in crizotinib-responsive cells (Fig. 1A). These results expand
earlier findings by Tanizaki et al.* who showed that inhibition
of STAT3 phosphorylation by the ALK inhibitor NVP-TAE684
in crizotinib-responsive H3122 cells was largely prevented in
H3122 cells with acquired resistance to TAE684. These findings
suggested that inhibition of STATS3 signaling is a potential ther-
apeutic strategy to overcome the acquired resistance to ALK
inhibitors in ALK-rearranged NSCLC cells.

Silibinin deactivates STAT3 in ALK TKl-sensitive and
-resistant NSCLC cells

We have recently reviewed the effects of silibinin, a natural
polyphenolic flavonoid isolated from seed extracts of milk this-
tle (Silybum marianum), and concluded that its robust preclini-
cal activity against diverse human cancer types including
NSCLC can be explained, at least in part, by its capacity to
operate as a bona fide STAT3-targeted inhibitor.'’ To examine
whether STAT3-targeting by the flavonolignan silibinin could
overcome NSCLC acquired resistance to crizotinib, we tested
its effect on crizotinib sensitivity of ALK-rearranged NSCLC
cells. Silibinin dose-dependently blocked STAT3 activation in
both parental and crizotinib-resistant H3122 cells at 24 and
48 h (Fig. 1B). Although crizotinib-refractory H3122/CR cells
experienced a delay of 24 h in achieving the same degree of
STATS3 inhibition as that observed in H3122 cells treated with
silibinin, it appeared that the mechanism underlying crizotinib-
unresponsive STAT3 hyperactivation did not preclude the

ability of silibinin to fully inhibit STAT3 activity in crizotinib-
resistant H3112/CR cells.

We next assessed the effect of silibinin-induced inhibition of
STATS3 for apoptosis of parental and resistant cells. Using a cell
death ELISA to measure DNA fragmentation and histone
release by apoptotic cells, we found that the extent of apoptosis
in H3122/CR cells by high concentrations of silibinin was sig-
nificantly greater (up to ~3 fold) than that induced by silibinin
in crizotinib-sensitive H3122 cells (Fig. 1C). These findings
strongly suggest that H3122/CR cells use STAT3 signaling to
engage anti-apoptotic survival mechanisms. Consistent with
this notion, the silibinin ICso in H3122/CR cells (63 +
10 umol/L) was moderately less than the silibinin ICs of crizo-
tinib-sensitive H3122 cells (76 & 13 umol/L).

Silibinin synergistically reverses acquired resistance to
crizotinib

We evaluated the tumoricidal potential of combining crizotinib
and silibinin in H3122/CR cells. The ICs, of crizotinib for the
inhibition of cell viability of H3122 cells was 0.27 pmol/L,
whereas it was almost 3-fold higher for crizotinib-resistant
H3122/CR cells (Fig. 1D, left). Remarkably, cell viability was
significantly more inhibited by combined silibinin and crizoti-
nib treatment when compared with either agent on its own in
crizotinib-resistant H3122/CR but not in crizotinib-sensitive
H3122 cells. Accordingly, whereas combined treatment with
crizotinib and 50 wmol/L silibinin modestly decreased the cri-
zotinib ICs, value by 1.5-fold in crizotinib-sensitive H3122
cells, co-treatment reduced the crizotinib ICs, value by more
than 5-fold in H3122/CR cells (Fig. 1D, left). These results indi-
cate that silibinin-induced suppression of STAT3 hyperactiva-
tion generates a crizotinib-hypersensitive phenotype in
crizotinib-resistant H3122/CR cells. To confirm the ability of
STAT3-targeted silibinin treatment to overcome the acquired
resistance to crizotinib in ALK-rearranged lung cancer, we
explored the effect of silibinin on the long-term proliferative
ability of H3122 and H3122/CR cells grown in the presence of
crizotinib. The immediate and highly significant arrest in
growth observed in crizotinib treated H3122 cells was followed
by a conspicuous late burst of cell proliferation, illustrating the
rapid adaption of ALK-rearranged NSCLC cells to crizotinib
exposure. Importantly, silibinin fully abolished the late prolifer-
ative burst of H3122 parental cells exposed to crizotinib
(Fig. 1D, right). Moreover, long-term co-exposure to silibinin
promoted cytostatic and cytotoxic effects in H3122/CR cells,
which likewise demonstrated their ability to proliferate in the
presence of crizotinib (Fig. 1D, right).

