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RESUMEN/ABSTRACT

RESUMEN

Los compuestos fendlicos del olivo poseen multitud de propiedades beneficiosas en diversos contextos
patoldgicos. Su potencial antioxidante y antiinflamatorio, junto a otros efectos, han hecho del hidroxitirosol
(HT) y el tirosol (TIR), principales fenoles del olivo, objeto de multitud de estudios y ensayos. En esta tesis
doctoral se ha evaluado el efecto de estos dos compuestos en patologias en las que la hipoxia juega un
papel importante, como el cancery el ictus, y en enfermedades amiloides como la enfermedad de Parkinson
(EP), todas ellas estrechamente relacionadas con el estrés oxidativo. En los trabajos realizados con células
MCF-7 de cancer de mama sometidas a hipoxia, describimos cdmo el HT disminuye el nivel de estrés
oxidativo. Aunque a concentraciones elevadas este compuesto modula la respuesta de las rutas PGC-
1a/ERRa y PGC-10/Nrf2, su efecto antioxidante parece estar mediado por una accion directa. En estas
mismas células el HT también disminuye los niveles de la subunidad a del factor inducible por hipoxia-1,
principal mediador de la respuesta a hipoxia y marcador de mal pronéstico en esta enfermedad, pudiendo
actuar a altas concentraciones como agonista de AHR. Por otra parte, mediante el uso de un modelo de
oclusion transitoria de la arteria cerebral media en ratones, hemos comprobado que el uso terapéutico de
una dieta suplementada con HT mejora el estado fisico y cognitivo y afecta positivamente a parametros
clave en la recuperacion del ictus isquémico, como el flujo sanguineo cerebral, la conectividad funcional, la
neuroinflamacién y la neurogénesis. Finalmente, el andlisis del efecto del TIR en modelos de C. elegans de
la EP pone de manifiesto el potencial neuroprotector de este compuesto frente a la degeneracion
dopaminérgica y la toxicidad inducidas por la agregacion de la a-sinucleina, asi como su capacidad
antioxidante e inductora de la expresion de chaperonas relacionadas con esta enfermedad. En conclusion,
los resultados obtenidos sugieren que tanto el HT como el TIR poseen un gran potencial como moléculas
bioactivas con diversos efectos beneficiosos en las patologias analizadas.

ABSTRACT

Hydroxytyrosol (HT) and tyrosol (TYR), the main phenols in the olive tree, have demonstrated an important
antioxidant and anti-inflammatory potential. Given the crucial role of oxidative stress in a great number of
pathologies, many of them involving hypoxia and protein aggregation, in this doctoral thesis we have
evaluated the effect of HT and TYR in cancer and stroke, two hypoxia-related diseases, and in one of the
most frequent amyloid diseases, such as Parkinson’s Disease (PD). In the studies performed with MCF-7
breast cancer cells under hypoxic conditions, we described that HT reduced the level of oxidative stress.
Although at high concentrations this compound modulated the response of PGC-10/ERRa and PGC-1a/Nrf2
pathways, its antioxidant effect appears to be mediated by a direct action. In MCF-7 cells, HT also decreased
the levels of the hypoxia inducible factor-1 a subunit, the main mediator of hypoxic response and a marker
of poor prognosis. However, at high concentrations HT can also act as an AHR agonist. On the other hand,
by using a model of transient occlusion of the middle cerebral artery in mice, we have shown that the
therapeutic use of a HT-enriched diet improves the physical and cognitive status of the animals together
with key parameters for ischemic stroke recovery such as cerebral blood flow, functional connectivity,
neuroinflammation and neurogenesis. Finally, the analysis of the effect of TYR in C. elegans models of PD
demonstrated the neuroprotective potential of this compound against dopaminergic degeneration and
toxicity induced by the aggregation of a-synuclein. The mechanism underlying this effect seemed to be also
related to its antioxidant capacity and to the induction of specific chaperones involved PD. In conclusion,
the results obtained in this doctoral thesis point to HT and TYR as promising bioactive compounds with
beneficial effects in these pathologies.
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1. ACEITE DE OLIVAY SALUD

El aumento de la esperanza de vida registrado en las ultimas décadas en los paises desarrollados conlleva
una mayor incidencia de diferentes patologias asociadas a la edad y al estilo de vida. Entre estas patologias
destacan las patologias cardio- y cerebrovasculares, cancer, diabetes y enfermedades neurodegenerativas.
En este sentido, multitud de estudios epidemioldgicos y observacionales apoyan que regimenes
alimentarios como el mediterrdneo y el asidtico, estan asociados con una menor incidencia de estas
patologias (Figura 1). La dieta mediterranea (DM) se caracteriza por un alto consumo de alimentos de origen
vegetal, principalmente frutas y verduras, legumbres, cereales no procesados y nueces, asi como por el
consumo moderado de pescado, carne de ave, productos lacteos y huevos. Sin embargo el componente
fundamental y nexo comun entre las diversas culturas mediterraneas es el empleo del aceite de oliva como
principal fuente de grasa®. De hecho, como se especificard més adelante, |a alta proporcién de acidos grasos
monoinsaturados (AGMI) y fitonutrientes (en particular vitaminas y fenoles naturales) del aceite de oliva,
se han relacionado con la induccidon de multiples vias de sefializacion involucradas con la homeostasis
proteica, la reparacion del ADN y con la regulacidn del metabolismo y de las defensas antioxidantes?.
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Figura 1. Propiedades saludables del aceite de oliva2.

Profundizando un poco mas en los estudios realizados hasta la fecha, la evidencia cientifica de la relacion
entre DM vy salud es notoria. En este sentido, se han realizado hasta 7 metaanalisis que demuestran la
relacién inversa entre adherencia a DM y riesgo de padecer enfermedades cardiovasculares (ECVs)3. Si bien
la mayoria de los estudios son observacionales, el ensayo clinico nutricional, multicéntrico y aleatorizado
PREDIMED (Prevencién con Dieta Mediterranea) desarrollado a lo largo de 5 afios con 7447 participantes
aporta datos muy concluyentes al respecto. Los principales hallazgos del ensayo demuestran que la
incidencia de ECV se reduce en un 30% y un 28% cuando se la dieta complementa con aceite de oliva virgen
extra (AOVE) o nueces, respectivamente, en comparacién con la dieta control®. Asi, enfermedades
cerebrovasculares como el ictus isquémico, también presentan una menor incidencia en consumidores de
DM?®. Por otro lado, en 2015, como parte del estudio PREDIMED se publicaron los resultados sobre la
incidencia de cancer de mama entre 4152 mujeres postmenopausicas con una edad comprendida entre 60-

80 afios. Los resultados obtenidos demostraron que la intervencidn nutricional de 1 litro/semana de AOVE
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a lo largo de 5 afios disminuyd de forma significativa, en un 62%, el riesgo de padecer cadncer de mama en
comparacion con el grupo control®. Ademads, estos resultados concuerdan con los de un metaanalisis
anterior al estudio PREDIMED en el que también se observé que el consumo de aceite de oliva, no
exclusivamente AOVE, estaba inversamente relacionado con la incidencia de cancer de mama’. Por ultimo,
los desérdenes cognitivos son un grupo de sindromes que pueden ser clasificados como demencia,
deterioro cognitivo leve o deterioro cognitivo asociado a la edad. Estos desérdenes son ocasionados por
diferentes patologias neurodegenerativas, y en especial por Alzheimer y Parkinson, las dos mas comunes.
Estudios observacionales, como el estudio FINGER®, relacionan una alta adherencia a la DM con un menor
riesgo de padecer desérdenes cognitivos y enfermedades neurodegenerativas’. El ensayo PREDIMED
también pone de manifiesto que la DM complementada con AOVE o nueces se asocia con un menor deterior
cognitivo asociado a la edad®. En el caso concreto del Parkinson, un estudio observacional sobre 257
enfermos y 200 participantes control apuntaba a que una alta adherencia a la DM estaba asociada con
menor probabilidad de padecer esta patologia, mientras que una baja adherencia se asociaba con edades
mds tempranas de aparicion de la mismal.

1.1 Composicion del aceite de oliva

El contenido de los diferentes componentes del aceite de oliva varia de forma significativa dependiendo de
diversos factores, entre los que cabe destacar su procedencia y su forma de extraccion. El empleo de
procedimientos de extraccidn exclusivamente mecanicos, a temperaturas inferiores a 302C, y sin solventes
guimicos dotan al aceite de la denominacidn “virgen”. Analisis posteriores de parametros relacionados con
la acidez y diferentes propiedades organolépticas, permiten a un aceite virgen alcanzar la denominacion

“extra”*?

, siendo precisamente estos en los que se pueden encontrar la maxima concentracion de sus
numerosos componentes minoritarios, que se pierden practicamente en su totalidad en los aceites

refinados.

Desde un punto de vista quimico, los compuestos presentes en el AOVE se pueden dividir en una fraccién
mayoritaria o saponificable, que corresponde al 98-99% del peso total del aceite, y una fraccién minoritaria
que supone el 1-2% del peso restante (Figura 2)*3. Una de las principales propiedades del aceite de oliva es
su alta proporcién en AGMI, presentes en la fraccién mayoritaria. Entre ellos, el acido oleico es el mas
abundante (=72.77%) en proporcién a otros acidos grasos presentes tales como el palmitico (=12.09%),
estedrico (=3.01%), linoleico (=9.47%) y o-linolénico (~0.6%)*. Por otro lado, la fraccién minoritaria,
formada por mas de 230 compuestos, se puede clasificar en dos tipos: fraccidn insaponificable, definida
como la fraccién extraida mediante solventes después de la saponificacidn; y la fraccion fendlica’®. Dentro
de la fraccién fendlica, se incluyen fenoles lipofilicos, tales como tocoferoles o tocotrienoles, y fenoles
hidrofilicos. En la fraccidn fendlica hidrofilica se pueden distinguir 5 clases: 1) alcoholes fendlicos en los que
se incluyen compuestos fendlicos simples como el hidroxitirosol (HT), tirosol (TIR) y sus formas glucosiladas;
2) 4acidos fendlicos entre los que destacan el acido gdlico, el vanilico y el cafeico; 3) secoiridoides,
caracterizados por la presencia de acido elendlico o sus derivados en su estructura; 4) lignanos, cuya
estructura se basa en la condensacién de aldehidos aromaticos y 5) flavonoides, caracterizados por
contener dos anillos de benceno unidos por una cadena lineal de tres carbonos y que pueden dividirse en

flavonas y flavonoles?®,
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Figura 2. Composicion del aceite de oliva virgen extralé.

Historicamente las propiedades beneficiosas del consumo de aceite de oliva se han atribuido a su fraccion
saponificable y mas concretamente a su alto contenido en AGMI. Sin embargo, otros aceites de origen
vegetal también ricos en AGMI (por ejemplo de girasol, lino o soja), no son tan beneficiosos para la salud
como el AOVEY*8, La diferencia entre estos aceites radica en los compuestos minoritarios del AOVE que no
se encuentran presentes en otros aceites obtenidos a partir de semillas. De entre todos estos compuestos,
los compuestos fendlicos han demostrado ampliamente ejercer diversos efectos beneficiosos en numerosas
patologias®®. Por todo ello, el interés suscitado por este tipo de compuestos y por su papel sobre la salud ha
crecido de forma continua a lo largo de las ultimas décadas.

1.2 Compuestos fendlicos del olivo

Los compuestos fendlicos, presentes tanto en el AOVE como en las hojas del olivo, poseen un fuerte caracter
bioactivo atribuido principalmente sus propiedades antioxidantes. De forma natural, estos metabolitos
secundarios, quimicamente caracterizados por la presencia de uno o mas anillos aromaticos y con uno o
mas radicales hidroxilos, son producidos por el olivo como fitoalexinas para combatir infecciones
bacterianas y como respuesta a diferentes tipos de estrés ambiental. Su concentracion final en el AOVE
dependerd de diversos factores, como la variedad de olivo y el estado de maduracion del fruto, factores
ambientales (altitud, riego), condiciones y método de extraccién, asi como las medidas y tiempo de
almacenaje’?. Dentro de este grupo, la oleuropeina (OL) junto con el ligstrésido, ambos glucésidos del grupo
de los secoiridoides, son los compuestos fendlicos mas abundantes tanto en hoja y semilla como en pulpa
y piel en la aceituna inmadura. Durante la maduracion la OL, éster del acido elendlico con el HT
(hidroxitirosol 6 3,4-dihidroxifeniletanol), y el ligstrésido, éster del acido elendlico con el TIR (tirosol 6 4-
hidroxifeniletanol), son hidroxilados dando lugar a HT y TIR libres. El HT, el TIR, la OL y el ligstrésido y sus
derivados representan aproximadamente el 90% de los compuestos fendlicos totales en el AOVE?%?,
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1.2.1 Hidroxitirosol y tirosol

El HT es un fenol anfipatico con un peso molecular de 154.16 g/mol. Su estructura consta de un anillo de
feniletanol con dos grupos hidroxilo en posiciones 3 y 4 (Figura 3). El HT se puede encontrar en forma libre,
como hidroxitirosol-acetato o formando parte de compuestos complejos como la oleacina, verbascésido y
OL. Aunque su concentracion en el AOVE es muy variable los valores medios oscilan entre 0.5-14.4 mg/Kg,
estableciéndose 7.7 mg/Kg como valor medio de HT libre en AOVE, valor resultante del analisis de 48
muestras recogidas en la base de datos phenol-explorer?. Las discrepancias en torno a su concentracién
son debidas a los métodos de analisis empleados para su valoracién, asi como de los diversos factores
mencionados anteriormente. Sin embargo, cabe destacar que estos valores no tienen en cuenta el HT
disponible a través de reservorios como la OL y sus derivados.

El TIR con un peso molecular de 138.17 g/mol, tiene una estructura quimica similar a la del HT, aunque sin
presentar el radical hidroxilo en posicién 3 (Figura 3). La carencia de ese grupo hidroxilo ha sido relacionada
con su menor capacidad antioxidante en comparacién con el HT%. Su concentracién media en AOVE es de
11.3 mg/Kg, siendo asi el mas abundante??. Las propiedades antioxidantes tanto del TIR como del HT, estan
relacionadas con la donacion de hidrégenos y su capacidad para mejorar la estabilidad de radicales libres
mediante la formacién de puentes de hidrogeno entre los hidrégenos de sus grupos hidroxilo y sus radicales
fenoxi®..

OH OH

HO HO
OH

HIDROXITIROSOL
(3,4-dihidroxifeniletanol)

TIROSOL
{4-hidroxifeniletanol)

Figura 3. Estructura quimica del HT y TIR.

Esta ampliamente descrito que los compuestos fendlicos se absorben de forma dosis-dependiente en el
intestino. Una vez absorbidos, se hidrolizan (fase | del metabolismo) en los enterocitos y pasan a la fase |l,
donde son transformados en glucurdnidos, sulfatos y productos metilados. Asi, el 98% del HT puede
detectarse en plasma y orina en forma de glucurénido, y el 2% como forma libre cuando se administra a
través del aceite de oliva. La absorcidén del HT ocurre principalmente por transporte pasivo en el intestino
delgado, con una eficiencia que oscila entre el 75% y el 100%. El proceso de absorcién depende del vehiculo
empleado, siendo la forma mas efectiva a través del propio aceite?®. Ademas, se ha descrito que su
absorcidon estd sujeta a factores como la edad, estado hormonal y sexo, manteniéndose por ejemplo
durante mas tiempo en el cuerpo de ratas hembra que en machos después de su administracién oral. Su
concentracién plasmatica maxima se alcanza unos 7 min después de la ingesta, aunque otros autores
apuntan a que las concentraciones mas altas en plasma son alcanzadas entre 30 min y 1 hora después de
su administracién oral siendo practicamente indetectable tras 4 horas?®. Una vez absorbido, pasa a formar
parte de lipoproteinas plasmaticas de alta densidad, actuando como antioxidante y protector. Ademas, es
curioso el hecho de la propia sintesis endégena de HT en humanos. La reduccion del 3,4-dihidroxifenil
acetaldehido, metabolito originado durante el metabolismo de la dopamina en el cerebro, mediante
aldosa/aldehido reductasa da lugar a HT?.
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En 2011, la autoridad europea de seguridad alimentaria (EFSA), publicé un comunicado en el que afirmaba
qgue “los polifenoles del aceite de oliva previenen la oxidacidn de las LDL”, siempre que el aceite contenga
no menos de 5 mg de HT y sus derivados (TIR y OL), cantidad alcanzable con el consumo de 20-25 ml de
AOVE en el contexto de una dieta equilibrada®.

2. HIPOXIA

La disminucién en el nivel de oxigeno en células, érganos y tejidos juega un papel decisivo en multitud de
procesos fisioldgicos y patoldgicos. La hipoxia es beneficiosa en la embriogénesis, la menstruacién, la
curacién de heridas o la diferenciacién y mantenimiento de la pluripotencialidad de las células madre?®. En
patologias como las ECVs o la enfermedad renal crdnica, la hipoxia moderada también favorece la activacion
de mecanismos de respuesta al dafio que facilitan el restablecimiento de los niveles de O, y la recuperacion
de los tejidos afectados. Sin embargo, en otras patologias como el cancer la hipoxia favorece la malignidad
tumoral al promover el crecimiento y la supervivencia de las células, empeorando el prondstico de los
pacientes. En definitiva, dependiendo de su severidad y de la patologia en cuestion, la hipoxia puede
resultar enemiga o aliada, ademas de determinante, al abordar el tratamiento. En los siguientes apartados
nos centraremos en el cancer y el ictus isquémico, dos patologias de gran importancia socioeconémica en
las que, como ya se ha mencionado, la hipoxia desempena un papel central.

2.1 Cancer

El cdncer agrupa a un conjunto de enfermedades genéticas en las que se combinan la activacion de
oncogenes y la inactivacion de genes supresores de tumores y que se caracterizan no solo por una
proliferaciéon celular descontrolada sino también por la capacidad de las células de invadir otros tejidos y
diseminarse desde su ubicacion original. Aunque algunas mutaciones germinales aumentan el riesgo de
sufrir cancer, la inmensa mayoria de las alteraciones en el ADN de las células tumorales son somaticas.

La incidencia y mortalidad del cancer a nivel mundial esta aumentando de forma progresiva. Las razones
son complejas pero se atribuyen principalmente al aumento de la poblacién y de la esperanza de vida, asi
como a cambios en la prevalencia y distribucidon de sus principales factores de riesgo, muchas veces
asociados al desarrollo socioecondmico®’. Concretamente en Espafia, seguin los Gltimos datos del Instituto
Nacional de Estadistica, el cancer constituye la segunda causa de mortalidad (26,7%) detras de las
enfermedades del sistema circulatorio (28,8%) y delante de las del sistema respiratorio (12,2%), ocupando
el primer lugar entre los hombres (300,1 fallecidos por cada 100.000) y el segundo entre las mujeres (188,8
fallecidos por cada 100.000). Dentro de la multitud y diversidad de patologias englobadas bajo este
término, el de mama es la neoplasia maligna mas comun entre las mujeres y una de las tres mas frecuentes
en todo el mundo, junto con el cancer de pulmén y colon®. El 95% de las pacientes con cancer de mama
son mujeres de 40 afios 0 mas y su tasa de supervivencia mejora con el diagndstico precoz lo que explica la
importancia de los programas de prevencién, deteccién y estudio de cancer de mama3®2.

En los tumores sélidos, como el cancer de mama, el crecimiento celular descontrolado da lugar a regiones
poco irrigadas en las que la presidn parcial de oxigeno (0,), comprendida entre 40-60 mm Hg (5-13% O>) en
tejidos normales, disminuye hasta alcanzar aproximadamente los 8-10 mm Hg (~1% 0)*. La hipoxia
generada en estos microambientes favorece la progresién y malignidad tumoral. De hecho, la practica
totalidad de las caracteristicas que definen a una célula tumoral, descritas por Hanahan y Weinberg en el

afio 2000 y revisadas en 2011 (Figura 4), se encuentran relacionadas con la hipoxia3*. Asi, procesos como la
9
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angiogénesis, la reprogramaciéon metabdlica, la supervivencia celular, la invasividad o la capacidad
metastdsica de las células tumorales, no pueden ser estudiados sin tener en cuenta el papel que la hipoxia
ejerce sobre ellos. Por tanto, es facil entender que la hipoxia favorezca la quimio- y radiorresistencia y por
ende ejerza un impacto negativo en la respuesta de los pacientes a los tratamientos>°.

A Sustaining Evading B
proliferative growth
signaling suppressors

Deregulating f\voiding
immune
destruction

Resisting Enabling

cell replicative )
. p . AP
death immortality . B Lactate §
Genome Tumor-
instability & _ promoting
mutation inflammation
Inducing Activating
angiogenesis invasion &
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Figura 4. (A) Principales caracteristicas de las células tumorales34. (B) Caracteristicas de las células tumorales afectadas por la
hipoxia3s.

2.1.1 Estrés oxidativo, hipoxia y malignidad tumoral

El estrés oxidativo resulta del desequilibrio entre la produccidn de especies reactivas de oxigeno (ERO) y la
capacidad antioxidante de la célula. Las principales fuentes de ERO son la cadena respiratoria mitocondrial,
el citocromo P450 y las enzimas NADPH oxidasa (NOX), xantina oxidasa y lipooxigenasa®’. En las células
tumorales los niveles de ERO son superiores a los de las células sanas. Este hecho se debe a multiples
factores entre los que se podrian citar su mayor actividad metabdlica, la modificacion de la funcionalidad
mitocondrial, la sobre-activacion de rutas de transduccion de sefiales inducidas por factores de crecimiento,
la infiltracion del tumor con células del sistema inmune o a la mayor actividad de oxidasas, ciclooxigenasas,
lipoxigenasas o de la timidina fosforilasa®. Ademas, como se ha mencionado, el crecimiento del tumor
genera regiones en las que la distancia de las células a los vasos sanguineos supera el limite de difusién del
oxigeno (200 um), lo que conlleva una situacién de hipoxia que favorece aun mas la produccion de estas
especies. El mecanismo por el la hipoxia aumenta la produccién de ERO parece estar relacionado con su
efecto sobre los complejos I, Il y Il de la cadena de transporte de electrones e implicaria cambios
estructurales que, por ejemplo, aumentan la vida media de la semiquinona y favorecen la salida de
superodxido (0;7) al espacio intermembrana®. De hecho, se ha descrito que el uso de inhibidores especificos
de cada uno de estos complejos, previene la acumulacién de ERO durante la hipoxia®!.

Las consecuencias derivadas del estrés oxidativo dependen en gran medida del nivel que este llegue a
alcanzar (Figura 5). Una gran sobreproduccion de ERO producida por ejemplo durante la quimio- o
radioterapia genera un dafio letal en la célula que, al poner en marcha diferentes procesos de muerte celular
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como la apoptosis o la necroptosis, resulta positivo para el control tumoral (Figura 5C)®. Sin embargo, a
concentraciones menores (subletales) las ERO actian como moléculas de sefializacion que promueven
todas las etapas de desarrollo del cancer (Figura 5B). De hecho, potencian la mutacion y la inestabilidad
gendmica, pudiendo dar lugar a la activacidn de proto-oncogenes y la inactivacion de genes supresores de
tumores que favorecen la transformacién de una célula sana en una célula tumoral. Las ERO también
favorecen, de forma indirecta, cambios epigenéticos como la hipermetilacion del promotor de la E-caderina
que potencia la capacidad metastésica de las células tumorales*2. De igual forma, |la oxidacidn de receptores
de factores de crecimiento, quinasas, fosfatasas o factores de transcripcién modifica su actividad y puede
también favorecer el fenotipo maligno. Entre otros ejemplos, la oxidacion de la Cys-118 de Ras inhibe su
actividad GTPasa y provoca la activacidn descontrolada de la via MAPK/Erk1/2 que, ademas de retroactivar
la produccién de ERO via NOX y promover la proliferacion celular, favorece otros procesos como la
angiogénesis, la supervivencia celular o la motilidad®. La oxidacion del centro catalitico de la fosfatasa PTEN,
impide la inactivacién de la ruta de PI3K/Akt induciendo procesos como la proliferacion celular, evasién de
la muerte celular, angiogénesis o inactivacion de p53**. En definitiva, se establece un circulo vicioso en el
gue un aumento inicial de ERO favorece la transformacién tumoral y, a su vez, la activacion de determinadas
sefiales oncogénicas en las células transformadas y su entorno potencia la malignidad tumoral y la
formacién de mas ERO.

A B C
( Normal ROS Tumor
homeostasis Tumor-promoting ROS levels inhibition
's N =~ N
Normal * Cell Cycle « Genomic * Angiogenesis : -« Cell cycle arrest
Cell progression instability « Senescence
Behavior * Increased « EMT * Cell death
proliferation * Increased
« Survival motility
signaling

D= O T em— ]|

(i.e. K-ras mutation or ndog us
metabolic alterations) antioxidan
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Enc!oggnous Therapeutic antioxidants Chemot
\ antioxidants therapeutics

Figura 5. Efecto de las ERO en funcion de su concentracion. (A) En las células normales los niveles de ERO se mantienen estables
gracias al equilibrio entre su produccién y eliminacién. (B) La ruptura de ese balance por eventos tumorigénicos como la activacién
de oncogenes (como K-ras), la hipoxia/reoxigenacidn y la infiltracion de macréfagos, favorece la formacion y progresién tumoral.
(C) La sobreproduccién de ERO inducida por la quimio- y radioterapia da lugar a la detencién del ciclo celular y a la muerte de las
células tumorales32.

De lo expuesto hasta ahora se deduce que la célula tumoral se ve beneficiada por el estrés oxidativo,
siempre y cuando se mantenga en unos niveles controlados que no produzcan un dafio excesivo. Para
ejercer esa funcién de control resultan clave diferentes mecanismos de defensa antioxidante como los
inducidos por el factor 2 relacionado con el factor nuclear eritroide-2 (Nrf2) (Figura 6). Nrf2 es un factor de
transcripcion que, una vez en el nucleo, puede unirse a promotores que presentan elementos de respuesta
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antioxidante (ARE) induciendo la transcripcién de diversos genes relacionados con mecanismos de
respuesta antioxidante y de detoxificacion. En condiciones basales, Nrf2 se encuentra secuestrado en el
citoplasma por su represor Keap-1. Sin embargo, el aumento en los niveles de ERO provoca la oxidacién de
3 cisteinas claves de Keap-1 (Cys-151, Cys-273 y Cys-288) originando un cambio conformacional que permite
la disociacién de Nrf2. Keap1 disociado se ubiquitina para su degradacidn en el proteasoma, mientras que
Nrf2 se transloca al nucleo, donde heterodimeriza con el factor de transcripcion MAF para iniciar la
transcripcion de diversos genes como la superdxido dismutasa (SOD), hemooxigenasa-1 (HO-1),
NAD(P)H:quinona oxidorreductasa-1 (NQO1), y glutation-transferasas (GSTs) que reducen el nivel de estrés
oxidativo®. La actividad de Nrf2 también puede ser potenciada por coactivadores como PGC-1a, principal
regulador de la biogénesis mitocondrial que también interacciona con otros factores de transcripcion?®.

El papel de Nrf2 en cancer es controvertido. Debido a la implicacion del estrés oxidativo en la iniciacién y
progresién del cancer, la respuesta antioxidante mediada por Nrf2 ha sido objeto de estudio por su papel
quimiopreventivo. El caracter protector de Nrf2 en cancer se ha demostrado en ratones knockout (Nrf277).
La ausencia de Nrf2 aumenté la susceptibilidad a procesos neoplasicos gastricos y de colon y promovié la
metastasis pulmonar y 6sea de células de melanoma®’*°, Estos estudios demuestran la funcién protectora
de la ruta de Nrf2 en céncer, la cual se deriva de su capacidad para mantener el equilibrio de ERO en la
célula. Sin embargo, su hiperactivacion en tumores origina un ambiente que puede favorecer la
supervivencia de las células cancerigenas protegiéndolas de un dafio oxidativo excesivo, como el inducido
por la quimio- y radioterapia®°.
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Figura 6. Activacion de Nrf2 en respuesta al estrés oxidativos!.

2.1.2 Factor inducible por hipoxia: estructura y regulacion de HIF-1 y su papel en cancer

La respuesta adaptativa a la hipoxia, inicialmente desfavorable para el crecimiento celular, es mediada por
los factores inducibles por hipoxia (HIFs). Los HIFs son heterodimeros constituidos por dos subunidades, la
subunidad a (HIF-1a, HIF-2a o HIF-3a) sensible al oxigeno y la subunidad B (HIF-B o ARNT), de expresion
constitutiva. La existencia de tres variantes de subunidad a conlleva la formacién de tres factores de
transcripcion diferentes, HIF-1, HIF-2 o HIF-3.

Las subunidades HIFs pertenecen a la familia de proteinas basic helix—loop—hélix (bHLH)-PER-ARNT-SIM
(PAS) (Figura 7) en la que se incluyen otras como el receptor de hidrocarburos de arilo (AHR). Los dominios

bHLH y PAS son esenciales para la heterodimerizacion de las subunidades a y B y para la unién a los
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elementos de respuesta a hipoxia (hypoxia response elements, HRE) de los genes diana®2. Ademds, todas las
subunidades presentan dominios de transactivacion (TAD). En HIF-1a y HIF-2a se diferencian dos dominios
de transactivacion diferentes, el NH2-terminal (N-TAD) y el COOH-terminal (C-TAD). El dominio C-TAD
participa en la interaccion con coactivadores como CBP/p300 mientras que el N-TAD, presente solo en las
subunidades a, permite su estabilizacidn. De hecho, N-TAD estd incluido en un dominio mayor, el dominio
de degradacion dependiente de oxigeno (oxygen dependent degradation domain, ODDD) en el que
aparecen dos prolinas (Pro-402/Pro-564) y una lisina (Lys-532) que, como veremos mas adelante, son claves
en la regulacién de la vida media de la subunidad y en la regulacién de la actividad transcripcional®.

HIF-1a | ]hHl.Hl | PAS I

C-TAD

P-300/CBP

HiF2¢ | [on| | pas | - N-TA.DI | cTap

HIF-3¢ | |oun| | pas | = B

(arFN-'lrﬁ) bHLH Ll PAS | [ TAD

Figura 7. Representacion esquematica de la estructura de las principales subunidades HIFs>4.

Dado que HIF-1 es el miembro mas conocido de esta familia, y el mas ubicuamente expresado, nos
centraremos en él. El principal mecanismo de regulacién de HIF-1 es la degradacion de su subunidad a de
forma dependiente de oxigeno®2. HIF-1a es una proteina muy inestable en condiciones de normoxia, con
una ti;; inferior a 5 minutos. Su rdpido recambio se debe a la hidroxilacidn de las Pro-402 y Pro-564 del
ODDD (Figura 8A). La hidroxilacion de estos residuos esta catalizada por unas enzimas llamadas HIF prolil
hidroxilasas (PHDs), cuyo dominio catalitico reconoce un motivo LXXLAP del ODDD. Las PHDs pertenecen a
la familia de dioxigenasas dependientes de Fe*? y a-cetoglutarato que, con el requerimiento de ascorbato
para mantener el estado ferroso del hierro, rompen el oxigeno molecular para hidroxilar sus sustratos a la
vez que oxidan y descarboxilan el a-cetoglutarato generando succinato. La hidroxilacidn de estos residuos
permite el reconocimiento por la proteina von Hipel-Lindau (VHL) que, conjuntamente con otras proteinas
(elongina B, elongina C, Cul2 y Rbx), actia como una E3 ubiquitina ligasa mediando la ubiquitinacion y
degradacion de HIF-1a en el proteosoma. La dependencia de O, de las PHDs, provoca la inhibicién de su
actividad en situaciones de hipoxia y, por tanto, la estabilizacién de la subunidad a que podra dirigirse al
nucleo donde, gracias a su dimerizacion con HIF-B y a su interaccion con el complejo p300/CBP, inducira la
transcripcion de genes que presenten HRE (Figura 8B)*.

Aungque la degradacion de HIF-1a en situaciones de hipoxia es la principal forma de regulacion del nivel de
HIF-1, existen otros mecanismos que en un contexto oncogénico cobran especial importancia. Asi, los
factores de crecimiento, las citoquinas, las ERO y el NO, entre otros, pueden también favorecer la
acumulacién de HIF-1a. En este sentido, diversos trabajos han demostrado la participacion de las rutas
PI3K/Akt, de la proteina quinasa C (PKC) o del factor nuclear de células T activadas (NFAT) en la regulacion
transcripcional de HIF-1a en respuesta al tratamiento con TNFa/IL-4, TNF-0/IL-1B o angiotensina Il o ante
un incremento en la produccién de ROS (Figura 8C)*®. La activacién de la PI3K también actta favoreciendo
la traduccién de HIF-1a a través de la proteina quinasa B (PKB/Akt) y de la diana de rapamicina en células
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de mamifero (mTOR) (Figura 8D). Concretamente, la actividad de mTOR inhibe mediante fosforilacidn, la
unién del factor eucariético de iniciacion de la traduccion 4E (elF-4E) a su proteina de union (4E-BP1),
permitiendo asi que elF-4E se una al Cap de los ARNm y aumente su traduccidon®’. Ademés, mTOR también
fosforila y activa a la quinasa de la proteina ribosomal S6 (S6K é P70) que, a su vez fosforila y activa a S6
favoreciendo también la traduccidn de HIF-1a°®. La cascada Ras/Raf/MEK/ERKMAPK ejerce un efecto similar
al inducir, de forma directa o indirecta, la fosforilacion de 4E-BP1 y S6K. Las ERO y el éxido nitrico (NO),
especialmente elevado en el ambiente tumoral como consecuencia de la activaciéon de la NO sintasas
inducible (iNOS) y endotelial (eNOS), también favorecen la acumulacion de HIF-1 por inhibicién de las PHDs,
incluso en condiciones de normoxia. En el caso de las ERO, el mecanismo que subyace implica la oxidacion
del Fe*?2 de su centro activo®. EI NO puede inhibir la accién de las PHDs al competir con el O, por el centro
catalitico o por S-nitrosilacidn de varios de sus residuos. Ademas, la S-nitrosilacion de VHL y del propio HIF-
la impide el reconocimiento mutuo y favorece la acumulacién de que HIF-1a aunque este haya sido

previamente hidroxilado por las PHDs>®°,

Los mecanismos descritos hasta ahora actian aislada o conjuntamente para modificar el nivel de HIF-1a,
pero la actividad transcripcional de HIF-1, en la que los TADs desempefian un papel clave, también esta
sometida a regulacién dependiente de oxigeno. Asi, en condiciones de normoxia el factor inhibidor de HIF
(FIH), otra dioxigenasa dependiente de O, y de a-cetoglutarato, hidroxila un residuo de asparragina en el
dominio C-TAD de HIF-1a (Asn-803) impidiendo la unién de los coactivadores CBP/p300 y, por tanto, la
actividad transcripcional HIF-1. Al igual que ocurria con las PHDs, las ERO también inhiben la actividad de
FIH mediante la oxidacion directa del Fe*? de su centro catalitico, favoreciendo asi la actividad
transcripcional de HIF-1 a2,
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Figura 8. Mecanismos implicados en la activacion de HIF-162,

El resultado final de la activacion de HIF-1 es la expresion de una gran variedad de genes que presentan HRE
y que estan implicados en todos los procesos relacionados con la malignidad tumoral (Figura 4). Por tanto,
la expresidn de HIF-1a es un indicador de mal prondstico y su inhibicidn una posible estrategia terapéutica
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en el tratamiento antitumoral. Entre los procesos regulados por HIF-1 se encuentran la proliferacion celular,
la muerte celular, la adaptacién del metabolismo, la respuesta inmune, la inestabilidad gendmica, la
angiogénesis, la desdiferenciacién y pluripotencialidad asi como la invasion y la metastasis. Respecto al
primero de ellos, la actividad transcripcional de HIF-1 provoca por ejemplo la detencién del ciclo celular
mediante la inhibicion de Myc. Esta inhibicion ocurre por diferentes mecanismos como el desplazamiento
de Myc de su union al ADN bien por la interaccion fisica con HIF-1a o por el solapamiento de sus regiones
de unidn lo que, de una u otra forma, facilita la derepresién de los inhibidores de las quinasas dependientes
de ciclina p21 y p27, que también pueden ser inducidos directamente por HIF-1. Ademas, la actividad
transcripcional de Myc también se inhibe mediante Mxi-1, gen diana de HIF-1, que compite con Myc por su
unién a Max para formar el factor de transcripcidn activo®. El efecto de HIF-1 sobre la muerte celular es
complejo. Por un lado, HIF-1 podria reducir la apoptosis al inhibir la expresién del gen proapototico Bid®.
Por otra parte, la induccién de BNIP3 y BNIP3L podria favorecer la apoptosis y la autofagia®*®®. La induccién
de la autofagia en un tumor maligno establecido puede resultar negativa ya que contribuye a la
supervivencia celular y a la resistencia al tratamiento. La adaptacién metabdlica resulta también clave para
la supervivencia en situaciones de hipoxia y, de hecho, el efecto Warburg (utilizacién de la glucdlisis aerdbica
como fuente de energia en lugar de la fosforilacién oxidativa mitocondrial®’) a pesar de haber sido descrito
en la primera mitad del siglo XX es una caracteristica de las células tumorales que ha suscitado gran interés
en los ultimos afos. La actividad transcripcional de HIF-1 facilita esta adaptacion mediante la expresion de
transportadores de membrana como el transportador de glucosa 1 (Glut-1), enzimas como la
fosfofructoquinasa (PFK), lactato deshidrogenasa (LDHA)®® o la piruvato deshidrogenasa quinasa 1 (PDK1)
que inhibe la conversién de piruvato en acetil-CoA%. HIF-1 también favorece la inmunosupresién por
ejemplo, mediante la induccién de la proteina PD-L1 que inhibe la actividad de los linfocitos T7° o la
inestabilidad gendmica al inhibir la expresion de genes relacionados con la reparacion del ADN como MSH2,
MSH6 y BRCA1’:. Asi, se ha demostrado que después de la exposicién a radiacién ultravioleta, células
tumorales cultivadas en condiciones de hipoxia, presentan un mayor nimero de mutaciones y una menor
tasa de reparaciéon del ADN que células cultivadas en normoxia’?. La angiogénesis, formacién de nuevos
vasos a partir de la vasculatura preexistente, resulta también clave para facilitar la llegada de oxigeno y
nutrientes al tumor. Uno de los uno de los factores de crecimiento mas caracteristicos regulado
)73

positivamente por HIF-1, es el factor angiogénico VEGF (factor de crecimiento vascular endotelial)’ o el

péptido vasoactivo adrenomedulina (AM) cuya inhibicion produce una reduccion significativa en la

I74. HIF-1 también favorece la sobreexpresién de genes caracteristicos de células

progresién tumora
pluripotentes como Notch o |a telomerasa favoreciendo por tanto el fenotipo de células madre tumorales’.
Por ultimo, la metastasis es la principal causa de muerte por cancer. El 29% de las pacientes de cancer de
mama primario presentan altos niveles de la proteina HIF-1a, pero este valor aumenta hasta el 69% en los
casos de cancer de mama que cursan con metastasis. De hecho, HIF-1 favorece la transicidon epitelio-
mesénquima mediante la accidn de sus genes diana SNAIL, TWIST y Zeb, al provocar la represién de la E-
cadherina, principal encargada de mantener la cohesion celular’®7®, Por otro lado, HIF-1 también favorece
lainvasividad de las células tumorales y la degradacidn de la matriz extracelular mediante la sobreexpresion

de catepsina D, metaloproteasas de matriz (MMP2 y MMP9) y la activacidn de Met”®82,

2.1.3 Cancer y compuestos fendlicos del olivo

Los estudios acerca de las propiedades antitumorales de los compuestos fendlicos del olivo han aumentado
progresivamente en las Ultimas décadas. Hasta la fecha, se han publicado estudios en multitud de lineas
celulares de cancer, predominando los estudios en cancer de mama, ademas de varios trabajos en modelos

animales.
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En los estudios realizados in vitro, destacan los efectos antiproliferativo y proapoptoticos del HT y de la OL%*
84 La estimulacion de la apoptosis observada para estos compuestos fendlicos se ha relacionado con el
aumento de cJNK, p53, Bax y citocromo c. También se ha descrito que el HT y la OL inhiben la angiogenesis
mediante la inhibicién de la activacién de NFkB y la disminucidn de la expresidn de la ciclooxigenasa-2 (COX-
2), de la formacién de ERO y de la liberacion de MMP9'°. En lineas celulares de cancer de mama, el HT
provoca detencién del ciclo celular al disminuir los niveles de ciclina D18°. También inhibe la expresién del
receptor 2 del factor de crecimiento epidérmico humano (HER2)®®. Por ultimo, un estudio reciente,
demuestra la capacidad del HT para inhibir procesos metastasicos y reducir las caracteristicas de célula
madre de varias lineas de cancer de mama triple negativas®’.

