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RESUMEN

Las enfermedades que involucran muerte neuronal focal o masiva en
el cerebro, y donde el estrés oxidativo juega un papel preponderante, son
una causa frecuente de muerte e incapacidad en Uruguay y en el mundo.
Pese a ello, no existen en la actualidad terapéuticas efectivas para su
tfratamiento.

Entre los posibles candidatos para el tratamiento de estas
enfermedades se encuentra un grupo de compuestos polifendlicos, los
flavonoides, los cuales han despertado un creciente interés ya que, ademds
de ser potentes anfioxidantes in vitro, se les han atribuido propiedades
citoprotectoras frente a diversos estimulos nocivos. Sin embargo, los
mecanismos de accion involucrados en el efecto protector de estos
compuestos no han sido completamente dilucidados.

La presente tesis se centrd en profundizar en la comprension de los
mecanismos subyacentes a la capacidad neuroprotectora de los
flavonoides. Dicho efecto se ha explicado fradicionalmente por las
propiedades antioxidantes directas de estos compuestos, secuestrando
radicales libres. Sin embargo, la evidencia actual sugiere que esta
propiedad no es suficiente para explicar su capacidad protectora. En
particular, el objetivo de esta tesis consistié en caracterizar la induccion de la
via dependiente del factor de transcripcidon Nuclear factor-erythroid 2-
related factor 2 (Nrf2) por quercetina y flavonoides estructuralmente
relacionados, como posible mecanismo involucrado en la neuroproteccion
frente a estrés oxidativo. Cabe destacar que esta via es un inferesante
blanco terapéutico para la prevencion de la muerte celular involucrada en
diversas neuropatologias, ya que activa la expresion de una bateria de
genes ARE (Anfioxidant Response Element) que codifican para proteinas

citoprotectoras.
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Para cumplir con nuestro objetivo, desarrollamos un modelo de muerte
neuronal oxidativa en un cultivo primario de neuronas granulares de
cerebelo. Utillizando este modelo evaluamos las propiedades neurotdxicas y
neuroprotectoras del flavonoide quercetina. Los resultados obtenidos
mostraron que, una vez agregada a los cultivos, quercetina se internaliza en
las neuronas, alcanzando rdpidamente el nuicleo. Pasadas las 24 h de
incubaciéon no se detectan niveles infracelulares de querceting, sin embargo
ésta es capaz de prevenir la muerte neuronal frente al dano oxidativo. Por
otra parte, el andlisis de los requerimientos estructurales que aseguran el
efecto neuroprotector de quercetina y flavonoides relacionados en nuestro
modelo, no coinciden con aquellas caracteristicas estructurales que
determinan sus propiedades atrapadoras de radicales libres. Ademds
encontramos que quercetina es capaz de activar el factor de transcripcion
Nrf2 y aumentar los niveles de expresidon de la enzima y-glutamilcisteina ligasa
(GCL), que cataliza el paso limitante en la sintesis de glutation (GSH). En este
sentido, fambién encontramos que quercetina aumenta los niveles celulares
de GSH ftfotal en los cultivos neuronales primarios. Asimismo nuestros
resultados mostraron que la inhibicidon de GCL atenua el efecto protector de
quercetina, sugiriendo que la via Nrf2/ARE a fravés de la modulaciéon del
sistema anfioxidante del GSH, estaria involucrada en dicho efecto
neuroprotector. Finalmente, el andlisis de los requerimientos estructurales
involucrados en la activacidon de Nrf2 por quercetina y flavonoides
relacionados, mostrd que el anillo A no seria relevante para la activacion de
la via Nrf2/ARE, mientras que la planaridad seria un componente estructural
importante. Asimismo, los flavonoides que presentaron actividad inductora
de Nrf2, también fueron capaces de proteger a cultivos celulares sometidos
a un dano oxidativo. Esto sugiere que habria una correlacion entre la
capacidad protectora y la actividad inductora de la via Nrf2/ARE por parte
de los flavonoides estudiados, lo cual reafirma la relevancia de esta via en el

efecto protector de los flavonoides.
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En suma, el desarrollo de esta tesis permitid establecer la via Nrf2/ARE
como parte de los mecanismos responsables de |la neuroproteccion
inducida por flavonoides, mds alld de su capacidad atrapadora de
radicales libres. Asimismo, se determinaron |los requerimientos estructurales de
los flavonoides para activar esta via. Esto constituye una base para el diseno
de nuevas moléculas capaces de activar esta via citoprotectora, y con
potencial valor terapéutico para el tratamiento de enfermedades

neurodegenerativas.
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INTRODUCCION

El aumento del O, atmosférico hace 2000 millones de anos significod
una fuerza impulsora de la evolucidn. En ese entonces, organismos
unicelulares debieron desarrollar soluciones adaptativas para evitar el Oo,
tolerarlo y maximizar su utilizacion. Nuevos mecanismos de deteccion,
procesamiento y senalizacion redox brindaron ventajas selectivas a
organismos complejos capaces de colonizar ambientes diversos (Halliwell y
Gutteridge 1999; Jones 2015).

Asi, los metazoarios contempordneos utilizan procesos redox para
mantener su demanda energético-metabdlica, su organizacion estructural,
protegerse del entorno y reproducirse. Esta red de procesos redox es
necesaria para el mantenimiento de la salud de los organismos. Fallas en su
funcionamiento acumuladas durante el envejecimiento o su disrupcion por
estrés oxidativo (EO) conftribuyen a la aparicion de enfermedades (Jones
2015).

A continuacion presentaremos los conceptos de: “especies reactivas”,
“defensas antioxidantes” y “homeostasis redox”. También expondremos la
definicidon de “estrés oxidativo” y analizaremos su papel en la ocurrencia de
enfermedades neurodegenerativas. Luego mostraremos evidencias sobre |la
influencia de la dieta en la aparicion de estas neuropatologias. En particular,
nos centraremos en los flavonoides, como polifenoles dietarios de interés por
sus propiedades neuroprotectoras. Finalmente presentaremos a la via
dependiente del factor de transcripcidon Nuclear factor-erythroid 2-related
factor 2 (Nrf2), como posible blanco terapéutico para la prevencion de la

neurodegeneracion.
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1. Especies reactivas

El uso del O2 en la produccidén de energia supuso un enorme beneficio
para la evolucidn de la vida en la fierra. Aunque también implicéd la
generacion de subproductos del metabolismo del O, denominadas especies
reactivas del oxigeno (ERO). En condiciones fisioldgicas éstas se forman
principalmente a partir de la cadena de trasporte electronico mitocondrial.
El 95 % del O; consumido por los organismos aerobios es reducido
completamente a HO durante la respiracion mitocondrial. Sin embargo
menos del 2% deriva en la formacidn de ERO que son compuestos
parcialmente reducidos y potencialmente toxicos (Halliwell y Gutteridge
1999).

Las ERO incluyen radicales libres y otras especies no radicalarias. Los
radicales libres son  especies quimicas, capaces de  existir
independientemente, caracterizados por poseer uno o mds electrones
desapareados. Esta propiedad los hace altamente reactivos, de forma que
pueden danar componentes celulares, comprometiendo la funcién normal
de los tejidos. A diferencia de los radicales libres, las especies reactivas no
radicalarias no presentan electrones desapareados, pero también son
pofencialmente toxicas (Halliwell y Gutteridge 1999). Ademds de la
mitocondria existen ofros compartimientos subcelulares como los
peroxisomas o el reticulo endoplasmdtico, donde se producen ERO a través
de la actividad enzimdtica de oxidasas, peroxidasas y lipooxigenasas, asi
como también de la citocromo P450. Cabe destacar que las ERO no sélo se
producen como subproductos. También existen sistemas enzimdticos cuya
funcion primaria es la formacion de ERO. Tal es el caso de las NADPH
oxidasas (Nox) de los fagocitos, que al generar ERO contribuyen a la
destruccion microbiana. Por otra parte, existen fuentes exdgenas de ERO,
tales como la radiacion ionizante, toxinas ambientales, rayos UV, agentes

quimioterapéuticos, etc (Halliwell y Gutteridge 1999).
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De forma andloga a las ERO también existen especies reactivas del
nitrdgeno (ERN), del cloro, del carbono, enfre otros. A continuacién en la
tabla 1 se ejemplifican ERO y ERN, que son |os principales grupos de especies
reactivas implicados en funciones redox a nivel celular (Halliwell y Gutteridge
1999).

Tabla 1: Ejemplos de radicales libres y otras especies reactivas del oxigeno y del

nitrégeno producidos en nuestro organismo.

Radical Especie no radicalaria
Superéxido, O,~ Oxigeno singulete, 'O,
Hidroxilo, OH Peréxido de hidrogeno, H,0,
Oxido nitrico, NO Peroxinitrito, ONOO"

Entre éstos se destaca el perdxido de hidrogeno (H202) como uno de
los principales ERO involucrados en la senalizacion redox en eucariotas. H,O»
es uno de los ERO mds estables, con una vida media a nivel celular de 1 ms.
Ademds, es una molécula no polar capaz de difundir a través de las
membranas, aunque también su pasaje es facilitado por acuaporinas
(peroxiporinas). Asimismo, estd involucrado en procesos celulares tales como
proliferacion, diferenciacion, reparacion de tejidos, enfre ofros (Sies 2014).

En este sentido y de forma general podemos decir que las especies
reactivas presentan un papel dual, pudiendo resultar tanto beneficiosas
como perjudiciales para los organismos. En condiciones fisioldgicas,
participan como moduladores de senales infracelulares en procesos como
la division celular, la diferenciacion o la expresion génica, actuando sobre
blancos moleculares redox-sensibles (enzimas, factores de transcripcion,
etc.) (Trachootham et al. 2008; Finkel 2011). Por otra parte, la formacion
constante de estas especies reactivas constituye una potencial amenaza
para las células, ya que éstas son capaces de danar proteinas, lipidos y

dcidos nucleicos (Halliwell y Gutteridge 1999).

10
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2. Defensas antioxidantes

Con el fin de mantener los niveles de las especies reactivas en
proporciones no perjudiciales, los organismos aerobios desarrollaron multiples
mecanismos de defensa antioxidante. Gran parte de estas defensas actian
previniendo la formacidn de especies reactivas, neutralizdndolas o
convirtiéndolas en sustancias menos reactivas (Halliwell y Gutteridge 1999).

Podemos clasificar estas defensas antioxidantes en enzimdaticas y no
enzimdticas. Las defensas antioxidantes enzimdticas son proteinas
enddgenas que operan:

— evitando la generacién de radicales libres a partir de otras moléculas,
como es el caso de la catalasa y la glutation peroxidasa;

— convirtiendo los radicales existentes en moléculas menos reactivas,
antes de que éstos puedan afectar moléculas cercanas, como es el caso de
la superdxido dismutasa.

Por ofro lado, se encuentran los antioxidantes no enzimdticos, donde
encontramos:

— proteinas enddgenas que confrolan los niveles de pro-oxidantes, como
en el caso de la ferritina y transferrina con los niveles de iones hierro;

— antioxidantes de bajo peso molecular capaces de neutralizar/atrapar
especies reactivas, evitando que éstas reaccionen y causen danos dentro
de la célula. A su vez, pueden ser enddgenos (como el glutation, el urato, o
el ubigquinol) o pueden provenir de la dieta, como las vitaminas C y E, vy
diversos compuestos polifendlicos (Halliwell y Gutteridge 1999). Enfre estos
polifenoles dietarios se destacan los flavonoides, sobre los cuales
profundizaremos mds adelante en este capitulo.

Asimismo, existen sistemas de reparacion (proteasas, lipasas, y enzimas
reparadoras de ADN) que complementan las acciones antioxidantes
previaomente descritas. Estos sistemas estdn encargados de recuperar la

funcion de las biomoléculas modificadas, reparar el dano establecido, o
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degradar las biomoléculas en caso de estar comprometida su funcion
celular (Davies 2000).

Finalmente, ofra estrategia desarrollada por los organismos aerobios
implica la activacion de sistemas de respuesta adaptativa frente a cambios
en el estado oxidativo celular. Estos sistemas detectan alteraciones redox y
desencadenan vias transitorias que causan la modulacion de la expresion
de genes que codifican enzimas citoprotectoras (Baird y Dinkova-Kostova
2011; Calabrese et al. 2012). Tal es el caso de la via dependiente del factor
de transcripcidén Nrf2, sobre la cual nos focalizaremos mds adelante.

Una forma alternativa de clasificar a los antfioxidantes de bajo peso
molecular, es por su acciodn directa o indirecta (Figura 1).

Los antioxidantes directos son moléculas pequenas con propiedades
redox intrinsecas, que les permiten atrapar especies reactivas. En esa accidn
se consumen, de forma que luego de su interaccidn con las especies
reactivas tienen que ser regenerados. Presentan una vida media corta y
pueden causar efectos pro-oxidantes. Algunos de estos compuestos son
enddgenos, como el caso del glutation, mientras que otros provienen de la
dieta, como las vitaminas C y E (Dinkova-Kostova y Talalay 2008).

Los anfioxidantes indirectos pueden o no tener propiedades redox
infrinsecas. Ejercen su efecto bioldgico a fravés de la activacion de vias de
respuesta adaptativa como la dependiente de Nrf2, induciendo genes
citoprotectores. Las proteinas efectoras actian de forma catalitica, tienen
vida media mds larga y no causan efectos pro-oxidantes. Por lo tanto los
efectos de los antioxidantes indirectos son mds duraderos que en el caso de
los directos. Podemos encontrar este tipo de antioxidante en la dieta, como

es el caso de los isotiocianatos (Dinkova-Kostova y Talalay 2008).
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Small Molecule

1— Antioxidants l
Direct l Indirect
Direct and Indirect
Sulfhydryl < Disulfide: (Bifunctional) Inducers of
Glutathione Cytoprotective
Thioredoxin Lipoic acid Proteins:
Lipoic Acid Vicinal dithiols (e.g., isothiocyanates,
Polyenes divalent metals,
Diphenols <«— Quinones: Phenolic Michael Michael acceptors)
Vitamin K acceptors
Tocopherols (e.g., curcuminoids,
Ubiquinol chalcones)
Other: I
Ascorbate, Bilirubin l
Carbon Monoxide, Fet+ ]
Induction of

Cytoprotective Proteins

Figura 1: Antioxidantes directos, indirectos y bifuncionales (extraido de

Dinkova-Kostova y Talalay 2008).

Por Ultimo, también estdn los antioxidantes que pueden actuar de
ambas formas. A éstos los llamamos antioxidantes bifuncionales (Dinkova-
Kostova y Talalay 2008). En ese grupo se encuentran los aceptores de
Michael los flavonoides. Sobre estas

fendlicos como es el caso de

propiedades de los flavonoides también profundizaremos mas adelante.

3. Homeostasis redox

Como expusimos previamente, el aumento del O, atmosférico impulsd
el desarrollo de mecanismos de deteccidn, procesamiento y senalizacion
redox. Gran parte de estos procesos se acoplaron a la capacidad de
oxidacion reversible de residuos de aminodcidos como la cisteina (Cys)
(Miseta y Csutora 2000). En este sentido, los diversos estados de oxidacion del
dtomo de azufre de las Cys, componen un mecanismo de regulacion
dindmica de la estructura y funcion proteicas. Asi, estos elementos redox-
sensibles participan en procesos fisioldgicos de senalizacion, regulacion y

fréfico macromolecular, mediante reacciones de oxido-reduccion. Al mismo
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tiempo, estas reacciones constituyen un mecanismo por el cual las especies
reactivas pueden desencadenar y modular respuestas celulares (Jones
2015).

El estado de Oxido-reduccion de la célula estd determinado por el
balance entre los distintos componentes redox presentes en ella (Jones
2002). Definimos *homeostasis redox” al mantenimiento del estado redox
celular dentro de un rango 6ptimo, que asegura el correcto funcionamiento

celular.

| RS Prx-SO,H

RSSR
NADP Trx-(SH) Prx-SS Prx-SOH
erR x H,0
NADPH Trx-SS rx-(SH)
v
glucose=>» PPP

Nx PH GSSG arx-(SH) RSSG H,0
P C I s B . |
NADP* 2GSH Grx-SS RSH RSOH GSt

H,0, H,0

Figura 2: Red de pares redox que encontramos en sistemas bioldégicos y mantenimiento del

estado redox celular (adaptado de McBean et al. 2015).

3.1. Los sistemas del glutation y tiorredoxinas y su papel en el

mantenimiento de la homeostasis redox

Uno de los actores principales en el mantenimiento de la homeostasis
redox celular es el glutation. Este fripéptido compuesto por L-glutamato, L-
cisteina y dlicina, es el mas importante de los tioles no proteicos en las
células de mamifero, donde alcanza concentraciones del orden milimolar.
Su sintesis consta de 2 reacciones enzimdticas. Primero, la enzima y-

glutamilcisteina ligasa (GCL, también conocida como y-glutamilcisteina
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sinfetasa) produce la y-glutamilcisteina a partir del L-glutamato y la L-
cisteina. Este es el paso limitante en la sintesis de glutation. Posteriormente, la
enzima glutation sintetasa une la glicina al C-terminal de la y-glutamilcisteina.
El glutation puede existir tanto en su estado reducido (GSH) como oxidado
(glutation disulfuro, GSSG), aunque la forma reducida es la preponderante a
nivel celular (proporcién de 100:1, aproximadamente). GSH y GSSG son
intercambiables por la accidén de dos enzimas: la glutation peroxidasa (GPx)
y la glutation reductasa (GR) (Figura 2) (Bains y Shaw 1997). Una de Ias
funciones principales del glutation es atrapar radicales libres y en particular
al radical OH-. Durante ese tipo de reacciones GSH se oxida formando GSSG.
El GSSG es reducido por la GR para regenerar el GSH y para ello es
necesaria la presencia del NADPH como donador de hidrégeno (Figura 2)
(Bains y Shaw 1997). El GSH también participa en el proceso de
detoxificacion a cargo de la enzima glutation-S- transferasa (GST). Esta
cataliza la conjugacién de GSH a xenobidticos, facilitando su eliminacion.
Cabe destacar que tanto GCL, como GR, GPx y GST son enzimas
citoprotectoras (antioxidantes y detoxificantes) cuya expresion génica es
modulada coordinadamente por la via de respuesta adaptativa
dependiente de Nrf2, al igual que ofras proteinas de fase Il (Baird y Dinkova-
Kostova 2011). GSH también actua de forma sinérgica con antioxidantes
exdgenos como la vitamina C. En este sentido, partficipa en el reciclado del
ascorbato a partr de la reduccion directa o enzimdtica del
dehidroascorbato, confribuyendo de esa forma al restablecimiento de la
homeostasis redox. Asimismo, el glutation opera dentro de una red de pares
redox formado por NAD+/NADH, NADP+/NADPH y GSH/GSSG que frabajan
de forma coordinada con GSH/GR, glutarredoxinas (Grx), tiorredoxinas,
tiorredoxina reductasa (TrxR) y peroxirredoxinas (Prx) con el fin de mantener
la homeostasis redox (Figura 2) (McBean et al. 2015). Por las funciones que

desempena y por su elevada concentracion a nivel celular, el potencial
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redox GSH/GSSG (EnGSSG) sirve como indicador del estado redox celular
(Jones 2002).

Ofro gran sistema tiol-dependiente involucrado en funciones de
modulacion redox es la familia de las tiorredoxinas (Trx). De forma
complementaria al sistema de GSH, las Trx participan en la regulacion de
proteinas redox sensibles implicadas en senales de transduccion y expresion
génica. Se frata de proteinas redox pequenas que mediante la oxidacion
reversible a nivel de sus residuos Cys, reducen los disulfuros de sus sustratos
proteicos modulando su actividad. Las Trx actian a su vez como
antioxidantes directos, atrapando radicales libres. Asimismo, actian como
donadores de hidrogeno de las Prx durante el proceso de reduccion de
perdoxidos. Las Trx oxidadas vuelven a su estado reducido por accién de la
enzima TrxR, utilizando NADPH como fuente reductora (Figura 2) (Powis y
Montfort 2001).

3.2. Alteraciones en la homeostasis redox y respuesta celular

Los sistemas de control y senalizacion redox estdn organizados
funcionalmente en circuitos con distintos potenciales de oxido-reduccion
segun cada compartimiento subcelular. Como expusimos previamente, el
mantenimiento del balance redox en estos circuitos depende de los sistemas
del GSH y Trx (Figura 2). Esta organizacion en circuitos redox restringidos fisica
y cinéticamente enftre si, les permite a los distintos procesos de control y
senalizaciéon activarse y funcionar de forma independiente. Sin embargo,
esta disposicion también hace vulnerables a las células. La disrupcion en la
organizacion redox puede llevar al mal funcionamiento celular y por ende a
la aparicidon de patologias, como detallaremos mds adelante (Jones y Go
2010).
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(extraido de Novo y Parola 2008).

En condiciones fisiologicas, las especies reactivas se encuentran en

debido al balance dindmico entre su
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formacion y eliminacion. Fluctuaciones del estado redox celular por accidon
de especies reactivas dentro del rango tolerado, influyen sobre diversas
funciones mediante vias de senalizacion redox-dependientes. Por ofra parte,
alteraciones en el estado redox celular mds alld de los limites tolerables
comprometen sus funciones bioldgicas. Asi, un descenso en los niveles
basales de especies reactivas puede interrumpir el papel fisioldgico que
éstas tienen, por ejemplo en la proliferaciéon celular. Alternativamente, un
exceso en los niveles de especies reactivas puede danar biomoléculas,
desencadenar respuestas adaptativas redox-sensibles e incluso causar
muerte celular (Figura 3) (Sies 2015). El destino celular final dependerd del
grado de desbalance oxidativo sobre el cual nos cenfraremos a

continuacion.

4. Estrés oxidativo

El estrés oxidativo (EOQ) se define como una situacion de desbalance
entre la generacion celular de pro-oxidantes y la actividad de los sistemas
anfioxidantes que lleva al dano de componentes celulares (acidos
nucleicos, protfeinas vy lipidos) y a la disrupcion del control y la senalizacion
redox celular (Jones 2006; Sies y Jones 2007).

En ofras palabras, el concepto de EO implica un desbalance mas alla
de los limites tolerables en el estado redox celular fisiologico, hacia un
estado mds oxidativo. Los efectos del EO a nivel celular dependen del tipo y
entorno celular donde ocurra, de la magnitud del desbalance y de su
duracién. Asi, un EO moderado y breve puede desencadenar vias
transitorias redox-sensibles que modulen la expresion génica de proteinas
capaces de restablecer la homeostasis redox (D'Aufréaux y Toledano 2007).
Sin embargo, frente a situaciones de EO severo, este tipo de respuestas
adaptativas pueden ser insuficientes para contrarrestar el desbalance redox.

Tal magnitud de EO puede llegar a causar dano en macromoléculas,
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alteracion de la estructura y funcidn celular, e incluso puede llevar a la
muerte celular. Asimismo, en algunas situaciones de estrés cronico, la célula
puede alcanzar un nuevo estado de equilibrio redox celular mdas oxidativo.
En esta situacion, la célula es capaz de tolerar niveles elevados de especies
reactivas. Ademds, puede activar vias de senalizacion que inducen la
expresion de genes que contfribuyen a la aparicion de enfermedades
cronicas (Figura 3) (Novo y Parola 2008).

En este sentido, el EO juega un papel clave en el envejecimiento asi
como en patologias cardiovasculares, neurodegenerativas y cdncer.
Precisamente, estos procesos estdn asociados a cambios en el estado redox
y a una disrupcion del control y la senalizacién redox celular (Langley vy
Ratan 2004).

5. Sistema Nervioso Central, estrés oxidativo y su implicancia en las

patologias neurodegenerativas

El Sistema Nervioso Central (SNC) es particularmente vulnerable al EO
debido a su elevada demanda metabdlica. El cerebro ufiliza 20% del O2
consumido por el organismo, aunque apenas representa el 2% de la masa
corporal total (Halliwell y Gutteridge 1999). Asimismo, representa un entorno
con elevada generacion de especies reactivas, ya que en Ias neuronas
éstas pueden producirse por diversos procesos celulares como:

— la auto-oxidacidon de neurotransmisores como la dopaming;

— la sobre-estimulacién neuronal a partir de corrientes de Ca?t por
accion de aminodcidos excitatorios (excitotoxicidad);

— la deprivacion de factores troficos, entre ofros.

Ademds, se trata de un tejido cuyas células presentan una baja o
moderada tasa de recambio en comparacion con ofro tipo de tejidos.
Asimismo, en relacion a las células gliales y vasculares, las neuronas poseen

bajos niveles de algunas enzimas antioxidantes como la catalasa. Por ofra
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parte, presentan un alto contenido de hierro y sustratos facilmente oxidables,
como los dcidos grasos poliinsaturados de sus membranas lipidicas (Langley
y Ratan 2004).

El EO se ha relacionado tanto con procesos agudos como los
accidentes cerebrovaculares (infartos cerebrales), como con patologias
neurodegenerativas cronicas (Enfermedad de Alzheimer, Enfermedad de
Parkinson, Esclerosis Lateral Amiotrofica, etc.) (Simonian y Coyle 1996; Gilgun-
Sherki etal. 2001; Andersen 2004; Langley y Ratan 2004). Estas
neuropatologias presentan diversas sinfomatologias secundarias como
producto de la muerte de poblaciones neuronales vulnerables especificas.
Las caracteristicas clinicas de los procesos neurodegenerativos incluyen
desde desdrdenes motores (como en las enfermedades de Huntington vy
Parkinson) hasta demencias severas (como en el Alzheimer) (Olesen et al.
2006).

La esperanza de vida a nivel mundial va en aumento. Asi, entre los
anos 2000 y 2050 se prevé que la poblacion por encima de 60 anos duplique
su cifra (World Health Organization 2008). A medida que las poblaciones
envejecen, la incidencia de las neuropatologias aumenta y esto trae
aparejado importantes secuelas socioecondmicas. Por ejemplo, la
Enfermedad de Alzheimer es la enfermedad neurodegenerativa mds comun
con 26 milones de enfermos en el mundo. También es la causa mads
frecuente de demencia y se estima que para el ano 2050, 1 de cada 85
personas padecerd esta enfermedad (Chen y Lin 2015). Actualmente no
existen herramientas terapéuticas efectivas en cuanto a la prevencion vy el
tratamiento de las enfermedades neurodegenerativas. Esto se debe en
parte a que son patologias complejas que involucran diversos factores.

Aunque estos desdrdenes presentan distintas caracteristicas clinicas y
neuropatoldgicas, comparten ciertas alteraciones que contribuyen a la
disfuncion y muerte neuronal. Entre estas alteraciones encontramos:

defectos en el sistema proteosomal y agregacion proteica, disrupcion de la
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homeostasis del calcio, inflamaciéon, excitotoxicidad, alteracion de los
procesos metabdlicos y de la funcidn mitocondrial, y aumento de dano
oxidativo (Alexi et al. 2000). AUn no se ha podido establecer si el EO es un
componente patolégico primario o si surge como consecuencia del proceso
degenerativo. Sin embargo, actualmente es considerado uno de los eventos
celulares primordiales que llevan a la muerte neuronal asociada a las
enfermedades neurodegenerativas (Ischiropoulos y Beckman 2003; Andersen
2004; Wang y Michaelis 2010).