Silibinin suppresses the activation of PD-L1/EMT in
crizotinib-resistant NSCLC cells

It has been recently reported that upregulation of the immuno-
regulatory protein, programmed cell death ligand 1 (PD-L1),
might mediate immune escape in ALK-positive NSCLC tumor
cells."" We therefore assessed how silibinin might affect PD-L1
expression in crizotinib-sensitive and -resistant NSCLC cells.
Quantitative real-time PCR analysis revealed that PD-L1
expression was markedly (~4-fold) higher in H3122/CR cells
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Figure 1. Silibinin reverts STAT3-driven acquired resistance to crizotinib in ALK- rearranged NSCLC cells. (A) H3122 and H3122/CR cells were treated with 0.2 zzmol/L crizo-
tinib for 48 h. Whole cell lysates were subjected to phospho-STAT3™"7% ELISA. Results are expressed in relative light units (RLU) and represent the mean (columns) + SD
(bars) of 2 independent experiments performed in duplicate. (B) H3122 and H3122/CR cells were treated with graded concentrations of silibinin for 24 and 48 h. Whole
cell lysates were subjected to phospho-STAT3™7%° ELISA. Results are expressed as the % of phospho-STAT3™"7%° expression relative to untreated controls and represent
the mean (columns) & SD (bars) of 2 independent experiments performed in duplicate (n.s., non-significant differences were identified by ANOVA followed by Scheffé’s
multiple contrasts; “P < 0.01 relative to control cells by ANOVA followed by Scheffé’s multiple contrasts) (C) Quantification of apoptosis-related cell death in H3122 and
H3122/CR cells in response to 48 h treatment with graded concentrations of silibinin was determined as described in “Materials and methods.” Results are shown as
mean (columns) =+ SD (error bars) from at least 2 experiments in which duplicate wells were analyzed (P < 0.01 relative to control cells by Student’s t test for paired val-
ues) (D) Left. Cell viability of H3122 and H3122/CR cells cultured with graded concentrations of crizotinib was assessed using an MTT assay. Concentrations causing 50%
reduction in cell viability (ICso values) were calculated in the absence or presence of 50 mol/L silibinin (n.s., non-significant differences were identified by Student’s t
test for paired values; “P < 0.01 relative to control cells by Student's t test for paired values). Right. H3122 and H3122/CR cells were plated in 24-well plates at 5,000 cells/
well and treated with crizotinib, silibinin or crizotinib plus silibinin as specified. The data presented are mean of number cells x 10*/well (columns) = SD (bars). All assays
were performed at least 2 times in triplicate. (E) Total RNA from H3122 and H3122/CR cells cultured in the absence or presence of graded concentrations of silibinin was
characterized in technical triplicates for the relative abundance of PD-L1, SNAI2 (SLUG), VIM, and CD44. The transcript abundance was calculated using the delta Ct method
and presented as fold-change vs. basal expression in H3122 parental cells. “P < 0.01 relative to untreated control cells by ANOVA followed by Scheffé’s multiple contrasts.

than in H3122 cells (Fig. 1E, left). Treatment with silibinin sig-
nificantly downregulated the high baseline levels of PD-L1
expression in crizotinib-sensitive H3122 cells'' and signifi-
cantly inhibited the up-regulation of PD-LI in H3122/CR cells.