El caracter anti-tumoral de estos compuestos también se ha observado en modelo in vivo. Un estudio en el
qgue se utilizaron ratones atimicos con xenoinjertos de células HT-29 demostré que el HT inhibia el
crecimiento tumoral en un 50%, reduciendo la expresién del marcador tumoral Ki-67 y activando la caspasa-
3. Ademas, estos efectos se asociaron a una reduccidn en la angiogénesis, efecto debido, a una inhibicién
de HIF-1a, y su diana VEGF, asi como de la prostaglandina-E sintasa microsomal 1 (mPGEs-1)%. En otro
estudio, el HT fue capaz de inhibir el crecimiento de los xenoinjertos de células TFK-1 de colangiocarcinoma
en ratones, disminuyendo también el marcador Ki-67°. De manera similar, el HT inhibié el crecimiento del
tumor derivado de la inyeccidn subcutdnea de células de glioma C6 en ratas Wistar®®. También se ha
estudiado el caracter quimiopreventivo del HT en un modelo de tumor mamario inducido quimicamente
con DMBA (7,12-dimetil-1,2-benzantraceno) en ratas Sprague-Dawley hembra, demostrando su capacidad
para reducir el volumen de los tumores®!. Por dltimo, su combinacién con Placitaxel, quimiterapico utilizado
comunmente en el tratamiento del cancer de mama, fue capaz de reducir el volumen de los tumores en
comparacién con el tratamiento solo con placitaxel, mejorando ademas el estado antioxidante sin
comprometer la capacidad antitumoral del quimioterapico®2.

2.2 ICTUS ISQUEMICO

2.2.1 Generalidades y terapias

El termino ictus, del latin “golpe”, se utiliza para designar aquella enfermedad cerebrovascular que se
presenta de un modo subito. El ictus es una de las principales causas de muerte y discapacidad.
Concretamente, en Europa es responsable de 1,1 millones de muertes/afio y en Espafia afecta a unas
130.000 personas/afio, de las que el 60% fallece o quedan discapacitadas®®. El estudio internacional
INTERSTROKE, realizado en 32 paises con 26919 participantes, identificé hasta 10 factores de riesgo
potencialmente modificables y relacionados con el ictus: hipertension, actividad fisica, ratio ApoB/ApoAl,
dieta, relacion cintura-cadera, factores psicosociales, causas cardiacas, tabaquismo, consumo de alcohol y
la diabetes mellitus®.

Existen dos tipos principales de ictus (Figura 9): el ictus hemorragico producido por la ruptura de un vaso
con la consiguiente hemorragia cerebral y el ictus isquémico causado por una disrupcién abrupta y
sostenida del flujo sanguineo cerebral (FSC), generalmente debida a trombosis arteriales®. Este tltimo, que
es el mas comun (80-85% de los casos), produce infartos generalmente en el territorio irrigado por la arteria
cerebral media. La zona infartada tiene un nucleo, tejido con ausencia total o casi de FSC que se dafia de
forma irreversible, y una zona de penumbra susceptible de recuperacién, en las que las neuronas
inicialmente retienen su potencial de membrana en reposo, pero no su capacidad de disparar potenciales
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de accion®®. La extension y gravedad de la lesion cerebral resultante después de la isquemia, depende de
factores como el nivel de reduccidn del FSC, la duracidn de la isquemia o la existencia de una circulacion
colateral eficaz. EIl mantenimiento de una adecuada presién arterial es clave dado que la pérdida de
funcionalidad de las células endoteliales y de la musculatura lisa del vaso afectado hace que la presion de
perfusién cerebral pase a depender de la presidn arterial. Aunque hay varias formas de clasificar la
severidad del infarto a nivel clinico, la mas aceptada consiste en una combinacién de diagndstico por
neuroimagen, que permite analizar la lesién establecida, y la evaluacién neurolégica®’.

Ictus hemormrdgico Ictus isquémico

Hemorragia en Obstruccién en una
un drea cerebral arteria del cerebro

Figura 9. Principales tipos de ictus.

A pesar de la alta incidencia de ictus, aun no hay un tratamiento efectivo disponible para prevenir la lesién
en los ictus hemorragicos. En el caso de los isquémicos, las estrategias actuales incluyen la terapia
farmacoldgica (activador tisular del plasmindgeno recombinante, rtPA), métodos mecdanicos (disrupcién
mediante dispositivos stent-retriever y/o extraccion mediante succidn del trombo) o la combinacién de
ambas®. La diana de todas ellas es la recuperacion del tejido de la penumbra. Asi, el tratamiento con rtPA
actua en la fase aguda del ictus disolviendo el codgulo y mejorando el FSC. Sin embargo, el 10-40% de los
pacientes tratados desarrollan procesos hemorragicos que aumentan la morbi- mortalidad vy, si no es
administrado dentro de las primeras horas después del accidente cerebrovascular (3-4,5 h), no evita la
neurodegeneracion adicional®. Recientemente la terapia endovascular, que incluye la trombdlisis
farmacoldgica intraarterial y la trombectomia mecanica, ha supuesto un gran logro en el tratamiento del
ictus isquémico. De hecho, su efectividad tanto a corto como a largo plazo ha quedado demostrada en
diferentes ensayos clinicos, aun aplicdndose hasta 8 horas tras el accidente cerebrovascular'®. Ademads de
estas aproximaciones terapéuticas, en las Ultimas décadas, se han probado otras estrategias (aspirina,
cirugia descompresora, hipotermia, inhibidores frente a mediadores moleculares del dafio isquémico) con

resultados poco relevantes 101103

. Cualquier intervencion futura, tanto preventiva como terapéutica,
deberia ir no solo dirigida a la restauracion del flujo sanguineo en la zona infartada sino también a potenciar

mecanismos de proteccion de forma eficaz.

2.2.2 El dafo isquémico

El metabolismo del cerebro y el mantenimiento de sus funciones estan intimamente ligados a la existencia
de un FSC que garantice la adecuada liberacion de glucosa y oxigeno. Por tanto, ante una isquemia cerebral
se produce una lesidn neuronal que sera la suma del dafio originado por la propia isquemia, mas el causado
tras la recuperacion del FSC (etapa de reperfusion). Se podria decir que en la primera etapa se producen las

causas que desencadenan las reacciones que tienen lugar en la segunda, y que implican un aumento del
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dafio e inflamacion propios de esta patologia'®. El conjunto de cambios bioquimicos y secuenciales que
acontece tras la deplecién de oxigeno y glucosa generada por un ictus es conocido como cascada isquémica.
A grandes rasgos, la cascada isquémica engloba la excitotoxicidad mediada por glutamato, la formacion en
exceso de ERO y especies reactivas de nitrogeno (ERN), la disfunciéon mitocondrial, la ruptura de la barrera
hematoencefalica y la inflamacion®®. El conocimiento de todos estos procesos resulta clave para entender
la progresion de la lesidn y la destruccidn celular asociada al ictus. Por tanto, pasamos a detallarlos de modo
somero (Figura 10).

Tras el ictus, la caida del FSC inhibe de forma inmediata la cadena de transporte electrdnico y la fosforilacion
oxidativa desviando el metabolismo de la glucosa hacia la glucélisis anaerobia con la consiguiente formacién
de lactato. El rendimiento energético de esta forma de catabolismo es mucho menor que le aerdbico lo que,
unido a la poca disponibilidad de glucosa y al practicamente nulo nivel de glucégeno de las neuronas, agrava
la deplecidon energétical®. Los mecanismos encargados del mantenimiento de la homeostasis idnica (ej.
Na*/K* ATPasa, Ca** ATPasas) son dependientes de ATP. Por tanto, la caida en el nivel de ATP provoca un
aumento en el nivel de Na* que conlleva la despolarizacion de la membrana de la neurona. A su vez, la
despolarizacién provoca la elevacidn en los niveles de Ca*? intracelulares por apertura de canales sensibles
al voltaje, e induce la liberacién desde las terminales presinapticas de glutamato. En la neurona post-
sindptica el glutamato interactia con receptores ionotropicos ej. NMDA (N-metil-D-aspartato) o AMPA
(acido alfa-amino-3-hidroxi-5-metil-4-isoxazolpropidnico) generando una entrada masiva de calcio, sodio y
agua que puede acabar desembocando en la muerte neuronal'®”. Ademds, el glutamato también puede
actuar sobre receptores metabotrdpicos acoplados a proteinas G. Los de tipo |, asociados a proteinas Gq,
activan la fosfolipasa C produciendo inositol-1,4,5-trisfosfato que, mediante determinados canales de Ca*
del reticulo endoplasmatico provoca la salida de mas Ca*? hacia el citosol. A su vez, el aumento del Ca*
activa la iNOS favoreciendo la formacion de NO y diversas enzimas hidroliticas (proteasas, lipasas,
nucleasas). Ademas, el Ca*? en la mitocondria puede provocar la apertura de poros de transicién de
permeabilidad mitocondrial lo que potencia, entre otros, la salida de proteinas que favoreceran la
apoptosis, la inhibicion de la cadena de transporte electrdnico y la disrupcion de la fosforilacion oxidativa
(de hecho, se potencia la actividad ATP hidrolasa de la FoF1-ATP sintasa). La alteracién de la cadena
respiratoria durante la fase isquémica conllevara un incremento en la produccion de O™ mitocondrial
cuando se reestablezca, al menos parcialmente, el FSC en la fase de reperfusion (Figura 11) 1%, Ademas, el
aumento de Ca*? también activa la fosfolipasa A, que hidroliza fosfolipidos de membrana liberando acido
araquidonico sobre el que actuaran las enzimas ciclo- y lipooxigenasas para formar eicosanoides en un
proceso en el que también se puede producir O,". Por ultimo, el calcio también activa la enzima NADPH
oxidasa contribuyendo a la formacidon de mas O,". El O™ de diversos origenes al combinarse con NO,
generara una especie altamente dafiina, el peroxinitrito (ONOO") contribuyendo asi al dafio celular'®. El
cerebro es especialmente sensible al aumento de todas estas especies reactivas debido a su alto consumo
basal de oxigeno, a su alta concentracién en lipidos, a los altos niveles de hierro que actian como
prooxidantes durante situaciones de estrés y a su limitada capacidad antioxidante. Por tanto, la produccion
descontrolada de estas especies puede tener graves consecuencias en el funcionamiento del sistema
nervioso central y conllevar importantes secuelas en los pacientes.
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Figura 10. Cascada isquémica.

Una de las consecuencias directas de los cambios bioquimicos descritos en el apartado anterior, es la
alteracion de la barrera hematoencefalica (BHE)!°. La BHE esta constituida por las células endoteliales de
los capilares, por la ldmina basal que las rodea, por pericitos vasculares y por los pies terminales de los
astrociticos. Todo ello forma una unidad neurovascular dindmica regulada también por neuronas, microglia
y células inmunes. La principal funcién de la BHE es la de separar la sangre circulante del liquido extracelular
del cerebro y permitir el paso selectivo de H,0, glucosa, aminodcidos, y de algunos gases, asi como de
moléculas solubles en lipidos por difusién pasiva, ademas de proteger al cerebro de neurotoxinas. Los
mediadores quimicos liberados durante el dafio isquémico actuan sobre la integridad de la BHE
aumentando su permeabilidad. Asi, por ejemplo, la liberacion de ERO activa metaloproteasas de matriz
(MMP), que digieren la |ldmina basal*'l. Esta accién puede ser tanto directa, a través de la oxidacion o
nitrosilacién de las MMP o indirecta, a través de la accién de factores de transcripcion como NF-kB y AP-1,
reguladores de la transcripciéon de las MMP!2, Ademds, las uniones estrechas celulares que mantienen
unidas las células endoteliales se alteran por la modificacién en la concentracién de Ca*2. Todo esto unido
a la liberacion de mediadores proinflamatorios (por ejemplo, moléculas liberadas por la muerte de
neuronas) refuerza la ruptura de la barrera y la migracion de células sanguineas al parénquima cerebral
donde cooperaran con la microglia, que también se habra activado por la sobreproduccién de ERO, en la
induccion de la respuesta inflamatoria. De hecho, la cicatriz glial y la respuesta neuroinflamatoria a la

113 Asi, la activacion

isquemia juegan un papel importante en la alteracion del FSC y en la destruccidn tisular
de los astrocitos, pero sobre todo de la microglia, representan los primeros eventos del proceso de
inflamacidn. Las células microgliales exhiben una variedad de fenotipos que, a grandes rasgos, se pueden
simplificar en dos'!4. El fenotipo M1 que produce mediadores proinflamatorios, como niveles altos de ROS
y NO, incrementando el dafio asociado al ictus, y el fenotipo M2 que muestra un efecto antiinflamatorio y
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reparador. Aunque la dindmica de su polarizacién es compleja, cuando se mantiene activada de forma
prolongada tras un accidente cerebrovascular exhibe un fenotipo M1 que contribuye al dafio tisular, de ahi
qgue proteinas como lbal (ionized calcium binding adaptor molecule 1) expresada especificamente en la
linea celular microglia/macréfagos sea utilizada para determinar el grado de recuperacion de la zona

infartadat?®.
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Figura 11. Mediadores del estrés oxidativo y nitrosativo en la isquemia cerebral. El aumento de calcio tras el ictus aumenta la
generacion de anidn O,-, peréxido de hidrégeno (H,0,), radical hidroxilo (OH), NO, y OONO- especialmente en la zona de la
penumbra y de forma mas acentuada después de la reperfusion. Los radicales OH' y el OONO-, resultantes de la interaccidn entre
el NO y el anidn Oy, promueven la oxidacién y la nitracidn proteica, la peroxidacién de lipidos, el dafio mitocondrial y del ADN, asi
como, la activacion o inhibicién de vias de sefializacion que promueven la respuesta inflamatoria, la apoptosis y la necrosis!16,

El deterioro de las neuronas tras el ictus implica la retraccién y/o ruptura de axones con pérdida de los
correspondientes circuitos neuronales, originando dafios funcionales dificiles de recuperar'!’. Ademas de
controlar la produccién de radicales libres y disminuir la inflamacidn, potenciar la neuro- y sinaptogenesis
es otra estrategia a considerar para facilitar la recuperacion de los pacientes. Después del ictus, las células
madre neurales de la zona subventricular de los ventriculos laterales y del giro dentado del hipocampo,
principales nichos de neurogénesis, pueden ser activadas, proliferando y produciendo neuroblastos
susceptibles de contribuir a la reparacién del dafio, ademas de ayudar también en la formacién de la cicatriz
glial. La cicatriz glial, formada principalmente por astrocitos, glia NG2 y microglia, se define como el borde
compacto de tejido que se forma alrededor del nucleo del infarto!®. Si bien puede ejercer un efecto
beneficioso durante la fase aguda del ictus, impide el crecimiento axdnico en etapas mas tardias, por lo que
una gliosis desmesurada durante la etapa de formacion de la cicatriz, resulta contraproducente para la
neurogénesis. De hecho, tras un ictus, las células madres neurales pueden ser danadas, inhibiendo la
neurogénesis a favor de la gliosis, mediante un mecanismo favorecido por la hipoxia a través de Notch. Asi,
la proteccion de estas células madre resultaria clave para aumentar la neurogénesis y disminuir la gliosis.
Factores de crecimiento como BDNF favorecen este efecto!'®. Concretamente, BDNF, induce la proliferacién
y diferenciacién de las células madre mediante diferentes mecanismos, como la ruta PI3K/Akt/mTOR o
ERK1/2, tras su unidn a los receptores relacionados con la tropomiosina con actividad tirosina quinasa. La
evaluacién de la neurogénesis en adultos se puede llevar a cabo mediante marcadores como la doblecortina
(DCX), proteina asociada a microtubulos que estabiliza el citoesqueleto y que se expresa en precursores
neurales y sus descendientes hasta la consecucidn de neuronas maduras'®. La regeneracién axdnica es
también un paso indispensable para la reconstruccion de los circuitos neuronales perdidos por efecto del

dafio isquémico y una consecuencia del proceso de neurogénesis. El crecimiento axdnico debe concluir con
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el establecimiento de las conexiones sinapticas (sinaptogenesis) y con el desarrollo de nuevos circuitos que
restablezcan las funciones neuronales perdidas. Ambos procesos se pueden valorar mediante el uso de
diferentes marcadores. PSD95 (postsynaptic density protein 95) es una proteina localizada en las regiones
postsinapticas, que regula la plasticidad de las sinapsis glutamatérgicas y la formacién de espinas
dendriticas'?. Por otro lado, la sinaptofisina (Syn) es una glicoproteina transmembrana localizada en los
terminales presinapticos fundamental para la formacién y funcién de las vesiculas presindpticas. Se
encuentra tanto en las sinapsis excitatorias como en las inhibitorias!?2. Ambas, decrecen por efecto de la
isquemia por lo que también son de gran utilidad para determinar el grado de dafio isquémico y la evolucion

de proceso de recuperaciéon'?,

2.2.3 Compuestos fendlicos e ictus

Todos los estudios que existen hasta el momento sobre la accion neuroprotectora del HT en una situacién
de isquemia han sido realizados en utilizando un modelo de isquemia ex vivo, que emplea secciones gruesas
de cerebro obtenidas con vibratomo. Dichas secciones son incubadas con diferentes concentraciones de HT
o extraidas de animales previamente tratados, durante un tiempo variable (generalmente 7 dias), con dosis
de HT comprendidas entre 1-20mg/kg/dia'?*1%. En ambas aproximaciones, los resultados obtenidos indican
gue el HT ejerce un efecto neuroprotector asociado a: 1) menor liberacién de LDH, 2) disminucion del nivel
de estrés nitrosativo y oxidativo y 3) disminucién de la inflamacion. El efecto neuroprotector de este
compuesto en situaciones de isquemia también ha sido estudiado en ratas diabéticas, llegando a la
conclusién de que su accidn neuroprotectora no esta exclusivamente ligada a su accién antioxidante!261?7,
En el caso del TIR, existe un Unico estudio en el que se describe cdmo el tratamiento intraperitoneal con 3,
10 6 30 mg/kg de TIR, es capaz de reducir el volumen del infarto y mejorar el estado neuroldgico de ratas

tras un ictus por oclusion transitoria de la arteria cerebral media (tMCAOQ)'%.

3. ENFERMEDAD DE PARKINSON

El Parkinson (EP) es la segunda enfermedad neurodegenerativa mas comun después del Alzheimer (EA),
afectando al 0.3% de toda la poblacién mundial, y entre al 1- 3% de la poblacién mayor de 65 afios'*°. Esta
patologia tiene lugar de forma esporadica en la mayoria de los casos (90-95%) y esta caracterizada por la
pérdida especifica de hasta el 60% de las neuronas dopaminérgicas de la sustantia nigra pars compacta
(SN). La pérdida de estas neuronas, resulta en una reduccion de hasta un 90% en los niveles de dopamina
en el nucleo estriado, causando la disfuncién motora propia de esta enfermedad®®!. Su diagnéstico tiene
lugar con la aparicidn de los primeros sintomas motores, pero puede ir precedida por una fase premotora
o prodrdmica de hasta 20 afios. La fase premotora se caracteriza por sintomas no motores especificos como
estrefiimiento, depresion y perdida olfativa’®2. Durante la progresion, las funciones motoras empeoran,
pudiendo ser inicialmente paliadas con terapias sintomaticas. Sin embargo, a medida que avanza la
enfermedad, surgen complicaciones relacionadas con el tratamiento a largo plazo, que incluyen
fluctuaciones motoras y no motoras, disquinesia y psicosis!®. En la etapa avanzada de la enfermedad, las
caracteristicas motoras y no motoras resistentes al tratamiento son prominentes e incluyen sintomas
motores axiales, como inestabilidad postural, congelaciéon de la marcha, caidas, disfagia, disfuncién del
habla e incluso asfixia. A nivel celular, ademas de la pérdida neuronal, la EP se caracteriza por la presencia
de cuerpos de inclusion citosélicos denominados Cuerpos de Lewy en la SN y, de forma mas extensiva, en
otras regiones del cerebro. Los Cuerpos de Lewy estan compuestos por diferentes proteinas entre las que
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se incluyen la a-sinucleina (a-syn), principal proteina que se agrega en esta enfermedad, ademas de la
presencia de otras proteinas como ubiquitina, p62 y multitud de chaperonas moleculares!*. La presencia
de a-syn agregada también se ha observado en un grupo de enfermedades neurodegenerativas
denominadas sinucleopatias que incluyen, ademas del EP, el Parkinson con demencia y la demencia con
Cuerpos de Lewy'*. En todas estas enfermedades, la mayoria de estudios apoyan un papel causal de la a-
syn en la neurotoxicidad asociada a las mismas. Asimismo, existe un paralelismo obvio entre estas
sinucelopatias y otras enfermedades como el AD, el Huntington, la ELA, las enfermedades pridnicas y la
diabetes tipo Il, todas ellas consideradas también como enfermedades por mal plegamiento proteico o
PMDs (Protein-misfolding diseases)'*®. Los diferentes casos de Parkinson familiar han servido para
identificar mutaciones en multitud de genes directamente implicados con la enfermedad. Asi, la
identificacion de mutaciones en el gen de la a-syn (SNCA), fue clave para identificar a esta proteina como
componente mayoritario de los Cuerpos de Lewy. Ademads de SNCA, las formas autosdmicas dominantes de
EP estan asociadas principalmente a mutaciones en LRRK2, y mas recientemente a nuevos genes
identificados como son VPS35, EIF4G1, DNAJC13 y CHCHD?2. Por otro lado, los genes DJ-1, PINK1 y mas
comunmente Parkin, estan asociados con las formas autosdmicas recesivas de la enfermedad. A diferencia
de los casos autosdmicos dominantes, que tienden a tener una edad de inicio similar a la EP esporadica, el
parkinsonismo hereditario recesivo se asocia con un inicio muy temprano de la enfermedad (menores de
40 afios). A grandes rasgos, y en especial mutaciones en SNCA, afectan a la funcién mitocondrial, al
metabolismo de la dopamina y al sistema ubiquitina-proteasoma®®’.

3.1 Caracteristicas de la a-syn

La a-syn es una proteina pequena (14.460 Da), abundante y altamente conservada que constituye
aproximadamente el 1% de las proteinas totales de la fraccién soluble citosélica del cerebro. Es una proteina
presinaptica de 140 aa que muestra una importante versatilidad estructural. En condiciones fisioldgicas, se
considera una proteina intrinsecamente desordenada o naturalmente desplegada, aunque cuando se asocia
con fosfolipidos de membrana puede adoptar una estructura a-helicoidal3®, Otros autores, sugieren que
de forma nativa la a-syn se agrupa formando tetrdmeros!*®. Por otro lado, cuando forma agregados
fibrilares como los que aparecen en los Cuerpos de Lewy, adquiere una conformacién caracteristica formada
por estructura secundaria en lamina-B plegada. Su secuencia primaria puede dividirse en 3 regiones (Figura
12)140:

1. Region N terminal (1-60 residuos). Extremo anfipatico responsable de la unidn a fosfolipidos de
membrana. Incluye 4 repeticiones imperfectas de 11 residuos con un motivo conservado de unidn a lipidos
(KTKEGV) y en ella se encuentran las mutaciones asociadas con la EP autosdomica dominante.

2. Region central (61-95). Contiene el dominio NAC (Non-AB Component of Alzheimer disease
plagues), y es altamente hidrofébica, lo que favorece la agregacién patoldgica de la proteina.

3. Region C terminal (96-14). Altamente acidica y rica en prolina, lo que previene la agregacién. Esta
region es diana de la mayoria de modificaciones post-traduccionales de la proteina, algunas de ellas, como
la fosforilacidon de la serina S129, esta relacionada con un gran aumento en la insolubilidad de la a-syn.
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Figura 12. Representacién esquematica de la estructura de la a-syn14,

Aungue la funcidn fisioldgica de la a-syn adn no es muy clara, parece evidente su implicacidén en procesos
tales como la transmisién sinaptica e inducciéon de la liberacién de neurotransmisores, el trafico vesicular,
la neuroplasticidad o la unién a 4acidos grasos'*’.. Ademads, debido a su excepcional plasticidad
conformacional, es capaz de interaccionar con multiples dianas celulares. En el caso de la EP, la propiedad
para agregarse de la a-syn se atribuye al dominio central hidrofdbico, mientras que el extremo C-teminal
acidico parece prevenir el ensamblaje. Asi, en la cascada de agregacion patoldgica, el primer paso seria la
formacidn de un intermediario parcialmente plegado capaz de promover la auto-asociacion de la proteina
y la formacion de varias especies oligoméricas. Con el tiempo, estos oligdmeros transitorios interaccionan
entre ellos dando lugar a un nucleo amiloidogénico donde se van agregando diferentes proteinas solubles
formando protofibrillas y fibras maduras, mientras que otros formarian agregados amorfos e insolubles o
bien oligémeros solubles mas estables (Figura 13)'*3. In vitro, el proceso de agregacion de la a-syn sigue un
patron dependiente de la nucleacion que se puede dividir en tres etapas: (i) la fase de latencia, cuando los
mondmeros se ensamblan para formar nucleos de agregacion; (ii) la fase de alargamiento, cuando las
fibrillas crecen exponencialmente; (iii) la fase estacionaria, cuando el agotamiento de los mondmeros
conduce a una disminucién en la tasa de crecimiento'®. La fase de latencia se caracteriza por importantes
cambios estructurales y representa el paso limitante en la velocidad de agregacion. Los oligdmeros se
convierten en protofibrillas, y estas ultimas se asocian para formar fibrillas amiloides maduras. Ciertas
condiciones, como altas temperaturas o valores bajos de pH, favorecen este proceso. Las fibrillas de
amiloide crecen rapidamente durante la fase de alargamiento mediante la adicion de monémeros en los
extremos de las fibrillas. Esta etapa es termodindmicamente favorable debido a la compactacién de la
proteina, disminuyendo la superficie total expuesta. La privacion de mondmeros culmina en la fase
estacionaria, donde la mayoria de a-syn se encuentra formando fibrillas. Sin embargo, en todas las fases,
hay un equilibrio dindamico donde coexisten simultdneamente diferentes conformaciones y estados de
agregacion®,
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Figura 13. Cascada de polimerizacién de la a-syn en condiciones patoldgicasis.
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Algunos de los principales factores que desencadenan y/o modulan la cascada de agregacidn de la a-syn,
son su sobreexpresidn por mutiplicacién gendmica del locus SNCA, mutaciones especificas en SNCA (A30P,
A53T y E46K), el estrés oxidativo, la exposicidon a iones metalicos y la disminucién de la eficacia de los
sistemas proteoliticos, entre otros factores!*®. Por otro lado, se han identificado distintos factores capaces
de inhibir la fibrilacidn de a-syn tales como modificaciones por oxidacién de metionina, nitracién de tirosina

o catecolaminas, altas concentraciones de alcoholes y de osmolitos, asi como numerosos flavonoides*%4’,

Durante décadas, los depdsitos amiloides fibrilares de gran tamafio, como los cuerpos de Lewy en la EP o
las placas amiloides en el AD, fueron considerados los causantes de estas enfermedades, debido a que su
presencia en los cerebros de los pacientes era manifiesta y a que su distribucidon anatdmica coincidia con
las areas de mayor neurodegeneracion. No obstante, este concepto se ha cuestionado cada vez con mas
fuerza en los ultimos tiempos ya que una gran cantidad de datos experimentales indican que, en realidad,
las principales especies tdxicas son los nucleos de agregacidn y oligdmeros que preceden a la formacion de
fibras maduras'®®. Asi, numerosos estudios demuestran que estos oligdmeros intermedios que se generan
in vivo, no solo en células en cultivo sino también en tejido de modelos animales y de humanos con estas
patologias, estan directamente asociados con el dafio celular y tisular, contribuyendo al mismo'*°. En este
sentido, la idea de que las fibras maduras serian depdsitos inertes de precursores mucho mas toxicos,
sugiere que su formacién podria ser un mecanismo de defensa para reducir la presencia de estas especies
oligoméricas. Esto explicaria la falta de correlacién directa observada entre la cantidad de depdsitos
amiloides en el cerebro de pacientes de la EP o AD y la severidad de los sintomas clinicos**°. Los motivos
tras la toxicidad diferencial entre oligdmeros y fibras amiloides puede ser atribuida a sus estructuras. Por
un lado, los oligdmeros presentan expuestas superficies hidréfobas ricas en laminas-B que favorecen la
agregacién, mientras que, en las fibrillas, estas superficies se encuentran internalizadas en la estructura.
Ademas, los oligdmeros son mas pequefios, lo que facilita su difusion entre células, en comparacion con las
fibrillas mas alargadas y grandes. Por ultimo, la estructura desordenada e inestable natural de los
oligdmeros, presenta multitud de extremos reactivos lo que favorece la interaccion con diferentes dianas
celulares. Por lo tanto, prevenir los pasos tempranos de oligomerizacion y agregacién podrian resultar
prometedores para detener el proceso degenerativo asociado con el mal plegamiento y acumulacion de
este tipo de proteinas®?.

El analisis post mortem de cerebros humanos ha revelado que la progresién de la neuropatologia
parkinsoniana sigue una serie de etapas secuenciales. Inicialmente, las lesiones comienzan en el bulbo
olfatorio, el nucleo olfativo anterior y el nlicleo motor dorsal del nervio vago en lo que se considera la
primera etapa®®? Durante la segunda etapa, la patologia se disemina a los nucleos de rafe inferior, las
porciones magnocelulares de la formacion reticular y el locus coeruleus®®®. En |a tercera etapa, la patologia
alcanza el cerebro medio, afectando fundamentalmente a la SN. La patologia se extiende entonces a la
corteza durante la cuarta etapa. En las dos ultimas etapas, la patologia alcanza el neocortex prefrontal y las

154155 Esta progresién

areas premotoras, las areas sensoriales primarias y el campo motor primario
sistematica de la patologia unida a la capacidad de la a-syn para propagarse desde tejidos enfermos a sanos
incluso entre diferentes especies, apoyan la teoria de que la dispersion patoldgica de la a-syn reune las
caracteristicas propias de una enfermedad pridnica®®!’. Esta teoria apoya a que una vez formados los
agregados a-syn en las neuronas, estos pueden diseminarse a neuronas vecinas y promover la agregacion
de la a-syn nativa mediante interacciones directas, al igual que ocurre en otras enfermedades pridnicas.
Entre los mecanismos propuestos para explicar la propagacion de la a-syn entre células, se incluye el
transporte a través de poros de membrana, la difusidn pasiva, la exo- y endocitosis, el transporte mediante

exosomas Y la posibilidad de transporte mediante proteinas carrier, entre otros'*.
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3.2 Papel del estrés oxidativo en la enfermedad de Parkinson

Un vinculo comun entre los procesos neurodegenerativos es su susceptibilidad al dafio oxidativo. Como se
ha mencionado en el apartado 2 de esta introduccidn, las células del cerebro, especialmente las neuronas,
son muy vulnerables a los efectos perjudiciales de las ERO. Tanto en los casos idiopaticos como genéticos
de la EP, el estrés oxidativo es uno de los mecanismos que conducen a la disfuncidon y muerte neuronal. Se
ha descrito cdmo la SN de pacientes de EP muestran altos niveles de lipidos, proteinas y ADN oxidados asi
como bajos niveles de GSH reducido, todo ello debido, a la sobreproduccion de ERO asociada a la
enfermedad, ocasionada por la disfuncién mitocondrial o por el propio metabolismo de la dopamina, ente
otros procesos (Figura 14)'°%1%°, Asj, la inhibicidn del complejo | mediante el empleo de neurotoxinas como
MPTP y rotenona, asi como mutaciones en el ADN mitocondrial en modelos animales, dan lugar a diferentes
caracteristicas Parkinsonianas!®®. Por otro lado, se ha descrito, como la sobreexpresién de a-syn es
responsable de la disfuncion mitocondrial observada a nivel del complejo | de la cadena de transporte de
electrones®®!. De este modo se crea un circulo vicioso en el que la alteracién mitocondrial da lugar a un
aumento de las ERO, cuyo efecto oxidativo favorece la agregacion de la a-syn, propiciando a su vez un mayor
dafio mitocondrial. Ademas, la actividad de las enzimas tirosina hidroxilasa y monoamina oxidasa,
implicadas en la sintesis de dopamina a partir de tirosina, generan grandes cantidades de ERO, lo que hace
especialmente sensibles a las neuronas dopaminergicas. El hierro que actia como cofactor de la tirosina
hidroxilasa, puede mediante la reaccion de Fenton, generar radicales O,” y perdxido de hidrégeno que
contribuyen a aumentar el estrés oxidativo en estas neuronas'®. Ademas, se ha descrito cdmo las neuronas
dopaminérgicas en la SN de pacientes de EP acumulan multiples deleciones en el ADN mitocondrial. De
hecho, algunos de los genes identificados para el Parkinson familiar codifican proteinas que se localizan en
la mitocondria y estan relacionados con las funciones de la misma, como PINK-1, Parkina y DJ-13,
Finalmente, la neuroinflamacidn, causada por la activacion crénica de la microglia en respuesta a a-syn
agregaday a otras moléculas como la neuromelanina o MMP-3, también constituye una fuente continua de
ERO como el anién O, o el NO, exacerbando atin mas el dafio oxidativo en esta enfermedad?®*.

{ Gene Mutations ]

Impaired DA
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Figura 14. Mecanismos subyacentes al aumento del estrés oxidativo en la EP1%8,
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3.3 Papel de las chaperonas moleculares en el Parkinson

La denominada Red de Proteostasis (PN) se encarga de proteger la funcionalidad del proteoma y previene
la acumulacién de proteinas mutadas, dafiadas o mal plegadas!*®. En el caso de las enfermedades
neurodegenerativas, el factor de riesgo mas determinante es el envejecimiento; asi, existen muchas
pruebas que sugieren un vinculo entre envejecimiento, proteotoxicidad mediada por agregacién y pérdida
de proteostasis, ésta ultima, de hecho, se ha sefialado recientemente como una de las principales

caracteristicas que intervienen en el proceso de envejecimiento!®.

Un componente central de la red de proteostasis son las chaperonas moleculares y co-chaperonas, que
previenen el mal plegamiento y redirigen intermediarios no nativos hacia el estado nativo o bien hacia su
eliminacion por el sistema ubiquitina-proteosoma y autofagia®®®. Las chaperonas moleculares, la mayoria
de las cuales pertenecen a la familia de las proteinas de choque térmico (HSPs), son la primera linea de
defensa frente al mal plegamiento y la agregacion proteica. Estas proteinas ejercen su papel bajo
condiciones celulares normales y bajo la influencia del estrés, como por ejemplo el estrés térmico, que
aumenta la concentracidon de proteinas mal plegadas. Las chaperonas se clasifican de acuerdo con su peso
molecular: Hsp40, Hsp70, Hsp90, Hsp100 y otras de menor tamafio (menos de 30 kDa), conocidas como
sHSPs (small Heat Shock Proteins)®®’.

En la EP, la presencia de varias HSPs (Hsp70 y Hsp90) en los cuerpos de Lewy confirma un importante papel
de las chaperonas en la enfermedad. Asi, numerosos estudios sefialan que aumentos en la expresion de
Hsp70, Hsp40 o Hsp27 reducen la agregacidn y/o toxicidad de la a-syn'®®. Ademds, recientemente se ha
descrito que la Hsp70 puede promover la actividad de la ubiquitin ligasa E3 para degradar a la a-syn®. Por
otro lado, un estudio reciente ha identificado redes de chaperonas cuyos patrones de expresion son
inducidos o reprimidos de forma comun en el cerebro humano tanto en el envejecimiento como en las
principales enfermedades neurodegenerativas!’’. La existencia de esta correlacién, subraya el papel central
del chaperoma en envejecimiento y en enfermedades como la EP. En este mismo estudio, se comprobd que
hay un elevado paralelismo entre la expresion de genes de estas chaperonas en enfermedades
neurodegenerativas y sus ortdlogos en modelos de estas enfermedades en el nematodo Caenorhabditis
elegans (C. elegans). De hecho, la inactivacion de muchos de estos genes mediante RNAi en este modelo
animal exacerbo la toxicidad asociada a las proteinas amiloides tipicas de estas patologias. En base a los
numerosos datos experimentales, la induccién de HSPs se postula como una estrategia muy prometedora
en el tratamiento de las enfermedades neurodegenerativas'’®.