6. Terapia antioxidante y sus limitaciones: compuestos secuestradores de

radicales libres para el tratamiento de enfermedades asociadas al EO

Durante décadas se estudi®é ampliamente |la aplicacidon de
antioxidantes exdgenos con propiedades secuestradores de radicales libres
para el tratamiento de enfermedades asociadas al EO. Durante ese periodo
se pensaba que compuestos capaces de atrapar radicales libres in vitro
serian aptos para prevenir o enlentecer la aparicion de estas enfermedades.
Sin  embargo, este tipo de terapias han sido controversiales vy
mayoritariamente inefectivas tanto a nivel pre-clinico como clinico
(Moosmann y Behl 2002; Bouayed y Bohn 2010). Una posible explicacion para
dicho fracaso se basa en que existen limitantes cinéticas en la accidn
secuestradora de especies reactivas. El radical libore mds reactivo
reaccionard tanto con un antioxidante de bajo peso molecular como con
una biomolécula (acido nucleico, proteina, lipido), con cinéticas parecidas.
Se necesitan elevadas concentraciones de anfioxidantes para atrapar
efectivamente las especies reactivas, pero sin embargo su concentracion in
vivo es limitada. Asimismo se necesita que el compuesto logre acceder al
tejido donde hay una sobreproduccion de especies reactivas, siendo este

otro factor limitante para su eficiencia in vivo (Forman et al. 2014).
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En dicho contexto, resulta de interés el desarrollo de nuevas
estrategias terapéuticas, mas abarcativas, capaces de modular las defensas
antioxidantes endégenas, con el fin de mantener la homeostasis redox
celular, previniendo o retrasando Ila aparicion de los procesos

neurodegenerativos.

7. Influencia de la dieta en la incidencia de neuropatologias

Existen evidencias clinicas y epidemioldgicas sobre el efecto de la
dieta y el esfilo de vida en la incidencia de enfermedades cronicas (Limon-
Pacheco y Gonsebatt 2009). En las Ultimas décadas, tradiciones culturales
que involucran dietas saludables como las dietas mediterrdnea y oriental,
han generado especial interés. En particular, diversos estudios clinicos vy
epidemiolégicos han demostrado que este tipo de dietas ricas en frutas vy
verduras pueden reducir la incidencia de enfermedades asociadas al EO
tales como cdncer, enfermedades cardiovasculares y neuropatologias
(Checkoway et al. 2002; Tan et al. 2003; Kuriyama et al. 2006; Nurk et al. 2009;
Li et al. 2012; Sadksjarvi et al. 2013). A su vez, estudios in vivo e in vifro
sugieren que los fitoquimicos presentes en los alimentos de origen vegetal
(frutas, vegetales, legumbres, semillas, hierbas, especias) serian los
responsables de los efectos beneficiosos de estas dietas. Actualmente se
sugiere que a pesar de no ser nutrientes esenciales, una ingesta pobre en
fitoguimicos aumentaria el riesgo de aparicion de estas enfermedades

(Forman et al. 2014).
8. Los flavonoides como agentes neuroprotectores
Entre los distinfos fipos de fitoquimicos presentes en la dietq,

encontramos a la familia de los flavonoides. Desde el punto de vista

estructural, estos polifenoles dietarios presentan un esqueleto de
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difenilpropanos (C6-C3-Cé), compuesto por dos anillos bencénicos (A y B)
unidos por una cadena de fres dtomos de carbono, que habitualmente da
lugar a un heterociclo oxigenado (pirano, anillo C). Existen diversas
subfamilias de flavonoides: flavanoles, flavanonas, flavonas, isoflavonas,
flavonoles y antocianinas. Estas se diferencian entre si segun los grupos
funcionales y el grado de oxidacién del anillo C (Figura 4 y Tabla 2) (Crozier
etal. 2009). Dentro de cada subfamilia, los distintos compuestos se
diferencian por el niUmero y localizacion de los grupos hidroxilo, metoxilo u
otros sustituyentes en sus ciclos bencénicos (anillos Ay B). En la naturaleza, la
mayoria se encuentra conjugados a azucares (glicésidos), aunque algunos
pueden encontrarse en forma libre (agliconas) y otros estdn frecuentemente

polimerizados (Middleton Jr. et al. 2000).

Figura 4: Estructura genérica de los flavonoides.
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Tabla 2: Clasificacion de los flavonoides segun sus caracteristicas estructurales.

Subfamilia Insaturacioén en anillo C Grupo funcional en anillo
C
Flavanoles - 3-hidroxi
Flavanonas - 4-0x0
Flavonas En posicion 2-3 4-0x0

isoflavonas* En posicion 2-3 4-0x0

Flavonoles En posicion 2-3 3-hidroxi y 4-oxo
Antocianinas En posicion 1-2 y en 3-4 3-hidroxi

* La posicidon del anillo B respecto al anillo C es 2 en todos los casos, a excepcion de las
isoflavonas, que es 3.

Los flavonoides son productos del metabolismo secundario de las
plantas donde participan en diversas funciones como la proteccion frente a
las ERO producidas por radiaciones UV, los mecanismos de polinizacién, la
tolerancia al frio, entre otras. Asimismo, son en parte responsables del color,
sabor y texturas de vegetales y de productos derivados como el té, el vino,
etc. La composicion y concentracion de flavonoides en las plantas es muy
diversa; varian segun su etapa en el desarrollo y en respuesta al ambiente
(Middleton Jr. et al. 2000). Al ser compuestos sintetizados fundamentalmente
en plantas, su presencia en tejidos animales estd directamente relacionada
al consumo de alimentos de origen vegetal (Scalbert y Williamson 2000). Por
lo tanto, las acciones bioldgicas de estos compuestos en animales van a
depender de su biodisponibilidad. En este sentido, una vez ingeridos, 10s
flavonoides en el organismo se someten a procesos de absorcion,
distribucion, metabolismo y excrecion, que determinan el destino de la
aglicona y sus metabolitos. La biodisponibilidad de los flavonoides dietarios

varia ampliamente segun el tipo de matriz del alimento en la cual se ingieren
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y el fipo de glicosilacion que posean. Normalmente, las concentraciones
totales de los flavonoides en plasma humano estdn en el rango nanomolar.
Sin embargo, tras la administracion de suplementos o dietas ricas en
flavonoides, los niveles de metabolitos pueden alcanzar el orden micromolar
(Hollman et al. 1996).

8.1. Acciones bioldgicas de los flavonoides y mecanismos de accion

propuestos

Desde hace décadas los flavonoides han adquirido interés por sus
diversas acciones bioldgicas. Se les ha adjudicado numerosos efectos:
antiinflamatorio, antiaterosclerdtico antiviral, hepatoprotector, citoprotector,
anticarcinogénico, citotdxico y mutagénico (Bjeldanes y Chang 1977; Kaul
et al. 1985; Torel et al. 1986; Afanas’ev et al. 1989; Hertog et al. 1993a; Hertog
et al. 1993b; Gaspar et al. 1994).

En los Ultimos anos, dietas ricas en flavonoides asi como flavonoides
aislados han recibido especial atencidn por su potencial efecto en la
prevencion de enfermedades cardiovasculares, neurodegenerativas vy
cancer (Knekt et al. 2002; Macready et al. 2009; Spencer 2010; Gao et al.
2012; Kennedy 2014).

En particular, respecto al potencial neuroprotector de los flavonoides,
se les han atribuido propiedades citoprotectoras frente a diversos estimulos
nocivos, incluyendo el EO (Joyeux et al. 1995; Harborne y Williams 2000; Ishige
et al. 2001; Schroeter et al. 2002). Estos efectos han sido fradicionalmente
explicados por sus reconocidos mecanismos de accidn antfioxidantes
secuestrando radicales libres, quelando iones metdlicos y modulando la
actividad de enzimas como la cicloxigenasa, xantinoxidasa, 5-lipoxigenasa,
etc. (Ratty et al. 1988; Cushman et al. 1991; Laughton et al. 1991; Chang
et al. 1993; Gil et al. 1994; Rice-Evans 2001). Sin embargo, en los Ultimos anos

diversos estudios han sugerido que los flavonoides son capaces interactuar
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con receptores y quinasas, modulando vias de senalizacidon neuronal y la
expresion de genes involucrados en procesos de plasticidad sindptica. Se ha
demostrado que tales mecanismos previenen la muerte neuronal y/o
promueven una mejora en los procesos de aprendizaje y memoria tanto en
animales como en humanos (Macready et al. 2009; Williams y Spencer 2012;
Rodriguez-Mateos et al. 2014). Asimismo, trabajos recientes aportaron
importantes evidencias sobre |la capacidad de algunos flavonoides de
estimular vias de respuesta adaptativa frente a situaciones de estrés celular,
como el oxidativo, metabdlico, inflamatorio, etc (Figura 5)(Mandel et al.
2008; Spencer 2009; Forman et al. 2014). Como adelantdramos al comienzo,
esta tesis se centrd en este tipo de propiedad de los flavonoides, y en
particular en la modulacidén de la via dependiente del factor de
transcripcion Nrf2, como posible blanco terapéutico para la prevencion de

la neurodegeneracion. La misma se detallard mds adelante.
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Figura 5: Esquema sobre los mecanismos de accién involucrados en la sobrevida neuronal

propuestos para los flavonoides.
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8.2. Acciones biolégicas de los flavonoides: relacién estructura

actividad

Al dia de hoy se han identificado mdas de 10.000 flavonoides (Pollastri y
Tattini 2011). La gran diversidad estructural de estos compuestos ha permitido
estudiar los requerimientos estructurales para ejercer algunas de las
actividades biolégicas descritas. EI caso mejor estudiado y donde
actualmente existe un consenso, es el relacionado a la actividad
secuestradora de radicales libres. Estos estudios estructura-actividad
mostraron que el grupo catecol en posiciones 3'y 4' del anillo B, la presencia
de una insaturacion en los carbonos 2 y 3, un grupo hidroxilo libre en la
posicidon 3 y un grupo carbonilo en la posicidn 4, aseguran una elevada
potencia antioxidante. Estas caracteristicas estructurales les confieren la
capacidad de donar hidrégeno/electrones a los radicales libres y de
deslocalizar el radical resultante dentro de su estructura (Rice-Evans et al.
1996).

8.3. Quercetina

Uno de los flavonoides dietarios mdas abundantes y mas estudiados es
la quercetina (3,3",4°,5,7-pentahidroxiflavona). Entre los alimentos y bebidas
con mayores niveles de quercetina encontramos a la cebolla, la manzang,
al té y al vino (Hertog et al. 1995). El consumo promedio de este flavonoide
en una dieta occidental normal se situa enfre 5 y 40mg/dia. Sin embargo, en
dietas ricas en frutas y verduras el consumo diario de quercetina puede
situarse entre 200 y 500mg (Hertog et al. 1995; Rimm et al. 1996; Knekt et al.
1997; Kimira et al. 1998; Johannot y Somerset 2006; Lin et al. 2006).

Se han descrito un amplio espectro de efectos beneficiosos de la

querceting, tales Ccomo anfi-cancerigenos, anfi-inflamatorios,
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cardioprotectores, entre otros (Casagrande y Darbon 2001; Egert et al. 2009;
Chuang et al. 2010).

En particular, numerosos estudios in vifro e in vivo mostraron efectos
neuroprotectores de este flavonoide. Estos incluyen desde modelos de
muerte neuronal en lineas celulares y cultivos primarios frente a diversos
agentes toxicos (H202, tert-butil hidroperdxido, é-hidroxi-dopamina, etc),
hasta modelos experimentales de Parkinson, Alzheimer, hipoxia/isquemiaq,
trauma, etc (Dajas et al. 2003a; Mercer et al. 2005; Pu et al. 2007; Sharma
et al. 2007; Haleagrahara et al. 2011). Asi, este cuerpo de evidencias
sugieren que quercetina tendria potencial como herramienta terapéutica
para el tratamiento o prevencion de la neurodegeneracion.

Sin embargo, los mecanismos de accidon subyacentes a estos efectos
no estdn completamente dilucidados. En este sentido, y como explicamos
previamente para los flavonoides en general, tradicionalmente se propuso
que la capacidad secuestradora de radicales libres de quercetina era la
responsable de sus efectos beneficiosos (Formica y Regelson 1995).
Quercetina presenta todas las caracteristicas estructurales que expusimos
previaomente, necesarias para que ser un efectivo secuestrador de radicales
libres (Silva et al. 2002). Sin embargo, como también dijimos, existen limitantes
cinéticas en la accidén secuestradora de especies reactivas; se necesitan
elevadas concentraciones del compuesto para atrapar efectivamente las
especies reactivas, mientras que su concentracion in vivo es limitada
(Forman et al. 2014). Por ofra parte, las propiedades redox intrinsecas de este
flavonoide hacen que luego de reaccionar con radicales libres, se convierta
en un producto reactivo, con propiedades pro-oxidantes (Metodiewa et al.
1999; Boots et al. 2008). Se postula que la actividad pro-oxidante de
quercetina se debe fundamentalmente a la presencia del grupo catecol en
posiciones 3' y 4' del anillo B. Esta sustitucion orto-di-hidroxi es susceptible a

auto-oxidarse y convertirse en orto-semiquinonas y orto-quinonas/ metilen
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quinonas, causando ademds la produccion de ERO (Metodiewa et al. 1999;
Boots et al. 2003; Chang et al. 2008; Walle 2009).

Asi se propone que estos mecanismos pro-oxidantes serian los
responsables de los efectos toxicos y mutagénicos de dosis elevadas de
quercetina (Rietjens et al. 2005). No obstante las evidencias indican que
quercetina es mutagénico/carcinogénico in vitro, pero no in vivo (Harwood
et al. 2007). Existen diversos mecanismos in vivo que limitan las acciones pro-
oxidantes y tdoxicas de quercetina. Consumida como parte de la dieta
normal, los niveles sistémicos de quercetina libre son bajos, producto de la
baja absorcion y rdpida metabolizacién del flavonoide. Por ejemplo, se
observé en humanos que los niveles de quercetina libre en plasma luego de
la administracion oral de una dosis alta de quercetina de 1500 mg/dia,
alcanza los 8 ng/mL (Wang et al. 2005). Esta baja biodisponibilidad de
quercetina limita sus efectos adversos descritos in vitro (Harwood et al. 2007).
Asimismo, quercetina no actua de forma aislada en el organismo, sino que
forma parte de una red de interaccidn entre antioxidantes dietarios y
enddgenos. Esta red actia de forma coordinada para regenerar los
anfioxidantes a partir de los productos oxidados (Boots etal. 2003).
Actualmente se postula que luego de atrapar radicales libres, las formas pro-
oxidantes de quercetina serian recicladas a quercetina o reaccionarian con
GSH, formando conjugados no reactivos GS-quercetina: 6-glutationil-
quercetfina (6-GSQ) y 8-glutationil-quercetina (8-GSQ) (Boofs et al. 2003;
Ferraresi et al. 2005).

Por otra parte, en concentraciones bajas, las acciones pro-oxidantes
de quercetina pueden alterar transitoriomente el estado redox celular a
través de la generacion de niveles moderados de ERO, o mediante la
deplecion parcial de GSH. Estos eventos desencadenan una situacion de EO
moderado capaz de modular vias intfracelulares redox-sensibles, permitiendo
la expresion de genes citoprotectores. Actualmente se sugiere que los

flavonoides como la quercetina, con elevado potencial redox intrinseco que
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les permitan generar ERO, serian potentes activadores de la via dependiente
de Nrf2 (Lee-Hilz et al. 2006). Esta propiedad resulta de especial interés en
esta tesis, como profundizaremos al final del capitulo.

Tal como expusimos previamente, al igual que oftros flavonoides,
quercetina es capaz de modular otfros factores de transcripcidn como el
Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB),
Activator protein 1 (AP-1) (Ishikawa et al. 1999; Kim et al. 2013). Asimismo
quercetina es capaz de interactuar directamente con proteinas, enzimas y
receptores. En particular se destaca la capacidad de modular una amplia
gama de kinasas, como phosphoinositide 3-kinase (PI3-kinase), protein kinase
B/Akt (PKB/Akt), protein kinase C (PKC), mitogen-activated protein kinases
(MAPK), etc (Ferriola et al. 1989; Nagasaka y Nakamura 1998; Walker et al.
2000). De esa forma, el flavonoide es capaz de modular diversas funciones
celulares a través de vias de senalizacion intracelular dependientes de
kinasas. Ademds, puede inducir y activar la sirtuina 1 (SIRT1) (Davis et al.
2009). Esta desacetilasa regula diversos procesos relacionados al estrés, por
ejemplo a través de la desacetilacion de blancos proteicos como: histonas,
tumor protein p53 (p53), factores de franscripcion Forkhead box O (FoxO),
entre otros. Estas evidencias indican que quercetina es capaz de ejercer
efectos pleiotropicos mediante diversos mecanismos moleculares, mas alld
de sus cldsicas propiedades antioxidantes directas.

Cabe destacar que quercetina es capaz de acumularse en la
mitocondria, modulando el estado redox mitocondrial, la permeabilidad del
poro de fransicion mitocondrial y favoreciendo la biogénesis mitocondrial
(Davis et al. 2009; Fiorani et al. 2010). Estos mecanismos a nivel de la
mitocondria resultan de interés si pensamos en el papel clave que juega este
organelo en los procesos neurodegenerativos. Evidencias sugieren que el
reticulo plasmdtico seria otro organelo diana de la quercetfina (Suganya
et al. 2014). El estrés del reficulo es ofro tipo de respuesta celular al estrés y se

lo ha involucrado con la muerte celular en diversas patologias
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neurodegenerativas, cardiacas y diabetes. Estudios han indicado que
quercetina seria capaz de conftrolar las vias que se activan durante el estrés
del reticulo. Esta accidn moduladora podria ser un mecanismo adicional a

través del cual quercetina previene el proceso neurodegenerativo.

9. La via Nrf2 como blanco de estudio en la bUsqueda de neuroproteccion

Como expusimos previamente, durante la evolucion los organismos
desarrollaron sistemas de defensas enddgenas inducibles en situaciones de
estrés. Su activacion por agentes exdgenos o enddgenos, promueve la
expresion de genes que codifican para enzimas citoprotectoras. Existen
diversos factores de transcripciéon involucrados en estos procesos, tales como
NF-kB, AP-1 y Nrf2. NF-kB estd implicado en la respuesta celular frente a
estimulos de estrés como las citoquinas y juega un papel clave en la
regulacion de la respuesta inmune (Lawrence 2009). AP-1 es un factor de
transcripcion que es activado por factores de crecimiento, citoquinas vy
oncoproteinas e induce la transcripcion de genes relacionados con
proliferacion, supervivencia, diferenciacion y tfransformacion celular (Hess
et al. 2004). Por su parte, Nrf2 regula la expresion inducible de genes de fase
Il que incluyen enzimas detoxificantes y antioxidantes, entre otros (Moi et al.
1994; Itoh et al. 1997). La via dependiente del factor de transcripcion Nrf2 es
una via citoprotectora interesante como blanco de estudio para la
prevencion de la muerte celular por EO. En particular, diversos estudios de
activacion, sobreexpresion, y/o atenuacion de Nrf2, sugieren que esta via
presenta un papel importante en la proteccion del sistema nervioso (Lee
et al. 2003; Calkins et al. 2005; Vargas et al. 2008).

La via dependiente de Nrf2 involucra 3 componentes moleculares

principales con el fin de regular la expresion de proteinas citoprotectoras:
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1. La proteina Kelch-like ECH-associated protein 1 (Keapl), que
actua como sensor y blanco molecular de los inductores de la via (Itoh et al.
1999);

2. El factor de transcripcion Nrf2, responsable de la expresion basal
e inducible de genes citoprotectores (Moi et al. 1994);

3. La secuencia de ADN Antioxidant response element (ARE),
también conocida como Electrophile response element (EpRE), que es una
secuencia especifica localizada en la regidn promotora de los genes de
fase Il (Itoh et al. 1997).

Brevemente, esta via inducible funciona de la siguiente manera. Nrf2
se encuentra constitutivamente inactivado por su unidbn a la proteina
citoplasmadtica Keap1 y al citoesqueleto, por lo que el control primario de su
funcidon radica principalmente en su distribucion subcelular, mds que en la
sintesis de novo. Cuando esta via es activada, Nrf2 se disocia de Keap1 vy se
transloca al nucleo formando heterodimeros con proteinas small
Musculoaponeurotic fibrosarcoma (sMaf), lo cual facilita su interaccidon con
las regiones ARE y la consecuente franscripcion de cientos de genes

citoprotectores (Jaiswal 2004; Kensler et al. 2007).

9.1. Nrf2

Nrf2 fue descubierto hace poco mdas de 20 anos (Moi et al. 1994). Se
trata de una proteina de 6é6-kDa que presenta en su region C-terminal un
dominio cap‘n’collar (CNC, regidon homodloga a la proteina homdénima de
Drosophila) y una region bdsica con cierre (zipper) de leucinas (bZIP). Por tal
motivo se la clasificd dentro de la familia de proteinas CNC-bZIP, que incluye
ademds a los factores Nrfl, Nrf3 y p45 NF-E2. En roedores estd conformada
por 597 aminodcidos, mienfras que en humanos comprende 605

aminodcidos. En lo que refiere a su estructura, presenta 7 dominios Neh
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(Nrf2-ECH-homology) (Figura 6) (Tebay et al. 2015). Cada uno de estos
dominios presenta funciones diferentes:

— Nehl comprende la regidon CNC-bZIP que estd conservada en
todos los miembros de esta familia de factores de transcripcion. Es necesaria
para la unidn del factor de transcripcion al ADN y para formar heterodimeros
con otras proteinas bZIP.

— Laregion N-terminal de Neh2 es necesaria para la asociacion de
Nrf2 con Keapl y por lo tanto para su retencidn. En esta region se
encuentran las secuencias peptidicas conservadas conocidas como ETGE y
DLG, con las cuales Keapl se une con dfinidades alta y bagja,
respectivamente.

— La regién C-terminal de Neh3 estd involucrada en la activacion
transcripcional de Nrf2.

— Neh4 y Neh5 son dominios de transactivacion de Nrf2. Actian
de forma cooperativa en la unién al co-activador CREB binding protein y de
esa forma aumentan la tasa de transcripcion génica.

— Nehé es responsable de la regulacion de Nrf2 independiente de
Keapl. Contiene 2 secuencias peptidicas conservadas conocidas como
DSGIS y DSAPGS, que son reconocidas por la proteina B-fransducin repeat-
containing protein (B-TrCP). El motivo DSGIS contiene el sitio de fosforilacion
de la enzima glycogen synthase kinase-3 (GSK-3). La fosforilacion de Nrf2 por
GSK-3 potencia la regulacion negativa de Nrf2 a través de B-TrCP.

— Neh7 estd involucrado en la interaccion directa entre Nrf2 y el
dominio de unidn al ADN del receptor refinoid X receptor a (RXRa). Esta
interaccion es inhibitoria ya que previene la unidn de los co-activadores en
los dominios Neh4 y Nehb (Tebay et al. 2015).



Tesis de Doctorado — Florencia Arredondo | 35

Keapl RXR«x p-TrCP CNC-bZIP
degron binding site degrons domain
DLG3Y PETGES2 343DSGIS IBNSAPGS387
N ' N
hNr2 g|[Neh2 Nehd Neh5 Neh? Neh6 Nehl W Neh3 ’ 605 AA
| || I | | | | | | | |
17 87 99 145 183 201 209 316 337 389 435 562 605

Figura é: Estructura de Nrf2 humano (extraido de Tebay et al. 2015).

Como ya dijimos, para unirse al ADN, Nrf2 tiene que formar primero un
heterodimero con las proteinas sMaf. Los niveles de estas pequenas
proteinas estdn finamente regulados: niveles muy bajos limitan la activaciéon
de Nrf2, mientras que niveles demasiado elevados causan la formacién de
homodimeros y por lo tanto quedan menos sMafs libres para la dimerizacion
con Nrf2 (Katsuoka et al. 20095).

9.2. La region ARE

ARE es la regidn del ADN donde se unen los heterodimeros Nrf2-sMaf.
Es una region amplificadora o "enhancer" tipo cis, descubierta a principios
de los anos 90 y con una secuencia consenso definida como: 5'-
A/IGTGAC/GNNNGCA/G-3' (“N" representa residuos redundantes) (Nguyen
et al. 2003). Su nombre Antioxidant response element deriva del hecho que
se encontrd por primera vez en la region promotora de genes inducibles por
anfioxidantes sintéticos fendlicos, como la tert-butil hidroquinona (tBHQ).
Asimismo se evidencid que la secuencia ARE era imprescindible para la
regulacion de la expresion de genes de fase Il detoxificantes y antioxidantes

(Rushmore et al. 1991). Posteriormente, y con el descubrimiento de Nrf2, se
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relaciond el papel de este factor de transcripcion en la expresidon génica
dependiente de ARE (lItoh et al. 1997; Nguyen et al. 2000; Zhang 2006).

Actualmente se postula que Nrf2 se une a un amplio espectro de
secuencias ARE. Su afinidad de unidon dependerd del grado de similitud que
tenga cada secuencia con respecto a la secuencia ARE consenso. Por ofra
parte Nrf2 se une a otras regiones que no presentan ARE; en estos casos se
cree que se tratan de uniones indirectas o inespecificas del factor (Lacher
et al. 2015).

9.3 Regulaciéon molecular de Nrf2

Nrf2 estd sometido a mecanismos de regulacién complejos, tanto a
nivel transcripcional como post-transcripcional.

A nivel franscripcional, el gen que codifica para Nrf2, NFE2L2, presenta
en su regién promotora 2 secuencias tipo XRE (xenobiotic response element),
que permiten la induccidén génica a través del aryl hydrocarbon receptor
(AhR) activado por hidrocarburos aromdaticos policiclicos (PAHs, del inglés
polycyclic aromatic hydrocarbons). Asimismo, evidencias indican que Nrf2
modularia la via dependiente de AhR. Esto sugiere que  existe un
enfrecruzamiento (cross-talk) entre estas dos vias adaptativas responsables
de la induccidon génica como respuesta a xenobidticos (Hayes et al. 2009).
Ademdads, la region promotora de NFE2L2 murino presenta elementos de
respuesta a 12-O-tetradecanoilforbol-13-acetato (TPA) que permite su
activacion franscripcional por el oncogén Kras¢12D g fravés de la via c-Jun'y
c-Fos. Ademds, NFE2L2 contfiene un sitio de unidn al factor NF-kB, que le
permite ser inducible frente a estimulos inflamatorios (Rushworth et al. 2012).
Por Ultimo, cabe destacar que la regidon promotora de NFE2L2 también
presenta 2 secuencias ARE, que le permiten a Nrf2 inducir sus propios niveles

de expresion (Kwak et al. 2002).
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Por ser un factor de transcripcion que se activa en respuesta a estrés,
Nrf2 presenta una importante regulacién a nivel post-transcripcional. La
proteina es constantemente marcada por diversas E3 ubiquitin ligasas que
forman complejos proteicos tales como: CRL (formado por: Cullin 3 (Cul3),
RING-box1 (RBX1) y E3 ubiquitin ligase) y SCF (formado por S-phase kinase-
associated protein 1 (Skp1), cullin- 1 (Cull) y F-box protein E3 ubiquitin-ligase).
Esto asegura una constante degradacion de Nrf2 a tfravés del proteosoma
26S. Este mecanismo permite una dindmica activacion en respuesta a estrés,
ya que la inhibicion de su degradacién asegura que la proteina quede
rdpidamente disponible para traslocar al ndcleo y actuar (Villeneuve et al.
2010).

9.3.1. Regulacion de Nrf2 a través de Keap1

El regulador negativo de Nrf2 mejor estudiado es Keapl (ltoh et al.
1999). Pertenece a la familia de las proteinas broad complex, tram-track, bric-
a-brac — Kelch (BTB-Kelch). Es una proteina adaptadora de sustrato que en
condiciones basales refiene a Nrf2 para su ubiquitinacidon a través del
complejo proteico CRLKear! para su posterior degradacion protfeosomal.
Presenta 5 dominios que detallamos a continuacion:

— Unaregiéon N-terminal (NTR)

— Un dominio de interaccion proteina-proteina BTB

— Unaregion infermedia (del inglés intervening region, IVR)

— Un dominio double-glicine repeat (DGR); también llamado
Kelch-repeat, que consta de 6 subdominios con distintos motivos
Gly-Gly cada uno

— Unaregiéon C-terminal (CTR).