Given the molecular and clinical correlation between high
expression of immune checkpoint regulators such as PD-L1
and the activation of mesenchymal markers following epithelial
to mesenchymal transition (EMT) phenomena,'*"® we finally

questioned whether silibinin, which has been shown to regulate
the EMT program,'”*' might affect the close relationship
between EMT and immune escape signaling pathways for
acquired resistance to crizotinib. Interestingly, silibinin’s ability
to downregulate PD-L1 expression was accompanied by the
parallel downregulation of the EMT markers SNAI2 (SLUG),
VIM, and CD44, all of which were significantly upregulated in
crizotinib-resistant H3122/CR cells (Fig. 1E, right).
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Discussion

Crizotinib received Food and Drug Administration approval in
2011 for the treatment of metastatic NSCLC that is positive for
ALK rearrangements. However, systemic acquired resistance
remains the main limitation to prolonged clinical efficacy of
crizotinib in patients with ALK-positive NSCLC. It is therefore
important to understand crizotinib resistance mechanisms and
to identify potential therapeutic strategies against this resis-
tance. Our present results show that STAT3 activation plays an
important role in the acquisition of resistance to pathway-tar-
geted drug therapies such as crizotinib,>** a STAT3-centered
mechanism that appears to involve the concomitant upregula-
tion of immune escape and EMT signaling pathways in ALK-
positive NSCLC cells.

First, in our present study, we confirm that crizotinib treat-
ment represses STAT3 activation in crizotinib-sensitive NSCLC
cells,>**** but not in crizotinib-resistant cells. Second, we show
that inhibition of STAT3 with the flavonolignan silibinin
markedly inhibits cellular growth of ALK-positive NSCLC cells
with acquired resistance to crizotinib, which is associated with
significant apoptotic cell death. Third, we provide evidence that
STATS3 activation forms part of the intrinsic mechanisms that
control the expression of the immunoregulatory ligand PD-L1.
Because PD-L1 upregulation represents an innate immune
resistance mechanism in ALK-positive NSCLC and blockade of
PD-L1 may be a promising optional treatment for NSCLC
patients with resistance to crizotinib,'' our present findings
showing for the first time that silibinin significantly downregu-
lates PD-L1 opens new horizons for the therapeutic use of sili-
binin to increase the immunogenicity of ALK-positive NSCLC.
Fourth, given the close correlation between EMT and immune
escape in driving cancer aggressiveness and therapeutic resis-
tance,'>'®* the capacity for silibinin to “switch-off” signals
expressed by tumor cells to escape the immune system (e.g.,
PD-L1) while also reducing the expression of EMT-associated
core genes (e.g., vimentin, Slug) strongly suggests that the com-
bination of silibinin with new immunotherapeutic agents, such
as checkpoint blockers, may be particularly useful for the treat-
ment of ALK-positive NSCLC with the most mesenchymal
(EMT) features.

Because crizotinib-resistant H3122/CR cells have been
found to significantly hyperactivate the epidermal growth fac-
tor receptor (EGFR),” it appears reasonable to suggest that
STAT3 might operate as a signaling molecule activated specifi-
cally and persistently by overactivated EGFR in crizotinib-resis-
tant cells, but not by normal levels of EGFR activity in
crizotinib-sensitive cells. If activation of the EGFR-STATS3 sig-
naling axis is confirmed as a predominant mechanism of
acquired cross-resistance to first- and second generation ALK
TKIs (e.g., crizotinib, ceritinib, alectinib),”>*” the use of silibi-
nin as a STAT3-targeted treatment plus ALK/EGFR TKIs could
be explored to clinically manage the ALK-rearranged cohort of
NSCLC patients. However, we are aware that the use of one cell
system (i.e., H3122 vs. H3122/CR cells) represents a great limi-
tation of our study; further work using series of ALK TKI-resis-
tant patient-derived cell lines is needed before proposing
activation of STAT3 as a major nongenetic mechanism that
drives ALK TKIs resistance.”® Moreover, it remains to be

established whether in the absence of STAT3 hyperactivation,
the occurrence of acquired resistance to crizotinib might
remain sensitive to silibinin. We are currently exploring the
STAT3-independent capability of silibinin to circumvent EMT-
related crizotinib resistance in ALK-rearranged NSCLC cells.*
Our present findings highlight the potential of STAT3-tar-
geted treatment with silibinin as a therapeutic strategy with an
alternative mechanism of action to overcome crizotinib resis-
tance in ALK-rearranged lung cancer. We have recently
reported the first evidence that an oral nutraceutical product
containing silibinin has significant clinical efficacy against brain
metastasis in NSCLC patients.”® Although further studies are
needed, we believe that these encouraging results should drive
the translation of the experimental crizotinib-silibinin combi-
nation to the clinical setting to assess and profile the safety and
efficacy of crizotinib plus silibinin in overcoming the acquired
resistance to crizotinib in ALK-rearranged lung carcinomas.