3.4 Caenorhabditis elegans como modelo de enfermedades neurodegenerativas

A lo largo de los afios, los modelos en mamiferos han dado lugar a grandes avances en el campo de las
enfermedades neurodegenerativas, aunque la complejidad de su cerebro, asi como las limitaciones
experimentales derivadas de su uso (elevado coste econémico y temporal), suponen un obstaculo
importante en el analisis de muchos de los factores que participan en estas enfermedades in vivo. Por otro
lado, aunque el uso de lineas celulares humanas neuronales y no neuronales para el estudio de mecanismos
moleculares asociados a estos desérdenes y la busqueda de nuevos tratamientos terapéuticos ha sido de
gran utilidad, estos modelos in vitro no pueden reproducir las interacciones que tienen lugar entre los
distintos tipos celulares, que sélo se puede conseguir mediante el empleo de organismos completos.
Teniendo en cuenta estos factores y el hecho de que muchos de los genes ligados a enfermedades humanas
funcionan en rutas evolutivamente conservadas que pueden ser facilmente estudiadas en organismos mas
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simples, el uso de invertebrados modelo supone un nuevo frente de estudio en el cual se estan obteniendo
grandes logros y avances.

C. elegans es un nematodo de forma cilindrica no parasitario que vive en el suelo y que se alimenta
principalmente de bacterias. Fue introducido como organismo modelo por primera vez a comienzos de la
década de los 60 por Sydney Brenner!’? y, gracias al gran nimero de ventajas que este organismo ofrece,
se convirtié rapidamente en un sistema muy utilizado. Entre las principales ventajas de este organismo
modelo se encuentran su simplicidad anatdmica, su pequefio tamafio y su corto ciclo de vida (Figura 15).
Ademas, la alta homologia encontrada entre su genoma y el de humanos, y el hecho de que las principales
rutas de sefializacion de ambos estan sorprendentemente conservadas, se han plasmado en la generacion
de estirpes transgénicas que recapitulan muchas enfermedades que afectan a humanos, entre ellas las
enfermedades neurodegenerativas mds importantes. Se estima que alrededor del 42% de los genes
asociados a enfermedades humanas tienen un ortdlogo en C. elegans, incluyendo genes relacionados con
la EA, la EP o el cadncer de coldn hereditario, entre otras'’2. C. elegans presenta un linaje celular invariable,
que en el caso del hermafrodita adulto es de 959 células somaticas y de 1031 en el macho.
Sorprendentemente, un tercio del total de células, 302 en concreto para el hermafrodita, son neuronas,
cuyas sinapsis y conectividades han sido mapeadas al completo, haciendo de este nematodo un organismo
modelo muy interesante para estudios relacionados con aspectos moleculares y funcionales del sistema
nervioso!’3. La utilidad de C. elegans como modelo de enfermedades neurodegenerativas queda patente
en el hecho de que numerosas rutas implicadas en estas patologias han sido identificadas gracias al estudio
con este nematodo. Como ejemplo, el trabajo con modelos de EP en C. elegans ha contribuido a desentraiar
como la a-syn es capaz de bloquear el trafico vesicular entre el reticulo endoplasmatico y el aparato de
Golgi, uno de los mecanismos celulares implicados en la toxicidad de este péptido?’®. En este sentido, el
hecho de que las rutas implicadas en el procesamiento, empaquetado y transporte de dopamina se han
conservado durante la evolucidn, sugiere que C. elegans podria ser un modelo valido para los estudios
relacionados con la degeneracion de neuronas dopaminérgicas. Concretamente, se han caracterizado
estirpes transgénicas de C. elegans que sobreexpresan tanto las formas silvestres como mutadas de a-syn,

P73, Asi, la sobreexpresidn de a-syn humana

parkinay DJ-1, tres de las proteinas cuya disfuncion provoca la E
provoca deficiencias motoras en estos nematodos, con una clara degeneracién de las neuronas
dopaminérgicas y la agregacién de las proteinas en el citoplasma celular. La existencia de Unicamente 8
neuronas dopaminérgicas en C.elegans (4 CEP, 2 ADE y 2 PDE) también supone una ventaja, ya que simplifica

bastante los estudios de neurodegeneracion.

En los ultimos afios se viene empleando cada vez mas este modelo animal para realizar screenings de alto
rendimiento (High-throughput screenings o HTS) en la busqueda de farmacos o pequefias moléculas con
potencial terapéutico en el tratamiento de enfermedades neurodegenerativas e incluso en el
envejecimiento?’%77, Estas técnicas facilitan la busqueda de compuestos candidatos y generan informacion
sobre los efectos dosis-respuesta que permiten delimitar la dosis minima eficaz, asi como las dosis tdxicas.
A pesar de la resistente cuticula que rodea a estos nematodos, se ha demostrado que una gran cantidad de
moléculas pequefias y farmacos pueden traspasar esta cuticula con una eficiencia relativamente elevada,
mientras que otros muchos pueden ser ingeridos junto con la bacteria que sirve de alimento para los
nematodos. Por otro lado, también se esta utilizando con éxito para identificar genes modificadores de
agregacién en modelos de Huntington, EA o la EP en este nematodo, empleando en este caso RNAi y
analizando su efecto sobre la toxicidad y agregacién de las proteinas amiloides en estos modelos. Asi, por
ejemplo, estudios recientes utilizando estas estirpes de C. elegans, han conseguido identificar un conjunto
de genes conservados en mamiferos implicados en los procesos de agregacidn proteica, como MOAG-
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4/SERF, sir-2.1/SIRT1 o lagr-1/LASS2 entre otros, capaces de modular positiva o negativamente la

agregacion de proteinas neurotdxicas en estas patologias!’®17°,
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Figura 15. Ciclo de vida de C. elegans a 222C180,

3.5 Compuestos fendlicos del olivo y neurodegeneracion

Aligual que en los apartados anteriores referentes al cancer y al ictus, el interés sobre el efecto de diversos
compuestos fendlicos del olivo frente a diferentes enfermedades neurodegenerativas es creciente y
patente en la bibliografia. Asi, se ha descrito como estos compuestos interfieren in vitro e in vivo con la
agregacién amiloide de péptidos AB, la proteina Tau y la a-syn, redireccionando la agregacién fibrilar hacia
la formacion de agregados amorfos no téxicos'®182, En la actualidad, existen dos modelos para explicar el
autoensamblaje de proteinas amiloides. De acuerdo con la teoria del "apilamiento m", los residuos
aromaticos de las proteinas se ensamblarian a través de interacciones no covalentes n-i, mientras que el
segundo modelo, que podria coexistir con el primero, esta relacionado con interacciones hidrofdbicas entre
estas proteinas!®. De acuerdo con estos modelos, los polifenoles obstaculizarian la agregacion proteica a
través de la interaccion de sus anillos fendlicos con los residuos aromaticos de las proteinas
amiloidogénicas, evitando el apilamiento i, ademas de mediante la asociacion de sus grupos hidroxilos con

las regiones hidrofébicas de estas proteinas!®*!8>

. Por otro lado, la capacidad antioxidante de estos
compuestos es indudablemente otro mecanismo que estaria plausiblemente vinculado a su efecto
antiagregacion. Asi, estudios recientes describen la capacidad de compuestos como el HT, la OL y la OL-
aglicona para inhibir la fibrilacién de Tau y reducir los depdsitos amiloides, ademas de potenciar otros
procesos clave en la EA, como serian la autofagia y la mejora de la funcidn cognitiva'®®187188 En |o referente
a la EP, estudios in vitro describen como la OLy el HT disminuyen el estrés oxidativo mediante la induccion
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de diferentes enzimas antioxidantes, asi como, su capacidad para inhibir la apoptosis, y ejercer un papel
protector frente a multitud de toxinas (DA, 6-OHD y MPP)¥91%°_En relacién al TIR, también se ha descrito
su caracter protector frente a diferentes neurotoxinas, atenuando la disfuncion mitocondrial e induciendo
la expresion de enzimas antioxidantes como SOD-1, SOD-2 y DJ-19%192 En definitiva, aunque es patente el
potencial de estos compuestos sobre multiples mecanismos implicados en estas patologias, el uso de
modelos in vitro en la mayoria de los estudios hasta la fecha, carece de las ventajas del empleo de
organismos completos. En este sentido, la utilizacion de modelos como C. elegans, representa una
aproximaciéon prometedora para investigar su efecto sobre diversos mecanismos moleculares subyacentes
a patologias como la EP. De hecho, estudios realizados en este modelo demuestran, por ejemplo, como la
administracién de OL a la estirpe CL2600 de C. elegans que expresa AB3—42 de forma constitutiva, reduce
los depdsitos de placa y la formacién de oligdmeros toxicos en la musculatura del animal, reduciendo la

paralisis y aumentando su esperanza de vida®®.
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HIPOTESIS Y OBJETIVOS

HIPOTESIS

Los compuestos fendlicos del olivo poseen un gran potencial como moléculas bioactivas en diferentes
contextos patoldgicos. Partiendo de su capacidad antioxidante como piedra angular de sus propiedades,
multitud de estudios describen cémo estos compuestos pueden modular gran variedad de mecanismos
moleculares. Considerando la importancia del estrés oxidativo en patologias en las que la hipoxia juega un
papel importante, como el cancery el ictus, y en enfermedades amiloides como la EP, se podria esperar que
el HT y el TIR, los dos fenoles mayoritarios del AOVE, ejercieran un efecto beneficioso en estas patologias.
La seguridad para el consumo humano de estos compuestos potencia aun mas el interés de esta
investigacion.

OBIJETIVOS

Para probar nuestra hipodtesis, se abordaron una serie de objetivos, detallados a continuacion, empleando
diferentes modelos que permitieron el estudio de aspectos relevantes de cada enfermedad estudiada.
Concretamente se evalud el efecto de estos compuestos del olivo sobre:

e El estrés oxidativo en células de cancer de mama MCF-7, comparando su efecto en condiciones de
normoxia e hipoxia (Objetivo 1).

e El mecanismo de respuesta a la hipoxia mediado por HIF-1 en esa misma linea celular (Objetivo 2).

e larespuesta a una lesidn isquémica inducida mediante un modelo de tMCAo en ratones (Objetivo
3).

e Los mecanismos patoldgicos asociados con la agregacion de a-syn en la EP en modelos de C. elegans
(Objetivo 4).

39



HYPOTHESIS AND AIMS

HYPOTHESIS

Olive tree phenolic compounds have a great potential as bioactive molecules in a number of pathologies.
Although they are widely known for their antioxidant activity, different studies have demonstrated that
these molecules can also act on other molecular pathways. HT and TYR are the main phenols in the olive
tree and constitute the main simple phenols in EVOO. Given the crucial role of oxidative stress in hypoxia-
associated diseases, such as cancer and ictus, and in amyloid diseases, such as PD, we propose that these
molecules, enriched in EVOO, exert a protective effect on these pathologies. Moreover, the fact that these
compounds are recognized as safe for human intake further increases the interest of this research.

AIMS

To address our hypothesis, we used different experimental models to investigate important features of the
analyzed pathologies. In particular, we proposed to evaluate the effect of these olive phenols on:

e The oxidative stress level of hypoxic and normoxic MCF-7 breast cancer cells (Aim 1).

e HIF-1-mediated response to hypoxia in MCF-7 cells (Aim 2).

¢ The recovery from an ischemic lesion induced by a tMCAo model in mice (Aim 3).

¢ The pathological mechanisms associated with the aggregation of a-syn in C. elegans models of PD
(Aim 4).
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Abstract

Although cancer is multifactorial, a strong correlation between this pathology and increased
oxidative stress has long been stablished. Hypoxia, inherent to solid tumors, increases reac-
tive oxygen species and should be taken into account when analyzing the response of
tumor cells to antioxidants. The Mediterranean diet has been related to a lower incidence of
cancer, and particularly of breast cancer. Given that hydroxytyrosol (HT) is largely responsi-
ble for the antioxidant properties of olive oil, we have performed a comprehensive and com-
parative study of its effect on the oxidative stress response of the human breast cancer cell
line MCF-7 in hypoxia and normoxia. Our results demonstrate that the antioxidant action of
HT is particularly effective in a hypoxic environment. Moreover, we have observed that this
polyphenol modulates the transcription and translation of members of the PGC-1a/ERRa
and PGC-1a/Nrf2 pathways. However, while the transcriptional effects of HT are similar in
normoxic and hypoxic conditions, its translational action is less prominent and partially
attenuated in hypoxia, and therefore cannot completely explain the antioxidant effect of HT.
Consequently, our results underscore that the hypoxic environment of tumor cells should be
considered when analyzing the effect of bioactive compounds. Besides, this study also
points to the importance of assessing the regulatory role of HT at both mRNA and protein
level to get a complete picture of its effects.

Introduction

Cancer is a generic term for a large group of diseases which figure among the leading causes of
morbidity and mortality worldwide. In women, the most common cancer is breast cancer,
contributing more than 25% of the total number of new cases diagnosed in 2012 [1]. Although
cancer is multifactorial, a strong correlation between this pathology and increased oxidative
stress has long been stablished. In fact, overproduction of reactive oxygen species (ROS) as a
consequence of genetic, metabolic and microenvironment-associated alterations is known to
promote both tumor initiation and progression [2].

Oxidative stress is the result of an unbalance between ROS production and detoxification.
This species are constantly formed in aerobic organisms, particularly in mitochondria. In this
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sense, although cancer cells show high rates of glycolysis, they also retain functional mitochon-
dria, essential for tumorigenesis, in which oxidative phosphorylation occurs [3]. Mitochon-
drial biogenesis is regulated by PPARy coactivator-1o (PGC-1a). This protein interacts and
coactivates the estrogen-related receptor o (ERRa) and the nuclear respiratory factor 2 (Nrf2)
[4]. ERRois an “orphan” nuclear receptor whose activity is not regulated by ligand binding.
This protein induces the transcription of the enzymes of the tricarboxylic acid cycle and oxida-
tive phosphorylation, enabling adaptive metabolic events, such as biomass synthesis, that are
crucial in cancer development [5]. Nrf2 acts as a heterodimer with other transcription factors
such as Mafs, promoting the expression of target genes with one or more antioxidant response
elements (ARE, TCAG/CXXXGC) in their promoter region. Among others, those targets are
antioxidant, NADPH generating and glutathione synthesis enzymes, proteins involved in
xenobiotic metabolism and efflux, and heat shock proteins [6]. The central function of ERRa
and Nrf2 reinforces the importance of finding new molecules that modulates their activity,
particularly under pathological situations highly linked to oxidative stress such as cancer.

In solid tumors, the high cell proliferation, the abnormal anatomy of blood vessels and their
obstruction or compression imply the appearance of hypoxic areas. As an example, the average
O, pressure in breast tumors is approximately 80% lower than in normal breast tissue [7]. This
hypoxic microenvironment further increases oxidative stress, promoting tumor development
and malignancy, and should be taken into account when performing studies about the molecu-
lar response of tumor cells.

A number of studies have revealed that in the Mediterranean countries the incidence of
breast cancer is lower than in other developed countries, pointing to the dietary practice as
possible cause of this effect [8-10]. The Mediterranean diet is characterized by a high intake of
fruits, vegetables, whole grains, legumes and healthy fats such as olive oil. Olive oil is mainly
composed of fatty acids, particularly oleic acid and linoleic acid. However, in recent years
much attention has been paid to the minor components of olive oil. This fraction represents
no more than 2% of the olive oil weight and includes flavonoids, lignans or secoiridoids and
phenolic compounds such as hydroxytyrosol (3,4-dihydroxyphenylethanol; HT), endowed
with antioxidant properties [11]. Although some authors have studied the antioxidant action
of this polyphenol in breast cancer [12-14], there is a lack of a comprehensive analysis of its
molecular effect in hypoxic conditions. With this background, and considering the importance
of hypoxia in tumor microenvironment, the objective of the present study was to compara-
tively analyze the effect of HT treatment in the oxidative response of hypoxic and normoxic
MCEF-7 cells, widely used in breast cancer research.

Materials and methods

Chemicals and reagents

HT (purity >98%) was obtained from Extrasynthese (Lyon, France). Dulbecco’s modified
Eagle’s medium (DMEM) was from BiochromAG (Berlin, Germany). RNA was isolated using
the RNeasyPlus Mini kit (Qiagen, Hilden, Germany) and cDNA was prepared with Maxima
First Strand cDNA Synthesis Kit for RT-qPCR (Fermentas Intl., Vilnius, Lithuania). Real-time
PCR was performed using SYBR Fast Master Mix (2x) Universal (KAPABiosystems, Massa-
chusetts, USA). Primers were synthesized by Biomedal S.L. (Sevilla, Spain). Nrf2 siRNA (sc-
37049), scramble siRNA (scr siRNA) and the transfection reagent were from Santa Cruz Bio-
technology (CA, USA). Opti-MEM reduced serum medium was bought from Thermo Fisher
Scientific. o-Tubulin antibody, foetal bovine serum (FBS), sulforhodamine B (SRB), trichloro-
acetic acid (TCA), 2",7 -dichlorofluorescin diacetate (DCFH-DA), glutathione reductase
(GR), reduced glutathione, NADPH, cumene hydroperoxide, and other general reagents were
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from Sigma (St. Louis, MO, USA). Heme oxygenase-1 (HO-1) was measured with the enzyme
linked immunosorbent assay (ELISA) kit CSB-E08266h from Cusabio (Barksdale, USA). Pri-
mary antibodies (PGC-1a, Nrf2, ERRo, SIRT3) were purchased from Santa Cruz Biotechnol-
ogy, Inc., (CA, USA) except anti-a-tubulin (Sigma, St. Louis, Mo, USA).

Cell culture and treatments

Human breast cancer MCEF-7 cells were grown in 10% foetal bovine serum supplemented
DMEM at 37°C in 5% CO, and 21% O,. Cells were pre-treated or not with HT, dissolved in
ethanol immediately before use, for 16 h under normoxic conditions (21% O,), being cultured
during the last 4 h either in normoxic or hypoxic conditions (1% O,). Controls were treated
with an equal ethanol concentration.

Cytotoxicity assay

The cytotoxic effect of HT was evaluated using the SRB assay as previously described [15].
Briefly, 4 x 10* cells/well were plated in 24-well tissue culture plates (Nunc, Rosbilde, Den-
mark). The plates were incubated for 24 h to allow the cells to adhere. HT was then added to
the corresponding wells at a range of concentrations (0 to 600 M), each concentration being
used in at least four replicate wells. After 16 h of treatment, last 4 h either in normoxic or hyp-
oxic conditions, the medium was removed and the cultures were washed with PBS. Cells were
fixed at 4°C with 10% TCA for 30 min and then washed with tap water to remove TCA. Plates
were air dried and stored until use. TCA-fixed cells were stained for 20 min with 0.4% (w/v)
SRB dissolved in 1% acetic acid. After staining, SRB was removed and cultures were rinsed
with 1% acetic acid to eliminate unbound dye. The cultures were air dried and bound dye was
solubilized with 10 mM Tris base (pH 10.5). Optical density was read in a plate reader (Ther-
moLabSystem Multiscan Ascent) at 492 nm. Cell survival was measured as the percentage of
absorbance compared with that obtained in non HT-treated cells.

Measurement of intracellular generation of ROS

Intracellular generation of ROS was analysed using DCFH-DA as a probe [16]. ROS in the
cells oxidize DCFH, yielding highly fluorescent 2",7 "-dichlorofluorescein (DCF). Briefly, cells
were cultured in 96-well plates (10* cells/well) and treated for 16 h with HT (0-200uM), being
cultured during the last 4 h either in normoxic or hypoxic conditions. 30 min before the end of
the experiment, cells were washed with Krebs buffer (pH 7.3) and incubated with 10 uM
DCFH-DA. Once the incubation was finished, cells were washed three times and DCF fluores-
cence was measured in a plate reader (ThermoLabSystem Multiscan Ascent) at an excitation
wavelength of 488 nm and emission wavelength of 535 nm.

Quantitative Real-time PCR (qRT-PCR)

Gene expression of PGC-1a, ERRa, Nrf2, HO-1, GSTA2 (Glutathione S-Transferase Alpha 2),
and SIRT3 (Sirtuin-3) were quantitatively assessed by real-time PCR using peptidylprolyli-
somerase A (PPIA) as the normalizing gene. Real-time PCR was performed in a MxPro ther-
mal cycler (Stratagene, California, USA) using SYBR Fast Master Mix (2x) Universal. The
sequences of primers are shown in Table 1. Experiments were performed in triplicate, and the
relative quantities of target genes, corrected with the normalizing gene PPIA, were calculated
using the Stratagene MxProTM QPCR Software.
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Table 1. Primer details.

primer forward (5°-3") reverse (5°-3")

PGC-1a TGCTTTTGCTGCTCTTGAAA TTACCTGCGCAAGCTTCTCT
ERRa GCTGCCCTGCTGCAACTA GCCTCGTGCAGAGCTTCTC
Nrf2 TCAGGCTCAGTCACCTGAAA TTGGCTTCTGGACTTGGAAC
HO-1 ATGACACCAAGGACCAGAGC GTGTAAGGACCCATCGGAGA
GSTA2 GAGCCACGGACAAGACTACC CACTGTGGGCAGGTTACTGA
SIRT3 AACATCGATGGGCTTGAGAG AGAACACAATGTCGGGCTTC
PPIA TTCATCTGCACTGCCAAGAC TCGAGTTGTCCACAGTCAGC

https://doi.org/10.1371/journal.pone.0203892.t001

Western blot

For western blot analysis, equal amounts of denatured total-protein extracts (30 pug) were
loaded and separated on a 7.5% (PGC-1a), or 10% (SIRT3, Nrf2 and ERRa) SDS-polyacryl-
amide gel. Proteins in the gel were transferred to a PVDF membrane and then blocked. Mono-
clonal antibodies to PGC-1a, Nrf2, ERRa, SIRT3 and to a-tubulin, as a loading control, were
used for detection of the respective proteins. Antibody reaction was revealed by means of
chemiluminescence detection procedures according to the manufacturer’s recommendations
(ECL kit, Amersham Corp., Buckinghamshire, UK).

Se-independent glutathione peroxidase activity

Se-independent glutathione peroxidase (GPX) activity, as indicative of GSTA2 activity, was
determined in a coupled assay with GR using cumene hydroperoxide as a substrate [17]. To
prepare samples, at the end of each incubation period, cells were collected, washed with cold
PBS, lysed for 20 min at 4°C in EBC buffer (20 mM Tris-HCl pH 8; 150 mM NaCl, 1 mM
EDTA, 0.5% NP-40) and sonicated. After centrifugation at 14,000 g for 15 min at 4°C, super-
natants were collected and protein was quantified [18].

HO-1 determination

HO-1 was measured with a commercial ELISA kit according to manufacturer’s instructions.
To prepare samples, cells of each experimental condition were collected and lysed in PBS by
sonication. After centrifugation at 14,000 g for 30 min, supernatants were separated and pro-
tein was quantified [18].

Nrf2 siRNA transfection

Nrf2 siRNA and scr siRNA were transfected with transfection reagent according to the proto-
col of the manufacturers. Briefly, MCF-7 cells (16 x 10*/well) were plated into 6-well plates,
allowed to adhere for 24 h and incubated with fresh Opti-MEM Reduced Serum Medium con-
taining siNrf2 (50 nM) or scr-siRNA (50 nM) for 5 h. The transfection medium was then
replaced with fresh DMEM containing 10% FBS for 48 h before further treatment with HT
and/or hypoxia. To quantify the efficiency of siNrf2, siNrf2 and scr siRNA transfected MCF-7
cells were lysed and prepared for determining Nrf2 mRNA expression by RT-PCR.

Statistical analysis

Data are expressed as means + SD of at least three independent experiments. Statistical com-
parisons between the different experimental groups and their corresponding controls were
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made with Student’s t-test, accepting p<<0.05 as the level of significance, using GraphPad
Prism 6 software (GraphPad Software Inc.).

Results
Cytotoxic effect of HT on MCEF-7 cells

The cytotoxic effect of HT in MCEF-7 cells after 16 h of treatment is shown in Fig 1A. Our
results indicated that concentrations as high as 600 uM were necessary to affect cell prolifera-
tion. To comparatively analyse the effect of HT in normoxic and hypoxic conditions, we evalu-
ated whether the cytotoxicity of HT could be influenced by a decrease in O, pressure. To
achieve this goal, MCF-7 cells were incubated under hypoxia during the last 4 h of HT-treat-
ment. This experimental condition has been previously used by our group [19] and is strong
enough to achieve an adaptive response to this situation, such as the induction of hypoxia
inducible factor-1 (results not shown). As shown in Fig 1B, a 400 uM HT-treatment resulted
toxic to MCEF-7 cells, suggesting that hypoxia increases HT cytotoxicity although both, 400 and
600 uM, are extremely high concentrations.

HT exerts an antioxidant effect in hypoxic conditions

HT is reportedly described as an antioxidant compound. Thus, we next evaluated the effect of
the treatment of MCEF-7 cells with sub-cytotoxic concentrations of HT (0.1-200 uM) on the
oxidative stress level. In normoxia, none of the concentrations assayed exerted any effect on
this parameter (Fig 2A). However, when we analysed those same concentrations in hypoxic
conditions (Fig 2B), a significant decrease was achieved by HT 5 pM and persisted until

200 pM.

PGC-1a expression is differentially regulated by HT in hypoxia

Given the impact of HT on the oxidative stress level, we evaluated whether this effect was
related to a change in PGC-1a expression (Fig 3). The analysis of the transcriptional level of
PGC-1o (Fig 3A) indicated that, although HT exerted no effect on the transcription of this
coactivator at low concentrations, it decreased its level at high doses (100 and 200 uM), both in

PLOS ONE | https://doi.org/10.1371/journal.pone.0203892 September 20, 2018 5/16


https://doi.org/10.1371/journal.pone.0203892.g001
https://doi.org/10.1371/journal.pone.0203892

o ®
@ : PLOS | ONE Hydroxytyrosol and the hypoxic oxidative response

A B

20- NORMOXIA 15- HYPOXIA
[ [
2 15 2
[ [
? ?1.0
o o # #
g 5]
= =
iC 40 ic #iH HH
L L
o
g g
2 £ 0.5
= =
< 0.5 s
4 4

0.0 0.0

0 0.1 1 5 10 25 100 200 [HT]pM 0 0.1 1 5 10 25 100 200 [HT] M

Fig 2. HT decreases the oxidative stress level only in hypoxic conditions. Oxidative stress level measured by DCF fluorescence in (A)
normoxic cells and (B) hypoxic cells. Values represent the mean + SD from three independent experiments. Statistically significant differences
with the corresponding non-treated hypoxic cells: * p<0.05, * p<0.01 and ** p<0.001.

https://doi.org/10.1371/journal.pone.0203892.9002

normoxic and in hypoxic conditions. This result prompted us to determine whether PGC-1a.
protein was also down-regulated at 100 and 200pM. As shown in Fig 3B, the transcriptional
changes induced by HT did not parallel the expression of PGC-1a at the protein level. In nor-
moxic conditions, the same doses of HT that decreased transcription promoted the upregula-
tion of the PGC-1a protein, while HT seemed to exert no effect in a hypoxic environment.
Hence, the transcriptional and translational effects of HT do not seem to follow a similar pat-

tern of response.
ERRa expression is hardly affected by HT independently of the O, pressure

The effect of PGC-1a is mediated by coactivation of transcription factors such as ERRo. The
differential response of PGC-1o. to HT treatment in normoxic and hypoxic conditions led us
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Fig 3. PGC-1a expression is differentially regulated by HT in normoxic and hypoxic conditions. (A) PGC-1o. mRNA levels
relative to normoxic non HT-treated cells after normalization against PPIA. (B) Densitometric quantifications of PGC-1a
protein relative to o-tubulin (a-Tub). A representative immunoblot from a single experiment is shown. Values represent the
mean + SD from three independent experiments. Statistically significant differences with the corresponding non-treated
normoxic cells: * p<0.05, ** p<0.01. Statistically significant differences with the corresponding non-treated hypoxic cells:

** p<0.01, " p<0.001.

https://doi.org/10.1371/journal.pone.0203892.g003
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to evaluate the influence of this polyphenol on ERRa levels. Our results (Fig 4A) indicated
that, the ERRo. mRNA expression was not affected either by hypoxia or by HT-treatment with
the exception of the 200 uM HT-dose, which induced ERRa: levels independently of the oxygen
concentration. However, no changes were observed when we analysed the expression of ERRo.
at the protein level (Fig 4C). After confirming that HT exerted a different regulation on PGC-
lo.and ERRo at 100 and 200 pM, we addressed the activity of the PGC-1a/ERRa pathway at
both doses by evaluating the expression of one of its target gene, SIRT3. As shown in Fig 4B,
SIRT3 mRNA expression was only increased by a 200 uM HT-treatment in normoxia and hyp-
oxia. However, again this increase did not lead to higher protein levels (Fig 4D). Consequently,
it may be assumed that although HT transcriptionally regulates the PGC-10/ERRa pathway,
this effect is not finally reflected at the protein level.

HT consistently up-regulates Nrf2 in normoxia and hypoxia

In addition to analysing the expression and activity of the PGC-1a/ERRa pathway, we also
evaluated the effect of HT on Nrf2 (Fig 5). As shown in Fig 5A, the transcription of Nrf2
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https://doi.org/10.1371/journal.pone.0203892.9005

increased at the highest concentration analysed (200 uM), both in normoxia and hypoxia. In
this case, however, the transcriptional upregulation was accompanied by a parallel protein
increase (Fig 5B). Having demonstrated the effect of HT 200 uM on Nrf2, we monitored the
activity of this transcription factor by quantifying the mRNA expression of GSTA2 and HO-1,
two antioxidant proteins induced by Nrf2. As shown in Fig 5C and 5D, GSTA2 and HO-1
mRNA levels were increased at 200 uM, both in normoxia and hypoxia, perfectly paralleling
Nrf2 induction. To our knowledge, no GSTA2-antibodies are commercialized. However,
GSTA2 exhibits a Se-independent GPX activity that can be evaluated by using cumene hydro-
peroxide as a substrate [20]. The quantitation of this activity in the different experimental con-
ditions indicated that neither hypoxia nor HT-treatment promoted any change (Fig 5E).
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However, HT induced the expression of HO-1 (Fig 5F) although this effect was only achieved
in normoxic conditions.

HT induces HO-1 independently of Nrf2

To further determine the responsibility of Nrf2 on the increased transcription of GSTA2 and
HO-1 in cells treated with 200 uM HT, we determined their mRNA levels after knocking-
down Nrf2 by siRNA (Fig 6A). Our results (Fig 6B) indicated that, in these conditions, the
expression of GSTA2 was significantly reduced, suggesting that Nrf2 is largely responsible for
its transcriptional induction both in normoxia and in hypoxia. Nevertheless, HO-1 mRNA lev-
els were not significantly affected by Nrf2 silencing. Consequently, it may be assumed that the
huge response in the transcription of this enzyme to HT is not exclusively linked to Nrf2.

Discussion

The intake of food rich in bioactive components such as polyphenols has been related to a
lower incidence of tumors, and particularly to breast cancer [8-10]. In an in vitro study with
human embryonic kidney renal cells, we previously demonstrated that HT, a phenolic com-
pound considered highly responsible for the beneficial effects of olive oil, modulates the
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response to hypoxia [19]. Hypoxia is crucial in tumor microenvironment and in the response
to anti-cancer treatments. Although in recent years much effort has been dedicated to under-
stand the molecular mechanisms underlying the effect of HT in cancer cells, and particularly
in breast cancer cells, there is a lack of a comprehensive study of the way hypoxia modulates its
action. Breast cancer is often modelled using established cell lines. However, breast cancer is a
remarkable heterogeneous disease that can be classified into different subtypes with diverse
prognosis and response to treatments. MCF-7 cells, one of the most commonly used breast
cancer cell line in the world, have been extensively employed to assess the antioxidant effect of
HT. Therefore, in the present study we use these cells, representative of luminal A breast can-
cer, to assess the influence of hypoxia in the antioxidant response to HT.

The effect of HT on the proliferation rate of MCF-7 cells has been previously reported in
the literature. Although the data may differ according to the particular experimental condi-
tions, there is strong evidence in support of the concept that high concentrations of HT are
necessary to achieve a cytotoxic effect on this cell line. Particularly, Han et al. [21] described
that an incubation with 50 pg/ml of HT (~324 pM) induced apoptosis in MCF-7 cells after 12
h of treatment. Warletta et al. [12] was unable to report any effect on the cell proliferation rate
when this cell line was treated for 24 h with up to 100 pM of HT. More recently, El-azem et al.
[14] described that, when cells were treated for 72 h with HT, 50 pM was the minimum con-
centration able to achieve a significant but low decrease on cell proliferation. Our results, came
to the same conclusion as concentrations as high as 600 M were necessary to affect cell prolif-
eration when we treated cells with HT for 16 h. However, the main aim of this work is to com-
paratively analyse the effect of HT in normoxic and hypoxic conditions. Therefore, we
evaluated if the cytotoxicity of HT could be influenced by a decrease in the O, pressure. In
those conditions, a treatment with HT 400 uM results toxic, supporting, for the first time, the
proposition that hypoxia increases HT cytotoxicity. Phenolic concentration in extra-virgen
olive oil (EVOO) depends on several variables: (i) the olive cultivar and the ripening stage of
fruit; (ii) environmental factors; (iii) extraction conditions and systems; and (iv) storage condi-
tions and time [22]. Therefore, the data regarding the particular values of HT in EVOO are
very heterogeneous. Some authors point that, at best, the content of HT can reach levels of
about 7.5 mg/Kg [23]. However, other studies point to values around 60 mg/Kg [24]. Similar
discordances are observed if we focus on the plasma concentration of HT after the ingestion of
EVOO. If the degree of absorption proposed by Visioli et al. [25] is considered, up to 49 uM
hydroxytyrosol could be found in plasma [26]. Nevertheless, it has been also published [27]
that the maximum plasma concentration of free HT after an ingestion of 25 ml of EVOO
reaches 4.4 ng/mL (approximately 28 nM). In any case, those concentrations are far from the
ones we and others have described as cytotoxic. Hence, although the susceptibility to HT may
differ according to the cancer cell line, it seems that the concentration of HT in EVOO is not
likely to exert a toxic effect on breast cancer cells either in normoxic or in hypoxic conditions.
However, the additive effect of the many other bioactive compounds of olive oil cannot be
dismissed.

Cancer cells, due to altered metabolism, inadequate tumor vascular network and macro-
phage infiltration, are known to have higher level of oxidative stress than non-transformed
cells [28, 29]. Moreover, many therapeutic interventions further increase ROS production.
Sublethal oxidative stress accelerates tumor progression and raises the risk of metastasis by
increasing mutation rate, cell growth and blood supply signalling pathways [30]. The data pre-
sented here corroborate the antioxidant activity of HT in hypoxic but not in normoxic condi-
tions. These results resemble the previous findings by Warleta et al. [13], who described that
HT did not exert any antioxidant effect in MCF-7 cells cultured in standard conditions, but
was antioxidant after inducing a ROS burst with H,O,. In tumors we can find two different
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types of hypoxia [31]: i) chronic hypoxia, adjacent to necrotic areas, due to a distance between
the cells and the vasculature greater than the diffusion distance of oxygen (100-150 pum) [32];
and ii) acute hypoxia, caused by temporary obstruction or variable blood flow in tumor vessels
[33]. The latter involves reperfusion periods in which ROS are further increased. Conse-
quently, our results support the notion that in tumors HT may be beneficial to minimize the
ROS burst associated to hypoxia. A lower oxidative stress level in breast cancer patients receiv-
ing chemotherapy correlates with higher survival rates [34], and it has been recently described
that the co-treatment with paclitaxel and HT decreases the oxidative stress without counteract-
ing the effect of chemotherapy [14]. Therefore, the hypoxic environment may have exerted a
crucial role in this beneficial effect of HT.

Mitochondria are one of the major sources of ROS production, and clinical studies have
reported altered mitochondrial function in human cancers [29]. PGC-10, a major regulator of
mitochondrial function, oxygen consumption and oxidative phosphorylation [35], is known to
be induced in hypoxic conditions [36]. The link between HT and PCG-1a expression has been
scarcely analysed in the literature and even less in hypoxic conditions. In adipocytes and in
excessive exercised-rats, HT supplementation has been reported to increase PGC-1o. level and
the activity and expression of mitochondrial electron complexes [37, 38]. Similarly, Signorile
et al. [39] described that the repression of PCG-1a and mitochondrial oxidative phosphoryla-
tion in serum starved fibroblast was reversed by HT-treatment. However, those authors only
analysed the effect of HT at the protein level. In the present study we evaluated the transcrip-
tional and translational effects of HT on PGC-1a. expression. At the mRNA level, no effect was
observed with the lowest concentrations of HT, but strikingly high doses (100 and 200 pM)
induced a sharp decrease in PGC-1o transcription in normoxic and hypoxic cells. Therefore,
the transcriptional effect of HT PGC-1a does not seem to be modulated by the hypoxic envi-
ronment. Interestingly, at the protein level results were different. In agreement with previous
reports, our data reinforced the positive influence of HT on the expression of the PCG-1c.
Nevertheless, this effect was abolished in a hypoxic environment, suggesting that the antioxi-
dant action of HT in this situation should be achieved by other regulatory mechanisms. In this
sense, we could hypothesize that an increased activity of the pre-existing PGC-1a protein,
rather than an increased expression, may be involved in the antioxidant action of HT under
hypoxic conditions.