El dominio BTB se une a Cul3, mientras que los dominios DGR y CITR se
disponen formando una estructura pB-hélice que interactia con el dominio
Neh2 de Nrf2 (Figura 7) (Tebay et al. 2015).
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Keapl se encuentra formando un homodimero a nivel del citoplasma
y es de esta forma que se une a Nrf2. Uno de los modelos mds aceptados de
interaccion Keap1-Nrf2 es el llamado hinge and latch (pestillo y bisagra). El
mismo postula que uno de los Keapl que conforman el homodimero se une
a Nrf2 a la altura del motivo de alta afinidad ETGE del dominio Neh?2,
mientras que el motivo de baja afinidad DLG de Neh?2 interacciona con la B-
hélice del Keapl adyacente. En condiciones de estrés oxidativo o ataque
nucleofilico, las modificaciones de sus Cys le impiden a Keapl mantener a
Nrf2 para que sea ubiquitinado y luego degradado. De esa forma Nrf2 se

acumula y puede traslocar al nicleo y actuar (Figura 8) (Baird y Dinkova-

Kostova 2011).
C226 c613  C624
Clz3 C151 l 273 (288 C434 lcazzl
hKeapl BTB ‘ IVR DGRILDGRZ lDGR:’)J DGR4 DGR51 DGR6 624 AA
| \ | |
78 178 327 B-propeller 609
structure

Figura 7: Estructura de Keap1 humano (extraido de Tebay et al. 2015).
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Figura 8: Modelo de interaccion Keapl1-Nrf2 hinge and latch (extraido de Baird y

Dinkova-Kostova 2011).

Keapl actia de sensor de estrés celular. Su elevada sensibilidad redox
se debe a que es una proteina rica en residuos de Cys. Estos residuos son
susceptibles a la oxidacion o a la modificacidn covalente por electrofilos.
Cabe resaltar que la inactivacion de Keapl puede desencadenarse por un
amplio espectro de compuestos. Se propone que existe un “codigo de
cisteinas”, que son modificadas de distinftos modos segun la naturaleza
quimica del electrofilo. En este sentido, se han descrito diversos residuos
sensores de estrés a lo largo de la proteina: Cys151, Cys273/Cys288, vy
Cys226/Cys434/Cys613, entre otras (Figura 7) (Baird y Dinkova-Kostova 2011).

9.3.2. Regulacion de Nrf2 independiente de Keap1

Recientemente se descubrié ofro tipo de regulacion negativa de Nrf2
independiente de Keapl. Se trata de un mecanismo que depende de la
proteina B-TrCP y de la kinasa GSK3 (Salazar et al. 2006; Rada et al. 2011).
GSK3 fosforila serinas especificas del dominio Nehé de Nrf2, convirtiéndolo en

un domino de degradaciéon que luego es reconocido por B-TrCP. A su vez, B-
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TrCP actua como adaptador de ubiquitin ligasa, y por lo tanto favorece el

marcaje de Nrf2 por el complejo Cullin1/Rbx1, para su posterior degradacion

proteosomal (Figura 9).

5
Nrf2
recruited to the

proteosome
©0 Gy)

0(% Nrf2
0 degradation

Figura 9: Modelo de regulacién negativa via GSK3/R-TrCP (extraido de Tebay

et al. 2015).

GSK3 estd involucrado en una gama muy diversa de vias que

convergen en la activacion de la fosfatidil inositol 3-fosfato kinasa (PI3K)/AKT

y que participan en numerosos procesos metabdlicos, de diferenciacion,

desarrollo, proliferacion, etc.

El descubrimiento de Nrf2 como un nuevo blanco de esta kinasa,

implica un nuevo grado de complejidad de las funciones de Nrf2. Asimismo,

el eje B-TrCP/GSK3 aparece como una nueva estrategia terapéutica para la
modulaciéon de la actividad de Nrf2 (Figura 10) (Cuadrado 2015).
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Figura 10: Vias de senalizacion infracelular que convergen y modulan el eje GSK3/RTrCP/NRF2
(extraido de Cuadrado 2015).

9.3.3. Inactivacion de la via Nrf2

Una vez activada la via dependiente de Nrf2, también se
desencadenan mecanismos enddégenos de inactivacion de la misma, para
evitar su activacidon excesiva, y volver a la homeostasis celular. Entre estos
mecanismos de retroalimentacion negativa, se destacan:

— Algunos prooxidantes terminan promoviendo la activacion de
GSK3p por fosforilacion de su firosina 216, que a su vez fosforila a la proteina
kinasa Fyn (p-Fyn). Esta se acumula en el nucleo y fosforila a Nrf2 en su
tirosina 568. Una vez fosforilado, Nrf2 interactUa con las proteinas Crm1 o
exportin 1 y de esa forma es exportado fuera del ndcleo (Jain y Jaiswal 2006;
Jain y Jaiswal 2007).

— La importacion del complejo Rbx1-Cul3-Keap1 a través de la

union de Keap1 a la proteina prothymosin a (ProTa). Una vez en el nucleo, el
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complejo se libera de ProTa y se une a Nrf2, promoviendo la ubiquitinacion y
degradacion del Nrf2 nuclear (Niture y Jaiswal 2009).

- La “rama autorreguladora” de la via Nrf2/ARE: Se trata de la
presencia de secuencias ARE en las regiones promotoras de los genes que
codifican para Cul3, Rbx1 y Keapl. De esta forma, cuando Nrf2 se activa,
también induce la expresion del complejo Rox1-Cul3-Keap1 que terminard
reteniendo al factor de transcripcion y mediando su degradacion (Kaspar y
Jaiswal 2010).

9.4. Tipos de inductores de la via Nrf2

En la literatura se han propuesto diversos tipos de clasificaciones de 1os
inductores de Nrf2, segin su origen, su estructura quimica, su efecto a nivel
de la via, etc. Zhang y cols., propusieron una clasificacion alternativa que se
basa en la accidn de los inductores sobre Keapl o sobre la unidn Keapl-
Nrf2. Si bien deberia complementarse con un listado de compuestos
capaces de modular la via a través del nuevo eje regulador B-TrCP/GSK3,
esta clasificacion permite evidenciar la gran diversidad de inductores de la
via. La detallamos a continuacion:

— Inductores que actUan sobre IVR: Este es un dominio con
elevado contenido en Cys. Entre todas ellas, se destacan Cys273 y Cys288
que son claves para la actividad de Keapl. Su oxidacion modifica la
estructura de Keapl, reduce su afinidad por Nrf2 y lo disocia de Cul3. Los
inductores de este grupo son en su mayoria aceptores de Michael, de tipo
enddgeno derivados de dcidos grasos polinsaturados, como las
prostaglandinas y los alquenales.

— Inductores que actuan sobre DGR: Este dominio se une al
dominio Neh2 de Nrf2 y a la actina del citoesqueleto celular. Los inductores
de este grupo interrumpen la unidn Keapl-Nrf2. Se trata de proteinas

enddgenas como la Nucleoporin pé62 (pé2), que se une al dominio DGR de
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Keapl causando su separacion de Nrf2. También se caracterizd a Cyclin-
dependent kinase inhibitor 1A (p21€P1) que compite con Keap1 por la unién
directa a los motivos DLG y ETGE de Nrf2. Asimismo diversas kinasas
pertenecen a este grupo, que mediante la fosforilacion de residuos de Nrf2
les cambian su conformacién y evitan su unidn a Keapl. Entre ellas
encontramos a MAPK, PI3K, y PKC.

— Inductores que actian sobre multiples dominios: En este grupo
se encuentran los metales pesados como el Hg2+, Cd2+, Zn2+, etc. Se
postula que los censores en este caso serian los residuos His225/Cys226 del
dominio IVR y Cysé13 del dominio DGR. Los mecanismos de accidn de estos
inductores no estdn esclarecidos.

— Inductores que actian sobre el dominio BTB: BTB cumple 2
funciones relevantes, como dominio de dimerizacidn de Keapl y como sitio
de unidn a Cul3. En este dominio el residuo nucleofilico Cys 151 es
fundamental. Esta cumple un papel de sensor de estrés y es sensible a
numerosos inductores mayoritariamente exdégenos y de estructuras quimicas
muy diversas. Entre ellos encontramos a la tBHQ, aceptores de Michael
como el ebseleno, fenoles oxidables, e isotiocianatos como el SFN, y fambién

especies reactivas como el H2O2, NO-, etc (Zhang et al. 2013).

9.5. Efectores ARE de la via Nrf2

La via Nrf2 confrola la expresion de un conjunto muy amplio de genes
con una enorme diversidad funcional y de esa forma le confiere a la célula
multiples niveles de proteccion.

A confinuacidon enumeramos las distintas caracteristicas funcionales
de los genes diana de la via:

1. Proteinas involucradas en el metabolismo y transporte de endo y
xenobidticos. En este grupo encontramos a la NAD(P)H quinona

deshidrogenasa 1 (NQOT1), responsable de catalizar la reduccion de las
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quinonas a partr de NADH o NADPH. De esa forma, previene la
susceptibilidad celular al EO ya que reduce la formacién de ERO por parte
de las quinonas, asi como la deplecidn de los pools intracelulares de
sulfhidrilos.  Asimismo encontramos a las enzimas aldo-ceto-reductadas
(AKRs), sulfotransferasas (SULTs), las Uridina difosfo-glucuronosil-transferasas
(UGTs), y las GSTs que se encargan de detoxificar/activar, glucuronizar,
sulfatar y glutationilar, respectivamente, facilitando la hidrofilicidad para |la
posterior excrecion de endo y exoxenobidticos. Asi, los productos de las
reacciones de conjugacion de estas enzimas son exportados de la célula a
través de la proteinas de la familia multidrug resistance-associated protein
(MRP), que también son efectores ARE (Chorley et al. 2012; Hirotsu et al.
2012).

2. Proteinas con funcidn antioxidante. En este grupo encontramos
a diversas proteinas involucradas en el sistema GSH: la subunidad %-CT del
transportador de membrana cistina/glutamato (que incorpora cistina, la
cual es rapidamente reducida vy sirve para la sintesis de GSH), a las ya
presentadas GPx, GR y las subunidades catalitica y regulatoria de GCL.
Ademds, enconframos diversas proteinas relacionadas con el sistema de Trx:
por ejemplo las TrxR que son efectores ARE al igual que las Trx, que a su vez
cumplen un papel clave en la catdlisis de las Prxs, también efectores ARE.
Por Ultimo, dentro de este grupo también enconframos a la hemoxigenasa 1
(HO-1), la cual genera bilirubina, que juega un importante papel como
anfioxidante. La region promotfora del gen de HO-1 cuenta con mdulfiples
secuencias ARE, lo que lo hacen rdpidamente inducible (Banning et al. 2005;
Chorley et al. 2012; Hirotsu et al. 2012).

3. Enzimas que sintefizan poder reductor. En este grupo
encontramos a la glucosa é-fosfato deshidrogenasa (que provee de NADPH
a GR) y a la enzma mdlica y la fosfogluconato deshidrogenasa (éstas

forman NADPH que luego es usado por las TrxR) (Hirotsu et al. 2012).
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4. Proteinas no enzimdticas, pero que cumplen un papel
fundamental en la citoprotecciéon. Por ejemplo, la ferritina, que almacena
eficientemente el hierro libre y de esa forma no solo evita su toxicidad, sino
que permite que éste sea utilizado cuando la célula lo requiera (Huang et al.
2013).

5. Proteinas que participan en los sistemas de reparacion o
degradacion de proteinas danadas, como es el caso de las subunidades del
proteosoma 26S (Kwak y Kensler 2006).

Como se puede observar, el alcance regulatorio de Nrf2 se extiende
mds allé de genes antioxidantes. Incluso alcanza a inducir genes del
metabolismo, genes proteostdticos y genes involucrados en vias de
autorregulacion. Asimismo, recientemente se observd que Nrf2 puede inducir
proteinas anti-apoptdticas como B-cell lymphoma 2 (Bcl-2), proteinas
autofdgicas como pé2, anti-inflamatorias como interleukin 10 (IL-10), factores
de crecimiento como brain derived neurotrophic factor (BDNF) y co-factores
de transcripcidn como Nrfl y peroxisome proliferator-activated receptor
(PPAR) gamma coactivator 1-alpha (PGC-la) (Komatsu etal. 2010;
Piantadosi et al. 2011; Sakata et al. 2012; Niture y Jaiswal 2012).

Actualmente se postula que debido a la gran diversidad de genes
ARE, probablemente Nrf2 utilice también diversas estrategias regulatorias en
respuesta al estrés. Si bien los genes antioxidantes candnicos de la via
parecen ser regulados de un modo “encendido-apagado” (switch-like),
probablemente otros genes ARE exhiban un fipo de respuesta mdas gradual
frente a la activacion de Nrf2. En este sentido, distintas combinaciones entre
las secuencias amplificadoras, los complejos reguladores de la cromating, e
incluso el entrecruzamiento (crosstalk) con ofras vias (AhR, NF-kB, p53, etc.),
permitiian la modulacion de la expresion génica por parte de Nrf2 de una

forma muy versatil (Wakabayashi et al. 2010).
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9.6. Efectores ARE de la via Nrf2 conservados desde la mosca al

hombre

Los factores de transcripcion Cnc son una familia de proteinas
conservada en gusanos, insectos, peces, aves y mamiferos, pero ausente en
plantas y hongos. Los ortdlogos funcionales a Nrf2 de Caenorhabditis
elegans y Drosophila melanogaster son los factores transcripcionales
Skinhead family member 1 (Skn1) y la isoforma C de la proteina Cnc (CncC),
respectivamente (Figura 11). Ambos se activan en respuesta al estrés, e
inducen la expresion de genes antioxidantes (Sykiotis y Bohmann 2010). En el
caso de la mosca, ademds del factor transcripcional, Ias proteinas Keap1 y
sMaf también estdn conservadas funcional y estructuralmente.

En un trabajo recientemente realizado por Lacher y colaboradores, se
estudié la homologia entre las redes regulatorias de Nrf2 en Drosophila vy
humanos. De esa forma, se pudieron observar qué tipos de genes diana de
Nrf2 estaban conservados entre ambas especies. El solapamiento entre
grupos funcionales de genes diana de Nrf2 de estas dos especies
distanciadas evolutivamente, sugiere que varias de las funciones regulatorias
de este factor franscripcional fueron fuertemente conservadas. Entre los
grupos de genes conservados se destacan: los genes antioxidantes
“candnicos” de la via, genes involucrados en mecanismos protfeosomales y
metabolismo glucidico, y genes implicados en procesos autorregulatorios.
Esto sugiere por un lado, que las funciones de regulacion del metabolismo
xenobidtico, metabolismo glucidico y de la proteostasis fueron funciones
centrales de la via Nrf2 desde su formacion. Por otro lado, se destaca la
conservacion de la “rama autorreguladora” de la via Nrf2. Al igual que en
humanos, en moscas el factor transcripcional induce la expresion del
represor ortélogo de Keapl. Cabe destacar que si bien en Caenorhabditis

elegans no existe una proteina ortdloga de Keapl, Sknl fambién es
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sometido a un proceso de autorregulacion ya que induce la expresion de su
represor. El mantenimiento de la funcién autorreguladora de Nrf2 a lo largo
de la escala evolutiva sugiere que ésta es una de las funciones primordiales

de la via (Lacher et al. 2015).

Bach2

Bachl

Figura 11: Arbol flogenético de los factores de transcripcién Cnc y Bach

(extraido de Sykiotis y Bohmann 2010).

9.7. El papel neuroprotector de la via Nrf2

Nrf2 estd ampliomente expresado en todo el SNC y se activa en
respuesta a diferentes situaciones patolégicas incluyendo tanto desdrdenes
neurodegenerativos agudos como cronicos (Zhang et al. 2013). Ademdas de
su papel como inductor de defensas antioxidantes enddgenas, también
parficipa como regulador de los procesos inflamatorios en el cerebro
(Sandberg et al. 2014).

Asimismo se ha observado la alteracion de esta via en diversas

neuropatologias como los procesos isquémicos, trauma, Enfermedad de
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Parkinson, Enfermedad de Alzheimer y la Esclerosis Lateral Amiotrofica
(Sarlette et al. 2008; von Otter et al. 2010; Mota et al. 2015).

Por Ultimo, diversos estudios de activacion, sobreexpresion, y/o
atenuacion de Nrf2, sugieren que esta via presenta un papel importante en
la proteccion del sistema nervioso (Lee et al. 2003; Lee et al. 2005; Calkins
et al. 2005; Johnson y Johnson 2015).

Por lo tanto Nrf2 resulta un interesante blanco terapéutico, donde
moléculas capaces de activar esta via tendrian un potencial valor para el

tratamiento de enfermedades neurodegenerativas.

9.8. Los flavonoides como inductores de la via Nrf2

Entre los fenoles oxidables capaces de inducir la via Nrf2 que
enumeramos en el punto 9.4, se encuentran los flavonoides. Como
expusimos para el caso de quercetina, tradicionalmente las propiedades
pro-oxidantes de los flavonoides han sido consideradas como efectos
negativos, por ser responsables de su toxicidad. Sin embargo, desde hace
algunos anos se empezé a asociar la pro-oxidacion de estos compuestos
con su capacidad de modular vias de senalizacion intracelular redox-
sensibles (Suzuki et al. 1997; Metodiewa et al. 1999). Asimismo, recientemente
en la literatura comenzd a proponerse una hipdtesis “hormética” sobre el
papel que cumplen los flavonoides y otros fitoquimicos provenientes de la
dieta, en la salud y prevencion de enfermedades cronicas. En esta teoria se
postula que los fitoquimicos serian reconocidos a nivel celular como
xenobidticos que a dosis elevadas son toéxicos. Sin embargo a dosis
moderadas activan sistemas de respuesta adaptativa, haciendo mas
resistentes a las células frente a otros agentes estresantes y promotores de la
aparicion de enfermedades (Mattson y Cheng 2006). Actualmente se
especula que los flavonoides con sus propiedades redox infrinsecas

causarian una situacion de estrés oxidativo moderado. De esa forma serian
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capaces de activar vias como la Nrf2/ARE, promoviendo la expresion de
defensas celulares enddgenas (Prochdzkova et al. 2011).

En los Ultimos anos diversos estudios aportaron evidencias sobre la
capacidad de algunos flavonoides de inducir la expresion de genes a través
de la via Nrf2 en lineas celulares no neuronales. Sin embargo, estos estudios
se cenfran principalmente en las acciones anticancerigenas de estos
compuestos a través de la via Nrf2 (Chow et al. 2005; Tanigawa et al. 2007;
Lee et al. 2008). Poco se ha estudiado sobre estos efectos en neuronas
(Lavoie et al. 2009)).

Por lo tanto, la induccién de proteinas citoprotectoras a través de la
via Nrf2 en neuronas por accion de flavonoides, presentaria un potencial
terapéutico en la prevencion de la muerte neuronal por EO asociada a

enfermedades neurodegenerativas.
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ANTECEDENTES PARTICULARES

Como expusimos en la infroduccioén, las enfermedades que involucran
muerte neuronal focal o masiva en el cerebro, y donde el estrés oxidativo
juega un papel preponderante, son una causa frecuente de muerte e
incapacidad en Uruguay y en el mundo. Pese a ello, no existen en la
actualidad terapias efectivas para su tratamiento. Esto ha promovido la
busqueda de nuevas terapias capaces de prevenir la muerte neuronal
inducida por EO implicado en estas patologias.

En este contexto, en el Departamento de Neuroguimica estudiamos
desde hace mds de 15 anos los efectos neuroprotectores de compuestos
antioxidantes de origen natural. En particular, analizamos las propiedades
neuroprotectoras de los flavonoides en diversos modelos de muerte neuronal
en cultivos y en modelos de neurodegeneracion in vivo (Dajas et al. 2003b;
Arredondo et al. 2004; Echeverry et al. 2004; Dajas et al. 2005; Rivera et al.
2008; Blasina et al. 2009; Dajas et al. 2013; Echeverry et al. 2015; Blasina et al.
2015; Dajas etal. 2015). Por un lado, nos focalizamos en dilucidar los
mecanismos involucrados en la neuroproteccion de estos compuestos. Por
otro, desarrollamos preparaciones que sirvan de vehiculo y faciliten el
acceso de estos compuestos al cerebro.

Previo al desarrollo de esta tesis, demostramos que la capacidad
afrapadora de radicales libres de flavonoides estructuralmente relacionados
enfre si, era una propiedad necesaria pero no suficiente para asegurar la
citoproteccion frente a un dano oxidativo (Dajas et al. 2003b; Arredondo
et al. 2004). Esta observacion fue apoyada por otros grupos de investigacion
(Wang et al. 2001; Kang et al. 2004).

Planteamos asi que el efecto neuroprotector de los flavonoides involucraria
la modulacion del estado redox celular mediante mecanismos mas alla de
sus propiedades antfioxidantes directas. Ese mantenimiento de la

homeostasis redox celular evitaria la muerte celular por EO, y jugaria un
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papel critico en la prevencidon y evolucibn de enfermedades
neurodegenerativas.

En este sentido, el estado del conocimiento sobre los mecanismos de
acciéon de los flavonoides cuando planificamos esta tesis, era el siguiente:

- Evidencias sugerian sobre la capacidad inductora de los niveles de
GSH por parte de los flavonoides, a fravés de la regulacion génica via ARE
de la enzima GCL (Myhrstad et al. 2002; Moskaug et al. 2005).

- Oftros trabajos habian reportado acciones moduladoras de los
flavonoides sobre la actividad de las enzimas implicadas en el reciclado del
GSH, como la GR y la GPx (Minato et al. 2003; Hong y Liu 2004).

- Los estudios sobre los mecanismos de neuroproteccion por
quercetina se centraban principalmente en su capacidad atrapadora de
radicales libres, o en su infteraccibn con cascadas infracelulares
dependientes de kinasas (Schroeter et al. 2002; Mandel et al. 2005; Shimizu y
Weinstein 2005). Por ofra parte, los pocos estudios centrados en la
capacidad moduladora de los sistemas redox tiol-dependientes por parte
de la querceting, se habian realizado en células no neuronales (Myhrstad
et al. 2002).

Asimismo, diversos estudios de activacion, sobreexpresion, y/o
atenuacion de Nrf2, sugerian que esta via presentaba un papel importante
en la proteccion del sistema nervioso (Lee et al. 2003; Lee et al. 2005; Calkins
et al. 2005).
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HIPOTESIS DE TRABAJO

A partir de estos antecedentes, la hipdtesis de trabajo en la que nos

apoyamos durante esta tesis fue la siguiente:
El efecto neuroprotector de quercetina frente a estrés oxidativo
involucra la induccion de defensas antioxidantes endégenas a través de la

via Nrf2. Este mecanismo es comun a oftros flavonoides estructuralmente

relacionados con quercetina.

OBJETIVOS

En base a esta hipdtesis, nos planteamos el siguiente objetivo general:

Estudiar la induccidon de la via Nrf2 por quercetina y flavonoides
estructuralmente relacionados, como posible mecanismo involucrado en la
neuroproteccion frente a estrés oxidativo.

En esencia, en esta tesis intentamos responder a 3 preguntas:

1. sQuercetina es capaz de prevenir la muerte neuronal por EO

mediante mecanismos antioxidantes indirectos?e

2. 5Qué caracteristicas estructurales de quercetina y flavonoides

relacionados determinan este efecto neuroprotectore

3. 3El efecto neuroprotector de la quercetina involucra la activacion de
la via Nrf2/ARE?
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Para responder a estas preguntas, nos frazamos los siguientes objetivos

especificos:

a) Desarrollar un modelo in vitro de muerte neuronal por estrés oxidativo

en un cultivo neuronal primario.

b) Evaluar la capacidad neuroprotectora de quercetina en el modelo in

vitro de muerte neuronal por estrés oxidativo.

c) Estudiar la cinética de la biodistribucion celular y el destino subcelular

de quercetina en los cultivos neuronales primarios.

d) Realizar un andlisis de esfructura-actividad de la capacidad
neuroprotectora de flavonoides estructuralmente relacionados a
quercetina, en el modelo in vitro de muerte neuronal por estrés

oxidativo.

e) Estudiar la activacion de la via Nrf2/ARE por quercetina en el modelo

de cultivo neuronal primario.

f) Realizar un andlisis de estructura-actividad de la activacion de la via

Nrf2/ARE por flavonoides estructuralmente relacionados a quercetina.

g) Estudiar el papel de la via Nrf2/ARE en el efecto neuroprotector de

quercetina.



Tesis de Doctorado — Florencia Arredondo | 54

METODOLOGIA Y RESULTADOS

1. After cellular internalization, quercetin causes Nrf2 nuclear
franslocation, increases glutathione levels and prevents neuronal death

against an oxidative insult. F. Arredondo; C. Echeverry; JA Abin-Carriquiry; F.

Blasina; K. Antinez; DP Jones; YM Go; YL Liang; F. Dajas. Free Radical Biology
and Medicine, v.: 49 5, p.: 738 - 747, 2010

En el articulo que presentamos a continuacién nos focalizamos en los
objetivos especificos a, b y ¢, con el fin de contestar la primera pregunta
planteada en esta tesis: sQuercetfina es capaz de prevenir la muerte
neuronal por EO mediante mecanismos antioxidantes indirectose

Para ello, desarrollamos un modelo de muerte neuronal oxidativa en
un cultivo primario de neuronas granulares de cerebelo sometido a un dano
con H2O2 durante 24 h. Utilizando ese modelo evaluamos las propiedades
neurotdxicas y neuroprotectoras de quercetina al ser agregada 24 h antes
del insulto con H2O2 (protocolo de pre-tratamiento con respecto al dano
oxidativo). Ademds, analizamos la cinética de la biodistribucion celular de
quercetina en los cultivos neuronales asi como su destino subcelular, durante
las 24 h de incubacion. También evaluamos los efectos del pre-tratamiento
con quercetina sobre los niveles de los tioles GSH y Trx2 en los cultivos
neuronales. Finalmente estudiamos los efectos del pre-tratamiento con
guercetina sobre la tfranslocacion nuclear de Nrf2 en los cultivos neuronales.

Los resultados obtenidos mostraron que quercetina se infernaliza
rdpidamente en las neuronas, alcanzando el nucleo, y sus niveles
infracelulares van disminuyendo durante el tiempo de incubacion hasta que
se hacen indetectables luego de las 24 h de tratamiento. Quercetina es
capaz de prevenir la muerte neuronal aun cuando no estd presente al
momento del dano oxidativo. Asimismo, es capaz de traslocar el factor de

transcripcion Nrf2 al ndcleo y aumentar los niveles de GSH.
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Estos hallazgos abrieron la puerta para el estudio de la activacion de
la via Nrf2 como un posible mecanismo involucrado en la prevencion de la

muerte neuronal por EO por parte de los flavonoides.
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In this work we describe the protective effects of quercetin against H,0, in 24-h-pretreated neuronal cultures.
We explored quercetin availability and subcellular fate through the use of HPLC-Diode Array Detection (DAD),
epifluorescence, and confocal microscopy. We focused on quercetin modulation of thiol-redox systems by
evaluating changes in mitochondrial thioredoxin Trx2, the levels of total glutathione (GSH), and the expression
of the y-glutamate-cysteine ligase catalytic subunit (GCLC), the rate-limiting enzyme of GSH synthesis, by the
use of Western blot, HPLC, and real-time PCR techniques, respectively. We further explored the activation of
the protective NF-E2-related factor 2 (Nrf2)-dependent signaling pathway by quercetin using immunocy-
tochemistry techniques. Our results showed rapid quercetin internalization into neurons, reaching the nucleus
after its addition to the culture. Quercetin pretreatment increased total GSH levels, but did not increase Trx2.
Interestingly it caused Nrf2 nuclear translocation and significantly increased GCLC gene expression. At the
moment of H,0, addition, intracellular quercetin or related metabolites were undetectable in the cultures
although quercetin pretreatment prevented neuronal death from the oxidant exposure. Our findings suggest
alternative mechanisms of quercetin neuroprotection beyond its long-established ROS scavenging properties,
involving Nrf2-dependent modulation of the GSH redox system.