Materials and methods
Reagents

Crizotinib was kindly provided by Pfizer. Silibinin was pur-
chased from Sigma-Aldrich (St. Louis, MO). All reagents were
dissolved in dimethylsulfoxide (DMSO) to prepare 10 mmol/L
stock solutions, which were stored at —80°C until use.

Cell culture

NCI-H3122 (H3122) cells, which harbor EML4-ALK E13; A20
and are dependent on ALK signaling, were made resistant to
crizotinib by incremental and continuous exposure to crizoti-
nib. H3122/crizotinib-resistant (CR) cell derivation, sequencing
of ALK, and evaluation of DNA copy numbers has been
described elsewhere.’

Cell viability

Cell viability effects of crizotinib and silibinin were determined
using the standard colorimetric MTT reduction assay. Dose-
response curves were plotted as a percentage of the control cell
absorbance, which was obtained from control wells containing
the vehicle (DMSO) processed simultaneously. For each treat-
ment, cell viability was evaluated as a percentage using the fol-
lowing equation: (ODsy, of the treated sample/ODs;, of the
untreated sample) x 100. Sensitivity to agents was expressed in
terms of the concentrations required for 50% (ICs,) reduction
of cell viability. Since the percentage of control absorbance was
considered to be the surviving fraction of cells, the IC5, values
were defined as the concentration of drug that produced 50%
reduction in control absorbance (by interpolation).

STAT3 elisa

Cells were treated with crizotinib or silibinin for 48 h. Cells
were harvested and equivalent aliquots of protein were sub-
jected to a PathScan® phospho-Stat3 (Tyr705) sandwich ELISA
(Cell Signaling Technology, Danvers, MA) following the manu-
facturer’s instructions.



Apoptosis assay

Apoptosis was assessed using the Cell Death Detection
ELISA™'YS Kit from Roche Diagnostics (Barcelona, Spain).
Briefly, cells (5-10 x 10° cells per well) were grown in 96-well
plates and treated in triplicate with the indicated doses of silibi-
nin for 48h. Pelleted cells were treated with lysis buffer for
30 min at room temperature. Anti-histone biotin and anti-
DNA peroxidase antibodies were then added to each well fol-
lowed by incubation at room temperature for 2h. After three
washes, the peroxidase substrate was added to each well, and
the plates were read at 405 nm at multiple time intervals. The
enrichment of histone-DNA fragments in treated cells was
expressed as the fold increase in absorbance relative to control
(vehicle-treated) cells using the following formula:
[Asos—Asso)rrEATED/ [Ad05—Ads0]UNTREATED

Cell proliferation assays

Semi-confluent H3122 and H3122/CR cultures were trypsi-
nized and cells were seeded into 24-well plates at a density of
5,000 cells/well. Cells were allowed to attach for 18 h, after
which time a 0-time point measurement was determined. Cells
were then cultured in standard medium containing 5% serum
in the absence or presence of crizotinib, silibinin, and crizotinib
plus silibinin and counted at day 2, 4, and 8 using a Coulter
Counter (Coulter Electronics, Inc., Hialeah, FL). All assays
were performed at least 3 times in duplicate.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

Total RNA was extracted from cell cultures using the Qiagen
RNeasy Kit and QIAshredder columns according to the manu-
facturer’s instructions. One microgram of total RNA was
reverse-transcribed to cDNA using the Reaction Ready™ First
Strand c¢cDNA Synthesis Kit (SABiosciences, Frederick, MD)
and applied to a customized PCR array (96-well format) con-
taining the following panel of genes: PD-LI, SLUG, VIM, and
CD44. The arrays were processed according to the SABioscien-
ces RT-PCR manual and analyzed using an Applied Biosystems
7500 Fast Real-Time PCR System with an automated baseline
and threshold cycle detection. The data were interpreted using
the web-based PCR array analysis tool from SABiosciences.
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