The effect of PGC-1a is mediated by coactivation of transcription factors such as ERRo.
ERRa is an orphan nuclear receptor with a demonstrated role in tumor biology, and particu-
larly in breast cancer. In fact, a relation between elevated ERRa activity and a shorter disease-
free survival was described in a genomic analysis of more than 800 breast tumors [5]. It has
also been published that the downregulation of ERRa in MCEF-7 cells inhibits cell proliferation
and decreases the growth of xenografts [5, 40]. Nevertheless, our data indicated that ERRa
hardly responds to HT treatment neither in normoxia nor in hypoxia, suggesting that the
effects of HT cannot be attributed to changes in the level of this protein. The transcriptional
activity of ERRa seems to be independent of ligand binding but is regulated by the expression
and activity of its coregulators. SIRT3, a major mitochondrial NAD"-dependent deacetylase,
which has been related to poor prognosis in breast cancer [41], is a target gene of ERRa/PGC-
Lo The effect of HT on the expression of SIRT3, at the transcriptional and translational level,
perfectly reproduced those of ERRa.. Thus, even though this polyphenol does not seem to
increase the expression of ERRa: protein, the up-regulation of SIRT3 mRNA indicates a higher
activity of the PGC-1a/ERRa. pathway that again does not involve a change in SIRT3 protein.
These inconsistent results may be attributed to the existence of post-transcriptional mecha-
nisms of regulation and have also been reported recently in mice receiving a diet supplemented
with HT [42]. In these animals, phosphorylation is one of the biological processes described to
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be modulated, and it has been previously published that HT-treatment significantly increases
the activity of Akt [43]. Given that the transcriptional activity of ERRa is induced by this
kinase [44], it could be speculated that HT may promote the increase in the mRNA of SIRT3
by activating ERRa, rather than by increasing ERRa protein. Non-coding RNAs and RNA-
binding proteins are known to exert a crucial role in translation, and the modulatory role of
HT on the expression of both of them has already been suggested [42, 45]. Besides, HT also
regulates the expression of different translation factors in a cell dependent manner [42]. The
effect of HT on all these molecules could hinder the translation of the components of the
PGC-1o/ERRa. pathway. Further studies evaluating the influence of HT on these regulatory
molecules in both normoxic and hypoxic conditions would be necessary in order to unravel
the complex transcriptional/translational modulation induced by this polyphenol.

Nrf2, also coactivated by PGC-1a, was initially described as an activator of the cytochrome
oxidase subunit IV. However, today it is known to regulate the expression of hundreds of
genes with ARE sequences. Although the effect of HT on Nrf2 at the protein level has already
been published, the literature regarding a transcriptional regulation of HT on Nrf2 is scarce.
Hao et al. [37] analysed the transcription of Nrf2 after 48 h of treatment with HT (0-50 uM)
and, strikingly, they observed an enhanced mRNA level only at 1 uM, but the mechanisms
involved in this effect remain to be elucidated. The data presented here showed that, in MCE-7
cells, HT induces a transcriptional up-regulation of Nrf2 at 200 uM, which involves a parallel
protein increase. Furthermore, in contrast to the results observed in the analysis of PGC-1o0,
this regulatory role of HT was preserved in hypoxic conditions suggesting that Nrf2 exerts a
crucial role in the response to HT. Nrf2 induces the expression of over a hundred protective
genes that, among other functions, are involved in ROS scavenging and detoxification of car-
cinogens. To act as a transcription factor, Nrf2 must translocate to the nucleus where it will
bind to the ARE of its target genes, inducing gene transcription. However, under basal condi-
tions, Nrf2 is kept in the cytoplasm and targeted to degradation by its binding to a cysteine res-
idue of the Kelch-like ECH-associated protein 1 (Keapl). In this sense, the induction of Nrf2
by HT has been attributed to: i) the phosphorylation of Nrf2 by kinases such as ERK and Akt
[43], and ii) the alkylation of the cysteine residue involved in Nrf2/Keap binding by the ortho-
quinone intermediate of HT [46]. These post-translational modifications will allow Keap-1
dissociation from Nrf2, which will then translocate to the nucleus and act as a transcription
factor. GSTA2 and HO-1 are some of the antioxidant proteins induced by Nrf2. GSTA?2 func-
tions in the detoxification of electrophilic compounds and also exhibits glutathione peroxidase
activity. HO-1 is the inducible isoform of HO in mammals, and catalyses the degradation of
heme group into carbon monoxide and the antioxidant biliverdin/bilirubin with the parallel
release of iron, which will be sequestered by ferritin. In the present study, the increase in Nrf2
protein observed in normoxic and hypoxic cells after treatment with HT 200 uM involved a
higher transcription of both target genes, supporting the proposition that HT induces not only
the expression, but also the activity of Nrf2. Nevertheless, this increased mRNA levels were not
translated in proteins, with the exception of HO-1 whose expression was increased only in
normoxia. These findings, together with those of PGC-1a, seem to suggest that the transla-
tional effects of HT are at least partially down-regulated in a hypoxic situation, and conse-
quently the antioxidant effect of HT in hypoxic conditions can be hardly attributed to an
increased protein expression of antioxidant enzymes.

Most of the studies regarding HT suggest the crucial role of Nrf2 in the effect of this poly-
phenol and, as shown above, in MCE-7 cells HT promotes the expression of Nrf2 both in
normoxia and in hypoxia. However, antioxidant enzymes can also be increased by Nrf2-inde-
pendent mechanisms. In fact, by silencing Nrf2, we have demonstrated that although GSTA2
is exclusively dependent on Nrf2, other mechanisms seem be involved in the transcription of
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Fig 7. Comparative effect of HT on the oxidative response of MCF-7 cells in normoxic and hypoxic conditions.
HT-treatment dampens the hypoxia-associated oxidative stress increase. The transcriptional regulation exerted by this
polyphenol on the PGC-10/ERRa and PGC-10/Nrf2 pathways is not affected by O, tension. However, hypoxia
attenuates its translational effect, maybe due to the induction of posttranscriptional mechanisms of regulation by HT.

https://doi.org/10.1371/journal.pone.0203892.g007

HO-1. The Nrf2 independent induction of HO-1 has been previously reported in the literature.
In this sense, the natural xanthone gartanin is known to induce HO-1 independently of Nrf2
[47], and nitro-linoleic acid was described to promote HO-1 expression in Nrf2 deficient cells
through cAMP, AP-1 and E-box response element interactions [48]. Moreover, in muscle atro-
phy, HO-1 increase was dependent on forkhead box O1 (FOXO1) but not on Nrf2 [49]. There-
fore, our results evidence the existence of Nrf2-independent mechanisms also involved in the
effect of HT.

Conclusions

In conclusion, the data presented here and summarized in Fig 7 suggest that the antioxidant
action of HT is particularly effective in hypoxic conditions. This polyphenol modulates the
transcription and translation of different proteins of the PGC-1a/ERRa and PGC-10/ Nrf2
pathways, typically involved in the antioxidant response. While the transcriptional effects of
HT are similar in normoxic and hypoxic conditions, its translational action is less prominent
and partially attenuated in a hypoxic environment. Therefore: i) the direct effect of this poly-
phenol must be the main responsible for its antioxidant action in hypoxia; ii) the discordance
between the mRNA and protein results points to the importance of assessing the regulatory
role of HT at both levels to get a complete picture of HT effects, and iii) the hypoxic environ-
ment of tumor cells should not be diminished when analyzing the effect of this or other bioac-
tive compounds.
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Abstract

Olive oil intake has been linked with a lower incidence of breast cancer. Hypoxic microenvironment in solid
tumors, such as breast cancer, is known to play a crucial role in cancer progression and in the failure of
anticancer treatments. HIF-1 is the main effector in hypoxic response, and given that hydroxytyrosol (HT) is
one of the main bioactive compounds in olive oil, in this study we deepen into its modulatory role on HIF-1.
Our results demonstrate that HT decreases HIF-1a protein, probably by downregulating oxidative stress and
by inhibiting the PI3K/AKt/mTOR pathway. Strikingly, the expression of HIF-1 target genes (lactate
deshydrogenasa A, glucose transporter-1, adrenomedullin and vascular endothelial growth factor) do not
show a parallel decrease. Particularly, AM and VEGF are up-regulated by high concentrations of HT even in
HIF-1a silenced cells, pointing to HIF-1 independent mechanism of regulation. In fact, we show, by in silico
modelling and transcriptional analysis, that high doses of HT may act as an agonist of the aryl hydrocarbon
receptor favoring the induction of these angiogenic genes. In conclusion, we suggest that the effect of HT in a
hypoxic environment is largely affected by its concentration and involves both HIF-1 dependent and
independent mechanisms.

Introduction

Breast cancer is the most common cancer diagnosed in women and the second leading cause of death from
cancer among them?. Approximately 25%-40% of invasive breast cancers exhibit hypoxic regions in which
oxygen pressure is diminished?. This hypoxic microenvironment favors cancer progression and metastasis and
should be taken into account in cancer research.

Hypoxia inducible factor-1 (HIF-1) is the key factor in the adaptive response to hypoxia. The binding of HIF-1
to hypoxic response elements (HRES) regulates the transcription of a plethora of genes involved, among others,
in glucose metabolism, cell proliferation, cell survival and angiogenesis®. Therefore, HIF-1 overexpression is
strongly related with poor prognosis and resistance to chemotherapy and radiotherapy*s. HIF-1 is a
heterodimeric transcription factor composed by the oxygen-sensitive o subunit HIF-1a. and the constitutive
subunit ARNT. HIF-1a transcription, translation and stability are highly regulated in an oxygen-dependent and
oxygen-independent manner. At the transcriptional level, HIF-1a expression is regulated by different
transcription factors such as Sp1, NF-xB, Ergl and by HIF-1 itself 58, The translation of HIF-1a. mRNA can be
upregulated through the PI3K/Akt/mTOR pathway. Particularly, mTOR when activated by Akt, mediates the
phosphorylation of p70 S6 kinase (S6K) that induces HIF-1o translation through the ribosomal protein S6°.
Once translated, and under normoxic conditions, HIF-1a subunit is quickly degraded due to the activity of the
prolyl-4-hydroxylases (PHDs) that label HIF-1o enabling its ubiquitination by the pVHL and its degradation in
the proteasome. Conversely, the hypoxic conditions inhibit PHDs activity and promote HIF-1a stabilization.
Besides this oxygen-dependent regulation of HIF-1a, reactive oxygen species (ROS) and nitric oxide (NO),
crucial in tumorigenesis and particularly high in cancer cells!®!, also contribute to the stabilization of HIF-1a
by inhibiting PHDs activity under both hypoxic and normoxic conditions!?*4. Finally, the transcriptional activity
of HIF-1 can be modulated by the factor inhibiting HIF-1 (FIH) which hydroxylates a critical asparagine residue
(Asn-803), in an oxygen-dependent manner, blocking coactivator recruitment®. HIF-1a. is also dependent on the
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expression and activity of Poly(ADP-ribose) polymerase-1 (PARP-1)1%7, a nuclear, zinc-finger, DNA-binding
protein activated in response to oxidative and nitrosative stress. This enzyme plays an important role in a
number of processes such as DNA repair, chromatin remodeling, transcription, or regulation of the cell cycle,
among others'®, PARP inhibition has been demonstrated to exert beneficial effects hindering prometastasic
activities and adaptation of tumor to different microenvironments such as hypoxia environment 1°.

Lifestyles factors play a significant role in the risk of suffering breast cancer?®. The PREDIMED study, a large
dietary intervention trial, showed the beneficial effect of a Mediterranean diet supplemented with extra-virgin
olive oil (EVOO) in the primary prevention of breast cancer?. Olive oil is mainly composed of fatty acids,
particularly oleic acid, but its mechanical extraction at temperatures lower than 30°C also afford a high
concentration of different minor components, such as polyphenols. The foremost phenolic alcohol is
hydroxytyrosol (HT). Several studies have demonstrated the beneficial properties of this simple compound in a
number of models and cancer linked events??23, and particularly in breast cancer*?’. In fact, we have recently
described that hypoxia modulates the antioxidant effect of HT in MCF-7 breast cancer cells?®. With this
background, and considering the importance of hypoxia and HIF-1 in breast cancer progression and response to
anticancer treatments, the aim of the present study is to investigate the effect of HT in the expression and
transcriptional activity of this protein. Our results indicate that in hypoxic MCF-7 breast cancer cells, HT
decreases the expression of HIF-1a, an effect probably linked to its antioxidant action and to the down-
regulation of the PI3K/Akt/mTOR pathway. Although very positive to counteract cancer malignancy, these
effects are achieved at relatively high concentrations. Moreover, we demonstrate that HT can even act as an
AHR agonist.

Results

Nitric oxide levels are not affected by HT during hypoxia.

In a previous study'®, we reported that a sub-cytotoxic treatment of hypoxic MCF-7 cells with HT (5-200 uM,
16h) decreased the oxidative stress level. NO is also crucial in the response to hypoxia. Therefore, we have
evaluated the effect of those same concentrations of HT in NO production. Conversely to what previously
described for ROS, HT exerted no significant effect on the production of NO (Fig. 1).
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Figure 1. HT exerts no effect on NO levels in hypoxic MCF-7 cells. Values represent the mean + SD from three
independent experiments.

PARP-1 activity is decreased by high doses of HT.

ROS and NO damage DNA and modulate the activity of PARP-1, a protein largely involved in cancer
progression that also modulates HIF-1a response. To assess whether the antioxidant effect of HT treatment
decreased the expression and activity of this enzyme, we evaluated PARP-1 levels and PARylated proteins by
using specific antibodies. As shown in Fig. 2, the expression of PARP-1 was increased in hypoxic conditions but
returned to basal levels when cells were treated with concentrations of HT equal to or greater than 75 pM.
Similarly, PARylated proteins in hypoxic cells were also decreased by HT but only at 200 puM.
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Figure 2. PARP-1 protein level and activity are decreased by HT. (a) Densitometric quantifications of PARP-1,
protein level relative to a-tubulin (a-Tub). A representative immunoblot is shown. Values represent the mean +
SD from three independent experiments. Statistically significant differences with the corresponding non-treated
normoxic cells: * p<0.05. Statistically significant differences with the corresponding non-treated hypoxic cells:
# p<0.01, #* p<0.001. (b) a-PAR representative immunoblot.

HT reduces HIF-1a stability in a dose dependent manner, in part, through the mTOR pathway.

Although no changes were detected in NO levels (Fig. 1), the impact of HT treatment on the oxidative stress and
the link between ROS and HIF-1a stability, lead us to evaluate the effect of HT in the mRNA and protein level
of HIF-1a. No effects were detected on the expression of HIF-1a. mRNA, suggesting that HT does not modulate
the transcription of this gene (Fig. 3A). However, the western-blot analysis revealed that HT was able to reduce
HIF-1a protein levels in a dose dependent manner from 50 uM until 200 uM (Fig. 3B). With the aim of getting
mechanistic information underlying this effect, we determined the impact of HT on the protein level of p-
MTOR, p-P70 S6 Kinase and p-S6. p-mTOR (Fig. 3C) was decreased by treatment with HT 200 pM and their
downstream activated targets, p-P70 and p-S6 (Fig. 3D and 3E), were reduced by HT 100 and 200 uM.
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Figure 3. HT down-regulates HIF-1a in a dose dependent manner: m-TOR pathway involvement (a) Effect of
HT on HIF-1la mRNA levels relative to hypoxic non HT-treated cells after normalization against PPIA.
Densitometric quantifications of HIF-1a (b), p-mTOR (c), p-P70 (d), p-S6 (e) protein level relative to a-tubulin
(0-Tub). A representative immunoblot is shown. Values represent the mean + SD from three independent
experiments. Statistically significant differences with the corresponding non-treated normoxic cells; ***
p<0.001. Statistically significant differences with the corresponding non-treated hypoxic cells: # p<0.05, #

p<0.01, ## p<0.001.

High concentrations of HT up-regulates HIF-1a targets.

We next evaluated the effect of HT on the transcriptional activity of HIF-1. For that purpose, we analyzed the
mRNA levels of the angiogenic targets adrenomedullin (AM) and vascular endothelial growth factor (VEGF),
and of the metabolic targets glucose transporter-1 (GLUT-1) and lactate dehydrogenase A (LDHA). As
expected, the expression of all these genes was up-regulated under hypoxia (Fig. 4). Surprisingly, and despite
HIF-1a protein was down-regulated by HT treatment, the two highest concentration of this polyphenol (100 and
200 uM) promoted the up-regulation of AM, VEGF and GLUT-1. Hence, the transcriptional activity of HIF-1
and the protein levels of HIF-1a do not follow a similar pattern of response when MCF-7 cells are treated with

high concentrations of HT.
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Figure 4. The effect of HT on HIF-1 targets does not parallel HIF-1o expression. AM (a), VEGF (b), GLUT-1
(c) and (d) LDHA mRNA levels. Results are expressed as mRNA expression relative to normoxic non HT-
treated cells after normalization against PPIA. (e) The up-regulation of HIF-1a targets by HT is not due to FIH
inhibition. Densitometric quantifications of FIH protein level relative to a-tubulin (a-Tub). A representative
immunoblot is shown. Values represent the mean + SD from three independent experiments. Statistically
significant differences with the corresponding non-treated normoxic cells: * p<0.05, ** p<0.01, *** p<0.001.
Statistically significant differences with the corresponding non-treated hypoxic cells: # p<0.01, #* p<0.001.

The up-regulation of HIF-1e targets by HT is not due to FIH inhibition.

The transcriptional activity of HIF-1 is modulated by FIH. The opposite effect of HT in the expression and
transcriptional activity of HIF-1 led us to evaluate the influence of this polyphenol on FIH (Fig. 4E). No changes
in the expression of this protein were observed.

GLUT-1 but not AM and VEGF overexpression by HT, is HIF-1e dependent.

AM, VEGF and GLUT-1 have been consistently described as HIF-1 target genes. However, the HIF-1 pathway
did not seem to explain their overexpression after treatment with HT 100 and 200uM. In order to determine the
implication of HIF-1 in such overexpression we analyzed whether the up-regulation of AM, VEGF and GLUT-1
persisted after knocking down HIF-1a (Fig. 5A). As shown in Fig. 5B, the silencing of HIF-1a abrogated the
HT-induced overexpression of GLUT-1. However, AM and VEGF genes remained overexpressed in HT-treated
cells after silencing HIF-1o (Fig. 5C, D). These results indicate that HT exerts its transcriptional regulation of
AM, VEGF through HIF-1-dependent and independent mechanisms.
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Figure 5. HIF-1a silencing abolishes HT-dependent GLUT-1 upregulation but not AM and VEGF. (a)
Representative immunoblot of HIF-1o knockdown with different concentrations of siHIF-1a. Effect of HIF-1a —
silencing (siHIF-1a 40nM) on the transcription level of (b) GLUT-1, (c) AM and (d) VEGF in hypoxic cells
after treatment with HT 100 and 200 uM. Results are expressed as mRNA levels relative to Scr hypoxic cells
after normalization against PPIA. Values represent the mean + SD from three independent experiments.
Statistically significant differences with the corresponding Scr-siRNA transfected hypoxic cells: @ p<0.05, #
p<0.01. Statistically significant differences with the corresponding HIF-1a-silenced cells: ® p<0.05, ** p<0.01.
Statistically significant differences with the corresponding HT treated-non silenced cells: ¢ p<0.05, ¢ p<0.01, ¢
p<0.001.

The effect of HT on the hypoxic response is also mediated by HIF-1-independent pathways.

Apart from HIF-1, HIF-2 is also involved in the up-regulation of certain genes in response to a hypoxic
stimulus. Thus, we next addressed the possible involvement of HIF-2 in the transcriptional response to HT. For
that purpose, we quantified the expression of the specific HIF-2 target Oct-4 in hypoxic HT-treated cells. As
shown in Fig. 6A, HT produced no effect on the mRNA level of this gene, suggesting that HIF-2a is not
involved in the up-regulation of AM and VEGF. It has been previously reported that AM and VEGF genes
contain xenobiotic response elements (XRE)?® and therefore can be regulated by the aryl hydrocarbon receptor
(AHR). CYP1ALl is a sensitive measure of AHR activation and we found that it was intensely overexpressed at
high HT doses (Fig. 6B). The AHR repressor (AHRR) is also known to be induced in response to AHR
activation® and, in agreement with the previous result, its expression was also induced at high HT
concentrations (Fig. 6C). These results strongly suggest that at high concentrations, HT acts as an AHR ligand

6



and may induce AM and VEGF expression through this pathway. AHR and HIF-1 must heterodimerize with
ARNT to carry out its transcriptional activity. Therefore, by silencing ARNT the effect of both HIF-1 and AHR
would be concomitantly abolished. As shown in Fig. 7B, the effect of HT on CYP1A1 was almost completely
abolished in ARNT-silenced hypoxic cells, further corroborating that at high concentrations HT binds and
activates the AHR pathway. However, the effect of HT on AM or VEGF although significantly decreased was
not completely abrogated (Fig. 7C and 7D), suggesting the involvement of additional mechanisms of regulation,
not linked with ARNT.
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Figure 6. HT does not modulate HIF-2 but activates AHR at high concentrations. mRNA levels of Oct-4 (a),
CYP1ALl (b) and AHRR (c). Results are expressed as mRNA expression relative to normoxic non HT-treated
cells after normalization against PPIA. Values represent the mean + SD from three independent experiments.
Statistically significant differences with the corresponding non-treated normoxic cells: * p<0.05. Statistically
significant differences with the corresponding non-treated hypoxic cells: # p<0.05; # p<0.01.

In silico modelling of HT interaction with AHR

The large central pocket of the AHR PAS-B domain has been shown to promiscuously bind a number of toxic
halogenated aromatic hydrocarbons, polycyclic aromatic hydrocarbons, and other natural, endogenous or
synthetic agonists and antagonists®234, being 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) the most potent
ligand. In order to support our results pointing that HT is an AHR ligand, we performed a docking analysis. As
it has been shown that there exist important differences between the apo and holo structures of the HIF-2a PAS-
B domain, used as template for homology modelling of the AHR PAS-B domain®>%¢, we obtained a model for
our docking analysis using three holo structures of the HIF-20. domain®’. We have used and compared two
different docking methodologies, one rigid docking that uses a pre-defined binding cavity and the Autodock
Vina program®, and another one that does not need the binding pocket to be defined, based on deep neural
networks, using the web program Bindscope®. The first methodology rendered ten possible poses that were
scored both with the Autodock Vina scoring function and with 3D-convolutional neural networks, using the web
program Kpeep™®. The two best-scored consensus poses are shown, together with the pose obtained by
Bindscope, in Fig. 8. Interestingly, Bindscope, which is not biased by a pre-defined binding site, predicted HT to
interact with the same parts of the protein of our defined binding site, although this pose reflects a different
orientation as compared to those obtained with Autodock Vina, which showed two poses in which the main
difference is which OH group is establishing a hydrogen bond with GLY321. In all cases, the poses predicted
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for HT establish interactions with residues which have been proven to form the so-called TCDD binding
fingerprint*! or others proved to be important for binding*>#? (3,4 and 5 of these residues interacting with HT for
the two poses from Autodock Vina and the pose from Bindscope, respectively). The poses obtained with
Autodock Vina agreed in exhibiting a previously described crucial - interaction between HT and PHE295%,
also obtained in previous docking experiments*. Overall these docking results support the findings of HT as
ligand of human AHR.
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Figure 7. Role of ARNT in HT effect. (a) Immunoblot of ARNT knockdown with siARNT. Effect of ARNT
silencing on the transcription level of (b) CYP1A1, (c) AM and (d) VEGF in hypoxic cells after treatment with
HT 100 and 200 pM. Results are expressed as mRNA levels relative to Scr hipoxic cells after normalization
against PPIA. Values represent the mean + SD from three independent experiments. Statistically significant
differences with the corresponding Scr hypoxic cells: # p<0.05, % p<0.01, #2 p<0.001. Statistically significant
differences with the corresponding ARNT-silenced cells: ® p<0.05, ® p<0.01, " p<0.001. Statistically
significant differences with the corresponding HT treated-non silenced cells: ¢ p<0.05, ¢ p<0.01, ¢ p<0.001.
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Figure 8. HT docked into human AHR as predicted by Autodock Vina (A, B) or BindScope (C), hydrogens
other than those of the OH groups of HT are omitted for clarity. (D-F) 2D representations of the corresponding
docked poses highlighting the interactions established between the ligand and the protein.

Discussion

The Mediterranean diet has been linked to a lower incidence of different types of cancer, and particularly of
breast cancer?:24262745 |n a previous study, we demonstrated that HT, the foremost EVOO phenolic compound
in olive oil, modulates the oxidative response to hypoxia of the luminal A breast cancer cell line MCF-7%, In the
present study, and considering the crucial role of HIF-1 in hypoxia and in cancer prognosis, we have deepened
into the modulatory effect that this polyphenol exerts in the response of the HIF-1 pathway.

NO and ROS up-regulates HIF-1a levels by impairing PHDs and pVHL-mediated HIF-1 o degradation 1446, The
effect of HT on the production of NO has been previously reported in a number of studies. Although some of
them show that HT results ineffective in reducing NO production®’, most of them demonstrate that this
polyphenol down-regulates NO levels, and point to the inhibition of the iNOS isoform as the plausible
mechanism underlying this effect*®4% However, these studies were carried out in cells grown in normoxia and
the data about the effect that HT exerts in NO production in hypoxic cells are scarce. We reported®® that in
hypoxic non tumoral cells NO levels were decreased by treatment with this polyphenol (100 and 200 pM).
Breast cancer cells exhibit NO levels that are particularly high, and decreasing those level would help to
counteract several malignancy-related effects including angiogenesis, apoptosis, cell cycle, invasion, and
metastasis®™. In this study we show that HT is unable to exert any effect on NO levels, suggesting that the
plausible inhibition of INOS is overwhelmed in hypoxic MCF-7 cells.

PARP-1 activity is induced by oxidative and nitrosative species and the crucial role of this protein in the
response to hypoxia, both in non-tumoral and tumoral cells, has been extensively described by our group 175253,
The inhibition of PARP-1 has proven to decrease the response of HIF-1a and is currently being used to treat
breast cancer. Pharmacological inhibition of PARP-1 provides protection from oxidative stress-associated tissue
injury, down-regulates the inflammatory response and is also beneficial in cancer treatment by mechanisms such
as selective killing of homologous recombination-deficient tumor cells, down regulation of tumor-related gene
expression (eg. AP-1 and NF-kB-mediated transcription) and of the apoptotic threshold in the co-treatment with
chemo and radiotherapy®*. There is strong evidence in support of the concept that hypoxia increases both the
expression and the activity of PARP-1, contributing to tumor malignancy. Hence, the down-regulation of PARP-
1 by HT would potentially be beneficial in cancer patients eg. could counteract the cardiovascular and
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musculoskeletal complications associated to anti-cancer therapies. Our results corroborate the up-regulation of
PARP-1 expression and activity in hypoxic MCF-7 cells, and demonstrate that HT treatment decreases both.
However, these results although positive, cannot be exclusively linked to the antioxidant effect of HT, as they
are achieved at high concentrations (=75 uM) clearly over the antioxidant ones (=5 pM)>?.

Breast cancer patients exhibit significantly high HIF-1a levels, which correlate with more aggressive cancer
characteristics, and particularly with a poor disease free and overall survival®®. Our results showed that HT (50-
200 pM) decreased HIF-1a protein level without modulating its mMRNA expression. These data resemble those
previously observed by our group in hypoxic non-tumoral renal cells®® and by others in human colon
adenocarcinoma HT-29 cells grown in vitro and in vivo in a xenograft model®®, however the in vitro results were
obtained after treatment with much higher concentrations of this polyphenol (400-800 uM)%’. Although HT
induced no changes in NO levels in MCF-7 hypoxic cells, the down-regulation of HIF-1a by HT treatment can
be attributed to the antioxidant effect of HT, which reactivates PHD activity. Besides, HIF-1a expression can
also be regulated by the PI3K/Akt/mTOR pathway. According to the literature, the effect of HT on this pathway
is controversial. Some authors have pointed that HT inhibits Akt phosphorylation in tumoral and non-tumoral
cells at 50, 100 and 200 pM®-%°, However, HT has also been shown to promote Akt phosphorylation®53, The
data presented here support the proposition that HT inhibits the activity of this pathway, as lower levels of p-P70
and p-S6 were observed in hypoxic HT-treated cells at the same doses previously described (100 and 200 pM),
suggesting that the down-regulation of HIF-1a by HT is not only achieved post-translationally, through ROS
down-regulation, but also at a translational level through the inhibition of the PI3K/Akt/mTOR pathway. This
modulatory effect of HT would contribute to counteract breast cancer progression as high levels of PI3K, pAKT
an p-mTOR are recurrently used as predictors of an adverse outcome in breast cancer patients®-,

HIF-1 plays a central role in the adaptive response to hypoxia. It therefore appears crucial to investigate the
effect of HT in the expression of some HIF-1 target genes. The induction of angiogenesis and an increased
glucose uptake are two key molecular pathways that favor cell survival in a hypoxic environment. Those
pathways are induced, among others, by the angiogenic factors VEGF and AM and by the metabolic proteins
Glut-1 and LDH. As shown above, the treatment of MCF-7 cells with HT decreases the expression of HIF-1 o.
Thus, we expected those genes to follow a similar pattern of response and to be downregulated in HT-treated
hypoxic cells. However, our findings showed that HT exerts no effect on the mRNA levels of LDHA but,
strikingly, high doses of this polyphenol up-regulated the transcription of AM, VEGF and Glut-1, suggesting
that HT does not reduce but induces the transcriptional activity of HIF-1. While this result stands at odds with
previous studies showing lower levels of VEGF in different models 66768 they support our previous findings in
renal cells®. FIH, through its ability to hydroxylate HIF-1a Asn-803, depresses HIF-1 transcriptional activity®.
Thus, a plausible decrease in this protein could be responsible for the higher transcriptional activity of HIF-1.
However, as the expression of FIH seems not to be modulated by HT, we suggested that other regulatory
pathways, different to HIF-1, are probably underlying the up-regulation of these genes. In order to corroborate
the particular involvement of HIF-1 in the response of AM, VEGF and Glut-1 to HT treatment, we silenced
HIF-1a expression by siRNA. The induction of Glut-1 by HT was completely abolished in these cells,
suggesting that its up-regulation after HT treatment is highly dependent on HIF-1 transcriptional activity.
However, AM and VEGF were only partially down-regulated, corroborating the involvement of other regulatory
mechanisms, additional to HIF-1, in the HT-mediated induction of those genes. HIF-2 is another member of the
HIF family also involved in the response to hypoxia. The effect of HT in the activity of this transcription factor
is largely unknown. Hence, we wonder whether the reported increase in AM and VEGF could be mediated by
HIF-2%. To test this hypothesis, we assessed the impact of HT in the transcriptional activity of HIF-2.
Erythropoietin or angiopoietin 2 are canonical HIF-2 targets but they are very poorly expressed in MCF-7
cells’®™, therefore we evaluated the mRNA levels of another specific HIF-2a, target, Oct-472, HT did not affect
Oct-4 transcription so HIF-2 does not seem to be involved in the response of AM and VEGF to HT. AM and
VEGF can also be upregulated by the hydrocarbon receptor (AHR)?*207374 AHR is a cytoplasmic bHLH-PAS
transcription factor that can be activated by diverse chemicals. Upon ligand binding, and similarly to HIF-1a,
AHR is translocated to the nucleus where it dimerizes with HIF-f (ARNT) and forms an active transcription
factor that regulates the expression of several genes involved in detoxification, angiogenesis, cell proliferation,
adhesion and migration, among others processes’>. CYP1A1 is classically induced in response to AHR
activation and, according to our results, the treatment of hypoxic MCF-7 cells with high concentrations of HT
dramatically up-regulates the transcription of this protein involved in the metabolism of exogenous chemicals.
These data appear to indicate that, at those concentrations, HT acts as an AHR ligand and promotes the
expression of AM and VEGF through binding to their AHR-responsive elements. Although a complete view of
the role of AHR in breast tumor growth is not currently available, AHR activation has been extensively linked
with malignant transformation. In fact, a recent study in a cohort of 439 breast tumors showed that high AHR
expression correlated with the up-regulation of genes involved in inflammation, metabolism, invasion and
growth factor signaling while high AHRR mRNA levels correlated with good-metastasis free survival®.
Ligands for AHR are diverse and include not only pharmaceuticals but also dietary compounds such as
polyphenols, natural and synthetic flavonoids’. The rank of concentrations at which those compounds exert
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such effect is highly variable and depends on the chemical structure but also on the biological model used”. Our
structural modelling of HT binding to AHR supports that this polyphenol can act as an AHR ligand. In fact, the
binding poses found show a m-w interaction proved to be crucial for TCDD binding, together with interactions
with residues already shown to be important for TCDD binding to AHR*:%4, Moreover, we also address the
importance of concentration in the AHR agonist activity of HT, as only high levels of this polyphenol, clearly
over its dietary intake, are able to induce CYP1AL. A deeper in silico analysis, going from less computationally
intensive methods, like MMGBSA?, to other requesting much more computational resources such as alchemical
free energy calculations™®°, should be necessary to shed light into the molecular basis of the different expected
binding free energy of HT as compared to TCDD. However, the fact that the induction of AM and VEGF by HT
is not completely abolished in ARNT-silenced cells suggests the plausible involvement of other mechanisms
additional to HIF-1 and AHR. ARNT?2 is a homologous to ARNT protein. Its expression is restricted to neural
tissues and the kidney, but it is also found in multiple cancer cells. Although both ARNT and ARNT2 bind
equally with HIF-a subunits, ARNT is much more efficient that ARNT2 in the AHR-mediated up-regulation of
CYP1A18%, Therefore, although further experiment should be carried out, it could be hypothesized that the
transcriptional effect of HT may be exerted through a combination of the AHR-ARNT and HIF-la-
ARNT/ARNT?2 pathways.

In conclusion, our results suggest that HT decreases the PI3K/Akt/mTOR pathway and HIF-1a in hypoxic MCF-
7 cells. Moreover, we describe for the first time that high doses of HT, recurrently used in the literature, may act
as an AHR agonist favoring the induction of angiogenic genes under hypoxic conditions. Therefore, our results
provide new insights into the effect of HT in a hypoxic environment, and point to the importance of
concentration in the comprehensive analysis of the biological potential of this compound.

Methods

Chemicals and reagents.

HT (purity >98%) was obtained from Extrasynthese. Dulbecco's modified Eagle's medium (DMEM) and sodium
pyruvate were from Capricorn Scientific and foetal bovine serum (FBS) was from Sigma. Primary antibodies p-
MTOR (2971S), p-P70 S6 kinase (9205S) and p-S6 (2211S) were purchased from Cell signaling Technology,
HIF-1a (A300-286A) from Bethyl, PARP-1 (C-2-10) from Calbiochem, a-Tubulin antibody (T5168) from
SIGMA and FIH-1 (sc-26219) from Santa Cruz. RNA was isolated using the RNeasyPlus Mini kit (Qiagen).
cDNA Synthesis Kit for RT-gPCR and iTag UniverSYBR for Real-time PCR were from Bio-Rad. Primers were
synthesized by Biomedal S.L. (Sevilla, Spain). ARNT SsiRNA (s1613 and s1615), HIF-1a SsiRNA (Sigma,
forward 5-CUGAUGACCAGCAACUUGA-3', reverse 5-UCAAGUUGCUGGUCAUCAG-3’), scramble
SiIRNA (sc-37007) and the transfection reagent jetPRIME were from Ambion, (casa commercial siHIFalfa),
Santa Cruz and Polyplus Transfection, respectively.

Cell culture and treatments.

Human breast cancer MCF-7 cells were grown in 10% foetal bovine serum and 1% sodium pyruvate
supplemented DMEM at 37°C in 5% CO; and 21% O,. Cells were pre-treated or not with different
concentrations of HT, prepared in ethanol immediately before use, for 16 h under normoxic conditions (21%
0>), being cultured during the last 4 h either in normoxic or hypoxic conditions (1% O). Control cells were
treated with an equal ethanol concentration.

Measurement of nitric oxide level.

Nitric oxide (NO) level was indirectly quantified by determining nitrate/nitrite and S-nitroso compounds (NOX),
using an ozone chemiluminescence-based method. For this purpose, cells of each experimental condition were
collected and lysed by 3 freeze-thaw cycles. After centrifugation at 14000g for 30 min, the supernatants were
collected and protein was quantified. Samples were deproteinized in a deproteinization solution (0.8 N NaOH
and 16% ZnS0O,). The total amount of NOx in the deproteinized samples was determined the purge system of
Sievers Instruments, model NOA 280i. NOx concentrations were calculated by comparison with standard
solutions of sodium nitrate. Final NOx values were referred to the total protein concentration in the initial
extracts.

Western blot.

For western blot analysis, equal amounts of denatured total-protein extracts (20 pg) were loaded and separated
on a 7.5% (HIF-1a, p-mTOR and PARP-1), or 10% (p-P70, FIH-1 and p-S6) SDS-polyacrylamide gel. Proteins
in the gel were transferred to a PVDF membrane (Amersham Pharmacia Biotech) and then blocked. Monoclonal
antibodies to HIF-1o (1/5000), p-mTOR (1/1000), PARP-1 (1/1000), p-P70 (1/5000), FIH-1 (1/7000), p-S6
(1/5000) and to a-tubulin (1/20.000), as a loading control, were used for detection of the respective proteins.
Antibody reaction was revealed by means of chemiluminescence detection procedures according to the
manufacturer's recommendations (ECL kit, Amersham Corp). Western-blot was quantified by using TotalLab
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software.

Quantitative Real-time PCR (qRT-PCR).

Real-time PCR was performed in a CFX384 Touch Real-Time PCR Detection System (Bio-Rad) using iTaq
UniverSYBR. The sequences of the primers are below: HIF-1a, forward 5'-TGCTTTAACTTTGCTGGCCC-3/,
reverse 5'-GTTTCTGTGTCGTTGCTGCC-3'; AM, forward 5'-CTCTGAGTCGTGGGAAGAGG-3', reverse 5'-
CCCTGGAAGTTGTTCATGCT-3'; VEGF, forward 5-TTGTACAAGATCCGCAGACG-3', reverse 5'-
TCACATCTGCAAGTACGTTCG-3’; GLUT-1, forward 5'-AGGCTTCTCCAACTGGACCT-3', reverse 5'-
CCTCGGGTGTCTTGTCACTT-3; LDHA, forward 5-AGGCTACACATCCTGGGCTA-3', reverse 5'-
CCCAAAATGCAAGGAACACT-3’; Oct-4, forward 5'-GGCTCGAGAAGGATGTGGTC-3', reverse 5'-
CCAGCAGACACCTTAGACGA-3"; AHRR, forward 5-GAAGGAGCAGCAGAGAGAGC-3', reverse 5'-
CTTTGTGGGTCCTGGAGTCT-3"; CYP1Al, forward 5-CAAGGGGCGTTGTGTCTTTG-3', reverse 5'-
GTCGATAGCACCATCAGGGG-3"; PPIA, forward 5-TTCATCTGCACTGCCAAGAC-3', reverse 5'-
TCGAGTTGTCCACAGTCAGC-3'. Experiments were performed in triplicate, and the relative quantities of
target genes, corrected with the normalizing gene PPIA, were calculated using the Bio-Rad CFX Manager
Software.

HIF-1e and ARNT siRNA transfection.