Free radicals

© 2010 Elsevier Inc. All rights reserved.

Introduction

Reactive oxygen and nitrogen species (ROS/RNS) are recognized
for playing a dual role as both deleterious and beneficial molecules.
Under physiologic conditions, the balance between the generation
and the elimination of ROS/RNS maintains a redox homeostasis to
ensure the correct function of redox-sensitive signaling proteins.
However, when it is disturbed, oxidative processes take place,
damaging biomolecules, and aberrant redox cell signaling may lead
to cell death, contributing to disease onset [1-4]. This recognized
"two-faced" character of ROS/RNS has contributed to the establish-
ment of a redefinition of oxidative stress from the classical “imbalance
of pro-oxidants and antioxidants” to a more contemporary concept
regarding a “disruption of redox signaling and control” [5,6].

The maintenance of cellular redox homeostasis appears as a clue to
the correct functioning of redox signaling and control and the
prevention of oxidative stress-related diseases. In this sense, cells
have developed diverse mechanisms to maintain such homeostasis

* Corresponding author. Fax: +598 2 4872603.
E-mail address: flor@iibce.edu.uy (F. Arredondo).

0891-5849/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.freeradbiomed.2010.05.020

and to deal with ROS/RNS produced in excess during oxidative stress
[2].

A main regulator of the intracellular redox status is glutathione, a
cysteine-containing tripeptide with reducing and nucleophilic prop-
erties. It exists either as a reduced form (GSH) or as an oxidized form
(GSSG). This thiol is a key modulator of cell functions including
antioxidant defense, redox regulation of protein thiols, and mainte-
nance of redox homeostasis [7-11].

The other major thiol-dependent system underlying redox
modulation functions is the family of thioredoxins (Trx). Trx isozymes
play animportant role in redox regulation of protein thiols involved in
signal transduction and gene regulation [12]. Particularly, the
mitochondrial isoform Trx2 is abundantly and widely distributed in
rat brain. It is essential for cell survival, and evidence suggests it has
protective effects against oxidative stress [12-15].

An important number of studies on the central nervous system
(CNS) support the idea that the disturbance of redox homeostasis,
often associated with deficits in mitochondrial function, leads to
oxidative stress events and neuronal death, thereby contributing to
the development of neurodegenerative disorders such as Alzheimer
and Parkinson disease [ 16-18]. Interestingly, several studies associate
a shift in GSH levels with such pathologies [19-23]. In addition, a
rapidly growing number of studies suggest that Trx proteins perform
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important functions in the CNS, including neuroprotective actions
[2].

In this context, pharmacological interventions that regulate redox
homeostasis could be an important strategy to promote cell survival
and treat or prevent neurodegeneration [11,19-23].

There is a growing interest in the neuroprotective potential of
flavonoids although the exact mechanisms by which these com-
pounds exert their benefits are not fully understood [24-27). Though
these favorable effects have been largely related to their classical
hydrogen-donating antioxidant activity [28], in the past 5-10 years,
evidence from cell studies suggests that flavonoids can influence
cellular fate by other mechanisms of action involving protein and lipid
interactions leading to enzymatic modulation, interaction with
several receptors, modulation of intracellular signaling cascades, and
modulation of gene expression [24,25,27,29-31]. In particular,
flavonoids have been proposed to induce the expression of protective
genes, including those encoding enzymes involved in GSH synthesis,
through the activation of the NF-E2-related factor-2 (Nrf2) transcrip-
tion factor pathway [32]. In addition, many of these multitarget
mechanisms are redox sensitive, suggesting that the basis of the
potential therapeutic capacity of flavonoids may be related to
properties beyond scavenging and metal-chelating antioxidant
activities.

Among the high number of naturally occurring flavonoids, quercetin
is the most frequent flavonoid in the Western diet [33-35]. Studies of
quercetin's neuroprotective mechanisms have been mainly focused
either on ROS scavenging and metal-chelating properties or on
interactions with kinase signaling cascades [29,30,36-38]. Less work
has been done on the modulation of thiol-redox systems by quercetin
and these studies have been mainly performed in nonneuronal cells
|39]. Accordingly, in the present work we focused on the modulation of
thiol-redox systems as a complementary antioxidant mechanism of
quercetin neuroprotection. To this aim we developed a model of
oxidative stress-induced neuronal death in primary cerebellar granule
neurons, in which we studied neuroprotective and neurotoxic profiles of
quercetin in 24-h pretreated cultures. We evaluated quercetin bioavail-
ability in cultures during the 24 h of incubation previous to oxidative
injury, and we investigated its subcellular fate in neurons by the use of
its fluorogenic properties. Furthermore we studied changes in mito-
chondrial thioredoxin Trx2 and in cellular levels of GSH and changes in
the expression of y-glutamate-cysteine ligase catalytic subunit (GCLC),
the rate-limiting enzyme of GSH synthesis, and we explored the
activation of the protective Nrf2-dependent signaling pathway by
quercetin.

Methods
Reagents

All chemicals were purchased from Sigma-Aldrich (St. Louis, MQ,
USA) unless stated otherwise. Hydrogen peroxide (H,0,) was dissolved
in distilled water and subsequently filtered before being added to the
cultures at a final concentration of 60 pM. Quercetin (Great Dragon
Biochemicals Co,, Ltd., China; 98% purity; CAS No, 6151-25-3) was
dissolved in 0.5% dimethyl sulfoxide (DMSO) and applied to the
neuronal cultures at a final concentration range from 5 to 100 pM.

Neuronal culture

Primary cerebellar granule neurons (CGN) were obtained from 6-
to 8-day-old Sprague-Dawley rats [40] and seeded in poly-L-
ornithine precoated 24-well plates at a density of 3.1 x 10° cells/cm?
and kept in basal medium Eagle supplemented with fetal bovine
serum (PAA Laboratories, Pashing, Austria; 10%), 20 mM KCl, and
25mM glucose, in a humidified chamber at 37°C in a 5% CO,
atmosphere. Glial growth was inhibited with cytosine arabinoside

(10 pM). Cultures were maintained for 8days in vitro until the
experimental treatments.

Experimental treatments

For the evaluation of the protective capacity of quercetin, H,0,
was added at the 9th day in vitro (DIV9) for 24 h. Quercetin was
applied 24 h before the H.0; insult (pretreatment).

For the evaluation of the neurotoxicity of quercetin, at DIV8
cultures were exposed to quercetin for 24 h.

Assessment of cell viability: examination of morphology and metabolic
activity of cells

Cell viability was evaluated by direct examination of the cultures
under inverted light microscopy. Briefly, after experimental treatment
cells were examined by phase-contrast microscopy (Axiovert 25;
Zeiss, Oberkochen, Germany), to analyze morphological features that
are indicators of cellular integrity and cellular death (brightness,
shrinking, cellular fragmentation, neurite integrity).

Additionally, cell survival was quantified by analysis of the metabolic
activity of cultures using the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphe-
nyltetrazolium bromide (MTT) assay [41]. This test is based on the
enzymatic reduction of MTT salts into formazan inside the cells [41]. As
MTT lacks permeativity through the plasma membrane, it enters into
cells by endocytosis, an ATP-dependent process characteristic of living
cells [42]. Thus, this assay reflects the integrity of the metabolic
machinery in viable neurons. In brief, after experimental treatment, cells
were incubated for 45 min at 37 °C with MTT (0.1 mg/ml final
concentration), and metabolically active cells reduced the dye to purple
formazan. Formazan crystals were dissolved in DMSO, and the
absorbance was measured on an MRX microplate reader (Dynex
Technologies, Chantilly, VA, USA), using a reference wavelength of
630 nmand a test wavelength of 570 nm. Results were presented as the
percentage of MTT reduction, assuming that absorbance of control cells
was 100%.

HPLC analysis of quercetin availability in cell cultures

To evaluate the intracellular/cell-associated levels of quercetin, at
DIV8 cultures were incubated with 25 uM quercetin for up to 24 h,
quickly washed with phosphate-buffered saline (PBS) three times,
and lysed (50% aqueous methanol in 0.1 M HCl). For measurement of
extracellular levels, after quercetin incubation, samples from culture
medium were diluted in methanol (1:1).

Freeze-thawed samples were microfuged at 10,000 rpm for 5 min
at 4°C, and supernatants were injected onto the HPLC system.
Separation of constituents was achieved by reverse-phase HPLC
using a C18 column (Phenomenex, Torrance, CA, USA) with 5-pym
particle size. A binary HPLC pump (Waters 1525; Milford, MA, USA)
with a 717 Plus autosampler (Waters) and a photodiode array
detector (Waters 2998) linked to Empower 2 (Waters) chromatog-
raphy data software was utilized, The temperature of the column was
set at 30 °C. The mobile phases used were (A) 100% MeOH and (B)
0.5% H;PO,, pH 2, 5% MeOH, at 0.7 ml/min. The gradient system
consisted of (min/%B) 0/80, 40/0, 41/80, and 47/80. The eluant was
monitored by photodiode array detection at 375 nm and spectra of
products obtained between 210 and 600 nm.

For the analysis of putative quercetin metabolites, new peaks with
spectral characteristics similar to those of flavonoids were analyzed as
quercetin equivalents.

Epifluorescence and confocal microscopy

CGN cultures were seeded in poly-L-ornithine-coated coverslips in
24 wells (3.1 10° cells/cm?) and maintained as described above. To
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evaluate the intracellular presence of quercetin, at DIVS cultures were
incubated with 25 uM quercetin for up to 24 h, quickly washed with
PBS, and fixed with 4% formaldehyde for 5 min [43]. Nuclei were
stained with Hoechst 33258 or TOPRO-3 (Molecular Probes, Eugene,
OR, USA) dye. After that, coverslips were put upside down on the glass
slides, with a drop of 30% glycerol.

To evaluate the Nrf2 nuclear translocation, at DIV8 cultures were
incubated with 25 uM quercetin or with 20 uM tert-butylhydroqui-
none (tBHQ; positive modulator of Nrf2) for 3 h, quickly washed with
PBS, and fixed with 4% paraformaldehyde for 10 min. Cells were left in
permeabilization solution (0.1% Triton X-100 in PBS) for 15 min, and
then in antibody blocking solution (2% bovine albumin, 2% horse
serum in permeabilization solution) for 1 h, followed by an overnight
incubation with primary antibody anti-Nrf2 (rabbit, 1:400; Santa Cruz
Biotechnologies, Santa Cruz, CA, USA) diluted in the same buffer at
4 °C. After being washed with PBS, the cells were incubated with Alexa
568-conjugated secondary antibody (goat anti-rabbit IgG-568; 1:400;
Chemicon, Temecula, CA, USA) for 1 h at room temperature and then
washed with PBS. Nuclei were stained with Hoechst 33258. Finally,
coverslips were put upside down on the glass slides, with a drop of
30% glycerol.

Samples were first observed with epifluorescence (Olympus DP70;
Center Valley, PA, USA), using 20x and 40x objectives and
DPController software (2002; Olympus). Subsequently, samples
were observed with a confocal laser scanning microscopy system
(Olympus BX61), using 20x, 40x, and 60x objectives and software
options (FluoView FV300; 4.3a version). Green fluorescence from
quercetin was monitored at 488 nm ex/500-540 nm em; Hoechst
33258 and TOPRO-3 nuclear stains were detected at Nex =405 nm and
Nex = 633 nm, respectively; and finally Alexa 568-conjugated second-
ary antibody used for Nrf2 localization was detected at Nox =543 nm.
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Analysis of GCLC gene expression by real-time PCR

To assess whether 25uM quercetin treatment caused GCLC
induction, at DIV8 cultures were treated with the flavonoid or with
vehicle (control) for 6 h, before total RNA isolation.

Total RNA was extracted from cell cultures using the QIAamp viral
RNA mini kit (Qiagen, Valencia, CA, USA), according to the manufac-
turer's instructions. Total RNA recovered was immediately reverse-
transcribed to generate first-strand cDNAs using the QuantiTec
reverse transcription kit (Qiagen), according to the manufacturer’s
instructions.

GCLC transcript levels were analyzed by real-time PCR using the
primers GCLC forward, 5-ATGAAAGTGGCACAGGAGCGAG-3', and
GCLCreverse, 5'-AAACAGGCCTTCCTTCCCATT-3' [44]. Transcript levels
of 18 S RNA were also analyzed and used as reference gene data for
normalization, by using the primers 18S RNA forward, 5'-
GTAACCCGTTGAACCCCATT-3’, and 18 S reverse, 5'-CCATCCAATCGG-
TAGTAGCG-3' [45].

Real-time PCRs were carried out using the QuantiTec SYBR green
real-time PCR kit (Qiagen) and primers (Integrated DNA Technolo-
gies, Coralville, IA, USA) described above. Reaction mixes contained
25 pl of 2x QuantiTec SYBR green PCR master mix (Qiagen), 0.25 uM
each primer, and 5 pl of 1:10 diluted cDNA in a final volume of 50 pl.

PCRs were carried out using a Corbett Rotor Gene 6000 cycler and
the cycling program consisted in an initial preincubation step of 50 °C
for 2 min and 95 °C for 15 min and 35 cycles of 94 °Cfor 15 5,53 °C for
30s, and 72 °C for 30 s. Fluorescence was measured in the elongation
step and negative controls (without cDNA) were included in each
reaction run. The specificity of the reaction was checked by analyzing
the melting curve of the final amplified products, which was obtained
through continuous reading over increasing temperatures from 65 to
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Fig. 1. Quercetin toxicity per se and protective effects against H,0, on cerebellar granule neuronal cultures after 24 h preincubation. (a) Biphasic dose-response effect of quercetin on
neuronal cells. For the evaluation of quercetin protective effects, neuronal cells were pretreated for 24 h with quercetin (0-100 pM) and then were exposed to 60 pM H,0, for 24 h.
For the analysis of quercetin toxicity, neuronal cells were exposed for 24 h to increasing concentrations of quercetin alone (0-100 uM). Data were normalized to control vehicle cells
(neuronal cultures treated with vehicle alone for 24 h) and presented as means of %+ SEM of at least three experiments. *p<0.01, significantly different from control vehicle cells;
*p<0.001, significantly different from control vehicle cells + H,0,. (b) Phase-contrast photomicrographs showing the morphological preservation of 25 M quercetin pretreated
cultures after 24 h of H,0, injury: image A, control vehicle cells; image B, control vehicle cells + H,0,; image C, 25 uM quercetin-pretreated cells + H,0,. Scale bar, 10 um.
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Fig. 2. Temporal course of (a) intracellular/cell-associated and (b) extracellular levels
of quercetin in neuronal cultures during 24 h incubation. Neuronal cells were exposed
to 25 uM quercetin for 1 min, 5min, 10 min, 30 min, 4 h, and 24 h. Cell extracts and
medium samples were analyzed by HPLC-Diode Array Detection (DAD) for quantifi-
cation of quercetin intracellular/cell-associated and extracellular levels, respectively.
Data are presented as means = SEM of at least three experiments.

95 °C. Four 10-fold serial dilutions (1, 0.1, 0.01, and 0.001) of total
cDNA samples were included in real-time PCR analysis to confirm that
the amplification efficiencies of GCLC and of 18 S RNA were similar.

The amplification results were expressed as the threshold cycle
number (Cr), which represents the number of cycles needed to
generate a fluorescent signal greater than a predefined threshold. To
perform data normalization, G for 18 S RNA was subtracted from Cr
for GCLC (ACy). The comparative AAC; method was used for the
relative mRNA quantification as described previously [46].

Total glutathione analysis

After experimental treatment, GSH and GSSG concentrations of
cultures were measured by HPLC with fluorescence detection as S-
carboxymethyl-N-dansyl derivatives and using y-glutamylglutamate
as internal standard, as previously described [9].

Western blotting analysis

After experimental treatments, protein samples (40pug) were
resolved on 15% sodium dodecyl sulfate-polyacrylamide gel and
transferred to nitrocellulose membrane (Hybond C; Amersham
Biosciences, Buckinghamshire, UK). Membranes were blocked for
1h in PBS containing 0.05% Tween 20 and 5% nonfat dry milk,
followed by an overnight incubation with primary antibodies anti-
Trx2 (rabbit serum; 1:500; Covance, Denver, PA, USA) and anti-o-
tubulin (mouse; 1:1500) diluted in the same buffer at 4 °C. After being
washed with 0.05% Tween 20 in PBS, the membrane was incubated
with peroxidase-conjugated secondary antibodies (ECL donkey anti-
rabbit IgG-HRP and ECL sheep anti-mouse IgG-HRP, respectively; GE
Healthcare, Chalfont St. Giles, UK) for 1h and then washed and

developed using ECL Western blotting detection reagents (Amer-
sham, GE Healthcare).

Statistical analysis

Experiments were done three times independent, and data are
presented as means-SEM. The results of cell viability versus
quercetin concentration were statistically evaluated for significance
with one-way ANOVA followed by a Tukey post hoc test. Results
obtained from total GSH levels of different treatments related to
different time points were statistically evaluated for significance with
two-way ANOVA followed by a Bonferroni post hoc test. Real-time
PCR experiments were done two times independently, and the
variation in GCLC gene transcript levels (AC;) between quercetin-
treated and control groups was evaluated using a Student ¢ test.

Results

Quercetin toxicity and protective effects against H,0- on cerebellar
granule neuronal cultures: 24 h pretreatment resulted in a biphasic
dose-response effect

For the assessment of quercetin protection, we incubated primary
neuronal cultures with quercetin 24 h before 60 uM H,0, treatment.
We also studied the toxic effect per se of 24-h quercetin pretreatment
in these neuronal cultures. Fig. 1a presents toxic and protective
profiles of quercetin (5-100 uM). We observed a biphasic dose-effect
curve, in that concentrations lower than 25uM did not prevent
oxidant-induced neuronal death, and doses higher than 25 uM were
toxic per se. As a result, from the concentration range studied only
25 uM quercetin showed protective effects (Fig. 1a). Indeed, whereas
the addition of 60 uM H,0, caused a shift in neuronal survival that
attained 38t 4% after 24 h, 25 UM quercetin pretreatment signifi-
cantly prevented oxidant-induced neuronal death after 24 h, resulting
in an 88 + 2% neuronal survival (Fig. 1a).

Phase-contrast micrographs in Fig. 1b show morphological
features of vehicle-treated or 25 pM quercetin-treated cultures
subsequently treated with H,0, for 24 h. Control (vehicle-treated
only) cells (image A) showed bright round somata, with a complex
neurite network. In contrast, vehicle-treated cells injured with H,0,
for 24 h (image B) looked mostly shrunk and less bright, and the
neurite network had become thinner and fragmented. However, and
in agreement with MTT determinations, there were no evident
morphological alterations in 25 puM quercetin-treated cultures after
24 h of H,0, injury (image C), compared with control, indicating that
pretreatment with 25 uM quercetin preserved neuronal integrity after
24 h of the oxidative insult.

Finally, to verify that this protective effect was not due to an
external reaction between the compound and the oxidant, we
repeated the experiment adding a washing step between quercetin
pretreatment and H,0, addition to cultures. The results showed that
the neuroprotection was due to the effects of quercetin on the cells
and not to a direct reaction with H,0, (data not shown).

Temporal changes in quercetin availability in neuronal cultures during
24 h of pretreatment

We determined quercetin availability in neuronal cultures at
various times before oxidative injury, by measuring changes in
quercetin intracellular/cell-associated and extracellular levels in
treated cultures up to 24 h (Figs. 2 and 3). Extracellular levels of
quercetin decreased with time, and after 24 h of incubation, quercetin
was still detectable in medium cultures (16 5% of initial quercetin
concentration added to cultures; (Figs. 2b and 3b). Intracellular/cell-
associated quercetin levels were detected after 1 min of being added
to cultures (2.4 + 0.2% of total amount of quercetin added to cultures)
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Control (vehicle)

Quercetin 4 h

Quercetin 30 min

Quercetin 1 min

Quercetin 5 min

Quercetin 24 h

Fig. 4. Quercetin intracellular presence was confirmed by its fluorogenic properties. Confocal photomicrographs of vehicle-treated neuronal cultures (control) and cells incubated

with 25 pM quercetin for 1 min, 5

min, 30 min, 4 h, and 24 h are shown. The merged images of the six treatments show nuclei stained with Hoechst 33258 dye (blue fluorescence)

and quercetin green fluorescence monitored at 488 nm ex/500-540 nm em. Quercetin green fluorescence is present in the neurons immediately after 1 min of incubation, but it

disappears after 24 h. Scale bar, 15 um.

and they subsequently decreased along the 24-h period of treatment.
By 24 h, when H,0, was added, intracellular/cell-associated querce-
tin was undetectable (Figs. 2a and 3a). The data obtained from these
analyses were fitted to kinetic rate equations of zero and first orders
(Fig. 2a and b, respectively).

Furthermore, three new peaks, which had spectral characteristics
similar to those of quercetin, were detected in extracellular samples
(Fig. 3b). They increased with time and reached their maximum after
24 h. At this time, the most abundant of the three metabolites
represented less than 5% of the initial quercetin concentration added
to the cultures. None of these three peaks were detectable in
intracellular/cell-associated samples by 24 h (Fig. 3a).

Analysis of internalization and subcellular fate of quercetin in neuronal
cultures

Previous work in nonneuronal cells reported that quercetin
cellular internalization is coupled to a transient binding of the
molecule to protein targets, and this interaction can be visualized at
specific fluorescence settings [43]. So, by using the fluorogenic
properties of quercetin, we intended to find subcellular targets of
the flavonoid in our neuronal cultures. We used epifluorescence and
confocal imaging to see whether quercetin was associated with
neurons at both extracellular and intracellular levels.

We found that as soon as 1 min after quercetin addition to
cultures, neurons were fully stained with a strong green fluorescence.

Quercetin fluorescence persisted with time, although the signal
strength was progressively weakened, until it completely disappeared
after 24 h of incubation (Fig. 4).

Furthermore, confocal imaging showed that quercetin particularly
attained the nuclear level, although simultaneous analysis of nucleic
acid stain and quercetin fluorescence showed different nuclear
localizations (Fig. 5).

Effects of 25 uM quercetin pretreatment on total GSH concentration and
Trx2 expression in neuronal cultures

We focused on modulation of intracellular levels of two major
regulators of cellular redox status, glutathione and mitochondrial
thioredoxin. We found that 24 h quercetin pretreatment resulted in
an increase in the cellular levels of total GSH (146.3 + 12% with
respect to control. Fig. 6a), although there were no differences in
protein levels of Trx2 between control and quercetin-pretreated
cultures (Fig. 6b).

Quercetin pretreatment caused nuclear accumulation of Nrf2
neuronal cultures

The Nrf2-dependent cytoprotective pathway has been shown to
induce gene expression of enzymes involved in GSH synthesis [32].
We therefore examined whether quercetin could activate the Nrf2
signaling pathway in our neuronal culture model. Upon activation,

Fig. 3. Chromatographic analysis of quercetin levels in neuronal cultures incubated with 25 uM flavonoid for up to 24 h. (a) Chromatograms showing the time course of intracellular,

cell-associated levels of quercetin: (trace a) quercetin standard, (trace b) control (vehicle-treated cells), (trace ¢) 1 min of quercetin incubation, (trace d) 5 min of quercetin
incubation, (trace e) 10 min of quercetin incubation, (trace f) 4 h of quercetin exposure, and (trace g) 24 h of quercetin exposure. Quercetin (peak 2, RT 26,899 min) was detected
after 1 min of being added to cultures and subsequently decreased along the 24-h period of treatment. By 24 h, at the moment of the oxidant exposure, neither quercetin nor the
other peaks with similar spectral characteristics were detectable. (b) Chromatograms showing the time course of extracellular levels of quercetin: (trace a) quercetin standard,
(trace b) control (vehicle-treated cells), (trace ¢) 30 min of quercetin incubation, (trace d) 4 h of quercetin incubation, (trace e) 24 h of quercetin incubation. Quercetin (peak 2, RT
26,899 min) decreased with time, and after 24 h of incubation, it was still detectable in medium cultures. Furthermore, three new peaks, which had spectral characteristics similar to
those of quercetin, were detected (peak 1, RT 23,988 min; peak 3, RT 30,666 min; peak 4, RT 33,494 min). They increased with time and reached their maxima after 24 h.
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Fig. 5. Quercetin attained both cytoplasmic and nuclear compartments. Confocal fluorescence micrographs of cells incubated with 25 M quercetin for 30 min. (Image a) Nuclei were
stained with TOPRO-1 (blue fluorescence). (Image b) Green fluorescence from quercetin (monitored at 488 nm ex/500-540 nm em). (Image ¢) Merged images. Quercetin green
fluorescence was present at both the nuclear and the cytoplasmic level. Dense nuclear green staining pattern suggests the presence of quercetin binding proteins in the nuclei

(arrowhead). Bar, 10 pm.

Nrf2 accumulates in the nucleus. Thus, by the use of immunocyto-
chemistry, we examined whether quercetin could cause nuclear
translocation of Nrf2 in neurons.

Fig. 7 presents neuronal cultures treated with vehicle alone, 25 uM
quercetin, or 20 uM tBHQ. Cultures treated with vehicle showed
diffuse Nrf2 staining with low levels of Nrf2 immunoreactivity in the
cytoplasm and nucleus. On the other hand, tBHQ positive control
cultures showed a strong signal for Nrf2, which was particularly
striking in the region of the nucleus. Finally, quercetin-treated
cultures presented a major Nrf2 signal in both cytoplasm and nucleus.
This signal, which was particularly remarkable in the nucleus, was
even more prominent than that observed with tBHQ. Thus, quercetin
caused nuclear translocation of Nrf2 in neuronal cultures.
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Fig. 6. Twenty-five micromolar quercetin caused an increase in cellular levels of total
GSH, but not of Trx2. (a) Effects of 25 M quercetin incubation for 24 h on total GSH
concentration in neuronal cultures. Control, vehicle-treated cells; 25 uM quercetin, cells
treated with quercetin 25 uM for 24 h. Results are expressed as means EM of three
experiments. ‘p<0.01, significantly different from control. (b) Effects of 25uM
quercetin incubation for 24 h on Trx2 expression. Inmunoblotting with anti-a-tubulin
is shown as a loading control. Control, vehicle-treated control cells; Q25 uM, cells
treated with 25 pM quercetin for 24 h; Q50 pM, cells treated with 50 pM quercetin for
24 h. Similar results were obtained from three experiments.

Quercetin pretreatment induced GCLC expression in neuronal cultures

To see if the GSH increase observed could be a result of quercetin
induction in GCLC expression through Nrf2 pathway activation,
cultures were treated with the flavonoid or with vehicle (control)
for 6 h, and gene expression of GCLC and 18 S RNA was determined by
real-time PCR as described above. Gene-specific amplification was
confirmed for the two primer pairs as single peaks in the melting
curve analysis and through the T, values.

Amplification efficiencies for GCLC and 18 S RNA genes were
approximately equal (data not shown), validating the use of the AAC;
method for relative quantification.

Quercetin induced significant gene expression of the GCLC subunit
in cultures, which was increased by 2.7-fold after 6 h of incubation
(Fig. 8).

Discussion

The results presented above showed a clear-cut protection by
quercetin of cerebellar granule neurons in culture against an oxidative
injury. Protection by quercetin of different cells in culture against a
variety of insults has been previously described [36,38,47-51]. The
novelty of the present data lies in that they showed protective effects in
a pretreatment experimental model in neuronal cells, in which: (a) a
limited amount of quercetin was quickly internalized into the neurons,
reaching the nucleus level; (b) the Nrf2 cytoprotective signaling
pathway was activated; (c) quercetin treatment resulted in an increase
in GCLC expression and total GSH levels; and finally (d) neuronal death
was prevented although intracellular/cell-associated quercetin or
metabolites were not detectable at the moment of the oxidant exposure.

As an initial approach, the analysis of quercetin availability in
neuronal cultures and its biotransformation could throw light on the
mechanisms involved in quercetin protective effects. In this sense, our
results showed a rapid internalization of the flavonoid into the
neuronal cells that was limited to 2.4 £ 0.2% of total added quercetin
(Fig. 2a). In addition, our chromatographic analysis showed that
neither intracellular/cell-associated quercetin nor its metabolites
were detectable after 24 h of quercetin exposure (Fig. 3a). The
intracellular biotransformation of quercetin by the neurons was also
evidenced by the gradual disappearance of its intrinsic fluorescence
by 24 h incubation (Fig. 4). According to the low/undetectable
intracellular availability of free quercetin or related metabolites at
the moment of the oxidative insult, direct ROS scavenging or metal-
chelating activities may have been limited under these circumstances.
Nevertheless, we should take into account that a rapid intracellular
autoxidation of internalized quercetin [52], and a subsequent reaction
between these autoxidized forms and cellular macromolecules, could
have led to the formation of adducts not detectable under our HPLC or
microscopy conditions.

Furthermore, although quercetin and extracellular metabolites
were detected after 24 h of quercetin exposure (Fig. 3b), the
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Fig. 7. Twenty-five micromolar quercetin caused Nrf2 nuclear translocation in neuronal cultures. Confocal photomicrographs show neuronal cultures treated with vehicle (control),

25 uM quercetin, or 20 uM tBHQ for 3 h. Shown are immunoreactivity for Nrf2 (red), nuclear staining with Hoechst 33258 (blue

.and merged images of each of the three treatments.

Cultures treated with quercetin presented a major Nrf2 signal, which was particularly dense at neuronal nuclei. Scale bar, 15 pm.

protective effects were not due to an antioxidant external reaction
between the remnant extracellular quercetin or metabolites and the
oxidant. These results strengthen the hypothesis that other intracel-
lular mechanisms, probably involving protein interactions and/or
induction of survival pathways [30,31], could explain the quercetin
protective effects observed here.

In this sense, a remarkable finding was that after quercetin
exposure, its fluorescence attained the nuclear level (Fig. 5). Simul-
taneous confocal analysis of nuclear stain and quercetin fluorescence
showed different nuclear localizations (Fig. 5), which would give a
basis for the interpretation of quercetin binding to nuclear proteins.
Indeed, our findings are in agreement with previous research done in
Drosophila follicles in which quercetin accumulated in the nuclei,

5
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Fig. 8. Twenty-five micromolar quercetin induced GCLC expression in neuronal
cultures. mRNA levels of GCLC after exposure to quercetin are shown. Cells were
exposed to vehicle alone (control) or 25 uM quercetin for 6 h. GCLC mRNA levels from
two experiments (n=4) were measured with the real-time PCR method. *p<0.05,
significantly different from control

interacting with proteins associated with ring canals [53]. Quercetin
was shown to interact with actin, which is particularly interesting
because this protein has been suggested to be an essential component
of the transcriptional machinery [54]. Further studies after isolation of
molecular targets could provide additional information about the
availability and mechanism of action of quercetin in neurons.

A last interesting finding related to quercetin uptake and
biotransformation results from the kinetic rate equations of zero
and first orders fitted by the temporal course of quercetin intracel-
lular/cell-associated and extracellular levels, respectively (Fig. 2a and
b). These results provide evidence that different chemical or
enzymatic processes were involved in the disappearance or biotrans-
formation of intracellular/cell-associated and extracellular quercetin.
A rate equation of zero order corresponding to changes in intracel-
lular/cell-associated levels suggests a mechanism independent of
quercetin concentration. This would be the case, for example, of a
saturated enzymatic reaction. On the other hand, a first-order rate
equation corresponding to changes in extracellular levels of quercetin
implies a mechanism that depends on quercetin concentration. This
would be the case, for example, of an autoxidation reaction. Further
analytical studies could provide additional information about the
mechanisms of biotransformation of quercetin in neurons.

Focusing on the modulation of thiol-redox systems by quercetin,
the analysis of protein levels of Trx2 did not show any difference
between control and quercetin-pretreated neuronal cultures (Fig. 6b),
indicating that quercetin protection was not accompanied by
mitochondrial thioredoxin induction. Because previous studies
reported cytoplasmic thioredoxin Trx1 regulation by quercetin in
astrocytes [55], and quercetin modulation of mammalian thioredoxin
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reductase [56], we cannot discard that other members of the Trx
family could be modulated by quercetin in this model.

In contrast, quercetin pretreatment increased total GSH levels in
neuronal cultures (Fig. 6a). Precisely, the high levels of GSH in
neuronal cells might be able to cope with the toxicity of H,0, and thus
could be part of the mechanisms of neuroprotection involved in our
model. Previously, quercetin has been shown to activate the Nrf2
transcription factor pathway [32,57,58]. This cytoprotective pathway
is of special interest with regard to oxidative stress, because Nrf2 is
responsible for the induction of a battery of genes encoding protective
antioxidant proteins, and thus it promotes the regulation of the
intracellular redox environment [59,60]. In this sense, our results also
showed that quercetin caused Nrf2 nuclear translocation in neuronal
cultures, evidencing the activation of such cytoprotective pathway
(Fig. 7). Furthermore, our data showed that quercetin caused an
increase in the expression of GCLC, the rate-limiting enzyme in GSH
synthesis, whose gene is known to be up-regulated through Nrf2
activation. Our data are in accordance with previous work in cell lines,
although little has been done to characterize the effect of quercetin on
this cytoprotective pathway in neurons [32,39,58,61-63].

Finally, emerging data suggest that other dietary phytochemicals,
such as benzyl isothiocyanate, sulforaphane, curcumin, and resveratrol,
present biphasic dose-response effects similar to that found with
quercetin (Fig. 1a): although they are toxic at high doses, at lower doses
they can activate adaptive cellular stress responses pathways [64-67].In
this sense, findings from our work suggest that the cellular and
molecular mechanisms underlying quercetin protection may involve
the induction of antioxidant enzyme gene expression, as evidenced by
theincrease in GCLC expression and the rise in total GSH levels, through
the activation of the Nrf2 cytoprotective signaling pathway. Although
great care should be taken when extrapolating data obtained from cell
cultures to dietary in vivo situations [68], it is undeniable that flavonoid
bioactivities enumerated here are meaningful in the perspective of their
beneficial effects in humans and could be taken into account for
potential therapeutic uses in neuroprotection.
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2. Pretreatment with natural flavones and neuronal cell survival after oxidative

stress: a structure-activity relationship study. C. Echeverry; F Arredondo; Juan

Andres Abin-Carriquiry; J Midiwo; C Ochieng; L. Kerubo; F. Dajas. Journal of
Agricultural and Food Chemistry, v.: 58 4, p.: 2111 - 2115, 2010

En el articulo que presentamos a continuaciéon nos focalizamos en el
objetivo especifico d, con el fin de contestar la segunda pregunta
planteada enla tesis: 3 Qué caracteristicas estructurales de quercetina y
flavonoides relacionados determinan este efecto neuroprotectore

Para ello, utilizando el modelo de muerte neuronal oxidativa
desarrollado previamente, evaluamos la capacidad neuroprotectora de 13
flavonas naturales estructuralmente similares a la quercetina. De este modo
Nnos propusimos identificar los requerimientos estructurales necesarios para la
neuroproteccion por flavonoides. Los resultados obtenidos muestran que
ademds de quercetina sélo 3 del conjunto de flavonas estructuralmente
relacionadas fueron efectivamente protectoras. Ademds, las caracteristicas
estructurales que aseguran su efecto neuroprotector, no coinciden con
aquellas caracteristicas necesarias para la actividad atrapadora de
radicales libres de estos compuestos.

Esto reafirma nuestra hipotesis de que en este modelo las flavonas
neuroprotectoras estarian interactuando con vias de senalizacion

infracelular, mds alld de su capacidad atrapadora de radicales libres.
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Pretreatment with Natural Flavones and Neuronal Cell
Survival after Oxidative Stress: A Structure—Activity
Relationship Study
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Quercetin shows structural features that have been related to the antioxidant potency of flavonoids
and also shows neuroprotection in different models of oxidative death. Because only a few studies
have focused on the flavonoid structural requirements for neuroprotection, this work evaluated the
protective capacity of 13 flavones structurally related to quercetin, isolated from Kenyan plants, to
rescue primary cerebellar granule neurons from death induced by a treatment with 24 h of hydrogen
peroxide (150 u«M). Each flavone (0—100 «M) was applied 24 h prior to the oxidative insult, and
neuronal viability was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Results suggest that the o-dihydroxy substitution in the B-ring is not necessary to
afford neuroprotection and could be partly responsible for neurotoxic effects. Furthermore, the
hydroxy substitutions in the positions C3 (C-ring) in C5 and C7 (A-ring) would be important for

neuroprotection in this model.

KEYWORDS: Flavones; neuronal protection; oxidative stress; SAR

INTRODUCTION

The lack of effective therapies against neuronal death involved
in neuropathologies such as Parkinson’s and Alzheimer’s diseases
has led to the search for new therapeutic strategies mainly related
to the events ol oxidative stress implicated in these pathologies. In
this sense, epidemiological studies have shown a lower incidence
of such illnesses in people consuming flavonoid-rich diets (7, 2),
although the exact mechanisms by which these compounds exert
their beneficial effects are not fully understood. Beyond their
classical hydrogen-donating antioxidant activity, in the past 5—10
years, some evidence has emerged from cell studies suggesting
that flavonoids could influence cellular fate by other mechanisms
ol action: enzymatic modulation, interaction with several recep-
tors, and modulation of intracellular signaling cascades that
control cell survival, death, differentiation, and gene
expression (3—6). This capacity to modify multiple cellular
targets is likely the basis of the therapeutic potential of lavonoids
and also their toxic effects.

Flavonoids represent the most common group of polyphenolic
compounds in the human diet and are widely found in plants.
They consist of two aromatic carbon rings, benzopyran (A- and
C-rings) and a benzene (B-ring), and can be divided into six
groups depending on the degree of oxidation of the C-ring, the

*Address correspondence to this author at the Departamento de
Neuroquimica, Instituto de Investigaciones Bioldgicas Clemente Es-
table, Avda. Italia 3318, CP 11600, Montevideo, Uruguay (telephone/
fax +598 2 4872603: e-mail echever(@iibce.edu.uy).

©XXXX American Chemical Society

hydroxylation pattern, and the substitution at the C3-position.
Among these, the flavones that are based on the backbone of
2-phenylchromen-4-one (2-phenyl-1-benzopyran-4-one) are the
most commonly encountered, being ubiquitous within the fa-
milies and genera of the higher plants (Figure 1). The structural
diversity ol these natural compounds offers the possibility to
identily the molecular substitutions required lor different biolo-
gical actions. In this sense, there is an agreement in the literature
on some ol the molecular features that determine particular
activities of flavonoids. Thus, their antioxidant potency has been
linked to the eo-dihydroxy substitution in the B-ring and the
presence of 2.3-unsaturation and a 4-carbonyl in the C-ring
(Figure 1) (7. 8). Their activity as metal ion chelators appears to
be defined by the presence of the o-dihydroxy substitution in the
B-ring. the 4-carbonyl in the C-ring, and a 5-hydroxy substitution
in the A-ring (). whereas the prooxidant properties of lavonoids
would be associated with the number ol hydroxyl groups present
in the molecule (/0). In particular, the cytoprotective capacity of
flavonoids against different insults has been mainly attributed to
their antioxidant potency (/1. I2). However, in a previous
work (13), assessing the cytoprotective potency of several struc-
turally related flavonoids against oxidative stress, we found that
cytoprotection did not correlate with the antioxidation potency.
Nevertheless, the antioxidant structural features described above
were common to all of the cytoprotective flavonoids studied, as
shown by other authors (14, 15). In this context, the search for
particular structural features that afford protection would be
significant for the development ol new neuroprotective molecules
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Figure 1. Molecular structure of the flavone backbone.

and for the understanding of the mechanisms of action of
flavonoids.

To this aim we performed a structure—activity relationship
(SAR) study focused on the protective effects of lavonoids against
oxidative stress in neuronal cultures, We assessed the protective
capacity of 13 natural flavones in an experimental paradigm in
which an oxidative insult that leads to cell death is applied to
cultured neurons after previous exposure to the favones. The
flavones were mainly isolated from Kenyan plants, and they are
structurally related to quercetin, a prototypic antioxidant molecule
and a potent neuroprotective compound in different experimental
paradigms (/3. 16). To assess more accurately the potential value
of the protective molecules as leading compounds to design
molecules of therapeutic use, we also assessed the toxicity of the
selected flavones on the cultured neurons.

The main results showed the structural requirements for
neuronal cell protection, which are different from those that
afford antioxidant capacity.

MATERIALS AND METHODS

General Chemicals. All chemicals were purchased from Sigma-
Aldrich (St. Louis, MO) unless stated otherwise. Hydrogen peroxide
(H50;) was dissolved in distilled water and subsequently filtered before
addition to the cultures

Flavones Utilized. Quercetin (3,5,7,3".4"-pentahydroxyflavone) was
acquired from Xi‘an Sino-Dragon I/E Co., Ltd., China. Apigenin (5,7.4'-
trihydroxyflavone), luteolin (5.7.3'.4'-tetrahydroxyflavone). and fisetin
(3.7, 4'-tetrahydroxyflavone) were obtained from Sigma-Aldrich. The
rest of the flavones studied were isolated by Prof. J. Midiwo’s research
group at the Department of Chemistry, University of Nairobi, from the
following plants: Dodonaea angustifolia, Psiadia punctulata, Gardenia
ternifolia, Senecio roseiflorus, and Hypericum lanceolatum. The following
compounds were obtained from these plants (Table 1): compound 1 (5.7-
dihydroxy-3.6,4"-trimethoxyflavone), compound 2 (5-hydroxy-3.7.4'-
trimethoxyflavone), compound 3 (5,7-dihydroxy-3.4'-dimethoxyflavone),
compound 4 (3.5-dihydroxy-7.4'-dimethoxyflavone), compound 5 (5.6.7-
trihydroxy-3,4'-dimethoxyflavone), compound 6 (3,5,7-trihydroxy-4'-
methoxyflavone), compound 7 (5,7 4'-trihydroxy-3-methoxyflavone),
compound 8 (3.5,7,3'-tetrahydroxy-4'methoxyflavone, tamarixetin), and
compound 9 (3.5,7 4'~tetrahydroxy-3'methoxyflavone, isorhamnetin).

Each molecule was dissolved in dimethyl sulfoxide (DMSQ) 30%, prior
to bioassay experiments.

Plant Materials. The plants used and voucher specimens have been
described previously (/7. 18).

The leaf and flowers of the plants mentioned were collected from their
geographical location and handled according to established procedures.

Extraction. Extraction was performed as previously described for
exudates from aerial parts (/7, /8); the aerial branches and leaves were
dipped into organic solvent and shaken for not more than 15 s to avoid
extraction of internal tissue substances indicated by the appearance of the
green of chlorophyll. This wash was dried in vacuo using a rotary
evaporator to give a solid gum. Other parts of the plants were dried
before the powder was extracted at ambient temperature with various
organic solvents, dichloromethane /methanol (1:1) followed by methanol,
and solvent was removed to yield the gummy solid.

Analysis was done using analytical TLC: Merck precoated silica gel 60
F254 plates with standard previously characterized compounds to locate
desired compounds in the extracts, CC on silica gel 60 (70—230 mesh).
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Table 1. Lethal Concentration 50 (LCsq) and Effective Concentration
50 (ECsp) of the Flavones Studied

Compound Structure LC s (uM) ECso (uM)
Quercetin on, : J{;l " 80.3 57
LY “ o
Luteolin .,.<W,¢}N 79.3 -
2
W o
Apigenin ..M;Eqr@‘ 76.2 -
oo T
Fisetin 63.5 -
1 r: G = 29.7 -
2 o 26.0 -
o ACHY
3 G G O 251 -
. SR C0 - 3 )
b b .
5 T 24.0 -
can
6 0 721 26
7 ‘K:P;?I@/ 14.4 B
oan
Wt
s o 0 > 100 29
o &
qans
9 e 85.6 5.6

EIMS: directinlet, 70 eV, "H NMR (500 MHz) and *C NMR (125 MHz)
run on DRX-500 (Bruker), ARX 300 (Bruker), or Varian-Mercury
spectrometers using solvent resonances to calibrate the spectra.

Neuronal Culture. Primary cerebellar granule neurons (CGN) were
obtained from PN6—8 Sprague—Dawley rats (/9) and seeded in poly-L-
ornithine precoated 96-well plates at a density of 200,000 cells/well. They
were kept in basal medium Eagle supplemented with fetal bovine serum
(PAA Laboratories, Austria) (10%), 20 mM KCl, and 25mM glucose in a
humidified chamber at 37 °C ina 5% CO, atmosphere. Glial growth was
inhibited by addition of cytosine arabinoside (10 gM).

Experimental Treatments. For flavone neuroprotective capacity
evaluation, neuronal death was induced at seven days in culture (DIC7)
by adding 150 uM hydrogen peroxide (H;05) for 24 h. Flavones (0— 100 4M
in 1.5% DMSO, final concentration) were applied 24 h before the H,0,
insult. Neurotoxicity assessment was done by exposing granule cell
cultures to 0— 100 #M concentrations of each flavone during 24 h.

Cell Viability Measurements. Neuronal mitochondrial activity, asan
indicator of cell viability, was measured by the 3-(4.5-dimethylthiazol-2-
yI)-2,5-diphenyltetrazolium bromide (MTT) assay (20).

Briefly, after experimental treatments, cells were incubated for 90 min at
37 °C with MTT (0.1 mg/mL final concentration) that was reduced by
metabolically active cells to purple formazan. Formazan crystals were
dissolved with DMSO, and the absorbance was measured on an MRX
microplate reader (Dynex Technologies), using a reference wavelength of
630 nm and a test wavelength of 570 nm.

Results are presented as percentage of MTT reduction, assuming that
absorbance of control cells was 100%.

Neuronal viability was also examined qualitatively by phase-contrast
microscopy (Axiovert 25, Zeiss, Germany).
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Figure 2. Phase contrast photomicrographes of neurons in culture showing neuroprotection by pretreatment with 10 «M compound 9: (A) control vehicle
neurons (DMSO 1.5%); (B) H,O, vehicle neurons (DMSO 1.5% + H,0, 150 uM 24 h); (C) H,0,—compound 9 neurons (10 «M compound 9 24 h + H,0,
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Figure 3. Flavone CGN toxicity and protection against oxidative insult: (A) quercetin (3,5,7,3',4"-pentahydroxyflavone) profile; (B) compound 9 (3,5,7 4’
tetrahydroxy-3'-methoxyflavone, isorhamnetin) profile; (C) compound 8 (5,7,3'-trihydroxy-3,4'-dimethoxyflavone, tamarixetin) profile; (D) compound6 (3,5,7-
trihydroxy-4'-methoxyflavone) profile. Data are presented as mean of cell viability <+ SD (s, p< 0.001 as compared to CV; +++-, p< 0.001 as compared to
PV; +2, p<0.05 ascompared to PV; +, p<0.01 as compared to PV, by ANOVA—Tukey multiple-comparison test). CV, control vehicle neurons; PV, peroxide

vehicle neurons.

Statistical Analysis. Cell viability data are presented as mean + SD
and were analyzed by ANOVA—Tukey multiple-comparison tests.

RESULTS

From the molecules studied, compound 8 (5,7,3'-trihydroxy-
3.4'-dimethoxyflavone, tamarixetin), compound 9 (3,5,7 4'-tetra-
hydroxy-3'-methoxyflavone, isorhamnetin), compound 6 (3.5,
7-trihydroxy-4'-methoxyflavone), and quercetin (3,5.7,3'.4'-penta-
hydroxyflavone) prevented the H,Ox-induced cell death, evi-
denced by phase contrast microscopy and MTT assays, indicating
that they are neuroprotective.

A representative set of phase contrast photomicrographs of
neurons in culture that were treated with 10 #M compound 9 and
24 h later exposed to the oxidative insult are shown in Figure 2.

Treatment with H,O5 caused marked neuronal death (Figure 2B).
In contrast, neurons pretreated with 10 uM compound 9 and
subsequently exposed to the same oxidative insult (Figure 2C)
appeared to be morphologically similar to control cells
(Figure 2A).

Effective hall maximal concentrations for toxicity (LCsg) and
for protection (ECs,) were calculated from the dose—response
curves (Table 1).

The toxicity profile of each neuroprotective flavone was
different (Figure 3). Only compound 8 did not show toxicity in
the concentrations tested (Table 1 and Figure 3). Although the
correlation between the number of OH and LCs, was positive, it
was low (+* = 0.537, Figure 4). The compounds with minor LCs,,
values (compounds 7, 1,2, 3, and 5) show methoxy substitution in
C3 (C-ring).
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Figure 4. Correlation between OH numbers of flavanes and LCs,.

The protective compounds 8, 9, 6, and quercetin showed an
ECsy = 2.9,5.6,2.6, and 5.7 uM, respectively (Table 1; Figure 3).
Interestingly, apart from quercetin, the rest of the neuroprotective
molecules do not present the o-dihydroxy substitution in the
B-ring. although they have similar potencies.

In this model fisetin did not show neuroprotection (Table 1),
although its only structural difference from quercetin is the
absence of OH substitution at C5 of the A-ring. On the other
hand, compound 4, that does not show protection, possesses an
OH in position C3, but has an OMe group at C7 of the A-ring
(Table 1).

Of the other nonprotective compounds, apigenin and luteolin
both have the OH substitution at C5 and C7 in the A-ring,
although they lack the OH substitution at C3 (C-ring); com-
pounds 7 and 3, which also have an OH group in positions C5 and
C7 (A-ring), present an OMe group at C3 (C-ring) and, [inally,
compounds 1. 2, and 5 have an OMe group at C3 (C-ring) and
present diverse substitutions in the A-ring (Table 1),

in summary, the common structural characteristics of the four
neuroprotective molecules are an OH substitution at the C5- and
C7-positions of the A-ring, an OH substitution at the C3 position
of the C-ring, and variable B-ring substitutions.

DISCUSSION

The results described above showed that only 4 of the 13
flavones studied exhibited neuronal protective activity, strongly
indicating that specific structural features are related to this
action. Results suggest that the hydroxy substitutions in the
A-ring (C5 and C7) and at position C3 (C-ring) of the flavones
would be necessary to afford neuronal cell protection. The OH
substitution at position C3 (C-ring) has been previously shown as
important in a wide range of biological activities such as scaven-
ger activity and anti-inflammatory effects (21, 22). This structural
feature appears to be significant for the cationic divalent chelating
properties (21), and it appears to be responsible for the increase in
the molecular coplanarity that has been implicated in these
biological activities (21, 23).

Our results are in agreement with Kang and co-workers, who
studied the neuroprotective capacity of four structurally related
flavones, wogonin, chrysin, apigenin, and luteolin, by testing
whether these flavones protect SH-SY5Y human neuroblastoma
cells against oxidative stress-induced cell death. They found that
one hydroxyl group at C3 is essential to exert protection (/4).

Additionally, a few studies have demonstrated that both the
5-0OH and 7-OH groups of the A-ring are significant for flavonoid
bioactivities. Lee and co-workers have suggested that OH sub-
stitutions at C5 and/or C7 might significantly affect the anti-
apoptotic properties of flavonoids (24). Furthermore, Van Hoorn
et al. (25) showed the importance of these substitutions on
xanthine oxidase inhibition by flavones. Because [ree radicals
are produced by xanthine oxidase activity, its inhibition has an
indirect antioxidant effect that could contribute to neuroprotection.
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In this case, the authors sustained the notion that 3'- and 4'-
hydroxyl moieties (B-ring) strengthen this activity.

When we compare the activity profiles of the four protective
molecules with the nonprotective fisetin, it can be concluded
that the o-dihydroxy substitution in the B-ring is not needed
for protection in our model. This is an important and novel
contribution of our work because several studies have shown
the importance of this structural feature in diverse bioacti-
vities of flavonoids (26 —29), particularly for their scavenger
capacity. Thus, it is generally accepted that the positions and
numbers of OH in the B-ring give the scavenger capacity of
these compounds, whereas OH groups on the A-ring do not
appear to be significant for this activity (27). Indeed. it has
been suggested that OH groups on the A-ring have poor
reactivity toward peroxyl radicals (30, 37). Accordingly, our
results showed that structural features implicated in neuronal
protection are different from those that provide the free radi-
cal scavenging capacity of flavonoids. It has to be borne in
mind that in the model utilized in this work, [lavones are
added to cells in culture 24 h before they are submitted to the
oxidative aggression. This is an important difference with
most utilized models that place the flavonoids and the oxida-
tive insult in close relationship (/4, 32). In our model, the
flavonoid molecule could interact with intracellular targets
before the oxidative insult is applied, likely inducing the
expression of cell signaling molecules. Further research now
in progress in our laboratory aims to detect the intracellular
presence of the flavones during the preteatment period, a fact
already demonstrated for some flavonoids (33, 34). Mctabo-
lomic studies are also being performed to identify putative
active metabolites as it has been claimed in previous stu-
dies (33).

The toxicity studies of the flavones evidenced a positive
correlation between the number of OH substitutions and the
LCsy values. This result indicates that in neurons in culture,
toxicity may be inversely related to hydrophilicity. The low
correlation coeflicient would suggest that besides the number of
OH. their positions would also be important for toxicity.
Although some studies have shown the involvement of OH and
OMe groups in cytotoxicity (35), none has implicated the OMe
substitution, particularly at C3 (C-ring), with this action. Our
work shows for the first time that the OMe substitution at C3
(C-ring) would increase the neurotoxicity. This feature should be
studied further to identify possible mechanisms implicated in the
toxicity of flavones.

Structure—acivity studies like those reported here are a con-
tribution to the knowledge of the pharmacophoric structures
(Figure 1: OH substitutions at C5, C7, and C3: OH, OCH4, or H
substitutions at C3'; and OH or OCHj substitutions at C4') that
aflford neuronal cell protection and could be meaningful for the
design of new molecules for the treatment of brain pathologies
that involve massive neuronal cell death.
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3. Involvement of Nrf2-dependent up-regulation of GSH biosynthetic enzymes

in quercetin neuronal protection against an oxidative insult. F. Arredondo, C.

Echeverry, D. Carvalho, JA. Abin-Carriquiry, G. Prunell, K. Antinez, DP Jones,
YM Go, F. Dajas. Neurotoxicity Research (submitted, 2015).