HIF-1o, ARNT and Scr siRNAs were transfected with transfection reagent according to the manufacturer’s
instructions. Briefly, MCF-7 cells (11 x 10%well) were plated into 6-well plates, allowed to adhere for 24 h and
incubated with the siRNAs for 24 h. Different concentrations of each siRNA were initially tested (20, 40 and
60nM of siHIF-1a; 5, 10 and 25nM of siARNTSs). Finally, siHIF-1a 40 nM, SiARNTs 25 nM and similar
concentrations of Scr-siRNA were used. Two pairs of ARNT siRNAs were used to ensure a maximum silencing.
The transfection medium was then replaced with fresh medium for 24 h before further treatment with HT and/or
hypoxia. The efficiency of silencing was evaluated by western-blot analysis of HIF-1a and ARNT.

Modelling of HT binding to AHR.

The model of the human AHR PAS-B domain was obtained by homology modelling using as templates three
holo structures of the HIF-2o. PAS-B domain, with PDB 1Ds 3F10°%%, 3H7W?6 and 3H8282, The Prime module of
the Schrodinger Maestro 2017-1 suite was used to obtain an homology model using the Consensus Homology
Model, using as query sequence residues 284-390 of human AHR. The model was subsequently loaded into the
web program ProteinPrepare®, which protonates at pH=7 and optimizes the hydrogen bond network. The model
for HT was manually drawn and imported into UCSF Chimera®, where its structure was optimized for 100
steepest-descent followed by 100 conjugate-gradient steps. The HR model, together with the human AHR one,
were on the one hand uploaded into Bindscope®, and on the other one prepared with the DockPrep utility of
Chimera to be used in a docking calculation with Autodock Vina3. Amber ff14SB® charges were used for the
protein, whilst AM1-BCC?#7 charges were assigned to HT. The binding pocket used, which is the same found
in other docking experiments, was determined with DeepSite®. The cartesian coordinates of the center of the
binding pocket found with DeepSite were used to define a search box for Autodock Vina of 10x10x10 A3, and
for other parameters, defaults were used. Figures were rendered with UCSF Chimera and Maestro.

Statistical analysis.

Data are expressed as means = SD of at least three independent experiments. Statistical comparisons between
the different experimental groups and their corresponding controls were made with Student's t-test, accepting
p<0.05 as the level of significance, using GraphPad Prism 6 software (GraphPad Software Inc.).

Experimental methods guidelines statement.
All experiments were performed in accordance with relevant guidelines and regulations.

Data availability:

The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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Abstract: Stroke is one of the leading causes of adult disability worldwide. After ischemic stroke,
damaged tissue surrounding the irreversibly damaged core of the infarct, the penumbra, is still
salvageable and therefore a target for acute therapeutic strategies. Mediterranean diet (MD) has
been shown to lower stroke risk. MD is characterized by increased intake of extra-virgin olive oil,
of which hydroxytyrosol (HT) is the foremost phenolic component. This study investigates the effect
of an HT-enriched diet directly after stroke on regain of motor and cognitive functioning, MRI
parameters, neuroinflammation and neurogenesis. Stroke mice on HT diet showed increased
strength in the forepaws, as well as improved short-term recognition memory probably due to
improvement in functional connectivity and increased cerebral blood flow. Moreover, mice on HT
diet also showed more doublecortin+ cells in the lesioned hippocampus indicating a novel
neurogenic potential of HT. This result was additionally accompanied by an enhanced transcription
of the postsynaptic marker Psd-95 and by a decreased IBA-1 level indicative of lower
neuroinflamation. These results suggest that a HT-enriched diet could serve as a beneficial
therapeutic approach to attenuate ischemic stroke-associated damage.

Keywords: Stroke; Hydroxytyrosol; Dietary treatment; Neuroinflammation; Cerebral Connectivity;
Cerebral Blood Flow; MRI; Animal Model

1. Introduction

Stroke is a leading cause of death and long-term disability worldwide. Whereas two-third of
stroke deaths occur in less developed countries, it is the second most common cause of death in
Europe [1]. Ischemic stroke, caused by obstruction of a blood vessel by for example a thrombus, is
the most common type of stroke (80-85%). The neuronal injury after ischemic stroke is caused by the
depletion of oxygen and glucose during the ischemic period and, more importantly, by oxidative
stress and increase in inflammation along the reperfusion period [2]. Consequently,
neurodegeneration especially in the core of the infarct takes place, giving rise to a gradual and
continuous deterioration of behavioral and cognitive functions [3,4]. The penumbra, the ischemic
boundary zone around the irreversibly injured core, is a potentially salvageable tissue and may be
the objective of restorative interventions [5].
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Endovascular interventions and intravenous thrombolysis restore brain perfusion and limit the
acute effects of stroke. However, no further stroke treatments are available, except for some
rehabilitative therapies such as training, progressive task-related practice of skills, and
neurostimulation [6]. The decrease of the oxidative stress level, the reduction of the inflammatory
processes or the stimulation of neuro- and synaptogenesis are some of the strategies that, particularly
when combined, could help to reduce the impact of stroke in the potentially salvageable tissue. A
dietary approach could play an essential role in this field. In fact, several studies prove its significance
[7]. Our group has already demonstrated that a multinutrient intervention (Fortasyn) containing long
chain poly unsaturated fatty acids (LCPUFAS), extra vitamins and antioxidants improve
sensorimotor integration, brain integrity and neurogenesis after ischemic stroke induction [8,9]. The
PREDIMED trial, which studies the effect of Mediterranean diets in health, has highlighted the
positive association between extra virgin olive oil (EVOO) consumption and the risk of stroke in
humans [10,11]. This beneficial effect of EVOO has also been shown to be protective in terms of redox
homeostatic balance, lipid and protein damage, activation of NO synthase (NOS) in penumbra and
reduction of apoptosis level in chronic ischemic models [12-14].

EVOO, obtained by mechanical processes under cold temperatures, is constituted by two
fractions: the major saponificable fraction (98%) composed by fatty acids such as oleic acid, and the
minor unsaponificable fraction (2%) formed by more than 230 components, among which are the
phenolic alcohols [15]. Hydroxytyrosol (HT), together with tyrosol and oleuropein, are the most
abundant phenolic alcohols in EVOO [16]. A number of studies have demonstrated that many of the
beneficial properties of EVOO are strongly related with HT. This polyphenol has shown numerous
biological effects, among others such as antioxidant and anti-inflammatory capacity, antitumour
properties and neuroprotective effects [17]. Until now, all studies concerning the neuroprotective
effect of HT under ischemic conditions have been carried out ex vivo, using thick brain sections [18-
22]. These sections were incubated with different concentrations of HT or extracted from previously
treated animals. The results obtained from these experiments, indicate that HT exerts a
neuroprotective effect associated with lower release of lactic dehydrogenase, decreased levels of
nitrosative and oxidative stress and decrease in inflammation. The neuroprotective effect of this
compound in ischemic processes has also been studied in diabetic rats, indicating that its
neuroprotective action is not exclusively linked to its antioxidant action.

With this background, the objective of the present study is to longitudinally evaluate till one-
month post-stroke, in vivo the effect of an HT-enriched diet both on motor and cognitive skills as well
as structural and functional MRI outcomes like cerebral blood flow (CBF) and grey and white matter
integrity at day 7 and day 35 post-stroke. In addition, metabolic, neurogenic and inflammatory
markers were evaluated as well as oxidative levels in serum, in a well-known and broadly used
mouse transient middle cerebral artery occlusion (tMCAo) model in order to investigate the potential
of HT as acute therapeutic strategy after stroke.

2. Materials and Methods

2.1. Animals

The present study was double-blinded randomized and performed at the Preclinical Imaging
Center (PRIME) of the Radboud university medical center (Radboudumc, Nijmegen, The
Netherlands) using 28 male 2-3 months old C57BL/6]JRj mice (Harlan Laboratories Inc., Horst, the
Netherlands). Before tMCAQ, the mice had ad libitum access to standard food pellets (Ssniff rm/h
V1534-000, Bio Services, Uden, the Netherlands) and autoclaved water. The room where the animals
were kept had artificial 12h light-dark cycle (lights on at 7 a.m.), humidity and temperature controlled
at 21 £ 1°C and background music playing during the light cycle. All experiments were performed in
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accordance with the Dutch federal law for animal experimentation (“Wet op de Dierproeven”, 1996)
and the regulations of the European Union Directive of 22 September 2010 (2010/63/EU). All
experiments were approved by the Animal Ethics Committee of the RadboudUMC (protocol number:
RU-DEC 2017-0021) and performed according to the ARRIVE guidelines.

2.2. Transient middle cerebral artery occlusion (tMCAo)

At ~3 months of age, mice underwent transient (30min) occlusion of the right middle cerebral
artery (tMCAo), as previously described [9]. Mice were anesthetized with 1.5% isoflurane in a 2:1
(air:oxygen) mixture and were kept under anaesthesia for the duration of the surgery. Just prior to
the occlusion procedure, a Laser Doppler probe (moorVMS-LDF2, Moor Instruments, UK) was
placed on the skull of the mice to monitor cerebral blood flow (CBF) as an assessment of the efficacy
of the occlusion (280% loss of CBF). A 7-0 monofilament (190-200um, coating length 2-3mm,
70SPRePK5, Doccol Corp., Sharon, MA, USA) was inserted in the right carotid cerebral artery (CCA)
and pushed upwards to the proximal part of the middle cerebral artery (MCA). The filament
occluded the MCA for 30min, after which it was retracted to allow reperfusion. As a control, part of
the mice underwent sham surgery instead of tMCAo. In these mice, the filament was immediately
retracted after touching the circle of Willis. After surgery, all mice were carefully assessed for pain
and other discomforts, weighed every day for 7 days, and food intake was monitored. Exclusion
criteria were decreased motor activity (< 50% of the baseline measurements combined from the
baseline values of each behavioural test) or extreme weight loss (> 20% within three consecutive
days). Using a T2-weighted RARE sequence to measure lesion size and ratio between stroke (right)
and unaffected (left) hemispheres, all stroke animals showed a comparable lesion size at 7 days post-
stroke and no dietary effect on lesion size (data not shown). Notably, both dietary groups
demonstrated atrophy over time visible in a decrease in left-to-right ratio (D7: 0.97+0.03; D35:
0.85+0.08; F(1,12)=31.3, p<0.006). The time line of the experimental design is illustrated in Figure 1.

Pole test 1 Pole test
Rotarod Pole test ole tes Opg\F:+eld
Grip :
Open field Grip test Open field MRI test | Ppi | ?"f MRI
Rotarod Rotarod es
1 ‘ L | || l |
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Diet switch

Figure 1. Study design. After a transient occlusion of the middle cerebral artery (tMCAo) for 30 min, mice
were divided into two dietary groups (Control or HT-enriched). At 7 and 35 days post tMCAo all mice
underwent MRI. In between, all mice were tested on motor and cognitive impairments via several behavioral
tests, like the Open field, Rotarod, Pole test, Prepulse inhibition (Ppi), grip strength test, and novel object
recognition test (ORT). After MRI at day 35, animals were sacrificed, serum samples were recollected and all
brains were processed for immunohistochemical stainings and qPCR analysis.

2.3. Group allocation and diet

After stroke, mice were randomly allocated, using a random sequence generator, to one of two
diets: an HT-enriched diet (n=13; stroke (n=6), sham (n=7)) or an isocaloric control diet (n=15; stroke
(n=8), sham (n=7)). Group sizes were calculated according to effect sizes (p=0.05, statistical power:
0.80), exclusion and mortality rates previously determined by a similar study of our group [9]. Both
diets contained 24.0% kcal protein, 15.0% kcal fat, and 61.0% kcal carbohydrates (Research Diet
Services B.V., Wijk bij Duurstede, The Netherlands), based on a previous study from another group
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[23-25]. The HT-enriched diet was supplied with 0.03g% HT (Seprox Biotech, Spain). Food intake and
body weight was measured before and during the weeks after surgery.

2.4. Open Field

Mice were placed in a square open field (45 x 45 x 30cm) for 10 min to assess locomotion and
explorative behaviour. The open field test was performed three times: once prior to surgery, at 3 days
and at 21 days postsurgery. Locomotion was automatically recorded, using EthoVision XT 10.1
(Noldus, Wageningen, The Netherlands). In EthoVision, the floor of the open field arena was divided
in zones to distinguish the periphery, corners and center. The frequency of entered these zones was
automatically recorded. Additionally, manual scoring of exploratory behaviours (sitting, walking,
grooming, wall-leaning, rearing, jumping) was performed, as previously described [26]. No mice
were excluded from statistical analysis.

2.5. Grip test

Grip strength of the mice was measured with a grip strength meter (Grip Strength Meter, 47200,
Ugo Basile, Italy) at three time points: pre-stroke, and day 15 and day 29 (post-stroke). Mice were
held by their tail so they could grab a trapeze or grid (connected to the grip strength meter) to
measure, respectively, muscle strength in the fore limbs (trapeze) or strength in all four limbs
collectively (grid). Trials in which mice grabbed the trapeze with only one forepaw or the grid with
less than four paws, were excluded. Additionally, trials in which the mouse grabbed the side of the
trapeze were also excluded. The maximum value of peak force (in gram per force (gf)) was averaged
per experimental group for both trapeze and grid. No animals were excluded from statistical analysis.

2.6. Pole test

The pole test is a measure for motor dysfunction. It was performed pre-stroke, and post stroke
at day 14 and day 28. The mouse was placed vertically on a pole with its head pointed upwards and
had to turn 180 degrees to walk down the pole. The time needed to fully turn 180 degrees (turning
time) and the turning direction were manually recorded. Additionally, video recordings of each trial
were automatically analysed with EthoVision XT 10.1 (Noldus, Wageningen, The Netherlands) to
calculate the velocity (cm/s) with which the mouse walked down the pole. Trials that were excluded
from statistical analysis consisted of: every first trial of a mouse (acclimatization), trials in which the
mouse was already turning when placed on the pole, and trials in which the mouse showed no
motivation and was assisted by the researcher to go down. In total three stroke mice (HT, n=1;
Control, n=2) were excluded from statistical analysis due to technical issues.

2.7. Rotarod

Rotarod was performed as a measure of balance, coordination, physical condition and motor
planning presurgery, and at day 10 and day 21 postsurgery. The mice were placed on the Rotarod
(ITC LifeScience INC., Woodland Hills, CA, USA) and left to acclimatize for 10-30 sec. Then the
Rotarod was turned on to accelerate for 300 sec from 4 to 40 rpm. The latency time to fall was
recorded. One mouse (Stroke-control diet group) was excluded from statistical analysis due to
technical issues. No significant effects (data not shown) were found.

2.8. Prepulse inhibition (Ppi)

The prepulse inhibition (Ppi) test was performed 16 days post-stroke to examine the
sensorimotor gating integration of the mice, as previously described [27]. To measure the startle
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reactivity, the mouse was placed in a restrainer in the chamber of the SR-LAB startle response system
(San Diego Instruments, San Diego, CA, USA) and exposed to blocks of startle pulses. Prepulse
inhibition was calculated during the second blok of startle pulses as 100 - reponse to starte pulse after
prepulse/response to startle pulse x 100%. Additionally, habituation to startle pulses was investigated
by comparing the startle response to the first startle pulse block to the startle response in the third
(last) startle pulse block. One sham-HT mouse and one stroke-control mouse was excluded from
statistical analysis.

2.9. Morris water maze (MWM)

The Morris water maze (MWM) was used to test spatial learning and memory in rodents. In
short, before surgery all mice were placed in a circular pool, filled with opaque water, and were
trained to find a submerged platform in the northeast (NE) quadrant of the pool by using distant
visual cues. At the end of the fourth day, mice performed additionally a single probe trial, in which
the platform was removed from the swimming pool. Mice were allowed to swim for 120 s and the
time spent swimming and searching in the NE quadrant (where the platform had been located) was
recorded. The MWM is used to analyze spatial learning and memory before surgery (data not shown).
All mice learned to find the hidden platform revealed by a decrease in latency time from acquisition
day 1 to day 4 (-16.33s+5.68s; F(3,81)=3.8, p<0.013).

2.10. Novel object recognition test (ORT)

Short-term memory of the mice was measured with the novel object recognition test (ORT), as
previously described [9]. This test spanned over 3 days. On the first day, mice were acclimatized to
the open field box by letting them explore freely for 10min. On the second and third day, mice
underwent object recognition trials. First, mice performed a familiarization trial. In this trial two
identical objects (eggs, tea light holders, yellow plastic ice cream cones, or bottles filled with sand)
(F1 and F2) were placed in the open field, equidistant from the center, and the mouse was then placed
in the open field to freely explore the objects for 4 minutes. After a certain delay (30 min on day 2 and
60 min on day 3) the trial was repeated, with one of the familiar objects (F3) and one object replaced
for a novel object (N1). Exploratory behaviour of the mice was measured using EthoVision XT 10.1
(Noldus, Wageningen, The Netherlands) as direct contact with the object, or movement within a 2cm
diameter around the object.

To measure object recognition, several indexes were calculated in both the familiarization and
the test phase. In the test phase, discrimination between objects was calculated with the
discrimination index (DI), as the time spend around N1 minus F3, divided by the time spend around
both objects (DI = (N1-F3)/(N1+F3)). From this index, a number between +1 and -1 is obtained, where
closer to +1 shows more time spend around N1, closer to -1 more time spend around F3, and 0 shows
no difference in time spend at either object. To measure recognition memory, the recognition index
(RI) was calculated as the time spend around N1 as a fraction of the time spend around both objects
(RI = N1/(N1+F3)). The preference for either object was calculated with the preference index (PI), as
time the mouse spend around N1 (or F3) as a percentage of the time spend around both objects (PI =
100 x ([N1 or F3]/(N1+F3)). If N1 is the numerator, closer to 100% indicates preference for N1, 50%
indicates no preference, and below 50% preference for F3 (vice versa if F3 is the numerator) [28]. One
sham-control mouse and one stroke-HT mouse were excluded from statistical analysis.

2.11. In vivo magnetic resonance imaging (MRI)

MRI measurements were performed 7 and 35 days after surgery with an 11.7T BioSpec Avance
III small animal MR system (Bruker BioSpin, Ettlingen, Germany) operating on Paravision 6.0.1.
software (Bruker, Karlsruhe, Germany) under full isoflurane anaesthesia (3.5% for induction and
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1.8% for maintenance; in a 2:1 (medical air:oxygen) mixture). Body temperature was monitored with
a rectal probe, and maintained at 37°C using hot air flow. A pneumatic cushion respiratory
monitoring system (Small Animal Instruments Inc, NY, USA) was used to measure the respiration
rate of the mouse. Mice with scans that showed motion and/or echo planar imaging artifacts were
excluded from MRI analysis.

2.12. Arterial spin labelling (ASL)

To assess cerebral blood flow (CBF), perfusion imaging was performed using a flow sensitive
alternating inversion recovery arterial (FAIR) technique as previously described [5,9]. Hippocampus,
cerebral cortex and thalamus, according to the Paxinos and Franklin atlas [30], were analysed as
regions of interest (ROI) by a researcher blinded to the surgery and treatment groups. For each RO,
CBF was analysed in the affected (ipsilateral/right) and unaffected (contralateral/left) hemisphere
separately for each group. One sham-HT, one stroke-control and two stroke-HT mice were excluded
from statistical analysis due to EPI/movement artefacts.

2.13. Diffusion tensor imaging (D'TI)

Diffusion of water was imaged as described previously [31-33]. In short, 22 axial slices covering
the whole brain were acquired with a four-shot SE-EPI protocol. BO shift compensation, navigator
echoes and an automatic correction algorithm to limit the occurrence of ghosts and artefacts were
implemented. Encoding b-factors of 0 s/mm? (b0 images; 5x) and 1000 s/mm?were used and diffusion-
sensitizing gradients were applied along 30 non-collinear directions in three-dimensional space. The
diffusion tensor was estimated for every voxel using the PATCH algorithm [34]; mean water
diffusivity (MD) and fractional anisotropy (FA) were derived from the tensor estimation following a
protocol as described elsewhere [33]. MD and FA values were measured in several white matter
(WM) and grey matter (GM) areas, manually selected based on an anatomical atlas [35].

2.14. Resting state functional MRI (rs-fMRI)

Subsequently after the acquisition of the anatomical reference images, resting state fMRI
(rsfMRI) datasets were acquired using a single-shot spin-echo sequence with echo-planar readout
(SE-EPI) sequence. Six hundred repetitions with a repetition time (TR) of 1.8 s and echo time of 16.9
ms were recorded for a total acquisition time of 18 min. The rsfMRI datasets were first realigned using
a least-squares method and rigid-body transformation with Statistical Parametric Mapping (SPM)
mouse toolbox (SPM5, University College London; http://www. fil.ion.ucl.ac.uk/spm/; Sawiak et al.,
2009). Mean and maximum displacement across the six degrees of freedom (along the x-, y-, and z-
axes and on three rotation parameters pitch, roll, and yaw) were measured in each mouse. The mean
SE-EPI images for each mouse were then used to generate a study-specific template through linear
affine and nonlinear diffeomorphic transformation (ANTs. v1.9; http://picslupenn.edu/ANTS/).
Visual inspection of the normalised dataset was performed to screen for possible normalization
biases. On the template, 12 areas were selected in left and right hemisphere. The selected regions
were based on previous work concerning functional connectivity in mice [36], and included: left and
right dorsal hippocampus, left and right ventral hippocampus, left and right auditory cortex, left and
right motor cortex, left and right somatosensory cortex, and left and right visual cortex. All cortical
ROIs were selected 1-2 voxels away from the edge of the cortex, to minimise the impact of
susceptibility artefacts, which are more prominent in areas close to tissue interfaces (e.g., near the
skull or near the ear canals). In-plane spatial smoothing (0.4 x 0.4 mm), linear detrending, and
temporal high-pass filtering (cut-off at 0.01 Hz) were applied to compensate for small across-mouse
misregistration and temporal low-frequency noise. Functional connectivity (FC) group comparison
between ROIs were calculated from the BOLD time series using total and partial correlation analyses
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implemented in FSLNets (FSLNets v0.3; www.fmrib.ox.ac.uk/fsl). Pearson's correlation values were
Fisher transformed to Z-scores for group comparisons and statistical analysis. Statistical results for
both total and partial correlations can be found in the supplementary material.

2.15. gPCR

RNA was isolated from frontal parts (divided in to left and right) of the brain (Bregma: -0.10 to
4.28 using TRIzol method (Thermo Scientific, Waltham, USA). The samples were treated with RNase-
free DNase I (RQ1, Promega, Fitchburg, USA) to eliminate any genomic DNA. cDNA was
synthesized using the iScript kit (Bio-Rad, Hercules, USA). qPCR was done in 96-well plates (Thermo
Scientific) using a StepOnePlus system (Thermo Scientific). Gene expression of postsynaptic density
protein 95 (Psd-95) and brain derived neurotrophic factor (Bdnf) were quantitatively assessed by
using hypoxanthine guanine phosphoribosyl transferase (Hprt) and beta-2 microglobulin (B2m) as
the normalizing genes. The sequences of primers are shown in Table 1.

2.16. (Immuno)histochemistry

After the last scanning session, the mice were sacrificed by transcardial perfusion using 0.1M
phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in 0.1IM PBS. The brains were
harvested and stored separately. The brains were postfixed overnight in 4% paraformaldehyde at 4°C
and transferred to 0.1IM PBS containing 0.01% sodium azide the next day. One part of the brain
(Bregma: -0.1-4.36) was cut in 30 pm frontal sections using a sliding microtome (Microm HC 440,
Walldorf, Germany) equipped with an object table for freeze-sectioning at -60°C. 24 Hours before
cutting, the brains were transferred in 30% sucrose in 0.1M phosphate buffer. 8 Series were cut and
stored in 0.1IM PBS with 0.01% sodium azide so multiple immunohistochemical stainings could be
performed.

All sections were stained in one session to minimize differences in staining intensity. In total two
stainings were performed for activated microglia via ionized calcium-binding adapter molecule 1
(IBA-1) as indicator for neuroinflammation, and for immature neurons (measure for neurogenesis)
with antibodies against doublecortin (DCX) on free-floating brain sections on shaker tables at room
temperature. Immunohistochemistry was performed using standard free-floating labelling
procedures, using previously described protocols [37]. For IBA-1, as primary antibody against IBA-1
polyclonal goat anti-IBA-1 (1:3000; Abcam) and for DCX, polyclonal goat anti-DCX (1:8000; Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA) was used as a primary antibody to assess
neurogenesis. For both as secondary antibody donkey anti-goat biotin (1:1500; Jackson
ImmunoResearch, West Grove, PA, USA) was used. From a more frontal part of the brain tissue
(Bregma: -0.10 to 0.98) was fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) and
embedded in paraffin according to a standard protocol.

2.17. Quantification (IBA-1, and DCX)

Brain sections (Bregma: -1.46 to -2.30) were preselected for quantification accordingly to the atlas
of Franklin and Paxinos [30]. Quantification was done on images at a 5x objective using an Axio
Imager A2 (Zeiss Germany). Image] (National Institute of Health, Bethesda, MD, USA) was used to
analyze the regions of interest (IBA-1: Cortex, Caudate Putamen and Corpus Callosum; DCX:
Hippocampus).
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2.18. Determination of Serum NO Level

Nitric oxide production was indirectly quantified by determining nitrate/nitrite and S-nitroso
compounds (NOx), using an ozone chemiluminescence-based assay adapted to serum samples
[38,39]. In brief, serum samples were deproteinized with 0.8 N NaOH and 16% ZnSO4 solutions
(1/0.5/0.5). After centrifugation at 10,000g for 5 minutes, the resulting supernatants were removed for
chemiluminescence analysis [40] in an NO analyzer (NOA 280i; Sievers Instrumments, Boulder, CO).
NOx concentration was calculated by comparison with standard solutions of sodium nitrate. Final
NOx values were expressed as pM.

2.19. Determination of Serum Oxidative Stress Level

Thiobarbituric acid reactive substances (TBARS), a major indicator of oxidative stress, was
determined using an adaptation of the method described by Buege and Aust [41]. Specifically, 8%
sodium dodecyl sulfate was added (1:1) to each serum sample. Samples were vortexed and mixed
(1:6) with a reagent containing 15% trichloroacetic acid, 0.38% thiobarbituric acid, and 2% HCl and
then heated for 30 minutes at 96°C, cooled, and centrifuged (3000g for 5 minutes). The supernatants
were collected, and the absorbance was measured at 532 nm. The concentration of TBARS was
determined by extrapolation from a malondialdehyde standard curve. Results were expressed as uM.

2.20. Statistical Analyses

A random and blinded selection procedure was maintained throughout the study. Group means
were compared using univariate analysis of variance (ANOVA) with Bonferroni correction for
multiple testing with a statistical program, SPSS 24 (IBM SPSS Statistics 24, IBM Corporation,
Armonk, NY, USA). Parameter correlation tests were performed using Pearson correlations.
Nonparametric tests were used when assumptions of normality and homogeneity of variance were
not met. p-values lower than 0.05 were considered significant. Data are presented as mean + SEM.

3. Results
3.1. Food intake and body weight

Body weight (Figure 2A) of sham mice did not decrease over time comparing presurgery and
the first week after surgery (F(1,12)=3.3, p<.095), while body weight of both dietary stroke groups
decreased post-stroke versus pre-stroke (F(1,12)=18.2, p<.002). Food intake (Figure 2B) of both stroke
and sham mice decreased over time comparing presurgery and the first week after surgery (Stroke:
F(1,12)=19.8, p<.001; Sham: F(1,12)=40.5, p<.001).

Investigating the development over time of body weight and food intake, these parameters were
weekly analyzed after the surgery. Sham mice showed a significant time interaction in body weight
(F(1,48)=14.5, p<.001) and also in food intake (F(1,48)=16.5, p<.001). In detail, sham mice lost body
weight comparing week 1 with week 2 (p<.001), while this effect was not present in the upcoming
weeks comparing week 2 with week 3, week 3 with week 4, and week 4 with week 5. Sham mice had
a lowered food intake comparing week 1 to week 2 (p<.006) and also week 3 to week 4 (p<.009).
Notably, sham mice on HT diet had a higher food intake during all postsurgery weeks than sham
mice on control diet (F(1,12)=5.3, p<.041). Stroke mice demonstrated a time interaction in food intake
(F(1,48)=10.2, p<.001). After deeper statistical analysis, stroke mice ate less comparing week 1 with
week 2 (p<.025) and started to eat more comparing week 2 with 3 (p<.008).
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Figure 2. Effect of HT-diet on body weight and food intake. (A) Body weight of both dietary stroke
groups decreased post-stroke versus pre-stroke (p<.002). Sham mice lost body weight comparing
week 1 with week 2 (p<.001), with no effect in the upcoming weeks. (B) Food intake of both stroke
and sham mice decreased over time comparing presurgery and the first week after surgery (Sham:
p<.001; Stroke: p<.001). Sham mice had a lower food intake comparing week 1 to week 2 (p<.006) and
also week 3 to week 4 (p<.009). Sham mice on HT diet had a higher food intake during all postsurgery
weeks than sham mice on control diet (p<.041). Stroke mice ate less comparing week 1 with week 2
(p<.025) and started to eat more comparing week 2 with 3 (p<.008). Only sham mice showed a
significant time interaction in body weight (p<.001) and in food intake (p<.001). Values represent
mean + SEM. *p<0.05, **p<0.01, **p<0.001.

3.2. Behaviour, cognition and motor tasks

3.2.1. Open field

At 3 days postsurgery, all sham and all stroke mice moved a shorter distance (Sham:
F(1,12)=137.1, p<0.001; Stroke: F(1,12)=116.2, p<0.001) (Figure 3A) and with a lower velocity (Sham:
F(1,12)=99.4, p<0.001; Stroke: F(1,12)=116.5, p<0.001) in the arena (Figure 3B), compared to baseline.
At 21 days post-surgery, sham animals walked more in the open field compared to 3 days post-
surgery (F(1,12)=17.1, p<0.002), however stroke animals did not (Figure 3A). No diet effects were
observed in distance moved and velocity in the open field.

Anxiety and exploration were assessed by tracking the position of the mice in the open field
(center, corners, periphery). Compared to baseline, stroke mice visited the center (F(1,12)=60.7,
p<0.001), periphery (F(1,12)=230.2, p<0.001) and corners (F(1,12)=85.5, p<0.001) less frequently at 3
days post-stroke (Figure 3C), but showed no change in time spent at all locations (Figure 3D). Sham
animals also visited the periphery (F(1,12)=73.4, p<0.001) and corners (F(1,12)=172.0, p<0.001) less
frequently at 3 days post-stroke compared to baseline (Figure 3C), however they spent less time in
the corners (F(1,12)=6.7, p<0.024) at 3 days (Figure 3D). No diets effects were observed in these
parameters.
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Figure 3. Activity, anxiety and explorative behavior measured in open field prior to stroke, and at
3 and 21 days post-stroke. Locomotion was assessed by evaluating (A) the distance moved and (B)
the velocity. Anxiety and exploration were evaluated by tracking (C) the frequency and (D) the time
spent in the different zones in the arena (center, periphery and corner). (A,B) At 3 days postsurgery,
all sham and all stroke mice moved a shorter distance (Sham: p<0.001; Stroke: p<0.001) with lower
velocity (Sham: p<0.001; Stroke: p<0.001) compared to baseline. At 21 days post-stroke, sham animals
walked more in the open field compared to 3 days post-stroke animals (p<0.002). (C-D) Stroke mice
visited the center (p<0.001), periphery (p<0.001) and corners (p<0.001) less frequently at 3 days post-
stroke. Sham animals also visited the periphery (p<0.001) and corners (p<0.001) less frequently at 3
days post-stroke compared to baseline, however they spent less time in the corners (p<0.024) at 3 days.
Values represent mean + SEM. # 0.05<p<0.08, *p<0.05, **p<0.01, **p<0.001.

The frequency with which the mice engaged in different types of exploratory behavior was
manually scored (Figure 4). Compared to baseline, all mice showed decreased frequency of wall
leaning (Sham: F(1,12)=64.5, p<0.001; Stroke: F(1,12)=258.1, p<0.001) and walking (Sham: F(1,12)=26.7,
p<0.001; Stroke: F(1,12)=157.3, p<0.001) and also spent less time performing these behaviors (Wall
leaning: Sham: F(1,12)=123.0, p<0.001; Stroke: F(1,12)=78.1, p<0.001; Walking: Sham: F(1,12)=84.2,
p<0.001; Stroke: F(1,12)=40.3, p<0.001) at 3 days post-stroke, while they spent more time sitting (Sham:
F(1,12)=172.4, p<0.001; Stroke: F(1,12)=62.3) and grooming (Sham: F(1,12)=6.2, p<0.028). At baseline
and 3 days post-stroke, sham-HT mice groomed less frequently than sham-control mice (F(1,12)=5.6,
p<0.036; not shown in graph). Additionally, stroke mice also reared less frequently at 3 days compared
to pre-stroke (F(1,12)=8.6, p<0.012). At 21 days post-stroke, walking frequency (F(1,12)=6.4, p<0.026)
was even further decreased in sham mice, whereas stroke mice showed no change in walking
frequency or duration, but did show increased rearing frequency (F(1,12)=8.6, p<0.012) and wall
leaning frequency (F(1,12)=7.2, p<0.020). Sham mice groomed more frequently at 21 days compared
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to 3 days post-stroke (F(1,12)=12.3, p<0.004). No additional diet effects were found in these
parameters (Figure 4).
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Figure 4. Behaviors in the open field. The behaviors of the mice in the arena during the open field
were manually scored as another measure of locomotion, activity and explorative behavior. (A-C, G-
I) Frequency and (D-F, J-L) duration of leaning, rearing, grooming, sitting, walking and jumping were
quantified presurgery and 3 and 21 days after surgery. (A,H) All mice showed decreased frequency
of wall leaning (Sham: p<0.001; Stroke: p<0.001) and walking (Sham: p<0.001; Stroke: p<0.001) and
(D,K) also spent less time performing these behaviors (Wall leaning: Sham: p<0.001; Stroke: p<0.001;
Walking: Sham: p<0.001; Stroke: p<0.001) at 3 days post-stroke, (J,F) while they spent more time sitting
(Sham: p<0.001) and grooming (Sham: p<0.028). (C) At baseline and 3 days post-stroke, sham-HT mice
groomed less frequently than sham-control mice (p<0.036; not shown in graph). (B) Stroke mice also
reared less frequently at 3 days compared to pre-stroke (p<0.012). (H,D) At 21 days post-stroke,
walking frequency (p<0.026) was even further decreased in sham mice, (A,B) whereas stroke show
increased rearing frequency (p<0.012) and wall leaning frequency (p<0.020). (C,F) Sham mice
groomed more frequently at 21 days compared to 3 days post-stroke (p<0.004). Values represent mean
+ SEM. # 0.05<p<0.08, *p<0.05, **p<0.01, **p<0.001.
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3.2.2. Grip test

Forelimb strength of the mice was quantified with the grip test, by letting the mice grip a small
trapeze connected to a grip strength meter. Fore- and hind limb strength was determined in a similar
fashion, using a grid instead of a trapeze. At week 2, only sham mice showed a lower grip strength
on the grid compared to pre-surgery (F(1,12)=13.0, p<0.004) (Figure 5A). Stroke mice showed no
significant decreased grip strength on either the trapeze or grid 2 weeks after stroke compared to
baseline. A surgery effect was observed at week 2, shown by weaker grip strength in forelimbs in
stroke-control mice compared to sham-control mice (F(1,9)=17.3, p<0.002) (Figure 5A). At 4 weeks
postsurgery, sham mice show a decreased forelimb grip strength compared to 2 weeks postsurgery
(F(1,10)=26.0, p<0.001) (Figure 5A). Interestingly, HT-fed stroke mice demonstrated a higher grip

strength on the trapeze at week 2 and 4 compared to stroke control diet-mice (F(1,12)=497.0, p<0.018).
No diet effects were observed on the grid (Figure 5B).
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Figure 5. Strength in the forelimbs (trapeze) and in all four paws (grid) before (pre) and after (week
2 and 4) stroke. (A) Time effects and (B) diet effects on maximum grip strength are shown. (A) At
week 2, sham mice showed a lower grip strength on the grid compared to pre-surgery (p<0.004). A
surgery effect was observed at week 2, shown by weaker grip strength in forelimbs in stroke-control
mice compared to sham-control mice (p<0.002). At 4 weeks postsurgery, sham mice showed a
decreased forelimb grip strength compared to 2 weeks postsurgery (p<0.001). (B) HT-fed stroke mice
demonstrated a higher grip strength on the trapeze at week 2 and 4 compared to stroke control diet-
mice (p<0.018). Values represent mean + SEM. *p<0.05, **p<0.01, ***p<0.001.

3.2.3. Pole test

The pole test was performed to assess motor dysfunction. The time needed to make a full 180
degree turn on the pole and the turning direction was manually scored, and the velocity with which
the mice walked down the pole was calculated. There was no change in velocity between baseline
measurement and the first measurement after surgery (at 14 days). At 28 days postsurgery, sham
mice (F(1,12)=21.4, p<0.001) and stroke mice (F(1,9)=5.2, p<0.049) walked down the pole with a lower

velocity compared to 14 days postsurgery (Figure 6). Neither time nor diet effects on turning side
preference or turning time were observed.
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Figure 6. Motor coordination assessed pre-stroke and 14 days and 28 days post-stroke by the pole
test. (A) Downwards walking velocity. (B) Time to turn around on the pole (turning time) and (C)
tendency to turn right vs left (laterally index). (A) At 28 days postsurgery, sham mice (p<0.001) and
stroke mice (p<0.049) walked down the pole with a lower velocity compared to 14 days postsurgery.
Values represent mean + SEM. Values represent mean + SEM. # 0.05<p<0.08, *p<0.05, **p<0.001.

3.2.4. Prepulse inhibition (Ppi)

The pre-pulse inhibition test was performed to assess sensorimotor gating after stroke. In both
surgery and diet groups, no effects could be detected on PPI. No habituation effects were observed,
however an overall diet effect was detected. HT-mice showed a higher startle amplitude to the basal
and final startle stimulus of 120dB than control-mice (F(1,22)=8.3, p<0.009) (Figure 7).
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Figure 7. Sensorimotor integration measured before and after (16 days) stroke induction by the
prepulse inhibition test (PPI). (A) PPI data shown as percentage. (B) Habituation to startle pulse.
HT-mice showed a higher startle amplitude to the basal and final startle stimulus of 120dB than
control-mice (p<0.009). Values represent mean + SEM. **p<0.01.