En este articulo nos centramos en los objetivos especificos e, fy g, con
el fin de contestar la Ultima pregunta planteada en la tesis: sEl efecto
neuroprotector de la quercetina involucra la activacion de la via ARE/Nrf22

En este sentido, utilizando el mismo modelo de cultivo neuronal,
estudiamos la induccién de genes ARE a través de la via Nrf2 en cultivos
tratados con quercetina. Luego utilizamos inhibidores farmacoldgicos
especificos de las proteinas cuya expresidn habia sido inducida por
activacion de la via Nrf2: GCL y HO-1. Aplicamos los inhibidores a los cultivos
neuronales, previo al fratamiento con quercetina, luego sometimos a los
cultivos al dano oxidativo y finalmente evaluamos la viabilidad neuronal. Los
resultados mostraron que el efecto neuroprotector de la quercetina se ve
atenuado por la inhibicidn de la enzima GCL y no por la inhibicion de HO-1.

Esto sugiere que el efecto protector de quercetina involucraria la
activacion de la via Nrf2 y que el sistema antioxidante del GSH seria
relevante en este efecto.

Por ofra parte, realizamos un estudio estructura-actividad para
determinar los requerimientos estructurales necesarios para la activacion de
Nrf2 por flavonoides. Para ello, tfransfectamos células de la linea PC12 con un
pladsmido ARE-Luc reportero de la expresion del gen ARE GCL. Utilizamos
estas células debido a la baja eficiencia de fransfeccion obtenidos en los
cultivos primarios neuronales. Los resultados mostraron que el anillo A no seria
un componente estructural relevante para la activacion de la via Nrf2,
mienfras que la planaridad seria un componente estructural importante.

Asimismo, quercetina y los flavonoides relacionados que presentaron
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actividad inductora de Nrf2, también fueron capaces de proteger a los
cultivos sometidos a un dano oxidativo.

Esto sugiere que habria una correlacién entre la capacidad
citoprotectora y la actividad inductora de la via Nrf2 por parte de los
flavonoides estudiados, lo cual reforzaria nuestra hipotesis sobre Ila

relevancia de la via Nrf2 en el efecto protector de los flavonoides.
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1. Introduction

Neurodegenerative diseases share several common pathological features, including
protein misfolding, mitochondrial dysfunction, inflammation and alterations in cellular
redox status (Halliwell 2006). In particular, numerous studies support the idea that
disturbance of redox balance leads to oxidative stress events and neuronal death
underlying the onset or progression of such disorders (Ischiropoulos and Beckman
2003; Barnham et al. 2004). In this context, pharmacological interventions that regulate
cellular redox homeostasis could be an important strategy to promote cell survival and
treat or prevent neurodegeneration.

An interesting approach for restoring redox homeostasis involves activation of the
transcription factor Nuclear factor erythroid 2-related factor 2 (Nrf2). This member of
the Cap’n’Collar family of basic leucine zipper transcription factors plays a central role
in the regulation of cellular redox status through the modulation of a wide range of
adaptive responses to intrinsic and extrinsic cellular stresses (Mot et al. 1994; Kensler et
al. 2007). Nrf2 activates the transcription of more than 200 genes that are involved in
the metabolism of drugs, cytoprotection and cellular integrity. In particular it induces
the expression of many protective antioxidant and phase II enzymes, such as NAD(P)H-
quinone oxidoreductase 1 (NQO1), y-glutamylcysteine ligase (GCL), heme oxygenase 1
(HO-1), among others, promoting detoxification and restoration of redox status (Jaiswal
2004; Kensler et al. 2007). Nrf2-inducible genes share a common promoter element
called the antioxidant response element (ARE), also known as electrophile-responsive
element (EpRE). Under basal conditions, Nrf2 is retained in the cytoplasm by its
negative regulator Kelch-like erythroid-cell-derived protein with CNC homology-
associating protein 1 (Keapl), which links it to the cytoskeleton and promotes its
degradation. Upon Nrf2 activation, Nrf2 escapes from Keapl-mediated proteasomal
degradation and translocates into the nucleus, where it binds ARE/EpRE and activates
gene transcription (Wasserman and Fahl 1997; Ttoh et al. 1999).

The Nrf2 system is widely expressed in the Central Nervous System (CNS) and it is
activated in response to different pathological conditions like acute cerebral injuries and
neurodegenerative diseases (reviewed in Zhang et al., 2013). Beyond its main regulatory
role in endogenous cellular defense systems, Nrf2 is also an important regulator of
inflammation in the brain (Sandberg et al. 2014). Interestingly, alteration of this

pathway has been related to diverse brain pathologies (reviewed in Zhang et al., 2013).
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Furthermore, numerous studies reveal that activation of Nrf2 pathway, either by genetic
or chemical methodologies, confers neuroprotection in diverse in vitro and in vivo
models of CNS pathologies, through the overexpression of phase II genes (Zhang et al.,
2013).

Thus, thinking of Nrf2 as a pharmacological target for therapeutic purposes, there is an
increasing clinical interest in using Nrf2 activators for the treatment of CNS diseases
(de Vries et al. 2008; Son et al. 2008). In this sense, many dietary phytochemicals have
been shown to activate adaptive cellular stress response pathways, including Nrf2
pathway (Lee et al. 2014). Among these compounds, flavonoids have gained further
interest because of their neuroprotective potential, although the exact mechanisms by
which they exert their benefits are not fully understood (Spencer 2009).

Quercetin is the most frequent flavonoid in the Western diet (Hertog et al. 1993; De
Vries et al. 1997). It has been widely studied by in vifro and in vivo neuronal models.
Certainly, diverse in vifro studies have shown that treatment with quercetin can increase
the survival of neurons or neuronal-derived cell lines against oxidative insults, among
others injuries (Dajas et al. 2003; Dajas et al. 2005; Jakubowicz-Gil et al. 2008; Silva et
al. 2008; Ansari et al. 2009; Ossola et al. 2009). Preclinical in vivo studies of quercetin
preventive effects on neurodegeneration have mostly focused on cognitive impairments,
ischemia, and traumatic injury (Kelsey et al. 2010; Dajas et al. 2015). Hence, quercetin
has the potential to be developed into a novel therapy for neurodegeneration. The
beneficial effects of quercetin have been classically attributed to its potent direct
antioxidant capacity (Rice-Evans et al. 1996). Nevertheless, previous studies in our
laboratory have demonstrated that direct antioxidation is a necessary but not sufticient
property for the neuroprotective activity of quercetin (Echeverry et al. 2010). Attention
was more recently directed to the wide interaction of flavonoids, including quercetin,
with intracellular targets and its capacity to modulate signaling cascades and
transcription factors, regulating the expression of critical genes (Williams et al. 2004;
Spencer et al. 2012; Williams and Spencer 2012; Rendeiro et al. 2015). Accordingly, a
promising strategy for CNS disease prevention would be the induction of Nrf2 pathway
activation. In this sense, we have previously described the protective effects of quercetin
against H2O» in 24-h-pre-treated cerebellar granule neuronal cultures. Quercetin rapidly
internalized into neurons, reaching the nucleus after its addition to the culture. It
prevented neuronal death from H>O> exposure although at the moment of the oxidant

addition intracellular quercetin or related metabolites were undetectable in the cultures.



Tesis de Doctorado — Florencia Arredondo | 77

Quercetin pre-treatment caused Nrf2 nuclear translocation and increased the gene
expression of the catalytic subunit of GCL enzyme (GCLc) and total glutathione (GSH)
levels. Our findings suggest complementary mechanisms of quercetin neuroprotection,
possibly involving Nrf2-dependent pathway modulation (Arredondo et al. 2010).

An open question of the previous work was whether up-regulation of GCL and/or other
Nrf2-dependent cytoprotective proteins were effectively imvolved 1n quercetin
neuroprotective effect. To this aim, we utilized the previous experimental paradigm of
flavonoid 24h pre-treatment prior to the oxidative insult. As far as quercetin was
undetectable at the moment of H>0, insult, we would be able to assess its mechanisms
of action beyond the classical direct antioxidant effect. Considering the importance of
Nrf2 pathway modulation, we also examined flavonoid structural requirements for such
bioactivity, and its correlation with the protective capacity. This would throw light on

lead structures for the synthesis of new therapeutic neuroprotective compounds.

2. Methodology

2.1. Reagents
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless stated

otherwise.

2.2, Plasmid constructs

The plasmids used in this study are as follows: pT81 luciferase vector (ATCC 37584),
pARE4-Luc (comprising the ARE4 region of GCLc gene inserted into a pT81 luciferase
vector) (Mulcahy et al. 1997), and pEGFP-N1 (Clontech 6085-1). The pARE4-Luc
reporter and pT81-Luc plasmids were kindly provided by Drs. Go and Jones (Go et al.
2004). Escherichia coli X1.-1 Blue was used for maintenance of the plasmids (Bullock
et al. 1987). It was grown i Luria-Bertani (LB) medium at 37° C, and supplemented
with ampicillin (100 pg/ml) when necessary. Plasmids were purified using QIAprep
Spin Miniprep kit following the manufacturer’s instructions (Qiagen). The pEGFP-NI
plasmid was provided ready-to-use by Prof. Pablo Diaz-Amarilla and Prof. Federico

Rosconi (Instituto de Investigaciones Biolégicas "Clemente Estable", Uruguay).

2.3. Cell culture

2.3.1. Neuronal Primary culture
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Primary cerebellar granule neurons (CGN) were obtained from 6-to 8-day-old Sprague—
Dawley rats as previously described (Echeverry et al. 2010; Arredondo et al. 2010).
Cells were seeded in poly-L-ornithine pre-coated 24-well or 96-well plates at a density
of 3.1x10° cells/cm? or 6.1x10° cells/em?, respectively.

All procedures involving animals and their care were approved by the ethics committee
of the “Instituto de Investigaciones Biologicas Clemente Estable”. All efforts were

made to minimize the number of animals used and their suffering.

2.3.2. PC12 cell culture
PC12 cells were grown and maintained, as previously described (Greene and Tischler
1976; Arredondo et al. 2004). Cells were seeded in collagen pre-coated 96-well plates or

in poly-L-ornithine pre-coated 6-well plates at a density of 1.2x10° cells/cm?.

2.4. Cell culture treatments

Flavonoids used in this study are as follows: Quercetin (Great Dragon Biochemicals
Co., Ltd., China; 98% purity; CAS No. 6151-25-3), isorhamnetin, fisetin, apigenin,
taxifolin, and catechin (Fig. 1). All of them were dissolved in dimethyl sulfoxide
(DMSO) (1,5% and 0,3% final concentrations for primary CGN and PC12 cells
cultures, respectively).

Primary CGN neuronal cultures were used at 8-10 days in vitro (DIV) for this study. To
test 1f quercetin up-regulation of the GSH biosynthetic enzymes underlies its
neuroprotective effect, we examined the effect of L-Buthionine-[S,R]-sulfoximine
(BSO) on quercetin neuronal protection against H2O2 insult. BSO is an irreversible
mhibitor of GCL, and concentrations ranging from 5 to 10 pM are sufficient to provoke
a decrease of glutathione content in both astrocytes and neurons (Zerarka et al. 2001;
Saito et al. 2007). We chose 9 pM BSO concentration since it did not influence on
control neuronal survival. After 8 days plating, cultures were incubated with 25 uM
quercetin in the presence or absence of 9 uM BSO for 24 h. Cultures were exposed to
180 uM H»O: for 24 h at 9 DIV. Cell viability was determined after treatments at 10
DIV. To nvestigate the involvement of HO-1 in quercetin neuroprotective effects, we
examined the effect of zinc-protoporphyrin IX (ZNPP IX, a competitive HO-1 inhibitor)
on quercetin neuronal protection against H>O» insult. We chose 1 pM ZNPP IX
concentration in accordance with previous studies and since it was the highest inhibitor

concentration that did not influence on control neuronal survival (Li et al. 2006). After 8
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days plating, cultures were pre-treated for 24h with 25 pM quercetin in the presence or
absence of | pM ZNPP IX and then exposed to H20: oxidative insult at 9 DIV. Cell
viability was determined atfter treatments at 10 DIV.

For the cytoprotective activity assays in PC12 cells, at 5 DIV cells were pre-treated for
24 h with each flavonoid (0—150 uM) and then exposed to 500 pM H>Os for 24 h. Cell

viability was determined after treatments at 7 DIV.

2.5. Assessment of cell viability

Cell survival was quantified by analysis of the metabolic activity of cultures using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(Applichem, Germany), which reflects the integrity of the metabolic machinery in
viable neurons (Denizot and Lang 1986). In brief, after experimental treatment, cells
were incubated for 45 min at 37 °C with MTT (0.1 mg/ml final concentration), and
metabolically active cells reduced the dye to purple formazan. Formazan crystals were
dissolved in DMSO, and the absorbance was measured on a Varioskan Flash Multimode
Reader (Thermo Scientific™, Massachusetts, USA), using a reference wavelength of
630 nm and a test wavelength of 570 nm. Results were presented as the percentage of
formazan absorbance, assuming that absorbance of vehicle-treated cells (control) was

100%.

2.6. Quantitative real time-PCR

To assess whether treatment with 25 pM quercetin caused ARE/EpRE genes induction,
at 8 DIV primary CGN neuronal cultures were treated with the flavonoid or with vehicle
(control) for 6 h, before total RNA isolation.

Total RNA was extracted from cell cultures using the RNeasy Plus Mimi kit (Qiagen),
according to the manufacturer's instructions. Total RNA recovered was immediately
reverse-transcribed to generate first-strand ¢DNAs using the QuantiTec reverse
transcription kit (Qiagen), according to the manufacturer’s instructions. Transcript
levels were analyzed by quantitative real-time PCR (qRT-PCR) using the following
primers: HO-1 forward: 5-TGCTCGCATGAACACTCTG-3" and reverse: 5'-
TCCTCTGTCAGCAGTGCCT-3 (123pb) (Scapagnini et al. 2002); NQO!1 forward: 5°-
CTGGAAGGGTGGAAGAAGCGTC-3” and reverse: 5'-
TCTGGTTGTCGGCTGGAATGG-3" (196pb); glutathione peroxidase 1 (GPx1)
forward: 5-TCAGTTCGGACATCAGGAGAATGG-3’ and reverse: 5°-
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GGAAGGTAAAGAGCGGGTGAGC-3" (150pb); moditying subunit of GCL (GCLy,)
forward: 5-ATCTTGCCTCCTGCTGTGTGATG-3" and reverse: 5%-
GGCTTCAATGTCAGGGATGCTTTC-3" (153pb); GCL. forward: 5-

ATGAAAGTGGCACAGGAGCGAG-37 and reverse: 5'-
AAACACGCCTTCCTTCCCATTG-3" (186pb); Nrf2 forward: 5-
TTCCTCTGCTGCCATTAGTCAGTC-3" and reverse: 5-

GCTCTTCCATTTCCGAGTCACTG-3" (242pb) (Vargas et al. 2005). Transcript levels
of 18 S RNA were also analyzed and used as reference gene data for normalization, by
using the primers 18 S RNA forward: 5- GTAACCCGTTGAACCCCATT-3" and
reverse: 5'-CCATCCAATCGGTAGTAGCG- 3’ (Mastrogiannaki et al. 2009).

Real-time PCRs were carried out using the QuantiTec SYBR green real-time PCR kit
(Qiagen) and primers (Integrated DNA Technologies, Coralville, IA, USA) described
above, according to the manufacturer’s instructions.

PCRs were carried out using a Corbett Rotor Gene 6000 cycler and the cycling program
consisted in an initial preincubation step of 50 °C for 2 min and 95 °C for 15 min and 35
cycles of 94 °C for 15 s, 53 °C for 30 s, and 72 °C for 30 s, as previously described
(Arredondo et al. 2010). Fluorescence was measured in the elongation step and negative
controls (without ¢cDNA) were included in each reaction run. The specificity of the
reaction was checked by analyzing the melting curve of the final amplified products,
which was obtained through continuous reading over increasing temperatures from 65
to 95 °C. Four 10-fold serial dilutions (1, 0.1, 0.01, and 0.001) of total cDNA samples
were included in real-time PCR analysis to obtain amplification efficiencies of each
gene.

The amplification results were expressed as the threshold cycle number (CT), and Pfaffl

comparative method was used for mRNA relative quantification (Pfaffl 2001).

2.7. Western Blot Analysis

After experimental treatments, protein samples (40 pg) were resolved on 12% sodium
dodecyl sulfate—polyacrylamide gel and transferred to PVDF membrane (Amersham,
GE Healthcare). Membranes were blocked for 1 h in PBS containing 0.05% Tween 20
and 5% bovine serum albumin, followed by an overnight incubation with primary
antibodies anti-Nrf2 (mouse; 1:1000; AbCam) and anti-o- tubulin (mouse; 1:2000)
diluted in the same buffer at 4 °C. After being washed with 0.05% Tween 20 in PBS, the

membrane was incubated with a fluorophore-labeled secondary antibody (Alexa Fluor®

7
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647 goat anti-mouse; 1:15000; Thermo Fisher) for 1 h and then washed. Bands
fluorescence was quantified using a Next Generation Multi-purpose Image Scanner

(FLA900, FUJIFILM).

2.8. Transfection and luciferase reporter gene assay

For transient transfections, we used PCI12 cell line. These cells share their
embryological origin with neuroblastic cells, and are suitable hosts for DNA
transfection (Gordon et al. 2013). PC12 cells were grown overnight and co-transfected
at 1 DIV with pARE4-Luc or pT81 (empty vector) (Go et al. 2004) and a pEGFP vector
(as efficiency control) using Lipofectamine 2000 (Life Technologies), according to the
manufacturer’s instructions. At 5 DIV cells were treated for 16h with the vehicle
(control) or with the different flavonoids at 25 uM final concentration (Fig. 1).
Luciferase activity was measured according to the Luciferase Reporter Assay
manufacturer’s instruction (Promega). Transfection efficiency was controlled by co-
expressing pEGFP vector. Luminescence measured was expressed in relation to the
basal activity of cells transfected with empty vectors, after normalization to EGFP
fluorescence. Data were expressed as fold of induction respect to vehicle-treated

(control) cells.

2.9. Statistical analysis

Experiments were done at least three independent times, and data were presented as
mean = SEM. All statistical analyses were performed with GraphPad Prism 5.0
(GraphPad Software, Inc., San Diego, CA, USA). Differences among different
experimental groups were tested for significance using Student’s t test, or one-way
analysis of variance (ANOVA) followed by Tukey’s or Dunnet’'s post hoc tests. A

difference was considered significant at p < 0.05.

3. Results

3.1. Quercetin increased Nrf2 levels in CGN primary cultures

In the present study, to examine the effect of quercetin on Nrf2 protein levels we
analyzed Nrf2 protein expression in neuronal extracts at various times after 25 uM
quercetin exposure. The result shows that Nrf2 protein levels were increased with time,

and significantly higher after 6 h and 24 h of quercetin incubation (1.7- fold and 1.6-
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fold, respectively, compared to control) (Fig. 2a).

To examine if quercetin regulates Nrf2 expression at the transcriptional level in CGN
cultures, we treated the cells with 25 pM quercetin for 6 h and determined Nrf2 mRNA
levels. We chose expression time in accordance with previous work (Tanigawa et al.
2007). As shown in Fig. 2b, Nrf2 expression was increased in response to quercetin
treatment when comparing with control (Fig. 2b), but differences were not statistically

significant (p=0.0594).

3.2. Quercetin upregulated Nrf2-inducible genes in CGN primary cultures

Subsequently, we investigated whether quercetin-elevated Nrf2 activation stimulates
expression of cellular detoxifying, antioxidant and anti-inflammatory genes such as
NQO-1, GPXI, GCL, and HO-1 in neuronal cells by qRT-PCR. The results show that
quercetin at 25 uM for 6 h elevated HO-1 expression significantly (3.9-fold, Fig 3a).
This result was consistent with an increase in HO-1 protein levels in CGN cultures after
15 h of quercetin treatment (data not shown). Quercetin also increased expression of
catalytic subunit of GCL (GCL.) significantly, (2.6-fold, Fig. 3b), consistent with our
previous analysis of GCLc expression in quercetin-treated CGN cultures (Arredondo et
al. 2010). Furthermore, GCLy, expression increased in response to quercetin treatment
(2.8-fold) when comparing with control (Fig. 3c¢), but differences were not statistically
significant (p=0.0762). Both GCL. and GCL., expression results were in accordance
with our previous findings showing an increase in in total GSH, levels in CGN cultures
after 24 h of quercetin pre-treatment (Arredondo et al. 2010). No significant changes
were observed in NQO1 and GPx1 gene transcript levels after 6h quercetin treatment

(Fig.3d and 3e, respectively).

3.3. Involvement of glutathione antioxidant system and HO-1 in neuroprotection by
quercetin against oxidative stress

Quercetin stimulated elevation of HO-1, GCLc and in GCLy, genes (Fig.3b and ¢) led us
to examine if neuronal protective effect of quercetin was dependent on GCL and/or HO-
1 using pharmacological inhibitors for GCL and HO-1. Inhibition of GCL by 9 uM BSO
significantly suppressed protective effects of quercetin on CGN survival against H>O»
insult, suggesting an involvement of GSH antioxidant system in quercetin neuronal

protection against oxidative stress (Fig.4a).
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On the other hand, the data shows that HO-1 inhibition by 1 pM ZnPP IX did not alter
the protective effects of quercetin against H>O:z-induced neuronal death (Fig.4b),
suggesting that protective role of quercetin against oxidant-induced neuronal death was
regulated by a mechanism involving Nrf2-elevated GCL activation but not HO-1

expression.

3.4. Flavonoid structure-activity relationship for ARE/EpRE mediated transcription
activation

To delineate the structural molecular features of quercetin in association with Nrf2 and
Nrf2- dependent antioxidant gene transcription, we further evaluated cellular sensitivity
to various flavonoids, comparing ARE-luc reporter activity (Mulcahy et al. 1997) as a
measure of Nrf2 transcriptional response to indicated flavonoids (Fig. 1). To measure
ARE-Luc activity, PC12 cells transiently transfected with pARE4-Luc reporter were
treated with different flavonoids at equimolar concentrations (25 pM).

From all the flavonoids tested, the result shows that fisetin and isorhamnetin stimulated
ARE-Luc activation comparable to that of quercetin, with a ranking order of efficacy as
follows: quercetin > fisetin > isorhamnetin (Fig. 5). On the other hand, apigenin,

taxifolin and catechin did not show significant ARE-Luc activation at 25 uM (Fig. 5).

3.5. Flavonoids protective effects against oxidative stress correlated with ARE/EpRE
mediated transcription activation

As shown the comparable significant effects of fisetin and isorhamnetin to quercetin on
Nrf2-dependent ARE transcriptional activation in Fig 5, we further examined these
flavonoids on cell protection against oxidative stress by dose-dependent manner (Fig.
6). Consistent with the data of Fig 5, fisetin and isorhamnetin had significant
cytoprotective effects comparable to that of quercetin, with a ranking order of
cytoprotective potency as follows: quercetin > fisetin > isorhamnetin, while
isorhamnetin showed the most efficacious cytoprotective effect at 150 uM. On the other
hand, apigenin, taxifolin and catechin did not show significant protective effects at any
concentration (Fig. 6). Lethal concentration 50 (LC50) of these compounds in PC12 cell
culture paradigm were as follows: LC50 quercetin: 79,1 uM; LC50 fisetin: 114,2 uM;
LC50 isorhamnetin > 150 pM; LC50 apigenin: 78,3 uM; LC50 taxifolin > 150 uM;
LC50 catechin > 150 pM.
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4. Discussion

In a previous study we demonstrated that quercetin pre-treatment prevented neuronal
death from H>O: oxidative insult. As well, we indirectly suggested that quercetin
underlying mechanisms of action may involve Nrf2 pathway beyond its classical direct
antioxidant effect (Arredondo et al. 2010).

In the present work we directly demonstrated for the first time that mechanisms
underlying quercetin neuroprotective effects involve Nrf2-dependent modulation of
endogenous defense systems, since ARE/EpRE-driven glutathione biosynthetic enzymes
were necessary for neuroprotection against oxidative stress in CGN neuronal culture. As
further evidence, ARE/EpRE-driven transcription was directly correlated with the
protective effect, since only those flavonoids with ARE/EpRE-driven transcription
activation properties showed protective effects against oxidative stress in PC12 cells.
The increased total Nrf2 protein levels and mRNA expression in response to quercetin
treatment (Fig. 2a and b) are in agreement with previous work from Tanigawa and co-
workers in HepG2 cells, where quercetin enhances Nrf2 through up-regulating
transcription and stabilizing protein at post transcription (Tanigawa et al. 2007). Since
multiple molecular mechanisms of Nrf2 induction operate with cell-type and inducer-
specific variations (Lee et al. 2005), further studies should be made in order to
determine the molecular mechanisms by which quercetin influences Nrf2 activation in
neuronal cells.

Of the ARE/EpRE-driven enzymes analyzed, only HO-1 and GCL. gene expression
levels were significantly increased (Fig.3). These results confirm and complement our
previous studies of activation of Nrf2 by quercetin (Arredondo et al. 2010), and are in
agreement with other studies that showed HO-1 and GCL activation with other
polyphenols in neuronal cultures (Mizuno et al. 2011; Gonzalez-Reyes et al. 2013; Lou
et al. 2014). Not all Nrf2 target genes are induced at similar levels of expression, since
they depend on different ARE/EpRE enhancers which respond differently to Nrf2
activation (Lacher et al. 2015). Moreover, a cell-specific ARE/EpRE gene expression
has been previously described (Lee et al. 2005), which could explain in part the
selective ARE/EpRE-driven gene expression observed after quercetin treatment in
neuronal cultures.

Based on these gene expression results, and to explain the underlying mechanisms of

quercetin neuroprotection, we first focused on HO-1. This enzyme catalyzes
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degradation of heme to yield free iron, carbon monoxide and biliverdin, which is
subsequently converted to bilirubin through biliverdin reductase (Mancuso et al. 2006).
Interestingly HO-1 has protective effects against oxidative stress (Chen 2014).
Nevertheless, our results showed that HO-1 inhibition did not alter the neuroprotective
effects of quercetin against oxidative stress (Fig.4b). Neuroprotection is a complex
phenomenon comprising diverse convergent mechanisms with different weight in the
final protective outcome. In the case of HO-1, its up-regulation appears not to be
relevant enough to afford quercetin neuroprotective effect in the experimental paradigm
utilized. We next focused on the role of GCL, the rate limiting enzyme in glutathione
biosynthesis, in quercetin neuroprotection. Glutathione is a key modulator of cell
functions including antioxidant defense, redox regulation of protein thiols, and
maintenance of redox homeostasis (Schafer and Buettner 2001; Jones 2002). Our results
showed that GCL irreversible inhibition suppressed the protection ot quercetin (Fig.4a),
suggesting that Nrf2-driven induction of intracellular GSH levels plays a critical role in
quercetin neuroprotective effect in the experimental paradigm utilized. Mizuno and co-
workers reported similar results from the analysis of isothiocyanates neuroprotective
effect against paraquat or H>O: oxidative stress in primary striatal cultures (Mizuno et
al. 2011).