3.2.5. Novel object recognition test (ORT)

The object recognition task (ORT) was performed once after stroke to measure short-term
memory of the mice. In the 30min trials of the familiarization phase, all discrimination index (DI),
recognition index (RI) and preference index (PI) all showed that stroke animals have a preference for
object 2 and sham animals a preference for object 1, as they visited it more frequently (F(1,22)=5.7,
p<0.026). However, in stroke animals this effect was largely caused by mice on control diet, as they
only showed as Pl above 50% (Figure 8). In the 30min trials of the test phase, HT-fed animals showed
a preference for the novel object and visited it more frequently than control diet-animals (F(1,22)=6.4,
p<0.019), as shown by all indexes (DI, RI and PI) (Figure 9).
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3.3. In vivo magnetic resonance imaging (MRI)

3.3.1. Cerebral Blood Flow (CBF)

Using an ASL-FAIR technique, CBF was assessed in the lesioned and unlesioned hemisphere at
7 and 35 days post-stroke in the hippocampus, thalamus and cortex (Figure 10). At 7 days post-stroke,
CBF was lower in all groups in the right cortex (Sham-control: F(1,6)=24.9, p<0.002; Sham-HT:
F(1,5)=24.5, p<0.004; Stroke-control: F(1,6)=16.1, p<0.007; Stroke-HT: F(1,4)=12.6, p<0.024), right
hippocampus (Sham-control: F(1,6)=24.2, p<0.003; Sham-HT: F(1,5)=50.5, p<0.001; Stroke-control:
F(1,6)=70.1, p<0.001; Stroke-HT: F(1,4)=16.3, p<0.016), and right thalamus (Sham-control: F(1,6)=28.5,
p<0.002; Sham-HT: F(1,5)=262.5, p<0.001; Stroke-control: F(1,6)=21.2, p<0.004; Stroke-HT: F(1,3)=10.3,
p<0.049) than in the corresponding ROI in the left hemisphere (not shown in figure).

At 35 days post-stroke, all groups still displayed a lower CBF in the right cortex (Sham-control:
F(1,6)=14.0, p<0.10; Sham-HT: F(1,6)=10.8, p<0.017; Stroke-control: F(1,6)=12.7, p<0.012, Stroke-HT:
F(1,5)=18.9, p<0.007) and right hippocampus (Sham-control: F(1,6)=19.5, p<0.004; Sham-HT:
F(1,6)=43.0, p<0.001; Stroke-control: F(1,6)=5.9, p<0.051, Stroke-HT: F(1,5)=33.5, p<0.002) compared to
respectively the left cortex and left hippocampus. In the right thalamus, a lower CBF was also
observed in sham animals at 35 days, compared to the left thalamus (Sham-control: F(1,6)=25.2,
p<0.002; Sham-HT: F(1,6)=38.8, p<0.001). Interestingly, reperfusion was observed in stroke animals in
the right thalamus, as demonstrated by the lack of significant difference in CBF between the left and
right thalamus at 35 days (not shown in figure).

An overall diet effect was observed in the right hippocampus at 7 and 35 days post-stroke, as
shown by an increased CBF in HT-fed mice of both surgery groups (Sham-HT: F(1,11)=5.0, p<0.046;
Stroke-HT: F(1,10)=4.8, p<0.054). Additionally, an increased CBF was also observed in the left cortex
of stroke-HT mice compared to stroke-control mice at 7 and 35 days post-stroke (F(1,10)=5.4, p<0.043)
(Figure 10).

Both sham-control and sham-HT mice showed a decreased CBF in the left hippocampus at 35
days compared to 7 days post-stroke (F(1,11)=4.8, p<0.051). All stroke animals showed a significantly
increased CBF at 35 days post-stroke in the right hippocampus and compared to 7 days post-stroke
(F(1,10)=8.6, p<0.015). In the left hippocampus, stroke-control mice showed a decrease of CBF over
time (35 days vs. 7 days) (F(1,6)=5.5 p<0.058), whereas HT-fed stroke mice maintained an increased
CBF at 35 days compared to control diet-fed mice (F(1,10)=5.1, p<0.048) (Figure 10). In the left
thalamus, a decreased CBF was observed at 35 days compared to 7 days post-stroke in stroke-control
(F(1,6)=5.1, p<0.065) and in stroke-HT mice (F(1,3)=13.1, p<0.036). Conversely, an increase of CBF was
observed in the right thalamus in stroke-control mice at 35 days post-stroke, compared to 7 days post-
stroke (F(1,6)=23.4, p<0.003).
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Figure 10. CBF was assessed in the lesioned and unlesioned hemisphere at 7 and 35 days post-
stroke in the hippocampus, thalamus and cortex. At 7 days post-stroke, CBF was lower in all groups
in the right cortex (Sham-control: p<0.002; Sham-HT: p<0.004; Stroke-control: p<0.007; Stroke-HT:
p<0.024), right hippocampus (Sham-control: p<0.003; Sham-HT: p<0.001; Stroke-control: p<0.001;
Stroke-HT: p<0.016), and right thalamus (Sham-control: p<0.002; Sham-HT: p<0.001; Stroke-control:
p<0.004; Stroke-HT: p<0.049) than in the corresponding ROI in the left hemisphere (not shown in
figure). At 35 days post-stroke, all groups still displayed a lower CBF in the right cortex (Sham-control:
p<0.10; Sham-HT: p<0.017; Stroke-control: p<0.012, Stroke-HT: p<0.007) and right hippocampus
(Sham-control: p<0.004; Sham-HT: p<0.001; Stroke-control: p<0.051, Stroke-HT: p<0.002) compared to
the left cortex and left hippocampus, respectively (not shown in figure). In the right thalamus, a lower
CBF was also observed in sham animals at 35 days, compared to the left thalamus (Sham-control:
p<0.002; Sham-HT: p<0.001) (not shown in figure). CBF was also increased in the left cortex of stroke-
HT mice compared to stroke-control mice at 7 and 35 days post-stroke (B, p<0.043). Both sham-control
and sham-HT mice showed a decreased CBF in the left hippocampus at 35 days compared to 7 days
post-surgery (p<0.051). All stroke animals showed a significantly increased CBF at 35 days post-stroke
in the right hippocampus and compared to 7 days post-stroke (A, p<0.015). Notably, CBF in the right
hippocampus was increased in HT-fed mice of both surgery groups at both 7 and 35 days post-surgery
(B, Sham-HT: p<0.046; Stroke-HT: p<0.054). In the left hippocampus, stroke-control mice showed a
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decrease of CBF over time (35 days vs. 7 days) (p<0.058), whereas HT-fed stroke mice maintained an
increased CBF at 35 days compared to control diet-fed mice (p<0.048). In the left thalamus, a decreased
CBF was observed at 35 days compared to 7 days post-stroke in stroke-control (p<0.065) and in stroke-
HT mice (p<0.036). Conversely, an increase of CBF was observed in the right thalamus in stroke-
control mice at 35 days post-stroke, compared to 7 days post-stroke (p<0.003). (C) Representative
high-resolution voxel-wise analyzed CBF images at 7 and 35 poststroke. Values represent mean +
SEM. Sham-control: n=7, sham-HT: n=6, stroke-control: n=7, stroke-HT: n=4. # 0.05<p<0.08, *p<0.05,
***p<0.001.

3.3.2. DTI

3.3.2.1. Fractional anisotropy (FA)

In sham-control and sham-HT mice, the right hippocampus showed a lower FA than the left
hippocampus at 7 days (Sham-control: F(1,6)=32.1, p<0.001; Sham-HT: F(1,5)=11.4, p<0.020) and 35
days (Sham-control: F(1,6)=13.1, p<0.011; Sham-HT: F(1,5)=49.7, p<0.001) after surgery. In stroke mice,
only the control group at 7 days post-stroke showed that FA was lower in the right hippocampus
than its contralateral counterpart (F(1,6)=9.3, p<0.022). In the left hippocampus, FA was higher at 35
days after surgery compared to 7 days after surgery in all sham mice (F(1,11)=4.2, p<0.064).
Additionally, FA in the right hippocampus also increased between 7 days and 35 days after surgery
in sham-control mice (F(1,6)=7.4, p<0.035). In the motor cortex, a decreased FA in the right compared
to left hemisphere was only observed at 35 days in sham-control (F(1,6)=4.8, p<0.070) and stroke-
control (F(1,6)=7.6, p<0.033) mice. In the motor cortex, stroke mice showed an FA increase in the left
hemisphere at 35 days post-stroke compared to 7 days post-stroke (F(1,11)=11.6, p<0.006). However,
sham animals showed a decrease of FA in both the left (F(1,11)=13.7, p<0.003) and right (F(1,11)=12.8,
p<0.004) motor cortex over time (35 days vs. 7 days) (Figure 11A).

3.3.2.2. Mean diffusivity (MD)

In the hippocampus, MD was higher in the lesioned (right) hemisphere than in the unaffected
(left) hemisphere at 7 days postsurgery in all groups (Sham-control: F(1,6)=12.0, p<0.013; Sham-HT:
F(1,5)=25.8, p<0.004; Stroke-control: F(1,6)=17.4, p<0.006; Stroke-HT: F(1,5)=6.6, p<0.050), and at 35
days only in sham mice (Sham-control: F(1,6)=61.6, p<0.001; Sham-HT: F(1,5)=34.9, p<0.002). In the
motor cortex, a higher MD in the right motor cortex than the left motor cortex was only observed at
7 days postsurgery in stroke-control mice (F(1,6)=4.6, p<0.075).

Sham-HT mice showed an increase in MD of the corpus callosum at 35 days compared to 7 days
postsurgery (F(1,5)=8.5, p<0.033). All stroke mice also showed a higher MD in the corpus callosum 35
days compared to 7 days postsurgery (F(1,11)=10.7, p<0.008) (Figure 11B).
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Figure 11. White matter (WM) and gray matter (GM) integrity as measured by quantitatively
assessed diffusion tensor-derived indices at 7 + 35 days poststroke in mice fed HT or Control diet.
Fractional anisotropy (FA) (A) and mean diffusivity (MD) (B) were measured for ROI drawn in white
(Corpus Callosum, CC) and gray matter (Hippocampus, motor cortex) regions. (A) In sham-control
(7D, p<0.001; 35D, p<0.011) and sham-HT mice (7D, p<0.020; 35D, p<0.001), FA in the right
hippocampus was lower than in the left hippocampus at 7 days and 35 days after surgery. Only in
stroke-control mice at 7 days post-stroke FA was decreased in the right hippocampus compared to its
contralateral counterpart (p<0.022). In the left hippocampus, in all sham mice FA was higher at 35
days after surgery compared to 7 days after surgery (p<0.064). Additionally, FA in the right
hippocampus also increased between 7 days and 35 days after surgery in sham-control mice (p<0.035).
A lowered FA in the right the motor cortex compared to left motor cortex was only found at 35 days
in sham-control (p<0.070) and stroke-control (p<0.033) mice. In the left motor cortex, stroke mice had
an FA increase in the hemisphere at 35 days post-stroke compared to 7 days post-stroke (p<0.006).
Sham animals showed a decrease of FA in both the left (p<0.003) and right (p<0.004) motor cortex over
time (35 days vs. 7 days). (B) MD was higher in the right hippocampus than in the left hippocampus
at 7 days postsurgery in all groups (Sham-control: p<0.013; Sham-HT: p<0.004; Stroke-control:
p<0.006; Stroke-HT: p<0.050), while at 35 days only in sham mice (Sham-control: p<0.001; Sham-HT:
Fp<0.002). Only in stroke-control mice at 7 days postsurgery, a higher MD in the right motor cortex
than the left motor cortex was detected (p<0.075). Sham-HT mice had a heightened MD of the corpus
callosum at 35 days compared to 7 days postsurgery (p<0.033). All stroke mice also showed a higher
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MD in the corpus callosum 35 days compared to 7 days postsurgery (p<0.008). (C) Representative
high-resolution set of FA images for each dietary group at 7 and 35 days poststroke.

3.3.3 rsfMRI

Only in stroke mice, HT diet improved FC from day 7 to day 35 after stroke between several
cerebral regions: left dorsal hippocampus (DHL) to right dorsal hippocampus (DHR, F(1,8)=4.5,
p<.068); DHL to left motor cortex (MCL, F(1,8)=4.5, p<.069); DHR to MCL (F(1,8)=8.1, p<.022); DHR
to right motor cortex (MCR, F(1,8)=6.1, p<.040); left ventral hippocampus (VHL) to MCL (F(1,8)=4.5,
p<.067); MCL to left visual cortex (VCL, F(1,8)=4.4, p<.071); MCL to right visual cortex (VCR,
F(1,8)=9.4, p<.014); VCR to MCR (F(1,8)=5.5, p<.048) (Figure 12A).

At 7 days after surgery sham animals FC from DHR to MCR (F(1,10)=4.4, p<.063) was non-
significantly lower in HT than control mice, while in stroke animals HT mice tended to have a
decreased FC between VCR and MCL compared to control mice (F(1,9)=4.3, p<.069). No diets effect
were found 35 days after surgery.

Total correlations
Sham
Control diet Hydroxytyrosol diet

32

Stroke

anjea-z

22

35D 7D 35D

Figure 12. Resting-state functional connectivity (FC) based on total in the brains of mice fed HT or
Control diet 7 and 35 days poststroke. FC was measured between 12 ROI: dorsal hippocampus (DH),
ventral hippocampus (VH), auditory cortex (AU), motor cortex (M1), somatosensory cortex (S1), and
visual cortex (V1). (A) Total correlations revealed that HT diet improved FC in stroke mice between
several ROJ, i.e. right DH to left MC (p<.022); right DH to right M1 (p<.040).

3.4 (Immuno)histochemistry and Biochemical analysis

3.4.1. DCX Staining

To visualize immature neurons, we used an anti-DCX antibody as a neurogenesis marker. DCX+
cells were quantified in hippocampus. We found an increased number of DCX+ cells/mm? in all stroke
mice compared to sham mice (F(1,23)=8.4, p<0.008). In HT mice versus Control mice, both in stroke
and sham condition (F(1,23)=3.5, p<0.076) in the hippocampus (Figure 13A) more DCX+ cells/mm?
were detected. The hippocampus size was reduced significantly in stroke mice without a diet effect
(F(1,23)=7.0, p<0.015) (Figure 13B).
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Figure 13. Immnunohistological stainings for doublecortin (DCX) in hippocampus of the brains of
HT and control fed mice 35 days after surgery. (A) All stroke mice showed an increased number of
DCX+ cells/mm2 compared to sham mice (p<0.008). In HT mice versus Control mice, both in stroke
and sham condition (p<0.076) more DCX+ cells/mm2 were detected. (B) The hippocampus size was
reduced significantly in stroke mice without a diet effect (p<0.015). Values represent mean + SEM.
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3.4.2. IBA-1 Staining

All stroke mice showed an higher IBA1+-area (Figure 14) than sham mice in the cortex at bregma
-1.94 (F(1,21)=4.5, p<0.046), hippocampus (F(1,19)=6.6, p<0.019), in both left (F(1,23)=10.9, p<0.002) and
right (F(1,23)=11.6, p<0.002) thalamus, cortex at bregma 0.62 (F(1,21)=5.6, p<0.027), and in both left
(F(1,23)=5.0, p<0.037) and right (F(1,23)=35.8, p<0.001) caudate putamen. Notably, in the corpus
callosum only in stroke-control mice a heightened IBA1+-area was found compared to sham-control
mice (F(1,13)=8.9, p<0.011). Moreover, only in stroke mice in the right thalamus (F(1,12)=11.7, p<0.006)
and in the right caudate putamen (F(1,12)=34.6, p<0.001) IBA1l+-area was increased compared to their
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corresponding left hemispheric part. In the cortex at bregma 0.62 HT-diet lowered IBAl+-area
compared to control diet in both sham and stroke mice (F(1,21)=4.9, p<0.039). While in the corpus
callosum IBA1+-area was decreased by HT-diet only in stroke mice (F(1,12)=6.9, p<0.022).
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Figure 14. Inmnunohistological stainings for ionized calcium-binding adapter molecule-1 (IBA-1)
in brains of HT and control fed mice 35 days after surgery. All stroke mice showed a higher IBA1+-
area than sham mice in (A) the cortex at bregma -1.94 (p<0.046), hippocampus (p<0.019), in both left
(p<0.002) and right (p<0.002) thalamus, (B) cortex at bregma 0.62 (p<0.027), and in both left (p<0.037)
and right (p<0.001) caudate putamen. (B) Notably, in the corpus callosum only in stroke-control mice
a heightened IBAl+-area was found compared to sham-control mice (p<0.011). Moreover, only in
stroke mice in the right thalamus (p<0.006) and in the right caudate putamen (p<0.001) IBA1+-area
was increased compared to their corresponding left hemispheric part. In the cortex at bregma 0.62
HT-diet lowered IBA1+-area compared to control diet in both sham and stroke mice (p<0.039). While
in the corpus callosum IBAl+-area was decreased by HT-diet only in stroke mice (p<0.022). (C)
Representative images of IBA-1 staining in cortex (bregma 0.62). Values represent mean + SEM.

3.4.3. NO and reactive oxygen species (ROS) levels

NO and ROS levels were determined in serum samples obtained before sacrifice (Figure 15). NO
production was quantified indirectly by the determination of nitrates/nitrites using an ozone
chemiluminescence-based assay. A reduction in NO levels was detected in stroke animals with no
evident diet effect (p=0.02). ROS levels were also indirectly quantified by analyzing the level of lipid
peroxidation. No changes were detected.
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Figure 15. ROS and NO levels in serum samples obtained 35 days after surgery. (A) ROS level
evaluated by analyzing TBARS (B) NO production quantified by using an ozone chemiluminiscence-
based assay. A reduction of NO levels was detected in stroke animals (p<0.02). Values represent mean
+ SEM.

3.4.4. Psd95 and BDNF mRNA expression

The expression of Bdnf, as aregulator of neurogenesis, and Psd-95, as postsynaptic marker, were
determined by qPCR (Figure 16). All HT-mice showed an up-regulation in Psd-95 expression without
differences between hemispheres (F(1,21)=6.3, p<0.021). In addition, BDNF was higher expressed in
stroke HT-mice (F(1,9)=8.4, p<0.018) than in stroke control mice. In contrast, only in sham mice Bdnf
was down-regulated in HT-mice in comparison with control-mice (F(1,11)=4.7, p<0.053).
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Figure 16. mRNA expression of (A) Psd95, (B) Bdnf in frontal parts of the brain 35 days after
surgery. (A) All HT-mice showed an up-regulation in Psd-95 expression without differences between
hemispheres (p<0.021). (B) BDNF was higher expressed in stroke HT-mice (p<0.018) than in stroke
control mice. Only in sham mice Bdnf was down-regulated in HT-mice in comparison with control-
mice (p<0.053). Values represent mean + SEM.

4. Discussion

Although ischemic stroke is one of the main causes of death and disability worldwide, the only
medical treatment for this disease is to favor reperfusion by using recombinant tissue plasminogen
activator or by endovascular thrombectomy with medical devices. However, the risk of hemorrhage,
the narrow therapeutic window and the need of neurointerventional expertise makes it urgent to find
other treatment options focused not only on reperfusion but on neuroprotection as well. In this sense,
it has been previously described that olive oil and an olive leaf extract exert a neuroprotective effect
in ischemic rats [12,42]. Oleuropein, another polyphenol from olive oil and a precursor of HT, has
also demonstrated to be neuroprotective in a mouse model of focal cerebral ischemia [43]. However,
a comprehensive analysis of the effect of HT as a therapeutic approach in an in vivo stroke model is
lacking. The present study shows that an HT-diet could be used as a therapeutic approach in stroke
recovery by improving: i) learning, short term memory and grip strength, ii) CBF and FC, and iii)
different parameters related to neurogenesis and neuroinflammation.

Motor functions, behavior and cognition are severely affected after focal ischemia and decisive
in the quality of life of stroke patients [44,45]. In our previous study, we described that a
multicomponent diet, Fortasyn, improved grip strength in male mice [9]. In the current study, we
show that HT improved grip strength on the trapeze, highlighting the potential restorative effect of
this single compound on motor network connections. Exploring the HT effects on behavior and motor
skills, no diet effects were detected neither in the open field, DVC nor the pole test. Short-term
memory of mice was also evaluated with the novel object recognition test (ORT). Here, mice on HT-
diet visited the novel object more frequently than mice on control-diet. Similarly, in the PPI test, HT-
fed mice showed a higher startle amplitude to the basal and final startle stimulus of 120dB control-
mice. Altogether, ORT and PPI results suggest that HT improves short-term memory and promotes
non-associative learning processes such as habituation, being a promising approach to reduce stroke-
associated cognitive deficits.

After ischemic stroke, rsfMRI demonstrated alterations in neuronal functional architecture, both
in animal models and in humans [46]. In a human study, it was demonstrated that the alteration of
sensorimotor function after a stroke correlated with a loss of interhemispheric connectivity between
sensory-motor regions, and that this disruption normalized partially weeks after the infarction [47].
Thus, in patients with stroke, changes in neuronal activity are closely associated with functional
recovery. The increase in rsfMRI activity in the supplementary motor cortex, the lateral premotor
cortex and the superior parietal cortex in the first 14 days after infarction correlates with an
improvement in motor function of the upper extremities during this period [48]. In the present study
we also investigated brain diffusivity with DTI as an imaging biomarker for white and gray matter
(GM) integrity. Here, we revealed only impaired GM microstructure in the stroke mice on control
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diet measured by a decreased FA accompanied by an increased MD at seven days poststroke in the
right hippocampus and right motor cortex compared to their corresponding left counterpart. This
effect was not visible in stroke mice on HT diet. Therefore, the HT-diet improved functional and also
structural connectivity between several cerebral regions in the stroke animals. We suggest that these
improvements in connectivity could be related to the increase in the grip strength of HI-fed mice as
well as with their higher habituation and improved short-term memory described above and on the
up-regulation of different neurogenic markers that will be mentioned later.

CBF alterations are also clinically associated with cognitive and motor dysfunction, especially
after stroke [49]. In fact, we already described that a post-stroke diet intervention can improve CBF
[9,50]. Other phenolic compounds such as resveratrol have shown to increase CBF in the frontal
cortex of healthy humans after a task performance [51]. Moreover, in a rat ischemic model, resveratrol
increased hippocampal CBF [52]. Our results show that an acute therapeutic approach with a HT-
diet was able to significantly increase CBF in the right hippocampus of all mice on HT-diet, and to
mitigate the decreased CBF in the left hippocampus stroke-control mice. Additionally, in the left
cortex, HT-diet also increased CBF after stroke. The positive effect of HT on this parameter probably
also underlies the improvement in short-term memory and learning processes described above.

CBF is linked to a balanced production of NO. The particular effect of NO varies depending on
the stage of evolution along the ischemic process and on the cellular source of NO [53,54]. Of the
three NOS isoforms responsible for NO production, the activity of neuronal NOS and inducible NOS
results detrimental while endothelial NOS activation is related with neuroprotective effects. We have
previously shown in stroke patients that an initial elevation of NO favors neurological recovery while
a latter elevation predicts growth of the infarct volume [55]. In the present study we have observed a
significant decrease in serum NO concentration in stroke animals. This decrease has also been
reported by ours and other research groups, and may be attributed to the low profile of L-arginine,
the NO precursor, in stroke patients [55-57]. The HT-diet was unable to significantly up-regulate
those decreased levels, suggesting a lack of effect of this diet on the NO system. Nevertheless, this
result should be corroborated in a future study with more animals.

A burst in ROS follows after a stroke insult damaging cellular macromolecules and leading to
cell death and tissue loss [58]. HT has been consistently described as an antioxidant compound in
several models [59]. Therefore, we evaluated if the HT-diet was able to modulate the oxidative level
in serum samples obtained from mice after sacrifice. The fact that no changes were detected in any
experimental group, not even between sham and stroke animals, seems to indicate that 35 days after
surgery may be too late to detect changes in serum ROS levels. In fact, in a previous study with
hypoxic mice we observed that ROS brain levels begin to normalize two hours after the insult [60].
As previously mentioned, further analysis with more animals should be carried out, both in serum
and in brain samples, and at time-points closer to surgery to re-evaluate the temporal profile of NO
production and the particular isoenzymes of NOS modulated by HT and to analyze the antioxidant
capacity of HT-diet after stroke.

HT has shown its anti-inflammatory capacity in different models [61-63] and although its
particular effect on microglia-mediated neuroinflammation remained unexplored other phenolic
compounds such as oleuropein have been shown to attenuate microglia activation [64]. The
decreased level of IBA-1 immunoreactivity 35 days after stroke in the cortex and corpus callosum of
mice on the HT-diet corroborates that HT can also reduce the inflammatory environment after stroke.
This effect is probably involved in the improved impairments of stroke mice on a HT-diet and points
to the interest of carrying out future experiments to deepen into the activity of HT on
neuroinflammation.

Neurogenesis is an important process in stroke recovery and a number of therapeutic strategies
to promote this process after ischemic events have been investigated with poor outcomes [65]. DCX,
a microtubule-associated protein expressed in neural progenitor cells and immature neurons, is an
excellent marker for adult neurogenesis [66]. The increased number of DCX+ cells in the
hippocampus of HT-fed mice is indicative of the neurogenic potential of HT, and could explain the
positive effect of this polyphenol on the short-term memory and learning processes described above.
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Stroke insult also involves synaptic degradation which dampens the activity of the CNS. Bdnf is a
neurotrophin that regulates synaptic connections, synapse structure, neurotransmitter release and
synaptic plasticity [67]. Moreover, Bdnf is required for the induction of neurogenesis and lack of this
protein can lead to a lack of neurogenic response in a heterozygous knockout mice model [68]
Additionally, the postsynaptic protein Psd95 is also involved in the regulation of synaptic plasticity
and synaptogenesis. Previous studies demonstrate that the administration of olive leaf or oil
polyphenol extracts increases Bdnf levels in the olfactory lobes and hippocampus [69,70]. The
synaptogenic potential of HT has been also reported in prenatally stressed rats in which HT
prevented the stress-induced downregulation of Bdnf [71]. In accordance, in our study the expression
of Psd95 was significantly induced in all HT-fed mice. However, the HT-diet only
induced Bdnf in the non-infarcted hemisphere of stroke HT-mice, and even decreased it in the right
hemisphere of sham-HT mice, suggesting a difference in the response between Bdnf and DCX [72].
Although further analyses at the protein level are necessary, it is remarkable that HT, a single
compound, exhibits these promising effects.

5. Conclusions

The data presented here indicate that a post-stroke intervention with a HT-enriched diet
improve the recovery after ischemic stroke by ameliorating stroke-associated learning and motor
impairments. This effect, probably linked to an increase in CBF, functional and structural connectivity
and to its anti-inflammatory and neurogenic potential, makes HT an interesting and safety
compound to be further tested in ischemic stroke treatment.
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Abstract

Parkinson's Disease (PD) is a common neurodegérerdisorder involvinga-synuclein ¢-syn)
aggregation, oxidative stress, dysregulation ofoxedhetal homeostasis and neurotoxicity. Different
phenolic compounds with known antioxidant or amglating properties have been shown to also
interfere with aggregation of amyloid proteins anddulate intracellular signaling pathways. The enés
study aims to investigate for the first time thé&ef of tyrosol (TYR), a simple phenol present ixira
Virgin Olive QOil (EVOO), ona-syn aggregation in @. elegans model of PD and evaluate its potential to
preventa-syn toxicity, neurodegeneration and oxidative sstrimm this model organism. Our results show
that TYR is effective in reducing-syn inclusions, resulting in a lower toxicity aagtended lifespan of
treated nematodes. Moreover, TYR delayesyn-dependent degeneratioh dopaminergic neuronis
vivo. TYR treatment also reduced ROS lewsld promoted the expression of specific chaperanes
antioxidant enzymes. Overall, our study puts in&rspective TYR potential to be considered as

nutraceutical that targets pivotal causal factorBD.

Key words: Tyrosol; a-synuclein; C. elegans, Parkinson’s Disease; Chaperones; Reactive Oxygen
species.

Abbreviations:

TYR: tyrosol

ROS: Reactive oxygen species
EVOO: Extra virgin olive oil
NGM: nematode growth media
FUDR: fluorodeoxyuridine
CEP: cephalic

ADE: anterior deirid

2',7’-Dichlorodihydrofluorescein diacetate: DCFH-DA
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1. Introduction

Aggregation of the presynaptic protairsynuclein ¢-syn) in dopaminergic neurons of tkebstantia
nigra pars compacta is one of the main toxic mechanisms in the patheges of Parkinson's disease
(PD). Under physiological conditions;syn is found in its free disordered cytosolic watform, but
under cellular stressi-syn can also appear as @helix-rich form with a high propensity to aggregat
(Burré et al., 2013; Fauvet et al., 2012). Progvesaccumulation of this protein in form of oligoreeand
subsequent fibrils results in the formation of @y&smatic inclusions known as Lewy bodies, also
including proteins such as ubiquitin and chaperblsp70, among others (Sharma and Priya, 2017;
Wakabayashi et al., 2007). Recently, studies hawetgd too-syn oligomers and protofibrils as the true
toxic species that trigger neurodegeneration argbest that the formation of Lewy bodies could

constitute a cytoprotective mechanism in PD (Ingmts 2016; Winner et al., 2011).

Reactive oxygen species (ROS) in dopaminergic mesu(@®A) have been strongly associated to the
development of PD (Dias et al., 2013). In conttasither brain regions, theabstantia nigra is especially
susceptible to attack by ROS, considering its @mitil oxidative stress burden due to dopamine
metabolism, a lower antioxidant level, a high cosifion in fatty acids prone to peroxidation andhigh

iron concentration which enhance ROS generatiasutiint Fenton reaction (Reeve et al., 2014; Reynolds
et al.,, 2007; Zhao et al., 2017). In addition, ated ROS levels in neurons is known to affectyn
aggregation into toxic oligomers, leading to patigidal events such as synaptic dysfunction,
mitochondrial inhibition and interruption of cortechaperone function (Dias et al., 2013). Altogethe
these factors finally converge in neurodegeneradiah cell death (Schildknecht et al., 2013). The afs
antioxidant therapies has been shown to promdtereftrotection or slowdown of cell death progressio

in PD (Filograna et al., 2016; Liu et al., 2007; Myaet al., 2006).

The invertebrate modeZ. elegans provides several appealing advantages to invéstigge connection
between oxidative stresg;syn aggregation and toxicity. In this sense, weng& strains that reproduce
distinct aspects of PD upon humassyn expression in muscle cells or in dopaminergiarons have
been developed in the last decade (Harrington gt28l12; Van Ham et al., 2008). Moreover, its

transparent body enablasvivo visualization of dopaminergic neurodegeneratioth @syn inclusions in
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body wall cells, making it a simple but useful gystto investigate both, cell loss amdyn aggregation

in PD (Chakraborty et al., 2013).

In the last decades, several phenolic compoundseptédn olive leaf and fruit have shown important
beneficial effects against different pathologiesluding neurodegenerative disorders, although the
mechanisms involved in the latter are not cleadfirgtd yet (Coccia et al., 2016; Grossi et al., 201
Luccarini et al., 2014; Rosillo et al., 2014; Sagtelo et al., 2016; Vauzour et al., 2010). In poesi
studies, our group has reported a pro-longevitgatfbf tyrosol (TYR), one of the main polyphenais i
olive leaf and fruit, also present in extra virgilive oil (EVOO), usingwild type strains ofC. elegans
(Cafiuelo et al., 2015a; Cafiuelo et al., 2012; Aafimied Peragon, 2013). Although we have described
interesting biological effects of this phenol inalgéng aging and protecting from thermal and oxidat
stress, its therapeutic potential in a neurodeggioer context has not been examined before inntioidel

organism.

In this study, we have analyzed the effect of TYRoesyn aggregation using a transgenic strailCof
elegans which constitutively overexpresses this human g@min body wall cells thus exhibiting a
progressive paralysis phenotype. We have also atalithe effect of TYR on neurodegeneratiorivo
using aC. elegans strain that expresseg-syn exclusively in dopaminergic neurons, which vgho
accelerated degeneration over time. Finally, weehareasured TYR effect on both, lifespan and ROS
level, and determined the expression of specifapeiones and antioxidant enzymes in this experahent

model in order to assess its potential protective in PD pathogenesis.

2. Materials and Methods

2.1. Strains and growth conditions

The C. elegans strains N2, NL5901 (pklis2386; unc-54pizsyn::YFP + unc-119(+)) and UA44
(balll;Pdat-1a-syn, Pdat-1::gfp) used in this study were obtaifiein the CGC (Caenorhabditis
Genetics Center). The strain NL5901 overexpregsss::YFP within worm body wall muscle cells and
also exhibits age-dependent mobility defects aasediwitha-syn::YFP aggregation, which can be easily
monitored. The strain UA44 expressesyn::GFP under the control of the dopamine trarispdat-1

promoter, causing an age-dependent neurodegenmeddtidA. Worms were propagated at 21°C either on
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solid Nematode Growth Media (NGM) seeded with Eheoli strain OP50 (Brenner, 1974) or in liquid

media (S-complete medium) as described by Soli®#aBcheck (Solis and Petrascheck, 2011).
2.2. Treatment with TYR

For all the analysis, TYR (2-(4-hydroxyphenyl) d#igohol); (Extrasynthese, France) was dissolved in
DMSO and added to its final concentrations to NGMvpusly autoclaved and cooled to 50°C. The
media was immediately dispensed into Petri dishaswere kept protected from light and stored & 4°
until use. For liquid media experiments, TYR dissal in DMSO was added directly to S-complete
medium. A final DMSO concentration of 0.1% (v/v) svmaintained in all experimental groups. All the
experiments involving TYR were always carried auparallel with a control group that contained only

DMSO.

2.3. Lifespan assays

The screening procedure was carried out as prdyioiescribed (Solis and Petrascheck, 2011). Briefly
L1 synchronized adult worms were grown in S-comglaedium containing 5 mg/ril. coli OP50 and a
mixture of penicillin-streptomycin 1% (v/v). An gliot of the worm suspension was transferred to each
well of a 96-well plate, mixed for 2 min and inctdsé for 45 h at 20 °C until the animals reachedLthe
stage. The animals were sterilized by addinguB0f a stock solution of 0.6 mM fluorodeoxyuridine
(FUDR) to each well. After 24 h, on day 1 of adaltd, TYR was added at 4 different concentrations
ranging from 50 uM to 1 mM, the plates were sealed incubated at 20 °C. Every 7 daysi 5f theE.

coli OP50 (100 mg/ml) were added to each well. The rarnalb surviving animals was monitored daily
until death. Nematodes were considered to be ddwhwhey did not respond to a mechanical stimulus
with a platinum wire or no pharyngeal pumping waserved. An average of 120 nematodes were used

per experimental condition.
2.4. Quantification of aggregates

TYR was added to the NGM media of synchronized lofms and maintained during the whole assay.
At the 6" day of adulthood, worms (n=60/treatment) were ntediin a fl drop of 10 mM levamisole
(Sigma) on a 3% agarose pad, covered with a 24xB# goverslip and observed under confocal
microscopy to visualize fluorescemtsyn inclusions in the head region. Confocal mibatpgraphs were

obtained with Leica TCS SP5 Il and equal adjustneéitrightness and contrast on control and matched



149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

experimental images was done using confocal softw#S-AF. For a more accurate quantification of
individual inclusions, z-stack overlay images waralyzed using Image J software. An average of 20

worms per experimental conditievere analyzed.
2.5. Paralysis assay in liquid culture

Synchronized populations were obtained using hyjooith extraction. Worms were grown on solid
media up to day 1 of adulthood. FUDR 0.12 mM wadealdwhen worms reached the L4 stage. At adult
day 1, N2 or NL5901 worms per well were transferres-medium with OP5&. coli (optical density
0.5) in a flat-bottom 96-well plate at 20°C. TYRnM was added and locomotion under control and
treatment conditions was assessed for 90 minutees &f 7, 9 and 11 days using WMicrotracker

(Phylumtech, Santa Fe, Argentina). A total of 18rms were used per experimental condition.
2.6. Preparation of Worm Protein Extracts and Westen Blotting

For protein extraction, 20 worms per condition weranually collected at thé"&ay of adulthood and

pooled in 15ul of Laemmli buffer. After freezing in liquid nitgen, the mix was heated at 95°C for 10
minutes. Proteins were separated by SDS-PAGE ir2@% gradient polyacrylamide gel (BioRad) and
transferred to Immobilon P PVDF membranes (MillgorFora-syn::YFP detection, blots were probed
with anti a-syn monoclonal antibody (Invitrogen, Camarillo, JCAt a 1:1000 dilution. An anti-rabbit

secondary antibody at a 1:5000 dilution was usegn{&-Aldrich). Actin was used as loading control.
ECL Prime kit (GE Healthcare Life Sciences) wasduf® signal detection, following manufacturer’s

instructions.
2.7. DA neurons degeneration assay

For neurodegeneration assay, theelegans transgenic strain UA44 (balll;Pdatetsyn, Pdat-1::gfp)

was used. TYR was added to the NGM media of symibed L4 worms and maintained during the
whole assay. Worms were transferred to fresh treatmlates with OP50 every 2-3 days. On th® daly

of adulthood, nematodes were placed on glass shidtbs10 ul of levamisole and GFP was visualized
with a CX 31 (Olympus) fluorescence microscopefitivith a camera (C-7070 Wide Zoom, Olympus).
The integrity of the six anterior DA neurons, faephalic (CEP) and two anterior deirid (ADE), was
evaluated for neurodegeneration according to pusiyodescribed criteria (Berkowitz et al., 2008).

Briefly, animals with complete GFP fluorescenceaih4 CEP and 2 ADE neurons were scoredvid-



177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

type, whereas individual animals exhibiting loss of DAurons or signs of degeneration such as axonal
blebbing were scored as nuid-type or degenerating. An average of 40 worms per experimental

condition were analyzed.