To delineate the structural molecular features of quercetin involved in the observed
stimulation of Nrf2-dependent gene transcription, we performed a flavonoid structure-
activity relationship study for ARE/EpRE-mediated transcription activation (Fig.5). In
parallel, we analyzed the cytoprotective capacity against an oxidative insult of the
selected flavonoids (Fig.1) in the PC12 cell culture paradigm (Fig.6). Our results
showed that although fisetin lacks the 5-hydroxyl group on the A ring compared to
quercetin (Fig. 1), it showed significant luciferase induction, as well as cytoprotective
effect (Fig. 5 and 6), suggesting that substitutions in the A ring would not be relevant
for these properties. Likewise, 1sorhamnetin presents a 3’-methoxy substitution in B
ring compared to quercetin (Fig. 1), and it still showed significant ARE/EpRE-mediated
gene transcription activation and cytoprotective effect (Fig. 5 and 6). As a result, the
catechol substitutions in positions 3°, 4" of the B ring would not be important for
ARE/EpRE induction and protection either. Besides the absence of the catechol group
of the B ring, apigenin lacks the 3-hydroxyl group on the C ring compared to quercetin
(Fig.1). As this flavone reached neither a significant luciferase induction nor a

cytoprotective effect (Fig. 5 and 6), we might consider that the 3-hydroxyl group on the
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C ring would be a relevant structural feature for these properties. Similarly, neither
taxifolin nor catechin reached a significant luciferase induction effect or showed any
cytoprotective effect (Fig. 5 and 6). These two molecules possess the same
hydroxylation pattern as quercetin, although they both lack the unsaturation at the C2-
C3 bond in C ring resulting in a non-planar C-ring (Fig. 1). Thus, planar aromatic C-
ring may be an important structural feature for efficient ARE/EpRE-mediated
transcription activation and cytoprotection against oxidative stress by flavonoids. Our
results are in accordance with previous studies from Boerboom and co-workers who
reported that the unsaturation at the C2-C3 bond in C ring ensuring a planar C-ring of
the flavonoid is essential for ARE/EpRE-mediated transcription activation. These
authors suggested that there might be a specific upstream stereochemical interaction,
between flavonoids and possibly Keapl, or other effector or receptor proteins
(Boerboom et al. 2006). Finally, beyond structural requirements already described, it is
noteworthy that flavonoid cytoprotection against oxidative stress correlated with
ARE/EpRE mediated transcription activation, reinforcing the involvement of Nrf2
pathway in neuroprotection.

In summary, we demonstrated for the first time that quercetin neuroprotection against
oxidative stress in CGN cultures involves Nrf2-dependent up-regulation of GSH
biosynthetic enzymes. Additionally structure-activity relationship study for ARE/EpRE-
mediated transcription activation outlined structural feature requirements for Nrf2
activation by flavonoids. This could be helpful for identifying new candidates with
therapeutic potential against oxidative stress- mediated neuronal death. Together, our
results contributed to the understanding of physiologically relevant mechanisms of

action of flavonoids, as inducers of endogenous protective defense systems.
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6. Figure captions

Fig 1: Chemical structure of the flavonoids studied: Quercetin (3,3°,4°,5,7-
pentahydroxyflavone), isorhamnetin (3.4°,5,7-tetrahydroxy-3 "-methoxytlavone), fisetin
(3,3".,4",7-tetrahydroxyflavone), apigenin (4°,5,7-trihydroxyflavone), taxifolin
(3,3',4',5,7-pentahydroxyflavanone), catechin (3,3,4",5,7-pentahydroxyflavane). Basic

chemical structure of flavonoids (bottom).

Fig 2: Analysis of Nrf2 levels in CGN primary cultures after quercetin treatment. Cells
were exposed to vehicle alone (control) or 25 uM quercetin for 1.5, 3, 6, or 24 h. Nrf2
protein (a) and mRNA levels (b) were determined by Western blot and qPCR. Nrf2
protein and mRNA levels were corrected by a-tubulin levels or 18S RNA c¢cDNA
amplification, respectively and expressed as fold increase respect to control. Values are
expressed as the mean = SEM of at least three independent experiments. *p<0.05,

significantly different from control.

Fig 3: Nrf2-inducible gene modulation by quercetin in CGN primary cells.

HO-1, GCLe, GCLm, NQO-1, and GPx1 gene expression levels were detected by qPCR
in CGN cells after a 25 uM quercetin treatment for 6 h (a, b, ¢, d, and e, respectively).
Data are shown as ratios of gene expression levels in treated cells to that in vehicle-
treated controls after normalization based on the expression of the 18S RNA
housekeeping gene. Values are expressed as the mean = SEM of almost five

independent experiments. *p<0.05, significantly different from control.

Fig 4: Glutathione antioxidant system influenced quercetin protective effect against
oxidative stress, while HO-1 did not underlie this effect.

CGN cells were pre-treated with 25 pM quercetin for 24h in the presence of BSO (a) or
ZnPP IX (b) and then exposed to H20: oxidative insult for additional 24h. Neuronal
survival was determined by metabolic activity of cells (MTT assay). Values are

expressed as mean = SEM of percent of survival respect to control, of at least three
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independent experiments. *p<0.05, significantly different from control.

Fig.5: Induction of luciferase activity in PC12 cells transiently transfected with pARE4-
Luc reporter at equimolar concentrations of flavonoids structurally related to quercetin.
At 1 DIV PC12 cells were co-transfected with pARE4-Luc or pT81 (empty vector) and
a pEGFP vector (as efticiency control). At 5 DIV cells were treated for 16h with the
different flavonoids at 25uM final concentration. Subsequently, GFP fluorescence was
quantified and the luciferase assay was performed. Values are expressed as mean = SEM
of ratios of luciferase activity in treated cells to that in vehicle-treated controls after
normalization based on pEGFP control fluorescence, of three independent experiments.

*p<0.03, significantly different from control.

Fig.6: Analysis of protective effects against H202 on PC12 cells after 24 h pre-
incubation of flavonoids structurally related to quercetin. At 5 DIV PC12 cells were
pretreated for 24 h with flavonoids (0-150 uM) and then were exposed to 500 pM H>O»
for 24 h. Subsequently, cell survival was assessed and quantified by MTT assay. Data
were normalized to control vehicle cells (cultures treated with vehicle alone for 24 h)
and presented as means of %=SEM of at least three experiments. *p<0.05, significantly

different from control vehicle cells treated with H>O: (dotted line).
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DISCUSION

En esta tesis profundizamos en el conocimiento de los mecanismos de
accion subyacentes al efecto neuroprotector de quercetina y flavonoides
estructuralmente relacionados. En partficular, estudiamos el papel que
cumple la via dependiente de Nrf2.

Primero, cabe destacar el paradigma experimental desarrollado,
donde cultivos primarios de neuronas granulares de cerebelo fueron pre-
fratados con quercetina durante 24 horas previo al dano oxidativo. Esta fue
una diferencia relevante respecto a diversos modelos experimentales
utilizados previos a esta tesis, en donde generalmente la adicién del
flavonoide y la injuria estaban muy préoximos en el tiempo (Kim et al. 2002;
Kang et al. 2004). Los resultados obtenidos sobre la disponibilidad intracelular
de la quercetina en los cultivos, muestran que en el protocolo de pre-
fratamiento, no se detectan niveles de quercetina ni de metabolitos al
momento del dano oxidativo. Esto permite sugerir que la quercetina podria
estar actuando por mecanismos diferentes a la capacidad atrapadora de
radicales o quelantes, ya que estos mecanismos antioxidantes directos se
verian limitados por la ausencia del flavonoide al momento de la adicion del
oxidante. De forma complementaria, si bien se detectaron niveles bajos de
qguercetina y metabolitos a nivel extracelular, los efectos protectores no se
debieron a una reaccion externa directa entre estos compuestos y el
oxidante. Esto refuerza nuestra hipdtesis de que ofros mecanismos
intracelulares, probablemente a través de la induccidn de vias de
senalizaciéon  infracelular,  estariaon  involucrados en los  efectos
neuroprotectores de quercetina observados en este modelo.

Paralelamente, el pre-tratamiento de los cultivos con quercetina causd
la translocacion nuclear de Nrf2 y un aumento en sus niveles profeicos.
Asimismo aumentd la expresion de los genes ARE de las enzimas GCL y HO-

len los cultivos. Esto a su vez se condice con el aumento de los niveles de

100



Tesis de Doctorado — Florencia Arredondo

GSH total y de la proteina HO-1 observados. Por otra parte, el efecto
neuroprotector de quercetina se atenud por la inhibicion de la enzima GCL.
Por lo tanto, nuestros resultados sugieren que los mecanismos moleculares
responsables del efecto neuroprotector de quercetina en este modelo
involucran la induccidon de defensas enddgenas a través de la activacion de
la via Nrf2. En particular, en este efecto neuroprotector estaria involucrado el
sistema de defensa dependiente de GSH, donde niveles elevados de GSH
en los cultivos serian capaces de afrontar la toxicidad por H2O,. Este
aumento del GSH causado por quercetina coincide con resultados previos
obtenidos en ofros modelos en cultivo, predominantemente no neuronales
(Rodgers y Grant 1998; Ishige et al. 2001; Myhrstad et al. 2002; Alia et al. 2006;
Lavoie et al. 2009). De modo similar, trabagjos recientes demostraron que
quercetina modula la via Nrf2, aunque existe poca informacién sobre esta
acciéon en neuronas (Kang et al. 2009; Granado-Serrano et al. 2012; Hayashi
et al. 2012).

De las caracteristicas estructurales que evaluamos en el estudio de
relacién estructura-actividad, las mds relevantes para la induccidén de Nrf2
por quercetina y flavonoides relacionados fueron: la insaturacion en posicion
2,3, el carbonilo en posicion 4, y las sustituciones en posicion 3'y 4' del anillo
B, donde al menos una de ellas sea un hidroxilo. Al comparar estas
caracteristicas con los requerimientos estructurales descritos para la
actividad secuestradora de radicales libres de flavonoides (Rice-Evans et al.
1996), encontramos varias coincidencias. Observamos una asociacion entre
las propiedades redox infrinsecas de los flavonoides (que les confieren
capacidades antioxidantes/pro-oxidantes) y la capacidad de inducir la via
Nrf2. Por ofra parte, si comparamos estas caracteristicas con los
requerimientos estructurales necesarios para el efecto neuroprotector,
aparece una clara diferencia en relaciéon al anilo A de los flavonoides.
Mientras que este anillo no parece ser relevante para secuestrar radicales

liores ni para activar Nrf2, éste si seria importante para su efecto
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neuroprotector. Esta diferencia se puede explicar si pensamos en la
neuroprotecciéon como un efecto complejo que implica la convergencia de
acciones positivas (antioxidacion, activacion de Nrf2, dependientes de los
anillos B y C) y negativas (pro-oxidacion, citotoxicidad, donde podria estar
en parte relacionado el anillo A).

A partir de los resultados obtenidos en esta tesis, proponemos que
quercetina y flavonoides estructuralmente relacionados son capaces de
proteger neuronas frente a un dano oxidativo a través de la induccion de
defensas celulares enddgenas dependientes de la via Nrf2/ARE. La
activacion de esta via por parte de los flavonoides podria deberse a sus
propiedades redox intrinsecas que les otorgarian actividad pro-oxidante. De
esta forma, a partir de propiedades tradicionalmente consideradas toxicas,
los flavonoides podrian contribuir a la prevencion de la neurodegeneracion
mediante la induccidén de proteinas citoprotectoras. Esto va de la mano con
una reciente propuesta realizada por Forman y cols (2014), sobre el
mecanismo por el cual los fitoquimicos dietarios (entre ellos, los flavonoides)
ejercen sus efectos beneficiosos en el organismo. Los autores proponen que
estos compuestos no actian como antioxidantes directos, secuestrando
radicales libres, ya que estas propiedades no son cinéticamente factibles en
el organismo. Proponen que los fitoquimicos dietarios actuan de forma
sinérgica entre si, como agentes electrofilicos capaces de activar sistemas
de respuesta adaptativa (como la via Nrf2/ARE) que desencadenan la
induccion de proteinas citoprotectoras y un aumento en sustratos
nucleofilicos como el GSH, tiorredoxinas y NADPH. Los autores proponen que
los fitoquimicos dietarios serian los responsables de esta induccion vy
mantenimiento del “tono nucleofilico”. Y definen a este “tono nucleofilico”
como la capacidad de respuesta celular adaptativa frente a danos
oxidativos causados por electréfilos (Forman et al. 2014).

Si bien esta tesis se centrd en el potencial de los flavonoides como

activadores de vias de respuesta celular adaptativa, cabe recordar que
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estos compuestos son también capaces de interactuar directamente con
diversos blancos moleculares como receptores y kinasas, y de esa forma
modular el destino celular. Debido a las limitantes estequiométricas antes
descritas para estos compuestos, es improbable que actien como
antioxidantes directos. Por lo tanto seria el conjunto de mecanismos de
antioxidaciéon indirecta y no antioxidantes que darian como resultado los
efectos pleiotropicos de los flavonoides asociados con la proteccion

neuronal.
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CONCLUSIONES

En el modelo de pre-fratamiento durante 24 h con quercetina en
cultivos neuronales previo a la adicidon de H2O», observamos que:

a) gquercetina fue rapidamente internalizada a las neuronas, llegando
hasta el ndcleo;

b) el factor franscripcional Nrf2 se activo;

c) hubo un aumento en los niveles proteicos de Nrf2, y en la expresion
de los genes ARE que codifican para las enzimas GCL y HO-1;

d) se observd un aumento de los niveles de GSH total y de la proteina
HO-1 en los cultivos neuronales;

e) los niveles intracelulares de quercetina o metabolitos no fueron
detectables al momento de la adicion del dano oxidativo;

f) se previno la muerte neuronal frente al dano oxidativo;

g) el efecto neuroprotector de quercetina se atenud por la inhibiciéon
de la enzima GCL y no por la inhibicion de HO-1.

En el estudio estructura-actividad del efecto neuroprotector por
flavonoides enconframos que las caracteristicas estructurales que aseguran
este efecto, no coinciden con aquellas caracteristicas necesarias para la
actividad atrapadora de radicales libres de los flavonoides.

En el estudio estructura-actividad de la activacidn de Nrf2 por
flavonoides observamos que:

a) el anillo A no seria un componente estructural relevante para la
activacion de Nrf2;

b) la planaridad seria un componente estructural importante para la
activacion de Nrf2;

c) los flavonoides que presentaron actividad inductora de Nrf2,
también fueron capaces de proteger a los cultivos sometidos a un dano

oxidativo.
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PERSPECTIVAS

El desarrollo de esta tesis nos ha conducido a plantearnos una serie de

interrogantes, entre las que se destacan:

1. 3Cudles son los mecanismos “corriente arriba” (upstream) de
activacion de Nrf2 por parte de quercetina?

Nuestras evidencias asi como las de otros autores sugieren que la
actividad pro-oxidante de los flavonoides activaria la via Nrf2/ARE (Lee-Hilz
et al. 2006). Sin embargo falta confirmar si Keap1 seria el blanco de accidén
de los flavonoides, y en ese caso, mediante la modificacidon de qué Cys de
la proteina estarian actuando. Una alternativa a este mecanismo seria la
interaccién con otros blancos proteicos, como por ejemplo kinasas que
terminaran causando la activacion de Nrf2. En este sentido, cabe destacar
que estudios recientes de nuestro equipo de trabajo demostraron mediante
métodos bioinformdticos de docking reverso, que uno de los blancos
proteicos posibles de quercetina seria GSK3B (Carvalho et al. 2015, enviado,
ver apéndice |). Este resultado nos permite direccionarnos en el andlisis de la
capacidad inhibitoria de flavonoides sobre GSK, y evaluar si estos
compuestos son capaces de activar Nrf2 a fravés de la ofra rama

regulatoria independiente de Keap1.

2. 3Sobre qué células estarian actuando los flavonoides?
sNeuronas, astrocitos o ambos?

Reportes previos demostraron que la expresion de genes ARE puede
tener lugar en cultivos primarios de neuronas corticales. Sin embargo
argumentan que su respuesta a la activacion de Nrf2 es moderada, debido
a que tienen bajos niveles proteicos de Nrf2. Asimismo proponen que el
aumento en los niveles de GSH mediado por Nrf2 en astrocitos seria

necesario y suficiente para proteger a las neuronas corticales de danos
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oxidativos (Shih et al. 2003). Por otfra parte otfros estudios han mostrado que
quercetina es capaz de activar Nrf2 en astrocitos y microglia (Lavoie et al.
2009; Kang et al. 2013). En este sentido, es probable que las células gliales
jueguen un papel en la neuroproteccidon mediada por quercetina.

En el caso particular de esta tesis, los cultivos primarios que usamos, se
componen en mds de un 95% de neuronas granulares de cerebelo. En el 5%
restante encontramos otros tipos celulares, entre ellos los astrocitos. Si
analizamos los ensayos de inmunofluorescencia de Nrf2, los resultados
mostraron traslocacion y aumento en la senal de Nrf2 en todos los elementos
celulares del cultivo, en su mayoria neuronas granulares de cerebelo. Por lo
tanto, quercetina activa la via Nrf2 en neuronas. Resta confirmar en qué
medida la activacidn de esta via en los astrocitos circundantes, puede

contribuir a la proteccién neuronal frente al dano oxidativo.

3. 5Cudl es el efecto de los flavonoides sobre la via Nrf2/ARE in
VivOo?

Al dia de hoy, el efecto de los flavonoides sobre la via Nrf2/ARE ha sido
caracterizado en diversos modelos de cultivos celulares, en su mayoria lineas
celulares y en relacion a efectos anticancerigenos y hepatoprotectores (Qin
etal. 2014; Saw et al. 2014; Ji et al. 2015). También encontramos algunos
modelos de cultivos neuronales frente a injurias tales como glutamato, H2O»
y 6-OHDA (Lou etal. 2012; Lou et al. 2014; Lee et al. 2014). En el caso
partficular de quercetina, en su mayoria se fratan de estudios de
hepatoproteccion. En relacion al sistema nervioso encontramos trabajos con
quercetina en neuronas de la raiz dorsal y microglia (Kang et al. 2013; Shi
et al. 2013)

En lo que refiere a modelos in vivo, recientemente se han reportado
evidencias de induccidn de la via Nrf2 por parte de epicatequina, en
modelos de isquemia cerebral experimental y luteolina en modelo de
trauma (Han et al. 2014; Shah et al. 2014; Xu et al. 2014). Por lo tanto todavia
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resta mucho por estudiar y comprender codmo estos compuestos alteran la
via Nrf2 en el SNC en modelos in vivo.

En este sentido, proponemos que el uso de Drosophila melanogaster
como modelo de estudio de la activacion por flavonoides de la via CnCc
(ortélogo de Nrf2 en moscas), puede resultar de gran utilidad. Como dijimos
previamente, en mosca la via Nrf2/Keap1/Smaf estd conservada. Asimismo,
se ha reportado que la induccién de CncC promueve el largo de vida en
estos organismos (Sykiotis y Bohmann 2010). Asi por ejemplo, se pueden
realizar ensayos del largo de vida en mosca con el fin de evaluar la
capacidad inductora de CncC de compuestos de interés, como en el caso
de los flavonoides. Por su pequeno tamano y su alta tasa de reproduccidn,
los estudios en Drosophila son mds faciles de realizar que en vertebrados.
Asimismo, la versatilidad genética de este modelo permitiria disecar el papel
funcional de los principales componentes de la via CncC. Por lo tanto, este
modelo podria ser Util como una etapa de screening de compuestos previa

a los estudios in vivo en roedores.
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50010 INTRODUCTION of proinflammatory proteins, such as cyclooxygenase-2
p0010 (COX-2) and inducible nitric oxide synthase (iNOS;
s0015 BRAIN PATHOLOGY: OXIDATIVE Clemens, 2000; Jozsef & Filep, 2003). Oxidative stress
STRESS AND INFLAMMATION and inflammatory processes may also explain the high
incidence of degenerative (Parkinson’s and Alzheimer’s
p0015  Brain pathology is a leading cause of death all over diseases) and acute (cerebrovascular attacks) neuropa-

the world, with an incidence of about 2 in 1000 and
an 8% total death rate (Kolominsky-Rabas et al., 1998;
Samsa et al., 1999). Acute brain injury results from the
combined effects of cellular energy failure, acidosis, glu-
tamate release, intracellular calcium accumulation, lipid
peroxidation, and nitric oxide neurotoxicity that serve
to disrupt essential components of the cell, resulting in
death (Halliwell & Gutteridge, 1999; Bains & Shaw, 1997).
The formation of reactive oxygen and nitrogen species
(ROS and NOS) in brain tissues (Siesjo, 1992) can acti-
vate diverse downstream signaling pathways, including
the transcription factor nuclear factor kappa B (NF-kB),
regulating the expression of genes encoding a variety

thology in countries with aging populations (Joseph
etal., 1999).

If during adulthood there are diverse neurological
pathologies related to ischemia and neurodegenera-
tion, then the brain of the newborn is particularly vul-
nerable to oxygen deprivation and ischemia. Neonatal
encephalopathy due to hypoxia-ischemia occurs in
one to six per 1000 live term births in developed coun-
tries. Approximately 15-20% of affected newborns die
in the postnatal period, and 25% of survivors develop
severe childhood disabilities. Until recently, manage-
ment of hypoxic ischemic encephalopathy (HIE) has
been limited to supportive intensive care (Olsen et al.,
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2013). Early interventions to minimize brain damage
are critical, particularly to modify cell death resulting
from secondary collapse of neuronal energy. Immedi-
ate resuscitation to restore oxygen supply and blood
circulation aims to limit the extent of this damage. The
mechanisms believed to be important in this process
include oxidative stress and high intracellular calcium
leading to apoptosis (McGuire, 2007).

Despite intensive research aimed at developing neu-
roprotective treatments for brain injury, no drugs have
been proven successful in advanced clinical trials (Heim
et al., 2002), although some studies demonstrate that a
number of antioxidants can reduce ROS-mediated reac-
tions and rescue neurons from cerebral ischemic dam-
age in animal models (Clemens, 1991). It has also been
reported that the use of anti-inflammatory compounds
has great potential as a therapeutic strategy for neuro-
protection following ischemic brain injury (Barone &
Feuerstein, 1999).

Epidemiological evidence has called attention to natu-
ral compounds with antioxidant and anti-inflammatory
properties as potential neuroprotective molecules for
brain pathology. In this sense, polyphenols show a broad
spectrum of biological functions, such as antioxidative,
antibacterial, antitumoral, antiviral, anti-inflammatory,
and cardiovascular protection activities (Higdon & Frei,
2003; Mukhtar & Ahmad, 2000), and they are a group of
molecules that deserve to be studied in their neuropro-
tective potential.

FLAVONES AND FLAVONOLS: CHEMICAL
AND STRUCTURAL FEACTURES

Flavonoids are diphenylpropanes commonly occur-
ring in plants, vegetables, seeds, tea, wine, and various
plant products that are frequently components of the
human diet. Flavonoids are synthesized as secondary
metabolic products of most plants. These compounds are
partially responsible for imparting color, flavor, and tex-
ture to fruits, vegetables, tea, coffee, and wine (Middleton
etal., 2000; Schroeter et al., 2002). They are also capable of
regulating growth, differentiation, and/or cell death in
bacteria, fungi, plants, and animals (Formica & Regelson,
1995; Harborne & Williams, 2000).

From a structural point of view, flavonoids have
a common structure consisting of two benzene rings
linked by a chain of three carbon atoms (C6C3C6) and
are categorized according to their chemical structure into
monomeric flavanols, flavanones, anthocyanidins, fla-
vones, and flavonols (Rice-Evans et al., 1996). Individual
differences within each group result from the variation
in number and arrangement of the hydroxyl groups as
well as from the nature and extent of alkylation and/or

glycosylation. The preferred glycosylation sites on
the structure of flavonoids are the three position and,
less frequently, the seven position. Glucose is the most
usual sugar residue, but others may include galactose,
rhamnose, and xylose. The flavonols and to a lesser
extent flavones are the most commonly encountered,
being ubiquitous within the families and genera of the
higher plants (Harborne & Mabry, 1975; Herrmann, 1989;
Kiihnau, 1976). The most commonly occurring flavones
and flavonols are those with dihydroxylation in the 3’
and 4’ positions of the B ring and, to a lesser extent, those
with a lone B ring-hydroxyl group in the 4’ position. Fla-
vones are characterized by having a planar structure due
to the double bond in the central aromatic ring.

BRAIN EFFECTS OF FLAVONES AND
FLAVONOLS: IN VIVO EVIDENCE

Currently there has been great interest in the poten-
tial of flavonoids, among other polyphenols, to modu-
late neuronal function and prevent neurodegeneration.
The use of these compounds in humans and in animal
dietary supplementation studies has shown improve-
ments in cognitive function possibly by protecting vul-
nerable neurons or enhancing existing neuronal function
(Youdim & Joseph, 2001).

Numerous experimental studies in vivo describe
the beneficial effects of flavones (e.g., luteolin, api-
genin, jaceosidin, and eupatilin) and flavonols (e.g.,
myricetin, kaempferol, and quercetin) in diseases
such as brain ischemia, Parkinson’s disease (PD), and
Alzheimer’s disease (AD; Dajas et al., 2003; Simonyi
et al., 2005). Experimental evidence has shown that
flavones such as luteolin reduce neuroinflamma-
tion (Nam et al., 2013) and provide protection in the
transient global ischemia model in mice (Cai et al.,
2012). Kaempferol is one of the most studied flavo-
noid molecules, and preclinical studies have shown
that this flavonol and some of its glucosides have a
wide range of pharmacological activities, including
antioxidant, anti-inflammatory, and neuroprotection
in cerebral ischemia (Calderén-Montano et al., 2011;
Lopez-Sanchez et al., 2007), PD (Li & Pu, 2011), and
AD (Kim et al., 2010) experimental models. Kaemp-
ferol could prevent the loss of dopaminergic neurons
induced by the neurotoxin 1-methyll-4-phenyll-1,
2, 3, 6-tetrahydropyridine (MPTP) in a mouse model
of PD (Li & Pu 2011). Another well-known flavone,
baicalein, has been shown to reduce the production of
oxygen peroxide (H202), preventing 6-Hydroxydopa-
mine (6-OHDA)-induced dopaminergic dysfunction
in in vitro and in vivo experimental models of PD (Yin
et al., 2011). This flavone also exerts neuroprotective
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actions against MPTP-induced damage in mice (Yu
et al., 2012).

Quercetin has been undoubtedly the most exten-
sively studied flavonol for its neuroprotective potential
in vivo, and recent experimental evidence confirms the
neuroprotective effects of quercetin against cerebral
ischemia (Ahmad et al., 2011). Analytical studies have
shown that quercetin metabolites accumulated in sev-
eral tissues in pigs and rats after oral administration
(Halliwell & Gutteridge, 1999; Bains & Shaw, 1997),
making unclear whether biological activity is directly
due to quercetin itself. In particular, there is controversy
over the activity of flavonoids in the brain, because the
blood-brain barrier (BBB) makes it difficult for them
to enter the brain. Therefore, strategies developed to
improve brain bioavailability of flavonoids include
the delivery through liposomal particles that facilitate
the crossing of the BBB (Dajas et al., 2013; Rivera et al.,
2008). In this regard, the time course of the effects of
liposomal quercetin (LQ) has been followed in experi-
mental focal ischemia in rats. Using a tetrazolium salt
and a spectrophotometric method, it was shown that
when the LQ preparation was administered 30 min-
utes, one hour, and four hours after ischemia the opti-
cal density of the formazan increased in the striatum as
an indication of the metabolic tissue recovery only at
the earlier times (30 min and 1 hr). In the same direc-
tion, spectrophotometric values obtained in the cortex
after LQ treatments increased only 30 minutes after
focal ischemia. Four hours after the ischemic insult, the
LQ treatment did not change the protective parameters
analyzed in the experimental conditions (Rivera et al.,
2008). Similar results were obtained with behavioral
scores. According to these results, the LQ treatment
showed a reduced therapeutic window in agreement
with other experimental therapeutic approaches. It is
likely that the highly oxidative and inflammatory brain
microenvironment generated one to four hours post-
ischemia consuming available antioxidants breaks the
continuity of antioxidative chains, triggering the pro-
oxidant effects of quercetin.