2.8. Measurement of ROS

The 2',7'-Dichlorodihydrofluorescein diacetate (DIEfDA) assay have been adapted from a previously
described protocol (Wang and Joseph, 1999). Briéflysynchronized worms were grown in S-complete
medium (10-15 worms per 20) containing 5 mg/mE. coli OP50. In L4 stage, worms were sterilized
by adding 0.6 mM FUDR and after 24 h, on day 1 ddl#gnood, TYR was added. On adult day 6, ten
worms per well were transferred to a 96 wells plsitd 75 pL of PBS per well. Subsequently 25 of
DCF-DA 150uM dissolved in PBS buffer was added and immediafieigrescence was measured for
125 min at 10 min intervals, using excitation amdission} at 485 nm and 535 nm, respectively

(Synergy HT, BioTek). An average of 60 worms pgueimental condition were analyzed.
2.9. RNA isolation

Synchronized nematodes were collected at thel®/ of adulthood, washed 3 times in M9 buffer and
pelleted by centrifugation for RNA isolation. Afteentrifugation, worms were resuspended in 3b0f

TRIzol Reagent (Invitrogen, Carlsbad, CA, USA)sfiafrozen in liquid nitrogen and thawed at 37 °C
three times for disruption and total RNA was peudfiusing the RNeasy Mini kit (Qiagen, Venlo,
Netherlands) following the manufacturer recommengexiocol. Final volume of isolated RNA was 50

ul per biological sample.
2.10. Real time gPCR

Briefly, cDNA was synthesized from g of total RNA using the Maxima First Strand cDNAnghesis
Kit for real-time gPCR (Thermo Scientific, WalthatdA, USA). qPCR was performed in a CFX384
Touch Real-Time PCR Detection System (Bio-Rad) gisitapa SYBR FAST gPCR kit (Kapa
Biosystems, Wilmington, MA, USA) with Ll cDNA in a 10pul reaction volume using the following
gene-specific oligonucleotide primers: hsp-70 (NM_060084.2),

CGTTTCGAAGAGCTCTGTGCTGATCTTTTCCGC (F) and
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TTAATCAACTTCCTCTACAGTAGGTCCTTGTGG (R); hsp-4 (NM_063135),
GCAACCAAGATGCCTCTACTG (F) and CCTCCCGCCGAGTAAAGTTT (R); hsp-12.6
(NM_069267.1), ATGATGAGCGTTCCAGTGATGGCTGACG (F and
TTAATGCATTTTTCTTGCTTCAATGTGAAGAATTCC (R); hsp-16.1 (NM_072953.3),
GTCACTTTACCACTATTTCCGTCCAGCTCAACGTTC (F) and
CAACGGGCGCTTGCTGAATTGGAATAGATCTTCC (R); gst-4 (NM_069447.5),
TTTTCTATGGAAGTGACGCTGA (F) and TTTTCTATGGAAGTGACGQGA (R); sod-3
(NM_078363.5) CAAACCAGGATCCTTTGGAA (F) and TGGCAAAJOTCTCGCTGATA (R);sod-1
(NM_001026785.2), TGGATCACACAGAAGTCCGA (F) and GGARCATGAAGACCGGGA (R);
gpx-1 (NM_060197.1), CAAAGAATTGCTCGATGTGTACA (F) and
TGCATCGAACATGAATCCACC (R); gpx-2 (NM_001306618.1), GGAGCTCCTCGATGTGTACA
(F) and ACCACCGAATTGATTGCACG (R)¢tl-1 (NM_064578.4), TCCATTTCAAGCCTGCTCAAG
(F) and AATGGCATTGAACAGGTCGC (R); ctl-2 (NM_001027302.5),
GCTGAGGTTGAACAATCCGC (F) and AAGGCGGTGGAAATGAGTGT R); ama-1
(NM_068122.6), AAGCTATAGCCCTTCGTCGC (F) and CGAGGBGAGTGTACGTCG (R). All
samples were run in triplicate. Cycle thresholdsawiplification, expression levels of the target egen
normalized to the housekeeping gen®-1 and relative FC for transcripts were calculatddgithe CFX

Manager (Bio-Rad).

2.11. Statistical analysis

Data are expressed as mean values + SEM of at thest independent experiments. Statistical
comparisons between the different experimental ggand their corresponding controls were made with
Student'd-test or Log-Rank test, acceptipg0.05 as the level of significance, using GraphPadm 6

software (GraphPad Software Inc.).

3. Results

3.1. TYR extends lifespan in &. elegans model of PD

In a previous study by our group, we described TR was able to induce a significant lifespan
extension in awild type C. elegans strain (Cafuelo et al., 2012). In the presentystugt have used the

transgenic strain NL5901 asCaelegans model of PD. Overexpression @fsyn in body-wall cells of this
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strain has been reported to induce significantctoxiand reduced lifespan, as well as impaired Iityti
and pharyngeal pumping as compared towHd type N2 strain (Bodhicharla et al., 2012). Thus, we
decided to start our study by analyzing if TYR vaés0 capable of stimulating longevity in this trgesic
strain. With this aim, we performed lifespan assagding four different TYR doses to the NGM. As
shown in Figure 1, TYR at 1 mM concentration exgrge significant lifespan increase in worms
compared to control group (Mean survival days: @int8.670.33 vs. TYR 1 mM 21.38).66; t-test
*p=0.0232), supporting our previously reported TYReets onC. elegans longevity. However, lower

TYR doses did not induce significant increaseaivisal.

3.2. TYR decreases the amount af-syn inclusions without affecting its expression

The transgeni€. elegans strain NL5901 used in this study, constitutivekpeesses YFP-fused human
syn protein in body wall cells, allowinign vivo quantification of fluorescent inclusions of thisofein.
Thus, we also chose this strain to study the effédYR treatment om-syn aggregation. As shown in
Figure 2A-B, by adult day 6, a pronounced decredsesyn inclusions was observed in the 1 mM TYR
group as compared to non-treated control nemat@@esggregates/animal: Control 58t8247 vs. TYR

1 mM 22.635.17; t-test **p =0.0044). Nevertheless, no changes in tetayn::YFP levels were
observed (Figure 2C). These results suggest th& Jopplementation protects against the aggregafion

a-syn, a critical process in PD development in husnan

3.3. Motility impairment in NL5901 strain is ameliorated in response to TYR

a-syn toxicity in NL5901 strain is associated witis iaggregation in body wall cells causing age-
dependent mobility defects which can be monitoreah(Ham et al., 2010). As shown in figure 5,
NL5901 strain exhibits a premature and progresseaine in body movement compared to the wild type
strain N2 (Figure 5-A). This decline becomes movalent by adult day 7 in both, control and TYR
treated NL5901 nematodes. However, by adult day 92nM TYR treated nematodes exhibited a
significantly faster body movement as comparednivaated controls (n° of activity counts per 30 :min
Control 7,21.81 vs. TYR 1mM 20,;85.62;t-test 1=0.0364) (Figure 3-B). By adult day 11, both groups
showed a similar level of body movements, clos&d0% paralysis. These results may be related to the

lower amount ofa-syn inclusions shown earlier in treated worms,psufing the notion that TYR
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treatment could preventsyn toxic effects by interfering with its cytoptai& aggregation process in this

model organism.
3.4. TYR delays dopaminergic neurodegeneration in @. elegans model of PD

DA are the main neuronal type affected in PD (8piihi et al., 1998). In order to investigate ieth
observed effect of TYR on-syn aggregation could be also extrapolated @ degans model of DA
neurodegeneration induced lysyn, we used the transgenic strain UA44 (balll:RPde-syn, Pdat-
1::GFP). The expression of humassyn under the control of the dopamine transpaléirl promoter in
this strain causes an age-dependent neurodegemeddtDA, allowing the easy identification of these
neurons by the simultaneous expression of GFP @af., 2015). Under our culture conditions, we
established that degenerative changes were madtergvin non-treated worms at adult days 12-14, when
approximately 40% of nematodes have their 6 amtd intact. Treatment with 1mM TYR induced a
significant increase in the percentage of nematosiéis intact neurons at ¥4day of adulthood as
compared with controls (% wild type animals: Coh##6.33t3.52 vs. TYR 1 mM 882.30; t-test **p
=0.0012) (Figure 4). Thus, our data shows that Ti¥Ralso protective againsi-syn dependent

neurodegeneratioim vivo.
3.5. TYR decreases ROS level in@. elegans model of PD

Oxidative stress is thought to be an underlyinghmaism for the pathology of PD in both, sporadid an
familial forms. In line with this, increases in tb&idized lipids, proteins and DNA were observedha
brain of PD patients (Hwang, 2013). In a previotiglg, we showed that TYR treatment was able to
promote oxidative stress resistance induced bygpatainwild type C. elegans strains (Cafiuelo et al.,
2012). Herbicides and pesticides such as rotenpamqguat, and maneb are commonly used as PD
models that result in increased ROS productionateied mitochondrial energetics (Blesa et al., 201

In a recent study, Dewapriya et al. reported aqutote effect of TYR treatment against MPP+ induced
cytotoxicity in mouse brain-derived catecholaminengeuron cells (CATH) by supressing the oxidative
and nitrosative stress in these cells (Dewapriyal.et2013). Thus, we decided to assess whether TYR
could lower the intracellular ROS level in NL590&nmatodes by using CM-H2DCFDA, a fluorescent
probe that reacts with ROS. As expected, parageatrbent used as positive control, induced a marked

increase in intraworm ROS levels compared to comroup (Fluorescence AU: Control 12435 vs.

Control + PQ 25816.17;t-test =0.0132) (Figures 5-A and 5-B). However, pretreatmsith TYR
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significantly reduced ROS accumulation comparedcdémtrol (Control 124535 vs. TYR 1 mM
82+12.06;t-test *p=0.0347) and to paraquat treated wormsfiroimg that this phenol has an effective

antioxidant effect in thi€. elegans strain.

3.6. The reduction ofa-syn accumulation by TYR is accompanied by the upegulation of specific

chaperone and antioxidant enzymes

In C. elegans, coordinated induction of genes involved in antiext/heat-shock response and
detoxification results in a longer lifespan andraproved proteostasis (Honda and Honda, 1999; #ohns
et al., 2002). In order to investigate the molecutechanism for TYR protective effect in arsyn-
overexpression scenario, we performed gPCR anabfsieveral known oxidative/heat stress response

genes in NL5901 transgenic nematodes.

Worms were cultured with 0 or ImM TYR from L1 stageén day 5 of adulthood, the mRNA level of
target genes was analyzed using gPCR. We detedtigmhificant increase in the chaperone gersps70
(Relative mRNA levels: Control+D.30 vs. TYR 1 mM 4.20.85; t-test *p=0.0037), hsp-12.6 (Control
1+0.05 vs. TYR 1 mM 2.038.36; t-test p=0.047) andhsp-16.2 (Control #0.15 vs. TYR 1 mM
1.934:0.32; t-test p=0.011) in response to TYR as compared to confféilgure 6). In addition, the
antioxidant gengst-4 (Control #0.056 vs. TYR 1 mM 1.640.15;t-test %=0.017) was also significantly
up-regulated in response to TYR treatment. HoweV¥R did not affect the expression of other genes

analyzed isp-4, sod-3, sod-1, ctl-1, ctl-2, gpx-1 and gpx-2).

4. Discussion

In previous studies, we had shown that TYR suppigat®n was able to induce lifespan increases and
promote stress resistance in the model orga@sebegans (Cafiuelo et al., 2012). Thus, we next sought
to assess the effect of this simple phenol in ganik C. elegans strains that express humarsyn and

recapitulate key pathogenic processes in PD.

In order to determine the most effective TYR conicion in theC. elegans strain NL5901, we first
performed lifespan assays in parallel adding TYHRlifierent doses ranging from 50 uM to 1 mM. We
observed a moderate increase in lifespan at thbehigose of TYR (1 mM). Recently, different

phytochemicals have been also shown to promoteelatygin this strain (Govindan et al., 2018; Jadéya
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al., 2011; Ji et al., 2016) indicating a clear cmtion between lifespan andsyn expression in these
nematodes. Although significant, the observed piggsincrease promoted by TYR in this strain was les
prominent compared to the one previously described|d type nematodes and this effect was achieved
at a higher TYR dose (1 mM instead of 250 uM)(Cédie al., 2012); these differences suggest that
TYR may act through additional cellular mechanisimsthe context ofa-syn expression that could

influence its effect on longevity in this specifittain.

One of the main findings in this study is that T¥Batment is able to substantially reduce the amoun
formation ofa-syn inclusions in a well-studig@. elegans model of PD. This effect was accompanied by
a delay in the onset of motility dysfunction inddday a-syn in this model. These results, together with
the increased survival observed in this PD straiipports a positive effect of TYR supplementation i
reducingo-syn-associated toxicityn vivo. In recent studies, different plant extracts hagen shown to
also reducer-syn aggregation in th€. elegans strain NL5901 (Chalorak et al., 2018; Jadiya gt2011;

Ji et al., 2016). Although the precise mechanisntetlying their effect remain to be clarified, @shbeen
suggested that it may involve bindingatsyn monomers and oligomers via hydrophobic intégyaaovith
B-structures, which leads to delay of the nucleaimtess and further assembly of toxic oligomeiret(J
al., 2016). During the last decade, much investigahas focused on small natural molecules, rich in
aromatic groups (like polyphenols) as amyloid iiitioits with very variable results. In this sensdfedent
natural polyphenols like apigenin, curcumin, Epigedtechin-3-gallate among others have been proven
effective inhibitinga-syn misfolding and aggregatian vitro (Dhouafli et al., 2018)Nevertheless, their
capacity to prevent DA degenerationvivo has not been evaluated in depth. Regarding TYRo@adgh
there have been a few studies suggesting proteetigets of this phenol in PD (Dewapriya et al.120
Vauzour et al., 2010), none of them have asse$seditect effect of this phenol in DA expressingyn

in vivo. In this sense, our study using the elegans strain UA44 provides another relevant result,
showing for the first time that TYR treatment islealbo induce a significant delay in dopaminergic
neurodegeneration associateditsyn expression in a model organism. This effechearodegeneration
is probably related to the observed decreasesgn aggregation also induced by TYRGn elegans,
suggesting the potential of this simple phenol ¢duce the toxicity ofu-syn in a dopaminergic

environment.

Fibrils of a-syn in Lewy bodies and the formation of aggregéi@ge been associated with an increased

oxidative stress (Dias et al., 2013). In this serisbas been suggested that oxidative conjugation
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dopamine witha-syn protein inhibits its transition from protofilsr to mature fibrils, leading to the
potential accumulation of cytotoxic soluble prolwfis in DA. Moreover, the addition of antioxidaritas
the ability to reverse the formation of these adslusuggesting that catechol oxidation can contitho
the accumulation ofi-syn protofibrils (Conway et al., 2001; Chinta afddersen, 2008). Experiments
bothin vivo and using cultured cells suggest that ROS aretabfelucex-syn aggregation, which in turn
increases ROS, creating a vicious cycle leadingetarodegeneration (Nieto et al., 2006; Tabrizilgt a
2000). In this sense, our results showing an effectecrease of intraworm ROS accumulation follayin
TYR treatment, suggest that the reported reduaifanrsyn inclusions may also be related to the ability
of TYR to act as a ROS scavenger. Thus, TYR couldliarate the cellular oxidative environment that

contributes to the formation of toxiesyn species.

It has been reported that, when overexpreasedo andin vitro, the molecular chaperomsp-70 is able

to reduce the amount of misfolded, aggregatagn protein, also protecting from its toxicity (iKken et

al., 2004). Hence, the reductiondrsyn inclusions observed in TYR-treated nematodesdcbe related

to the detected increase in this chaperone expres€in the other handsp-16.2 and hsp-12.6 are
members of the 16kDa and 12 kDa families of smaditlshock proteins (smHSPs) known to function as
molecular chaperones i€. elegans, preventing the aggregation of denatured proteind guiding
misfolded proteins to refold to their native stétiorwitz, 1992; Leroux et al., 1997). In particulasp-
16.2 is likely to function as a passive ligand tempibygoreventing unfolded proteins from aggregating
and it has been shown to interact with intraceflblaman beta amyloid peptide, a primary componént o
the extracellular plaques found in Alzheimer's dgge(Fonte et al., 2008). The expression of smHSPs
activated by transcription factors HSF-1 and DAFii@esponse to stress, in turn promotigelegans
longevity (Hsu et al., 2003). Interestingly, we @aweviously reported that TYR supplementationbie a

to induce specific sSmHSP expression both, at thél&Rnd protein level irC. elegans, and this effect
was associated to an increased lifespan and sesistance iwild type strains (Cafiuelo et al., 2015b;
Cariuelo et al., 2012; Carfiuelo and Peragon, 2018)edwer, we described that this effect was paytiall
dependent on HSF-1. GST-4 (glutathione transfedase- involved in the phase Il oxidative stress
response and several studies have reported theifisp@STs are able to modulate the response to
oxidative stress i. elegans as mediated by SKN-1 (Park et al., 2009). Thusrexpression of this gene

increased resistance to oxidative stress in thimammodel (Ayyadevara et al., 2005; Leiers et2003).
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The fact that TYR induces the expression of thigoailant gene imi-syn expressing nematodes, may

explain the lower ROS level observed as well in Ry&ated animals.

In summary, although further analyses should bedeoted in order to narrow down the molecular
mechanisms involved, our study reveals importartt navel biological activities of TYR, a simple
phenol naturally present in the typical Meditermam®iet, that would act in a synergic manner tovené

or delay the main pathogenic causal factors in IFiBufe 7). Moreover, our results provide an inténgs
source for molecular docking analyses using TYRc$tire as a model molecule in drug design aimed to

discover new PD neuroprotective therapies.

5. Conclusions

The present study reports for the first time thataty supplementation with TYR is able to sigrafitly
reduce the amount ef-syn aggregates in @. elegans model of PD and, more importantly, delay the
onset of dopaminergic neurodegeneratiomivo. In parallel, TYR ameliorated the toxic effectsoe$yn
aggregation on nematode mobility, also promotirgigaificant lifespan increase. Moreover, our result
show that TYR treatment induces an effective dessre# cellular ROS level in th€. elegans strain
used, supporting a protective effect of this phesqgdinst oxidative stress vivo. These results were
concomitant to the up-regulation of the antioxidgemhegst-4 as well as chaperonbsp-70, hsp-12.6 and
hsp-16.2. In conclusion, although we cannot rule out theoimement of other mechanisms in the
observed TYR effects in this PD model, it seemdeqteasible that TYR neuroprotective effects may
result from combining direct inhibition efsyn aggregation, chaperone modulation and ROSsgaw,

making it a suitable candidate as nutraceuticalpgmamd in PD.
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Figure legends

Figure 1. (A) Representative graph of a lifespan assay at diftef& R doses on NL5901 nematodes
cultured in 96 well plates at 22 °C. Nematodes wezated with TYR from adult day 1 until death and
monitored for survival. The median survival fouM, 50 uM, 250 uM, 500 uM and 1 mM tyrosol were
(days): 19, 18, 20, 20 and 22, respectively. 1 m¥RTdose exerted a significant increase in lifespan
compared to vehicle-treated nematodes (Median &irvilays: Control 19 vs. TYR 1mM 22;
*** n<0.0005; Log-Rank test). (B) Mean survival valuesnf three independent experiments showing
that 1mM TYR significantly extends the lifespanNf5901 strain (Control 18.60.33 vs. TYR 1 mM
21.33t0.66;t-test 1p=0.0232).

Figure 2. (A) Confocal microscopy images showingsyn::YFP aggregates in muscle cells of the head
region of 6-day adult NL5901 worms grown in presen€ OuM or 1 mM TYR (Scale bar 2(m). (B)
Quantification ofa- syn::YFP aggregates (size aboverfi?) per worm in each experimental condition
(Control 58.723.47 vs. TYR 1 mM 22.655.17;t-test **p value=0.0044). (C) Western blot densitometry
showinga-syn::YFP levels in TYR treated worms at the saxgedmental conditions as in (A-B). All
lanes were loaded with equal protein extract frggmchronized 6-day adult NL5901 worms. Actin was
used as loading control. No significant differenitethe total amount af-syn::YFP were found.

Figure 3. Effect of TYR treatment on worm locomotion quarifias number of activity counts in 30
minutes. 1 mM TYR was added on day 1 of adulthond Ecomotion under control and treatment

conditions was assessed after 3, 7, 9 and 11 ¢&y$n N2 (wild-type) strain no significant differences
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were observed in locomotion after TYR treatment padalysis started between days 9 and 11 of the
assay. (B) In NL5901 strain, paralysis startedieathan in thewild-type strain (between days 3 and 7).
TYR treatment delayed worm paralysis compared to- noeated worms. This difference was more
evident by day 9 (Control A71.81 vs. TYR 1mM 20,;85.62;t-test 1=0.0364).

Figure 4. (A-B): GFP expression pattern in DA of transgeficelegans (UA44) at adult day 14. A:
Untreated control; B: TYR treated nematode (1 m&Bale bar, 5¢um. (C) Percentage of UA44 worms
that had the six anterior DA (CEP and ADE) inta&octpressed asild-type animals, at day 14. The graph
represents the average of three independent a@Sapsrol 45.333.52 vs. TYR 1 mM 882.30; t-test
**pvalue=0.0012)

Figure 5. (A) Effect of 1 mM TYR on ROS level in NL590C. elegans strain measured by DCF
fluorescence. Paraquat was used as a control afative stress. TYR treatment induces a lower
accumulation of intraworm ROS levels as revealedD@FH-DA fluorescence over time. (B) Mean
fluorescence at the end point of three DCF asshgwiag a significant decrease in ROS level in TYR
treated nematodes compared to controls (Contrabt3%b vs. TYR 1 mM 8212.06;t-test 1=0.0347).
Figure 6. Effect of TYR on the mRNA expression ladp-70, hsp-4, hsp-16.6, hsp-12.2, sod-3, sod-1, ctl-

1, ctl-2, gpx-1, gpx-2 andgst-4. Results are expressed as normalized mRNA expressiative to control
worms usingama-1 as housekeeping genesp-70 (Control #0.30 vs. TYR 1 mM 4.20.85; t-test
**1n=0.0037) hsp-12.6 (Control 10.05 vs. TYR 1 mM 2.038).36; t-test 1=0.047),hsp-16.2 (Control
1+0.15 vs. TYR 1 mM 1.93¥0.32;t-test =0.011),gst-4 (Control 20.056 vs. TYR 1 mM 1.640.15;t-

test =0.017).

Graphical abstract. TYR exerts synergical protective effects in PD patmesis. TYR reduceassyn
inclusions and toxicity by both, promoting chaperaxpression and neutralizing ROS, although direct
inhibition of a-syn aggregation cannot be ruled out. Moreover,mnbtably related to the previous result,

TYR also shows effectiveness in delayingyn-dependent degeneration of DAdnelegans.
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Tyrosol, a phenolic compound present in Extra Vir@live Oil, delays neurodegeneration irCa
elegans model of Parkinson’s Disease.
In vivo aggregation ofi-synuclein decreased after treat{dgelegans with Tyrosol.

Tyrosol reduced oxidative stress and induced thpeession of different protective genes in a model
of Parkinsonism.
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DISCUSION

Tal y como se ha mencionado en la introduccién, la DM, rica en componentes bioactivos como los
compuestos fendlicos del AOVE, se ha asociado con una menor incidencia de diversas patologias. Las
propiedades beneficiosas de los compuestos fendlicos se habian atribuido principalmente a su caracter
antioxidante. Sin embargo, durante los ultimos afios diferentes autores han demostrado que su accion no se
restringe Unicamente a su potencial antioxidante. En los articulos que se presentan en esta memoria se ha
analizado el efecto de dos fenoles del olivo, el HT y el TIR, en diversas situaciones patoldgicas muy ligadas al
estrés oxidativo analizando la capacidad antioxidante directa e indirecta de estos compuestos, asi como su
efecto sobre diferentes rutas y mecanismos de interés para cada patologia. Concretamente, el HT se ha
estudiado en cancer de mamay en ictus isquémico, dos patologias asociadas a la hipoxia, y el TIR en la EP.
Aungque se dispone de resultados preliminares sobre la accion del TIR en la respuesta a la hipoxia y del HT en
el modelo de EP, han sido insuficientes para permitir la redaccién de un articulo por lo que estos estudios no
se han incluido finalmente en esta memoria de tesis doctoral.

Capacidad antioxidante del HT y su efecto sobre la respuesta a la hipoxia en células MCF-7

A lo largo de los dos primeros trabajos se ha estudiado el efecto del HT sobre la linea celular de cancer de
mama hormonodependiente MCF-7 valorando, entre otros parametros, la capacidad antioxidante del
compuesto y su accidn sobre rutas como la regulada por Nrf-2, asi como su efecto sobre el mecanismo de
respuesta a la hipoxia mediado por HIF-1.

El HT es un potente antioxidante que ha demostrado su capacidad en multitud de modelos y patologias®. Su
accidn citotdxica en células de cancer de mama es muy escasa®*y, a pesar de la importancia de la hipoxia en
la malignidad tumoral, no se ha analizado de forma detallada su influencia en el efecto antioxidante de este
fenol. Nuestros resultados indican que el tratamiento con HT disminuye los niveles de ERO de forma
dependiente en células sometidas a un estrés hipdxico, sin observarse este efecto en condiciones de
normoxia. Estudios anteriores ya habian sefialado que este potencial antioxidante es predominante en
situaciones donde existe una sobreproduccién de ERO?. La hipoxia aguda que aparece en los tumores como
consecuencia de una obstruccion temporal o discontinua del flujo sanguineo, involucra periodos de
reperfusion durante los cuales tienen lugar picos de produccion de ERO adicionales al incremento de estrés
oxidativo propio de la hipoxia®. El estrés oxidativo subletal acelera la progresién tumoral e incrementa el
riesgo de metastasis al aumentar, entre otros procesos, la tasa de mutacion, el crecimiento celular y la
respuesta angiogénica®. De hecho, estudios recientes sefialan cdmo la disminucidn del estrés oxidativo en
pacientes con cancer de mama con tratamiento quimioterdpico se correlaciona con mayores tasas de
supervivencia’. Aunque sin lugar a dudas, el empleo de antioxidantes en el tratamiento del cdncer es un
tema controvertido, multitud de estudios demuestran como el empleo de compuestos como la vitamina Cy
E, el GSH, la melatonina e incluso polifenoles del té como la epigalocatequina galato, reducen la toxicidad de
la quimioterapia en tejidos sanos sin afectar a su eficacia, llegando incluso en algunos casos a aumentarla®.
Ademas, recientemente se ha descrito que el tratamiento conjunto del quimioterapico paclitaxel con HT
disminuye el estrés oxidativo sin contrarrestar el efecto de la quimioterapia®. En consecuencia, nuestros
resultados respaldan que el HT podria ser beneficioso para minimizar el incremento de ERO asociado a la
hipoxia tumoral y ponen de manifiesto la necesidad de tener en cuenta el ambiente hipdxico a la hora de
estudiar los efectos del HT en modelos in vivo.

Al igual que ocurre con el nivel de ERO, las pacientes con cancer de mama presentan niveles particularmente
altos de NO en sangre. De hecho, en tumores de mama invasivos la actividad eNOS e iNOS es superior a la
del tejido mamario sano, lo que sugiere una correlacién positiva entre la biosintesis de NO y el grado de
malignidad tumoral®. Por tanto, la disminucién de los niveles de NO también podria ayudar a contrarrestar
varios efectos relacionados con la malignidad, incluida la angiogénesis, la apoptosis, el ciclo celular, la
invasién y la metastasis'®. La accidn del HT en la producciéon de NO se ha descrito previamente en varios
estudios. Aunque en alguno de ellos el HT no ejercid ninglin efecto sobre los niveles de NO a bajas
concentraciones (0.5-5uM)!!, la mayoria de ellos demuestran que reduce sus niveles, y apuntan a la
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inhibicion de la isoforma iNOS como principal mecanismo responsable!?!3, Sin embargo, estos trabajos solo
consideran la accion del compuesto en células cultivadas en normoxia. En nuestro grupo ya describimos
como el HT reduce los niveles de NO en células no tumorales sometidas a la misma situacién de hipoxia
utilizada en esta tesis**. Sin embargo, no hemos observado este efecto en la linea celular MCF-7, lo que
podria indicar que en un contexto tumoral la capacidad del HT para inhibir la actividad de la iNOS es
insuficiente. El anidon O,” y el NO reaccionan rapidamente para originar peroxinitrito (ONOQO"), altamente
reactivo y con importantes implicaciones en la iniciacion y progresién del cancer'. Por tanto, aunque el HT
no modifica los niveles de NO, si analizamos de forma conjunta este resultado con su accién sobre el nivel de
ERO es posible que el HT esté contribuyendo a minimizar la produccién de esta ERN y el dafio producido por
la misma. Una de las formas de valorar indirectamente el dafio por estrés oxidativo/nitrosativo es analizar
alguna de las muchas proteinas que se activan en respuesta al mismo. En este sentido, nuestro grupo tenia
experiencia previa en el estudio de PARP-1 en un contexto hipdxico. Asi, hemos descrito que la supresién de
PARP-1 disminuye la respuesta a la hipoxia y, como a su vez, la hipoxia aumenta tanto la expresion como la
actividad de PARP-1, contribuyendo a la malignidad tumoral®*’. De igual forma, se sabe que la inhibicidn
farmacoldgica de PARP-1 proporciona proteccién frente al dafio celular asociado a las ERO, reduciendo la
respuesta inflamatoria, inhibiendo la expresién de genes como AP-1 y NF-kB, y potenciando la apoptosis en
cotratamiento con quimio- y radioterapia®®. Por todo ello, el que el tratamiento con HT disminuya tanto el
nivel como la actividad de PARP-1 en células hipdxicas seria a priori un resultado positivo que podria
conllevar una menor malignidad tumoral. Sin embargo, no podemos dejar de sefialar que la accidn
antioxidante del HT y la menor actividad/expresién de PARP-1 no parecen estar directamente relacionadas
ya que su efecto sobre las ERO es patente a concentraciones mucho mas bajas (=5 uM), apuntando a que el
HT estaria regulando la estabilidad de PARP-1 a través de mecanismos adicionales.

La mitocondria es una de las principales fuentes de produccion de ERO en la célula, desempefiando ademas
un papel central en el metabolismo!. PGC-1a es un coactivador transcripcional que regula la biogénesis
mitocondrial al interactuar y potenciar la actividad de diversos factores de transcripcion (PPARs, Nrfly Nrf2,
YY1 y ERR). Variaciones en su expresion y actividad afectan directamente a la adaptacion metabdlica de los
tumores?’. De hecho, en cancer de mama se ha descrito como su expresidn estd aumentada en células que
metastatizan a hueso y pulmén?L. El vinculo entre la expresion de PCG-1a y el HT ha sido poco analizado en
la bibliografia y ain menos en modelos de cancer o bajo condiciones hipdxicas, en las que se sabe que se
induce??. En adipocitos y en ratas sometidas a un ejercicio excesivo, se ha descrito que la suplementacién
con HT aumenta el nivel y la actividad de PGC-1a, asi como la expresion de complejos de la cadena
transportadora de electrones®?2*, Del mismo modo, Signorile et al.2* describieron que la represién de PCG-1a
y de la fosforilacién oxidativa mitocondrial en fibroblastos deprivados de suero se revirtié mediante el
tratamiento con HT. Sin embargo, estos autores sélo analizaron el efecto del HT a nivel de proteina. Al
evaluar la accién del HT sobre PGC-1a tanto a nivel de ARNm como de proteina, y en condiciones de hipoxia
y de normoxia, observamos que el efecto no es paralelo. Asi, independientemente de la presion parcial de
oxigeno el HT disminuye la transcripcidén de este gen. Sin embargo, cuando nos centramos en el efecto sobre
la proteina, la hipoxia anula la inducciéon de PGC-la asociada al tratamiento con HT en normoxia. Para
profundizar en el efecto del HT sobre PGC-1a, consideramos de interés centrarnos en dos de los factores de
transcripcion coactivados por esta proteina, ERRa y Nrf-2. ERRa es un receptor nuclear huérfano cuyo
aumento de actividad se ha relacionado, a través de una andlisis gendmico de mas de 800 tumores
mamarios, con una menor supervivencia libre de la enfermedad?®?’. También se ha descrito que la inhibicién
ERRa en células MCF-7 ralentiza la proliferacidon celular y disminuye el crecimiento de xenoinjertos?”?%, En
definitiva, la disminucién de la actividad del eje PGC-1a/ERRa inducida por el tratamiento con HT resultaria
positiva para el control tumoral. Sin embargo, nuestros resultados no nos permiten afirmar que el HT ejerza
esta accion, independientemente de que las células se sometan o no a una situacion de hipoxia. Asi, la
expresion de ERRa y de SIRT3, una desacetilasa mitocondrial inducida por PGC-1a/ERRa y relacionada con
un mal prondstico en cancer de mama?’, solo aumenta a nivel de ARNm a la mayor concentracién ensayada
(200 uM) sin que haya un efecto similar a nivel de proteina. Las discrepancias observadas entre los niveles de
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ARNm y proteina pueden ser debidas al papel modulador del HT sobre la expresidon de ARN no codificantes y
proteinas de unién al ARN3%3!, Ademas, ante una situacidn de hipoxia, la traduccidn proteica es uno de los
principales procesos que se inhiben con el objetivo de redirigir la energia disponible a funciones esenciales
como el mantenimiento de la homeostasis idnica y osmética®2. El mecanismo molecular implicado en esta
adaptacion a la hipoxia implica la activacidon de PERK y la inhibicion de mTOR, dos moduladores principales
de la maquinaria de traduccién®. Mas adelante describiremos como el HT podria afectar a estos
mecanismos la actividad de mTOR en hipoxia.

Diferentes estudios apuntan a que la accién antioxidante del HT no puede ser mediada Unicamente por su
accion directa como neutralizador de ERO. Con el objetivo de seguir profundizando en los mecanismos
subyacentes al efecto antioxidante del HT, se evalud su efecto sobre el factor de transcripciéon Nrf2, otro de
los factores de transcripcién coactivados por PGC-la. Como se ha mencionado previamente, la ruta
Nrf2/Keap1 actia como mecanismo de proteccidn frente al estrés ambiental y oxidativo. En las células MCF-
7, el HT a concentracién 200 uM induce un aumento de Nrf2 a nivel de ARNm, acompanado por un aumento
paralelo en los niveles de proteina, tanto en condiciones de hipoxia como de normoxia. Estudios previos, han
analizado el efecto del HT sobre la transcripcion de Nrf2 después de 48 h de tratamiento (0-50 uM) v,
sorprendentemente, observaron un aumento en los niveles de ARNm solo a la concentracién 1 uM?. La
transcripcion de Nfe2l2, gen de Nrf2, estd regulada por varios factores de transcripcidn, entre ellos, el
receptor de hidrocarburos arilo (AHR). Tal y como detallaremos posteriormente, proponemos que el HT a
altas concentraciones (200uM) puede actuar como ligando de AHR vy, por tanto, este mecanismo podria ser
el principal responsable del aumento transcripcional de Nrf23*. Por otro lado, el incremento del nivel de
proteina Nrf2 podria estar relacionado no solo con la propia sobreexpresion del gen sino con otros
mecanismos post-traduccionales que aumentarian su estabilidad. Asi, se ha descrito como el HT podria
mediar la fosforilacién de Nrf2 a través de las quinasas ERK y Akt*®> o reducir al residuo de cisteina
involucrado en la unién de Nrf2 a Keap13®. Ambas modificaciones postraduccionales permitirian la
disociacion de Nrf2 de Keap-1, aumentando los niveles de Nrf2 libre, que se translocaria al ntcleo donde se
unira a los ARE de diversos genes. GSTA2 y HO-1 son algunas de las proteinas antioxidantes reguladas por
Nrf2. GSTA2 es una enzima que posee actividad glutatidén peroxidasa y que participa en la detoxificacion de
compuestos electrofilicos. HO-1 es la isoforma inducible de HO en mamiferos, y cataliza la degradacion del
grupo hemo en mondxido de carbono y biliverdina/bilirrubina con la liberacién paralela de hierro. El
tratamiento con HT 200 uM aumenta la transcripciéon de ambos genes diana, corroborando que el HT induce
no solo la expresion sino también la actividad de Nrf2. Sin embargo, este aumento en los niveles de ARNm
no se correlaciona con un aumento en los niveles de estas proteinas, con la Unica excepcién de HO-1, cuya
expresion se incrementd en normoxia. Estos resultados sugieren que el efecto del HT sobre esta ruta se
minimiza en una situacién de hipoxia y, por lo tanto, el efecto antioxidante del HT en estas condiciones
apenas puede ser atribuido a esta ruta de regulacién. Para corroborar que el efecto que el HT ejerce sobre la
transcripcion de GSTA2 y HO-1 es mediado a través de Nrf2, se silencié su expresion mediante siRNA. Al
silenciar Nrf2 se demostré que, aunque la expresién de GSTA2 depende exclusivamente de Nrf2, otros
mecanismos parecen participar en la transcripcién de HO-1. La expresion de HO-1 independiente de Nrf2 ya
se ha descrito en la bibliografia. Asi, se sabe que el compuesto natural gartanina induce la expresién de HO-1
independiente de Nrf23” y se ha descrito que el acido nitro-linoleico promueve la expresién de la HO-1 en
células deficientes de Nrf2 a través de la respuesta a AMPc, AP-1 e interacciones con elementos de
respuesta E-box3. Ademds, en la atrofia muscular, el aumento de HO-1 es dependiente de FOXO1 pero no
de Nrf2%. Por lo tanto, nuestros resultados evidencian que el HT estaria actuando mediante diferentes
mecanismos independientes de Nrf2 para inducir la expresion de enzimas antioxidantes como HO-1.

Como se menciond en la introduccién, la funcién protectora de Nrf2 en la prevencion de la carcinogénesis
inducida por sustancias quimicas o por diferentes tipos de radiacion ha sido detallada en multitud de
estudios mediante el empleo de ratones Nrf27". Nrf2 previene la carcinogénesis asegurando, a través de sus
genes diana, una rapida respuesta enzimatica que inicia la detoxificacion de carcindgenos quimicos, regula el
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estrés oxidativo y repara el dafio originado por el mismo. Sin embargo, durante la ultima década, muchos
estudios han descrito que la activacion de Nrf2 en células tumorales promueve la progresion del cancer y la
metastasis, confiriendo resistencia a la quimio- y la radioterapia®. Por lo tanto, el papel de Nrf2 depende de
la etapa concreta en la que se encuentre el cancer, e influyen en el abordaje terapéutico empleado de cara a
su activacion o inhibicidn. Asi, la activacidon controlada de Nrf2 en células normales a través de su mecanismo
candnico previene la tumorigénesis y resulta prometedora como estrategia preventiva. Sin embargo, su
activacion descontrolada participa en la promocion, la progresion y la metastasis, siendo en este caso su
inhibicion la estrategia terapéutica mas adecuada. Por lo tanto, aunque el efecto del HT sobre los niveles de
Nrf2 tiene lugar a concentraciones muy altas y no seria positivo en células MCF-7, seria de interés investigar
si en células de mama sanas el HT ejerce este mismo efecto.

La hipoxia intratumoral tiene implicaciones negativas para la supervivencia de las pacientes con cancer de
mama. Asi, los tumores que muestran altos niveles de HIF-1a se asocian con un fenotipo mas agresivo, un
mayor riesgo de metastasis, una mayor resistencia a la radio- y la quimioterapia, y una supresion de la
respuesta inmune*'. Hemos descrito que el HT (50-200 uM) disminuye el nivel de proteina HIF-1a en células
MCF-7, sin afectar a los niveles de su ARNm. Las ERO y las ERN favorecen la estabilidad de HIF-1a al oxidar el
centro catalitico de las PHDs e impedir mediante nitrosilaciones su interaccion con pVHL, facilitando la
respuesta a la hipoxia*’. Por tanto, el tratamiento con HT podria estar protegiendo a las PHDs de su
oxidacién, favoreciendo asi la degradacién de HIF-1a. No obstante, valorar la actividad de las PHDs*® seria
clave para demostrar este posible mecanismo. En cualquier caso, estos resultados se asemejan a los
observados previamente por nuestro grupo en células renales no tumorales sometidas a hipoxia'* y a los
obtenidos por otros grupos en células HT-29 de adenocarcinoma de colon, a concentraciones mucho mas
altas (400-800 uM), e in vivo en un modelo de xenoinjerto***°. Por otro lado, los niveles de proteina HIF-1a
también pueden ser regulados a través de la ruta PI3K/Akt/mTOR. Segun la bibliografia, el efecto del HT
sobre esta ruta es controvertido. Algunos autores han sefialado que el HT inhibe la fosforilacién de Akt en
células tumorales y no tumorales a concentraciones de 50, 100 y 200 uM*“8, Sin embargo, también se ha
demostrado que el HT puede promover la fosforilacién de Akt*-!, Nuestros resultados apoyan que el HT
inhibe la actividad de esta via ya que reduce los niveles p-P70 y p-S6, dianas de mTOR, asi como la propia
mTOR fosforilada, lo que sugiere que la disminucion de HIF-1a observada tras el tratamiento con HT podria
estar mediada también a nivel traduccional mediante la inhibicion de la ruta PI3K/Akt/mTOR. En definitiva, el
efecto observado del HT podria contribuir a contrarrestar los efectos negativos asociados a la hipoxia en
pacientes con cancer de mama.

El dimero HIF-1 juega un papel central en la respuesta adaptativa a la hipoxia. Por lo tanto, ya que el HT
disminuye los niveles de HIF-1a, resulta crucial investigar su efecto sobre la expresién de algunos genes
diana HIF-1. Dado el efecto del HT sobre HIF-1qa, era de esperar que la transcripcion de genes dianas de HIF-1
como los factores angiogénicos VEGF y AM y las proteinas implicadas en el metabolismo de la glucosa Glut-1
y LDHA, estuviera inhibida. Sin embargo, el HT no ejerce ningun efecto sobre los niveles de ARNm de LDHA y,
sorprendentemente, concentraciones altas del mismo incrementan la transcripcion de AM, VEGF y Glut-1, lo
que sugiere que el HT no reduce, sino que induce la actividad transcripcional de HIF-1. Si bien, este resultado
es contradictorio con estudios anteriores que muestran como el HT disminuye los niveles de VEGF en
diferentes modelos*°*%3, a su vez respaldan nuestros resultados previos en células renales®®. FIH, a través de
su capacidad para hidroxilar la Asn-803 de HIF 1a, suprime la actividad transcripcional de HIF-1%. Por lo
tanto, una disminucidn en esta proteina podria ser responsable de la mayor actividad transcripcional de HIF-
1. La expresidon de FIH no parece estar modulada por el HT, lo que indica que deben de existir otros
mecanismos independientes de HIF-1 sobre los cuales el HT estaria ejerciendo este efecto. Para corroborar
la participacion particular de HIF-1 en la respuesta de AM, VEGF y Glut-1 tras el tratamiento con HT, se
silencié la expresién de HIF-1a mediante siRNA. La induccién de Glut-1 por el tratamiento con el HT fue
completamente suprimida en estas células en ausencia de HIF-1a, lo que sugiere que su sobreexpresion
después del tratamiento con HT depende en gran medida de la actividad transcripcional de HIF-1. Sin
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embargo, AM y VEGF solo disminuyeron su expresion parcialmente, lo que corroboré la participacion de
otros mecanismos reguladores adicionales al de HIF-1. HIF-2 es otro miembro de la familia HIF que también
participa en la respuesta a la hipoxia. El efecto del HT en la actividad de este factor de transcripcion es en
gran parte desconocido. Por lo tanto, nos preguntamos si el aumento observado en AM y VEGF podria estar
mediado por HIF-2 >4, Para probar esta hipdtesis, evaluamos la accidn del HT en la actividad transcripcional
de HIF-2. La eritropoyetina o la angiopoyetina-2 son algunas de las dianas candnicas de HIF-2. Sin embargo,
su expresion es muy reducida en células MCF-7°°, por lo que evaluamos los niveles de ARNm de Oct-4, gen
regulado también especificamente por HIF-2a y que se encuentra implicado en el mantenimiento de la
pluripotencialidad de células madre®®. Nuestros resultados muestran que el HT no afecta a la transcripcion
de Oct-4, por lo que HIF-2 no parece estar involucrado en la respuesta de AM y VEGF al HT. Aun asi, deberia
analizarse el efecto del HT sobre los niveles de HIF-2a, asi como silenciar simultdneamente ambas
subunidades a, la 1y la 2, para descartar de forma concluyente su implicacién en el efecto observado del HT
sobre estos genes. AM y VEGF también pueden ser regulados por otros factores de transcripcion, como
AHR>%° AHR es un receptor citopldsmico, que presenta el motivo de unién al ADN bHLH-PAS y que puede
ser activado por diversos quimicos. Tras la unién de cualquiera de sus diversos ligandos, y de manera similar
a HIF-1a, AHR se transloca al nucleo donde dimeriza con HIF-B (ARNT) y forma un factor de transcripcion
activo que regula la expresidn de genes involucrados en la detoxificacion, la angiogénesis, la proliferacion, la
adhesidn y la migracién celular, entre otros procesos®. CYP1A1 es el gen que se induce clasicamente en
respuesta a la activacion de AHR. De acuerdo con nuestros resultados, el tratamiento de células MCF-7
hipdxicas con altas concentraciones de HT regula drasticamente la transcripcion de CYP1A1, proteina
involucrada en el metabolismo de xenobioticos. Como se ha descrito anteriormente el HT también induce el
nivel de Nrf2, otra de las dianas de AHR. Estos datos parecen indicar que, a altas concentraciones, el HT
actua como ligando de AHR y podria ser responsable de la sobreexpresion de AM y VEGF en respuesta al HT.
Aungue no se dispone actualmente de una visién completa de la funcién de AHR en el cdncer de mama, la
activacion de AHR se ha relacionado en gran medida con la transformacion maligna. De hecho, un estudio
reciente en una cohorte de 439 tumores de mama demostrd que altos niveles de AHR se correlacionan con
la sobreexpresion de genes relacionados con la inflamacidn, la invasion y la sefializacion de factores de
crecimiento, mientras que, niveles altos de su represor AHRR, se han correlacionado con aumentos en la
supervivencia libre de metastasis®?. Los ligandos de AHR son muy diversos e incluyen polifenoles y
flavonoides naturales y sintéticos®. El rango de concentraciones en el que estos compuestos interacttian con
AHR es muy variable y depende de su estructura quimica, pero también del modelo bioldgico utilizado®. El
modelo estructural de unién del HT a AHR que hemos elaborado demuestra que este fenol puede actuar
como ligando de AHR. De hecho, las diferentes posturas de unién encontradas muestran un tipo de
interaccion m-nt entre el HT y AHR, asi como interacciones con residuos que ya han demostrado ser
importantes para la unién del ligando cldsico TCDD a AHR®>®, Ademds, es importante recalcar el HT puede
actuar como agonista de AHR solo a concentraciones que sobrepasan claramente las alcanzables tras la
ingesta de cualquier AOVE. Seria necesario un andlisis mas profundo,®”® que permitiera evaluar la energia
libre de unién esperada del HT en comparacién con la del TCDD””’8, Sin embargo, el hecho de que la
induccion de AM y VEGF por el HT no se elimine completamente en células ARNT silenciadas sugiere la
participacién plausible de otros mecanismos adicionales a HIF-1 y AHR. ARNT2 es un homdlogo a la proteina
ARNT. Su expresion esta restringida a los tejidos neurales y al rifidn, pero también se encuentra presente en
multiples células tumorales. Aunque tanto ARNT como ARNT2 se unen por igual a las subunidades HIF-qa,
ARNT es mucho mas eficiente que ARNT2 en la regulacién positiva mediada por AHR de CYP1A1"°. Por lo
tanto, aunque se deberian realizar experimentos adicionales, podria plantearse la hipdtesis de que el efecto
transcripcional del HT puede ejercerse a través de una combinacion de las vias AHR-ARNT y HIF-1a
ARNT/ARNT2.
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Empleo del HT como estrategia terapéutica después de una isquemia cerebral

Como se ha descrito, el HT regula el nivel de estrés oxidativo y la respuesta a la hipoxia de la linea celular de
cancer de mama MCF-7. La hipoxia es clave en la patogenia de otras afecciones como el ictus isquémico, en
las que el HT podria ejercer un efecto beneficioso. Durante un episodio isquémico la adaptacién del cerebro
a la deprivacion de oxigeno y glucosa resulta clave para mitigar el dafio asociado al ictus y mantener la
homeostasis’®. Diferentes estudios describen el efecto neuroprotector del aceite de oliva, de extractos de
hoja de olivo e incluso de la OL en diferentes modelos murinos de isquemia cerebral’>7%, Sin embargo, no
existen trabajos sobre el efecto del HT in vivo, y ain menos utilizado como terapia tras un ictus isquémico.
Por lo tanto, mediante un modelo de tMCAo en ratones, se valord el efecto de este compuesto sobre
procesos y parametros alterados en esta patologia tales como el aprendizaje, la memoria a corto plazo, la
fuerza, el FSC, asi como sobre la neurogénesis y la neuroinflamacion.

La calidad de vida de los pacientes que sufren un ictus depende del grado de afectacion y de recuperacion de
sus funciones motoras y cognitivas, por lo que resulta crucial encontrar nuevos enfoques terapéuticos que
mitiguen el dafio y ayuden durante la recuperacién®?®’. En estudios anteriores realizados por el grupo de la
Doctora Kiliaan con un disefio experimental similar al empleado en esta tesis, se describié que la dieta
Fortasyn mejoraba la fuerza de agarre en ratones machos sin efecto en hembras’7¢. Esta dieta contenia una
combinacion especifica de multiples nutrientes entre los que se encontraban uridina, acidos grasos
poliinsaturados omega-3, colina, vitaminas B, fosfolipidos y antioxidantes. En nuestro estudio con machos, la
suplementacion solo con HT mejoré la fuerza de agarre en el trapecio (grip test), poniendo de manifiesto la
accion beneficiosa de este compuesto sobre el estado fisico de los animales. Sin embargo, no se observd
ningun efecto sobre el comportamiento ni sobre diferentes habilidades motoras (open field o el pole test).
Aunque no se encontraron efectos positivos, estos resultados también son indicativos de la ausencia de
conductas adversas como ansiedad, perdida de coordinacidn motora o estereotipias.

El deterioro neuroldgico del hipocampo tras un ictus isquémico, puede conllevar la pérdida de memoria y de
otras funciones cognitivas como el aprendizaje. Para valorar si el HT ejercia alguna accion sobre estos
procesos, evaluamos su efecto sobre la memoria a corto plazo mediante la prueba de reconocimiento de
objetos (ORT) y la prueba de inhibicién prepulso (PPI). En primer lugar, durante el test ORT, se realizé una
prueba de familiarizacién en la que los animales podian interactuar dos objetos idénticos. Después de un
cierto tiempo (30 min en el dia 1 y 60 min en el dia 2), se repitid el ensayo reemplazando uno de los objetos
familiares por otro nuevo. Las pruebas de 30 minutos indicaron que los ratones alimentados con dieta HT
mostraban preferencia por el nuevo objeto, visitdndolo con mas frecuencia que los ratones control. La
prueba de PPI, realizada para evaluar la integracion sensitivomotora de los animales, también indicé que los
ratones alimentados con HT se sobresaltaban menos frente a un estimulo provocado. Este resultado, es
indicativo de una mayor habituacién en los animales alimentados con HT, lo que se traduce en una mejor
modulacién de la respuesta sesitivomotora y de adaptacidn al entorno’’. En conjunto, los resultados del ORT
y PPl sugieren que el HT mejora la memoria a corto plazo y promueve procesos de aprendizaje no asociativo,
como la habituacion, siendo un compuesto prometedor para reducir los déficits cognitivos asociados con el
ictus.

Para profundizar en los mecanismos involucrados en los efectos del HT descritos hasta ahora se emplearon
diferentes técnicas de neuroimagen. La resonancia magnética funcional en estado de reposo (rsfMRI), mide
los cambios dependientes del nivel de oxigenaciéon sanguinea (contraste BOLD) debidos a la actividad
cerebral en una situacién de inactividad. Esta técnica puede utilizarse para examinar la anatomia funcional
del cerebro y para determinar la conectividad entre zonas que no estdn en contacto directo’®. En los
estudios con rsfMRI en pacientes que han sufrido un ictus isquémico se han identificado alteraciones en la
arquitectura funcional, tanto en modelos animales como en humanos’. En un estudio en humanos se

156



DISCUSION

demostré que la alteracién de la funcidn sensitivomotora tras un ictus se correlacionaba con una pérdida de
conectividad interhemisférica entre regiones sensitivomotoras, y que esta disrupcidn comienza a
normalizarse parcialmente semanas después del infarto®®. Asi, en pacientes con un accidente
cerebrovascular, los cambios en la actividad neuronal estan estrechamente asociados con la recuperacion
funcional. Concretamente, el aumento de la actividad rsfMRI en la corteza motora suplementaria, la corteza
premotora lateral y la corteza parietal superior en los primeros 14 dias después del infarto se correlaciona
con una mejoria de la funcién motora de las extremidades superiores durante este periodo®. Por otra parte,
la resonancia magnética con tensor de difusién (DTI) evalda la integridad de la sustancia blanca y gris y
también resulta muy atil para predecir la capacidad de recuperacion de la funcion motora de los pacientes
que han sufrido un ictus®2. Por ultimo, la alteracidn del FSC, analizada mediante ASL (arterial spin labelling),
se asocia clinicamente con disfuncidn cognitiva y motora, resultando especialmente grave después de un
ictus®. Los estudios anteriores realizados con Fortasyn describieron cémo esta dieta mejoraba el FSC784%5,
Ademas, compuestos fendlicos como el resveratrol también han demostrado aumentar el FSC en la corteza
frontal de personas sanas y en el hipocampo de ratas isquémicas®?®’. Nuestros resultados sefialan que una
dieta suplementada con HT: mejora la conectividad funcional entre varias regiones cerebrales en los
animales infartados; atenua la alteracion de la de la microestructura de la sustancia gris asociada al ictus,
tanto en hipocampo como corteza motora derecha en comparaciéon con su correspondiente contraparte
izquierda; y aumenta significativamente el FSC en el hipocampo derecho de todos los animales, en la corteza
izquierda de los infartados y mitiga la disminuciéon del FSC asociada al ictus en el hipocampo izquierdo. Estas
mejoras en la conectividad funcional y estructural junto a los efectos sobre la irrigacién de diferentes
regiones cerebrales podrian estar relacionadas con el aumento en la fuerza de agarre, asi como con la
mejora de la memoria a corto plazo y procesos de aprendizaje en ratones alimentados con HT.

El FSC esta vinculado con la produccion de NO debido a su papel como molécula vasodilatadora. El efecto del
NO varia segun la etapa del proceso isquémico y su fuente celular®®®, Asi, de las tres isoformas de la NOS
responsables de la produccién de NO, la actividad de la nNOS y la iNOS son negativas para la recuperacion
tras el ictus, mientras que la activacidon de la eNOS se ha asociado con efectos neuroprotectores. Trabajos
previos del grupo han demostrado que una elevacion inicial de NO en pacientes que han sufrido un
accidente cerebrovascular favorece la recuperacion neuroldgica, mientras que su elevacion posterior estaria
asociada a incrementos del volumen del infarto®. Coincidiendo con estudios previos®*®2, hemos observado
una disminucion significativa en la concentracion de NO en el suero de los animales infartados, sin efecto
evidente de la dieta. Esta disminucién podria ser debida al bajo nivel de L-arginina, precursor del NO, en
pacientes de ictus isquémico®. Sin embargo, y considerando el mayor FSC de los animales infartados
alimentados con HT, seria de interés realizar estudios adicionales a tiempos mas préoximos a la intervencion
de tMCAo0, no solo en suero sino también en muestras de cerebro, para analizar el perfil temporal de
produccion de NO vy las isoenzimas especificas de NOS que podrian estar moduladas por el HT. Por otro lado,
durante la etapa de reperfusidon tiene lugar un incremento en los niveles de ERO que puede dar lugar a la
muerte celular y a la consiguiente pérdida de tejido®. Por lo tanto, considerando los resultados previos,
evaluamos si el compuesto era capaz de modular el nivel de estrés oxidativo en muestras de suero obtenidas
tras el sacrificio de los animales (35 dias después del ictus). El hecho de que no se detectaran cambios en los
niveles de ERO en ningln grupo experimental, ni siquiera entre animales infartados y sanos, parece indicar
gue la obtencidn de las muestras podria ser demasiado tardia para detectar un posible efecto en los niveles
séricos de ERO. De hecho, en un estudio previo con ratones sometidos a hipoxia, se observé que los niveles
de ERO en el cerebro, comienzan a normalizarse dos horas después del accidente!®. Como se menciond
anteriormente en el caso del NO, seria conveniente llevar a cabo analisis adicionales, en momentos mas
proximos a la cirugia, para reevaluar la capacidad antioxidante de la dieta HT después del accidente
cerebrovascular.
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En respuesta al dafio provocado por el ictus la microglia se activa. A grandes rasgos, el fenotipo M1 de la
microglia produce mediadores proinflamatorios, como altos niveles de ERO y NO, mientras que el fenotipo
M2 muestra un efecto antiinflamatorio. La dinamica del estado de polarizacidn de la microglia es compleja.
Se ha propuesto que la microglia activada de forma persistente después del accidente cerebrovascular
presenta predominantemente un fenotipo M1 que contribuye al dafio tisular®. La capacidad
antiinflamatoria del HT se ha demostrado en diferentes modelos®®’ y, aunque su efecto particular en la
neuroinflamacién mediada por la microglia no se ha explorado, otros compuestos fendlicos como su
precursor la OL atendan la activacion de la microglia®®. La disminucién de los niveles del marcador de
microglia IBA-1, 35 dias después del ictus en la corteza y el cuerpo calloso de los ratones alimentados con HT,
corrobora que este fenol también puede reducir el entorno inflamatorio después de un ictus isquémico. Este
resultado probablemente esté involucrado en los efectos beneficiosos descritos previamente y nuevamente
apunta al interés de realizar experimentos futuros para profundizar en la actividad neuroinflamatoria del HT
a lo largo del tiempo, desde el momento de la cirugia hasta el sacrificio de los animales. El empleo de la
técnica PET con diferentes marcadores especificos de neuroinflamacion serian muy Utiles para profundizar
en la dinamica de accidn antiinflamatoria del compuesto.

La neurogénesis es crucial para la recuperacion tras el ictus isquémico. Aunque se han abordado diferentes
estrategias terapéuticas para promoverla, los resultados hasta el momento han sido poco relevantes®. DCX,
proteina asociada a los microtubulos y que se expresa en células progenitoras neurales y neuronas
inmaduras, es un excelente marcador para la neurogénesis en adultos'®. En nuestro trabajo, se observé un
aumento en el numero de células DCX positivas en el hipocampo de ratones alimentados con HT, lo que es
indicativo del potencial neurogénico del compuesto. Este efecto podria explicar la accidn positiva de este
fenol en la memoria a corto plazo y sobre los procesos de aprendizaje descritos anteriormente. El ictus
isquémico también implica un deterioro en las sinapsis que dafia gravemente la actividad del SNC. Bdnf es
una neurotrofina que, ademas de participar en la induccién de la neurogenesis'®, regula las conexiones
sindpticas, la estructura y plasticidad sindptica y la liberacién de neurotransmisores!®2, La proteina
postsindptica Psd95 también participa en la regulacion de la plasticidad sindptica y la sinaptogénesis.
Estudios anteriores demuestran que la administracion de extractos de hoja de olivo o de polifenoles del
aceite aumentan los niveles de Bdnf en los I6bulos olfativos y el hipocampo de ratones'®%, E| potencial
sinaptogénico del HT también se ha descrito en ratas con estrés prenatal en las que el HT evitd la inhibicidn
de Bdnf'%. Nuestros resultados reflejan que la expresidon de Psd95 se induce significativamente en todos los
ratones alimentados con HT. Sin embargo, la dieta HT solo aumento la expresidon de Bdnf en el hemisferio no
infartado (izquierdo), e incluso la disminuye en el derecho de ratones no sometidos a tMCAOQ. Por tanto, se
puede concluir que el HT afecta de forma diferencial a Bdnf, Psd95 y DCX. Aunque son necesarios analisis
adicionales a nivel de proteina, es notable que la administracién de un Unico compuesto simple como el HT
muestre efectos tan prometedores, incluso mejores que los observados con la dieta Fortasyn en la que se
combinan multiples nutrientes’®.

Los datos presentados a lo largo de este estudio indican que la intervencién con una dieta suplementada con
HT tras un ictus isquémico, favorece la recuperacion al mejorar el aprendizaje pre-asociativo y las
capacidades motoras. Este efecto, probablemente vinculado a una mejor conectividad funcional y
estructural, al aumento del FSC y a su potencial antiinflamatorio y neurogénico, hace que el HT sea un
compuesto prometedor que podria mejorar el estado clinico de los pacientes tras un ictus. De hecho, el
conjunto de resultados positivos descritos en este trabajo nos anima a plantear nuevos estudios en los que,
ademas de profundizar en los mecanismos moleculares responsables de los mismos por ejemplo mediante
un analisis protedmico que proporcione una visién global de los cambios inducidos por el HT, se analice
también su accién preventiva e incluso el posible efecto aditivo de la administracién combinada de esta dieta
de forma preventiva y terapéutica.
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Efecto del TIR sobre mecanismos patogénicos de la EP en modelos de C.elegans

En el dltimo trabajo de esta tesis doctoral, se ha estudiado el efecto del TIR en modelos de C. elegans de la
EP. En este estudio, se ha evaluado desde el efecto del compuesto sobre la longevidad de los animales hasta
su accion sobre la expresion de genes directamente relacionados con la enfermedad. El empleo de este
organismo modelo permitio la evaluacion in vivo de diferentes pardmetros que mediante otros modelos
habria resultado sumamente complicado o inabordable. Las estirpes transgénicas empleadas en este estudio
fueron la NL5901 y la UA44. La estirpe NL5901, sobreexpresa la a-syn humana fusionada a YFP en sus células
musculares, y fue empleada como modelo de agregacidn y paralisis progresiva. La estirpe UA44, que
sobreexpresa la a-syn marcada especificamente en las 8 neuronas dopaminérgicas, 6 anteriores y 2
posteriores de los animales, se empledé como modelo de neurodegeneracion.

En estudios anteriores del grupo, se demostré que el TIR aumenta la vida media y promueve la resistencia a
distintos tipos de estrés en estirpes silvestres de C. elegans®. En base a estos resultados, se evalud el efecto
de este compuesto a diferentes dosis entre sobre la vida media de la estirpe NL5901 para investigar la
concentracién de TIR mas efectiva en esta estirpe. Los resultados obtenidos muestran un aumento
moderado de la longevidad en animales tratados con la dosis mas alta de TIR (1 mM). Recientemente,
también se ha demostrado que diferentes fitoquimicos aumentan la vida media en la misma estirpe’®7-1%°,
Aunque significativo, el aumento en la vida media observado tras el tratamiento con TIR fue menos
prominente y a concentraciones mas altas, que con el descrito anteriormente en nematodos silvestres'® (1
mM en lugar de 250 uM). Estas diferencias sugieren que el TIR podria actuar a través de mecanismos
celulares adicionales bajo el contexto de la expresion de a-syn, lo que podria influir en su efecto sobre Ila
longevidad de esta estirpe especifica. Asi, tanto la propia toxicidad que desencadena la sobreexpresion de la
a-syn en el modelo, como las posibles limitaciones en cuanto a la captacion del compuesto originada por la
pardlisis progresiva de estos animales, podrian ser la razén por la cual, en la estirpe NL5901, sdlo
concentraciones de 1 mM resultan eficaces de cara a aumentar la esperanza de vida de estos animales. En
este sentido, seria interesante cuantificar la cantidad total de TIR asimilado por los animales teniendo en
cuenta las diferencias observadas entre estirpes silvestres y transgénicas. Para ello, seria necesario
cuantificar la concentraciéon de TIR libre mediante espectrometria de masas, previa homogenizacién y
obtencion de extractos celulares de los nematodos tratados con el compuesto. Esta técnica permitiria
ademas analizar los metabolitos secundarios originados a partir del TIR tras su asimilacion por los
nematodos.

Tal y como se detalld en la introduccidn, multitud de estudios apuntan a que la nucleacién y formacién de
protofibrillas y fibras maduras a partir de mondmeros de a-syn hasta dar lugar a los cuerpos de Lewy, es el
principal mecanismo patoldgico subyacente a la EP. En este sentido, uno de los principales hallazgos de
nuestro estudio fue que el tratamiento con TIR es capaz de reducir sustancialmente la cantidad y/o
formacidon de inclusiones de a-syn en nematodos que sobreexpresan en sus células esta proteina
transgénica. Ademas, este efecto estuvo acompanado por un retraso leve, aunque significativo en el inicio
de la disfuncién motora inducida por la a-syn en este modelo. Estos resultados, junto con el aumento de la
longevidad observado en la misma estirpe, confirman un efecto beneficioso del TIR a la hora de reducir la
toxicidad asociada a la sobreexpresién de a-syn in vivo. Estudios recientes, han demostrado que diferentes
extractos vegetales reducen la agregacion de la a-syn en la estirpe NL59011%11° Aunque los mecanismos
precisos que subyacen a su efecto aun no se han esclarecido, se ha sugerido que éste puede estar
relacionado con la unién de estos compuestos a mondémeros y oligdmeros de a-syn a través de interacciones
hidrofdbicas con estructuras en lamina B, lo que conduciria a un retraso en el proceso de nucleacién y a un
mayor ensamblaje de los oligdmeros téxicos hacia derivados mas estables . Durante la Ultima década,
muchos grupos de investigacion se han centrado en el estudio de pequefias moléculas naturales, ricas en
grupos aromaticos, como inhibidores de la agregacién amiloide con resultados muy variables. En este
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sentido, diferentes compuestos fendlicos naturales como la apigenina, la curcumina, la epigalocatequina-3-
galato, entre otros, han demostrado ser eficaces para inhibir el mal plegamiento de la a-syn, asi como, su
agregacion in vitro''*. Sin embargo, su capacidad para prevenir la degeneracidn de neuronas dopaminérgicas
in vivo no se ha evaluado en profundidad. Respecto al TIR, aunque algunos estudios sugieren efectos
protectores de este fenol en la EP'2'!3 ninguno de ellos ha evaluado su efecto directo sobre neuronas
dopaminérgicas que expresen la a-syn en organismos vivos. En este sentido, nuestros resultados
demuestran que el tratamiento de la estirpe UA44 con TIR, da lugar a un retraso significativo en la
neurodegeneracién dopaminérgica asociada a la expresion de a-syn en este modelo. Este efecto en la
neurodegeneracién probablemente esté relacionado con la disminucién observada en la agregacion a-syn
también inducida por TIR, lo que demostraria el potencial de este fenol simple para reducir la toxicidad
dependiente de a-syn en un entorno dopaminérgico. De hecho, multitud de estudios sefialan a los
polifenoles como los fitoquimicos mas potentes para inhibir la agregacidon amiloide de la a-syn ***. Estos
efectos podrian ser extensivos a otras enfermedades de origen amiloide ya que, por ejemplo, otros
polifenoles del olivo como la OL han demostrado su capacidad para reducir los depdsitos de placas amiloides
y la formacién de oligémeros, con disminucidn de la paralisis y aumento de la esperanza de vida en una
estirpe de C. elegans que expresa constitutivamente AB3-42''°. En este sentido, seria interesante
complementar estos resultados mediante el empleo de técnicas in vitro que permitan comparar los efectos
de diferentes concentraciones del compuesto sobre la cinética de fibrilaciéon de la a-syn. Los ensayos de
fibrilacion in vitro requieren de técnicas eficaces para detectar la formacién de fibrillas y monitorizar la
cinética de fibrilacién en tiempo real. Para ello se utilizan dos colorantes histolégicos comunes, la tioflavina T
(ThT) y el rojo Congo. El mecanismo de interaccion entre estos colorantes y las fibrillas amiloides es poco
conocido; sin embargo, ambos compuestos parecen interactuar con las ldminas B, experimentando cambios
en su fluorescencia. El ThT es un colorante de benzotiazol que emite fluorescencia al unirse a fibrillas
amiloides y es la principal técnica utilizada para monitorizar la cinética de fibrilacidn in vitro. En presencia de
fibrillas, el ThT presenta un maximo de excitacién a 450 nm y emite fluorescencia a 482 nm, mientras que el
ThT libre no es fluorescente a estas longitudes de onda!®. El empleo de esta técnica, seria de utilidad para
ahondar en los mecanismos mediante los cuales el TIR actia en la cascada de agregacion de la a-syn. De
hecho, ya se ha investigado el efecto del HT sobre la fibrilacion in vitro de la a-syn, mediante el empleo de la
técnica ThT y otras como microscopia electrdnica y electroforesis, demostrando que el HT puede inhibir
hasta en un 80% la formacién de fibras de a-syn, ademas de desestabilizar fibras preformadas*'’.

Como se detalla en la introduccidn, la formacion de fibrillas y agregados de a-syn en los cuerpos de Lewy se
ha asociado con un aumento de los niveles de estrés oxidativol!®. En este sentido, se ha sugerido que la
conjugacion oxidativa de dopamina con a-syn inhibe la transicidn de protofibrillas a fibrillas maduras, dando
lugar a la acumulacién de protofibrillas solubles citotéxicas en las neuronas dopaminergicas''>!?°, Ademas,
experimentos tanto in vivo como in vitro en cultivos celulares sugieren que las ERO inducen la agregacion de
la a-syn, lo que, a su vez, aumenta alin mas los niveles de ERO, creando un circulo vicioso que conduce a la
neurodegeneracion??t22, De hecho, se ha demostrado que el empleo de antioxidantes tiene la capacidad de
revertir la formacién de oligdmeros tdxicos de esta proteina'?®'?*, En este sentido, nuestros resultados
muestran una disminucién en los niveles de ERO de la estirpe NL5901 tras el tratamiento con TIR, lo que
sugiere que la menor acumulacién de agregados de a-syn en respuesta al TIR en esta misma estirpe podria
estar relacionada con la capacidad del TIR para actuar como neutralizador de ERO. Asi, la presencia de TIR
podria mejorar el ambiente oxidativo celular que contribuye a la formacién de especies toxicas de a-syn. Por
otro lado, como se detallo en el primer trabajo, el HT es capaz de inducir la expresién y actividad de Nrf2.
Este factor de transcripcién, encargado de la induccion de enzimas de fase Il, se encuentra altamente
conservado a lo largo de la evolucion y presenta su ortdlogo, denominado SKN-1, en C. elegans. En base al
efecto del HT en células MCF-7 y a otros trabajos que demuestran como distintos compuestos naturales
inducen SKN-1, seria interesante evaluar el efecto de esta ruta en la estirpe NL5901, ya que también podria
jugar un papel importante en la disminucién de los niveles de ERO tras el tratamiento con el TIR?®,
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Las chaperonas son cruciales para el correcto plegamiento y mantenimiento de muchas proteinas celulares,
ya que estan implicadas tanto en el replegamiento de las mismas como en su degradacién por el
proteasoma. La familia de proteinas de choque térmico (HSPs), y en particular hsp-70, juega un papel clave
en estos procesos, estando ampliamente descrito su papel en el mantenimiento de la proteostasis en
multitud de enfermedades!?®. En la EP, diferentes estudios han mostrado que, cuando se sobreexpresa in
vivo e in vitro, la chaperona molecular hsp-70 es capaz de reducir la cantidad de proteina a-syn agregada y
mal plegada, protegiendo asi frente a su toxicidad'?’. En este sentido, nuestros resultados muestran que el
tratamiento con TIR induce la expresion de esta chaperona en la estirpe NL5901, lo que podria relacionarse
también con la menor agregacion de a-syn observada en respuesta a la misma dosis de TIR en esta estirpe.
Por otro lado, hsp-16.2 y hsp-12.6 son miembros de las familias de proteinas de choque térmico pequenas
(smHSPs) de 16 kDa y 12 kDa que se sabe que funcionan como chaperonas moleculares especificas en C.
elegans, evitando la agregacion de proteinas desnaturalizadas y guiando proteinas mal plegadas para
replegarse a su estado nativo'?®'?°, En particular, hsp-16.2 podria actuar como ligando pasivo evitando
temporalmente la agregacion de proteinas desplegadas. De hecho, se ha demostrado que esta chaperona es
capaz de interactuar con el péptido beta amiloide humano®*°. En C. elegans, la expresion de las smHSPs, asi
como de otras chaperonas, se activa por los factores de transcripcion HSF-1 y DAF-16 en respuesta al estrés,
lo que a su vez promueve la longevidad en este nematodo®*!. Curiosamente, estudios previos de nuestro
grupo demuestran que la suplementacion con TIR es capaz de inducir la expresion especifica de smHSPs
tanto a nivel de mRNA como de proteina en C. elegans, asociando este efecto a una mayor vida media y
resistencia al estrés en estirpes silvestres!®13213  Ademds, describimos que este efecto dependia
parcialmente de HSF-1. De forma paralela a estos resultados, en este trabajo hemos descrito como el TIR
también aumenta la expresidn tanto de hsp-70 como de hsp-16.2 y hsp-12.6 en la estirpe NL5901. En cuanto
a las enzimas antioxidantes estudiadas en nuestro modelo, la GST-4, es capaz junto al resto de GSTs, de
mediar la respuesta detoxificante de proteinas de fase Il regulada a través del factor de transcripcion SKN-1
en respuesta al estrés oxidativo en C. elegans®**. El hecho de que el TIR induzca la expresion de este gen
antioxidante podria estar relacionado con la disminucién en los niveles de ERO observada en animales
tratados con TIR y apoyaria la teoria de que este compuesto ejerce su efecto a través del ortdlogo de Nrf-2,
SKN-1 en este modelo**>*%, En la EP, la induccidon de Nrf2 ha demostrado mitigar de forma eficaz los efectos
neurotdxicos de agentes parkinsonianos como MPP*, rotenona y H;0, in vitro e in vivo. Ademas, la
variabilidad genética en vias dependientes de Nrf2 puede promover la susceptibilidad neuronal a agentes
exdgenos y correlacionarse con el inicio de la EP en ciertas poblaciones®®’.

En resumen, aunque son necesarios estudios adicionales para esclarecer los mecanismos moleculares
involucrados, en este trabajo se describe cdmo el TIR modula diferentes procesos y mecanismos relevantes
en la EP. Los resultados de nuestro estudio afiaden nuevas actividades bioldgicas a las ya descritas
previamente para el TIR, reforzando su importancia como potencial compuesto nutracéutico. Ademas, este
trabajo puede servir de base para el empleo del TIR o sus derivados en estudios de modelizacién molecular
encaminados al disefio de farmacos con capacidad neuroprotectora en la EP.
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CONCLUSIONES

1. El efecto antioxidante del tratamiento con HT sobre la linea celular de cancer de mama MCF-7 esta
condicionado por el ambiente hipdxico y parece ejercerse principalmente por una accién directa.

2. Enlas células MCF-7, el tratamiento con HT puede modular la respuesta de las rutas PGC-1a/ERRa y PGC-
1a/Nrf2 a nivel transcripcional y traduccional. No obstante, la hipoxia atenta su efecto sobre la traduccidn.

3. El HT es capaz de regular la respuesta a la hipoxia de células MCF-7 al disminuir la acumulacién de HIF-1a
mediante mecanismos probablemente relacionados con su accidn antioxidante y con la inhibicion de la ruta
PI13K/Akt/mTOR.

4. A concentraciones altas, en la linea MCF-7, el HT regula la expresion de AM, VEGF y HO-1 mediante
mecanismos independientes de HIF-1 y Nrf2, poniendo de manifiesto su capacidad para interactuar con
diversas rutas moleculares.

5. Tras un ictus isquémico el consumo de una dieta rica en HT podria ser una buena estrategia terapéutica al
mejorar el estado fisico y cognitivo. Este efecto parece estar ligado al aumento del FSC, la conectividad
funcional, la neurogénesis y a la reduccién de la inflamacion.

6. El tratamiento con TIR reduce la toxicidad y la neurodegeneracidn asociadas a la agregacion de la a-syn en
modelos de la EP en C. elegans. Estos efectos podrian estar relacionados con su capacidad antioxidante y con
la induccién de diferentes chaperonas moleculares.
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1. The antioxidant effect of HT is particularly effective in hypoxic conditions and appears to be mainly exerted
by a direct action of this compound.

2. In MCF-7 cells, HT treatment can modulate the response of the PGC-1a/ERRa and PGC-1a/Nrf2 pathways at
both, transcriptional and translational level. However, hypoxia attenuates its effect on translation.

3. HT regulates the response to hypoxia of MCF-7 cells by decreasing the accumulation of HIF-1la. This
downregulation is probably achieved by its antioxidant action and by inhibition of the PI3K/Akt/mTOR
pathway.

4. In MCF-7 cells, high concentrations of HT modulate the expression of AM, VEGF and HO-1 through HIF-1 and
Nrf2-independent mechanisms, highlighting the pleiotropic effect of this phenol.

5. After an ischemic stroke, a HT-enriched diet could be a good therapeutic strategy as it improves physical and
cognitive status. This effect seems to be linked to the increase in CBF, functional connectivity, neurogenesis
and to the reduction of inflammation.

6. Treatment with TYR reduces the toxicity and neurodegeneration associated with a-syn aggregation in C.
elegans PD models. These effects could be related to its antioxidant action and to the modulation of different
molecular chaperones.
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