In the case of PD experimental models, the results
obtained with quercetin in relation to increased neu-
ronal survival against oxidative insult have been con-
tradictory (Kéddridinen et al., 2008), and there are some
differences between the results obtained using in vitro
and in vivo models. Thus studies in PC12 cells and pri-
mary cultures of rat cortical neurons showed neuro-
protective effects after oxidative damage by H202 or
6-OHDA (Arredondo et al., 2004; Dok-Go et al., 2003).
Otherwise, and in contrast with what is described in
the case of ischemia, the results for experimental Par-
kinsonism related to quercetin are mainly negative
regarding neuroprotection (Dajas et al., 2003; Ossola

et al., 2009; Yokoyama et al., 2011). Quercetin negative
effects have been explained by some toxicity to neu-
rons (Ossola et al., 2008). This dual pharmacological
profile of quercetin in cerebrovascular and neurode-
generative models is most likely the explanation for
results recently obtained in a PD experimental model:
Tissue levels of malondialdehyde in the substantia
nigra (SN) increased significantly in the injured side
48 hours after a 6-OHDA lesion and were reverted
by treatment with nanosomal quercetin one hour or
24 hours after injury. In contrast, a parenteral chronic
treatment with quercetin did not increase the survival
of TH positive neurons in the SN, which was 6.5%
lower than in animals treated with an acute injec-
tion (Diaz, personal communication). These results
could be an indication of the referred antioxidant or
prooxidant profile of quercetin at different points of
the pathological process, depending on the cellular
microenvironment conditions, the concentration at
the site of action, and the levels and duration of the
oxidative process. In this sense, although the antioxi-
dant effectiveness of the flavonoids in vivo has been
extensively documented, some prooxidant actions
have been described for these compounds (Yen et al.,
2003). Therefore, further research is needed before
they can be utilized as safe and effective antioxidant
therapeutics.

In the case of the neonatal encephalopathy due to
hypoxia-ischemia, in spite of the intensive research, the
therapeutic arsenal available to help those infants at high
risk of developing a neuropathological lesion is limited,
and thus even induced hypothermia, a therapeutic tool
widely utilized, shows limited beneficial outcomes in
the long term (six or seven years; Shankaran et al., 2012).
The brain is the most affected system, and neuropatho-
logical lesions can lead to squeal. Peripheral hemody-
namic changes and multiorgan dysfunction (e.g., arterial
blood pressure, heart rate, blood pH, etc.) can deepen
the severity of the systemic pathology and sometimes
become the cause of death during the acute period of the
illness. Multiorgan failure, including hypotension, per-
fusion deficit, pulmonary hypertension, vasculopathic
enterocolitis, renal failure, and thrombo-embolic com-
plications, could give more complexity to the pathology
(Armstrong et al., 2012).

The beneficial effects of quercetin as antioxidant,
anti-inflammatory, and modulator of survival pro-
teins gene expression make it a potential alternative
to treat HIE. Undoubtedly, the pathological brain
process in neonatal asphyxia is a global and complex
one in which appropriate bioavailability of pharma-
cological agents at the neuronal interface is critical.
Drug nanosomal delivery systems for adequate and
safe brain delivery are being increasingly utilized to
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Cerebral function monitor other beneficial effects (Spencer, 2009; Dajas et al., 2013;
Figure 25.2).
Ohypoxia
g ig Bhypoxiaand quercetin 10 mgkg
£ 2 T . Antioxidant Properties s0035
g % Traditionally, the beneficial effects of these com- p0085
T 1 ’_‘_ﬁ pounds have been attributed mainly to their anti-
4 o : oxidant capacity, including their direct free radical
f0010 Basal 8hposthypoxia scavenger and their metal-chelating activity proper-
FIGURE 25.1 Superior margin of the monitorized amplitude inte- ~ ties. Additionally, they show broader indirect anti-
grated electroencephalography at the beginning and after eight hours oxidant effects through their capacjty to interact and
of .the experim?ntal period. Comparec.i w.ith the hypoxic an?mals, those  modulate antioxidant enzyme activities (Nijveldt
animals receiving one dose of quercetin liposomal preparation after the .
hypoxic episode improved the encephalographic voltage (*=p>0.05). et a,l" 2001)' More recenﬂy’ evidence from cell
studies suggests that flavones and flavonols can influ-
ence antioxidant gene expression by modulation of
redox-sensitive transcription factors, such as nuclear
minimize this limitation (Mayank Gandhi, 2010), and  factor kB (NFxkB) and NF-E2-related factor-2 (Nrf2).
it is known that frequently used glycolated prepara-  These mechanisms result in the induction of genes
tions are not well tolerated by the cardiovascular sys- encoding for prosurvival, detoxifying, and antioxi-
tem (Doenicke et al., 1994), specially during childhood  dant proteins (Seelinger et al., 2008; Arredondo et al.,
(Zar et al., 2007). 2010). As an important result of antioxidant activi-
p0075  In this context, a drug-delivery system for quercetin  tjes, flavones and flavonols would re-establish the
adequate for intravenous administration in the rat and  1egox regulation of proteins, transcription factors,
piglet has been developed, improving several prepara- 354 survival signaling cascades otherwise altered by
tions already being studied (Priprem et al., 2008). The  ,yidative-stress events.
nanosomal preparation of quercetin stabilized key hemo- Moreover, experimental work revealed that mito- p0090
dynamic parameters altered during asphyxia in new-  chondria are a plausible main target of redox properties
born piglets in the period following reanimation after a  of flayones, mediating, at least in part, their preven-
severe hypoxic episode. This is a key effect because the  tive actions against oxidative stress and mitochondrial
quality of survival could be related to initial improve- dysfunction—associated pathologies (Lagoa et al., 2011).
ment of these hemodynamic changes (Liu et al., 2007).
More interestingly, the endovenous administration of
one dose of 10 mg/kg of quercetin preparation induces Non-Antioxidant Properties 0040
an 1mprovement in the bFam VOltage as eyaluated by the Besides their pharmacological role as potent anti- p0095
monitor of cerebral function (amplitude-integrated EEG) .0 .0 0 1 flavonols show an important
eight hours after a severe hypoxic episode, as shown in 4 dition;ﬂ h loical L p
. pharmacological activity represented by
Figure 25.1. their capacity to directly interact with proteins. Some
examples of these interactions include their potential
to bind to the ATP-binding sites of a large number
s0030  WORKING MECHANISMS UNDERLYING of proteins, their interactions with receptors such as
THE BRAIN EFFECTS OF FLAVONES AND GABA-A and adenosine receptors, or the modulation
FLAVONOLS: IN VITRO EVIDENCE of mitochondrial-associated proapoptotic factors, such
p0080 as DIABLO/smac (Johnson et al., 2011; Shimmyo et al.,
As described earlier, a substantial amount of evidence ~ 2008; Spencer, 2009).
supports the diverse effects of flavones and flavonols
fvi”thm the brain, including the suppression of neuroin- ¢, 4 jatjon of Intracellular Signaling Pathways 50045
ammation, the promotion of neuronal differentiation,
the protection of neurons against injury induced by neu- The enlisted properties of these compounds may p0100

rotoxins, and the improvement in memory and learning
functions. This wide range of effects appears to involve
mechanisms that could be grouped into antioxidant
and non-antioxidant properties. Both mechanisms may
finally converge in the modulation of common intracel-
lular-signaling pathways, leading to cell survival among

finally converge in the modulation of a number of
protein kinase and lipid kinase signaling cascades,
such as the phosphatidylinositol 3-kinase (PI3K)/Akt,
tyrosine kinase, protein kinase C (PKC), and mitogen-
activated protein kinase (MAP kinase) signaling path-
ways. In this sense, attention is turned towards the
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Flavones/flavonols
Antioxidant mechanisms Non-antioxidant mechanisms
(changes in cellular redox status)
‘ Direct ‘ ‘ Indirect
RONS, Modulation of ) .
scavenging enzvme activit Interaction with
and v y proteins and lipids
Chelation
(Fe++, Ca++)
l I
Kinase signalling modulation (MAPK,
PKC, PI3K, etc)
Transcription factor modulation
| (Nrf2, NFkB, AP-1, FOXO-3, etc)
Gene induction (detoxifying,
antioxidant, and trophic genes)
Cell survival/death
— Proliferation -
Differentiation
0015 Anti-inflammation
FIGURE 25.2 Working mechanisms of flavones/flavonols and their cellular effects.
modulation of these intracellular cascades as a thera- account that their interactions with intracellular signal-
peutic approach against neurodegeneration, because ing pathways could have unpredictable consequences
these signaling pathways have been involved in neuro-  and will be dependent on the cell type (neuron or glia),
nal survival, neurogenesis, and cognitive performance the disease studied, and the insult applied.
through changes in synaptic plasticity. By their inter- Table 25.1 shows some in vitro experiments with p0110
action with these intracellular signaling cascades, the the beneficial effects of several flavones and flavonols
beneficial cellular effects of flavones and flavonols may against diverse oxidative injuries and the suggested
be mediated through changes in the phosphorylation —mechanisms of action. From the table, it can be con-
state of target molecules, resulting in modulation of cel-  cluded that the range of active concentrations is wide,
lular function and gene expression and leading to cell ~ from nM to uM, 100 uM being the highest. An impor-
survival (Spencer, 2007, 2009). tant aspect is that flavones and flavonols are beneficial
p0105  Nevertheless, as stated earlier in the discussion of against very diverse oxidative aggressions, showing a

in vivo evidence, the final effect within these signaling
cascades may be beneficial or negative in the context of
the oxidative state of the brain and the flavonoid con-
centration. Indeed, it should be important to take into

multitarget action, although described mechanisms are
mainly scavenging and antilipid peroxidation. The rela-
tionship of flavones and flavonols with intracellular sig-
naling is not frequently addressed.
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t0010 TABLE 25.1 Evidence In Vitro, 2009-2013

Concentration
Compound Cell Culture Range Injury Model Mechanisms Proposed References
Apigenin Human 0.1,1.0,and 10.0 yM  AB-mediated neurotoxicity = Regulate redox imbalance, a
neuroblastoma induced by copper preserve mitochondrial
SH-SY5Y cells function, inhibit MAPK,
overexpressing depress neuronal
the Swedish mutant apoptosis
form of human APP
Fisetin Hippocampal 60 uM Oxidative stress caused Reduced enhanced ROS, b
neuronal by fluoride and increased NO level and
HT22 cells dexamethasone. apoptosis
Myricetin, Apigenin, Rat C6 glioma 5-20 pM Peroxide-induced Inhibit lipid peroxidation c
kaempferol, luteolin, cells cytotoxicity 24 hrs
and quercetin
Myricetin C6 glioma Myricetin 100 pM, Oxygen-glucose Attenuated increase in d
Quercetin 1nM, and 10 nM deprivation (OGD) ROS/RNS, and
Quercetin 10uM intracellular calcium
and 25pM. Myricetin, attenuated
MMP depolarization
Luteolin PC12 6 and t-BHP and H202 Increased GSH, reduced e
Quercetin 25 uMol/L and FeSO4 MDA levels
Antilipoperoxidant
activity
Luteolin PC12 3.13-50 uM 6-OHDA Suppression of Bax f
overexpression, inhibition
of Bcl2 reduction,
downregulation of p53
7,8-dihydroxyflavone Rat retinal ganglion 20, 50, 100, 250, Excitotoxic and Upregulates TrkB, g
cells and retinal and 500 nM oxidative stress- downstream AKT, and
neuronal precursor induced apoptosis MAPK/ERK
RGC-5 cell line and cell death Promotes neuritogenesis
Kaempferol SH-SY5Y cells 30 uM Rotenone-induced acute Enhancement of h
and primary toxicity mitochondrial
neurons turnover by autophagy
Quercetin Oligodendrocyte Oxygen/glucose deprivation Activation of the PI3K/Akt i
precursor cells (OPCs) (OGD)
Kaempferol Microglial BV2 LPS-induced Downregulation of TLR4, j
cells inflammation NF-kB, p38 MAPK, JNK,
and AKT
Quercetin Primary rat mixed 75-100 H202-induced k
glial cells uM toxicity
Baicalein BV2 cells, =20uM Oxygen-glucose Downregulates the I
PC12 cells and deprivation expression of NOD2 and
primary neuron (OGD) in vitro TNFo in both mRNA and
cells protein levels
Quercetin and Isolated rat liver IC(50) =1.23 +/- Fe (2+)/citrate-mediated Superoxide scavenging, m
galangin mitochondria 0.27 and 2.39 +/- membrane lipid decrease in membrane
0.79 M, respectively peroxidation (LPO) fluidity and/or mitochondrial
uncoupling
Quercetin Neuronal SH-SY5Y 6-OHDA-induced Inhibition of caspase n

cells.

toxicity

activation

2Zhao et al., 2012

bInkielewicz-Stepniak, Radomski, & Wozniak, 2012

¢Seibert et al., 2011

dPanickar & Anderson, 2011

ePavlica & Gebhardt, 2010
fGuo et al., 2013

SGupta et al., 2013
hFilomeni et al., 2012
Wang et al., 2011

IPark et al., 2011
kKabadere et al., 2011

ILi & Pu, 2011

mDorta et al., 2008

"Ossola, Kiiridinen, & Minnistd, 2009
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Abstract

Flavones and flavonols are molecules present in most plants that are an important component of some human diets. Epidemiological
evidence shows the beneficial effects of these molecules in cardiovascular and neuropathological diseases. Experimental evidence in vitro
and in vivo has confirmed the neuroprotective effects in neurons in culture against oxidative insults and in models of focal ischemia and
experimental Parkinsonism. Nevertheless, the active concentration range in vitro is very narrow, and effects on brain pathology have
been shown mostly after chronic administration. Although the preventive effects of flavones and flavonols in brain pathology could be
considered mostly substantiated, the positive neuroprotective activity after acute administration still deserves more research.

Keywords: flavonoids; flavones; flavonols; neuroprotection; brain pathology.
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Abstract Few studies have been undertaken on the
relationship of the structure of flavones and neuroprotec-
tion. Previously, we described the structural determinants
of the neuroprotective activity of some natural flavones in
cerebellar granule neurons in culture against an oxidative
insult (H,0,). In the present work, we analyzed anti-oxi-
dant activity, cellular iron, and Ca®* levels and cellular
bioavailability of neuroprotective and nonneuroprotective
flavones in the same experimental paradigm. Oxidative
cellular damage produced by H,O, was prevented by all of
the studied flavones with rather similar potency for all of
them. Labile Iron Pool was neither affected by protective
nor nonprotective flavones. Intracellular Ca®" homeostasis
was not affected by protective flavones either. Nonetheless,
fisetin, the nonprotective flavone, decreased Ca’* levels
modifying Ca>" homeostasis. Methylation of the catechol
group, although weakens anti-oxidant capacity, keeps the
neuroprotective capacity with less degradation and lower
toxicity, constituting promising structural alternatives as
leads for the design of neuroprotective molecules.

Keywords Flavonoids - Flavones - Neuroprotection -
Anti-oxidation
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Introduction

Flavonoids, a family of the polyphenol compounds that
give colour and taste to plants and flowers, ubiquitous in
vegetables, plants, and beverages like tea and wine, are
structurally characterized by having two benzene rings on
either side of a 3-carbon ring (Clifford 2001). Flavonoids
differ in the arrangements of hydroxyl, methoxy, and gly-
cosidic side groups as well as in the conjugation between
the A- and B- rings. The term flavonoid encompasses
flavones, flavonols, flavan-3-ols, isoflavones, flavanones,
and the anthocyanins. Among these, the flavones, which
are based on the backbone of 2-phenylchromen-4-one (2-
phenyl-1-benzopyran-4-one), are the most commonly
encountered, being abundant within the families and genera
of the higher plants (Andersen and Markham 2010). The
flavones are characterized by a planar structure because of
the double bond with the keto group in the central aromatic
ring. One of the best-described flavonoids, quercetin, is a
member of this group (Nijveldt et al. 2001). The structural
difference in each flavonoid family results from the vari-
ation in the number and substitution pattern of the hydroxyl
groups and the extent of glycosylation of these groups
(Harborne 1994).

Most of the biological actions of flavones have been
attributed to their anti-oxidant, hydrogen-donating capacity
(Nijveldt et al. 2001; Rice-Evans 2001). Beyond the
powerful direct scavenger action, flavones exert an
important indirect antioxidant activity contributing to the
homeostasis of calcium, metal chelation, stabilization of
membranes through anti-lipid peroxidation, and enzymatic
activity modulation (Nijveldt et al. 2001; Williams et al.
2004; Middleton et al. 2000).

The structural diversity of these natural compounds
offers the possibility to identify the molecular substitutions
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required for their different biological actions. Thus,
important research has generated evidence supporting the
role of specific structural components as requisites for
radical scavenging, chelation, and oxidant activity (Bors
et al. 1990; Rice-Evans et al. 1996; Heim et al. 2002).
Their activity as transition metal ions chelators is defined
by the presence of the ortho-dihydroxy substitution in
B-ring, the 4-carbonyl in C-ring, and a 5-hydroxy substi-
tution in A-ring (Mira et al. 2002). Early work already
demonstrated that the structural requirement considered to
be essential for effective radical scavenging is the electron
donating capacity given by the presence of a catechol
structure in the B-ring. The 3-OH moiety in combination
with the C2-C3 double bond conjugated with a 4-keto
group, which is responsible for electron delocalization
from the B-ring, further enhances the radical-scavenging
capacity (Bors et al. 1990; Rice-Evans et al. 1996). The
B-ring hydroxyl configuration is the most significant
determinant of scavenging and its fundamental, although
not exclusive, role in antioxidation has been also demon-
strated e.g., in the scavenging of peroxynitrite, a lethal
oxidative molecule generated by oxidative stress in neu-
rons (Heijnen et al. 2001).

It is important to mention that the direct and indirect
antioxidant activity domains of flavones can neutralize
several steps in the cascade of oxidative events occurring in
the neuron after ischemia or in neurodegenerative diseases
(Simonyi et al. 2005; Li and Pu 2011; Spencer 2009). Since
numerous in vitro and in vivo experimental evidences have
demonstrated a neuroprotective capacity of several flavo-
noids, for example, quercetin, fisetin, luteolin, and cate-
chins (Dajas et al. 2003; Ossola et al. 2009; Dajas 2012),
one accepted hypothesis is that the efficacy of flavones and
flavonols as neuroprotective molecules is closely correlated
with their antioxidant activity (Pietta 2000; Almajano et al.
2011).

Studying in cerebellar granule neurons the structural
features that characterize the neuroprotective capacity of
14 natural flavones against an oxidative insult, we found
that the catechol in B-ring is not necessary to afford neu-
roprotection (Echeverry et al. 2010) against an oxidative
insult provoked by hydrogen peroxide. Furthermore, the
hydroxyl substitutions in the position C3 (C-ring) and in
C5 (A-ring) would be important for neuroprotection that,
accordingly, appears to be linked to specific structural
motifs, beyond those involved in anti-oxidation (Echeverry
et al. 2010). These results would be in apparent discrep-
ancy with the prevalent hypothesis about the role of anti-
oxidation in neuroprotection.

In this context, this contribution was a natural continu-
ation of these previous studies, aimed at exploring key
mechanisms of neuroprotection, as would be the antioxi-
dation activity of the four already identified

@ Springer

neuroprotective flavones (Fig. 1a),' their management of
intracellular scavenging of reactive oxygen species (ROS),
and their anti-lipid peroxidation effects, when compared
with treatment with a non neuroprotective flavone
(Fig. 1b). The effects of protective and nonprotective
flavones on iron and calcium homeostasis were also studied
given their key importance in neuronal death. Moreover,
cellular bioavailability was also studied and compared,
since access to intracellular molecules is a key aspect of
neuroprotection. We utilized the pre-treatment experi-
mental paradigm with application of hydrogen peroxide
after 24 h of flavone treatment, as it gives an assessment of
the effects of the flavones on the modulation of survival
signaling, independently of interaction with generated free
radicals at the moment of the oxidative insult. Thus, results
after pre-treatment would indicate the strengthening by
flavones of the neuron condition to manage oxidative
insults.

Materials and Methods
General Chemicals

All chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA) unless stated otherwise. Hydrogen per-
oxide (H,0,) was dissolved in distilled water and subse-
quently filtered before added to the cultures.

Flavones Utilized

Quercetin (3,5,7,3',4'-pentahydroxyflavone) was acquired
from Xi’an Sino-Dragon I/E Co., Ltd., China, and Fisetin
(3,7,3 4'tetrahydroxyflavone) was obtained from Sigma-
Aldrich (St. Louis, MO, USA). The rest of the flavones
studied were isolated by Prof. J. Midiwo’s research group
at the Department of Chemistry, University of Nairobi
from the following plants: Dodonaea angustifolia, Psiadia
punctulata, Gardenia ternifolia, Senecio roseiflorus, and
Hypericum lanceolatum. The following compounds were
obtained from these plants: compound 6 (3,5,7-trihydroxy-
4'-methoxyflavone), compound 8 (3,5,7,3'-tetrahydroxy-4'-
methoxyflavone, tamarixetin), compound 9 (3,5,7,4'-tetra-
hydroxy-3'-methoxyflavone, isorhamnetin).

Each molecule was dissolved in dimethyl sulfoxide
(DMSO) 30 %, prior to bioassay experiments.

! Because they all share the basic backbone of 2-phenylchromen-4-
one (2-phenyl-1-benzopyran-4-one), the molecules studied can be
primarily considered as flavones and as such are taken in this work,
knowing that as hydroxyl flavones they can also be considered as
flavonols.
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Fig. 1 a Protective flavones; A
b nonprotective flavones

Quercetin (3, 5, 7,3 ",4" pentahydroxyflavane)

Compound9 (3, 3, 7,4 tetrahydroxyflavone-

3" methaxyflavone)

HO

HO 0 I/

Compound 8 (3, 5, 7,3" tetrahydroxyflavane-
4" methox yflavone)

O'CH3

Compound6 (3,5, 7 trihydroxyflavone-
4’ methoxyflavone)

OH

OH
O

Fisetin (3, 7,3 °,4" tetrahydroxyflavone)

Plant Materials

The plants used and its vouchers have been described
previously (Yenesew et al. 2003; Juma et al. 2001).

The leaf and flowers of the plants mentioned were col-
lected from their geographical location and handled by
established procedures.

Extraction

Extraction was performed as previously described for
exudates from aerial parts (Yenesew et al. 2003; Juma
et al. 2001); the aerial branches and leaves were dipped
into organic solvent and shaken for not more than 15 s to

avoid extraction of internal tissue substances indicated by
the appearance of the green of chlorophyll. This wash was
dried in vacuo using a rotary evaporator to give a solid
gum. Other parts of the plants were dried before
extracting the powder at ambient temperature with vary-
ing organic solvents dichloromethane: methanol (1:1)
followed by methanol and solvent removed to yield the
gummy solid.

Analysis was done using analytical TLC: Merck pre-
coated silica gel 60 F254 plates with standard previously
characterized compounds to locate desired compounds in
the extracts, CC on silica gel 60 (70-230 mesh). EIMS:
direct inlet, 70 eV, 'H NMR (500 MHz), and '*C NMR
(125 MHz) run on a DRX-500 (Bruker), ARX 300
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(Bruker), or Varian-Mercury spectrometers using solvent
resonances to calibrate the spectra.

The compounds used were at least 99.99 % pure. The
purity was established by analytical techniques—thin layer
chromatography, crystallization to constant melting
point—and spectroscopic techniques—proton and C-13
NMR, Mass spec data.

Measurement of Free Radical Scavenger Capacity

The free radical scavenger capacity in vitro of each flavone
was evaluated by studying its ability to scavenge the
ABTS®? radical (2,2'-Azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)) (Miller et al. 1993).

ABTS** was produced by the reaction of ABTS (7 mM)
with ammonium persulfate (140 mM) for 12—16 h, in the
dark and at room temperature. Prior to use, the stock
solution was filtered and diluted in PBS (pH 7.4) so as to
achieve an absorbance at 734 nm of 0.70 & 0.02. One
milliliter of diluted ABTS"*t was mixed with 10 pL of each
flavone at different concentrations (0-20 uM final con-
centration), and the percentage decrease of absorbance at
734 nm was calculated. The IC50 (uUM) was determined for
each flavone.

Neuronal Culture

Primary cerebellar granule neurons (CGN) were obtained
from PN6-8 Sprague-Dawley rats (Garcia and Massieu
2001) and seeded in poly-L-ornithine pre-coated 96-wells
plates at a density of 200,000 cells/well. They were kept in
Basal Medium Eagle supplemented with foetal bovine
serum (PAA Laboratories, Austria) (10 %), 20 mM KClI,
and 25 mM glucose, in a humidified chamber at 37 °C in a
5 % CO, atmosphere. Glial growth was inhibited by
addition of cytosine arabinoside (10 puM).

All procedures involving animals and their care were
approved by the ethics committee of the “Instituto de In-
vestigaciones Clemente Estable.” All efforts were made to
minimize the number of animals used and their suffering.

Experimental Paradigm

At 6 days in culture (DIC6), the flavones (in 1.5 % DMSO,
final concentration) were preincubated during 24 h before
the H,O, insult. The neuronal death was induced at DIC7
by adding 180 pM hydrogen peroxide (H,O,) for 24 h.

Determination of Intracellular Formation of Reactive
Oxygen Species (ROS)

ROS was assessed using oxidation sensitive dye, 2',7'-
dichlorofluorescin diacetate (DCFH-DA), as the substrate
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(Okimotoa et al. 2000). CGN cells growing in 96-well
plates were loaded with 100 pM DCFH-DA and incubated
for 40 min at 37 °C. Nonfluorescent DCFH-DA dye that
freely penetrates the cells, is hydrolyzed by intracellular
esterases to 2,7'-dichlorodihydrofluororescein (DCFH) and
is trapped inside the cells. After washing the cells with PBS
three times, cells were treated with 180 uM H,0, at dif-
ferent times. The formation of 2’,7’-dichlorofluorescein
(DCF) due to oxidation of DCFH in the presence of various
ROS was read at the excitation wavelength (Ex) of 485 nm
and the emission wavelength (Em) of 528 nm using a
fluorescence micro plate reader (Varioskan Flash, Thermo
Scientific).

Measurement of Lipid Peroxidation

Malondialdehyde (MDA) as an end product of lipid per-
oxidation was quantified by the thiobarbituric acid assay
and subsequent HPLC analysis. This method is a global
measurement of lipid peroxidation and was applied
because of its sensitivity and simplicity (Draper et al.
1993). After washing the cells with PBS, 200 pL of 20 %
(w/v) trichloroacetic acid containing 0.8 % (w/v) thiobar-
bituric acid was added to each culture dish. The cells were
scratched off with a rubber policeman; the suspensions
were transferred to glass centrifuge tubes and heated for
45 min at 90 °C.

After cooling to room temperature and centrifugation,
the MDA-TBA complex in the supernatant was determined
by HPLC (5u C18 100 A, 150 x 4.6 mm) with fluores-
cence detector (515 nm excitation, 553 nm emission). The
mobile phase was a mixture of 5 mM water and methanol
(50:50, v/v). The flow rate was maintained isocratically at
1 mL/min.

The amount of TBARS was expressed as nmol MDA
equivalents formed per cultured dish.

Cellular Labile Iron Pool Evaluation

The cellular labile iron content was estimated by a fluori-
metric assay using the metal-sensitive probe calcein (CA)
(Breuer et al. 1995) and the strong membrane-permeant
iron chelator SIH (salicylaldehyde isonicotinoyl hydra-
zone), generously provided by Prof. Prem Ponka (McGill
University, Montreal, QC, Canada). Briefly, both control
cells and cells preincubated with flavones were loaded with
0.25 uM calcein-AM for 20 min at 37 °C. CA-AM rapidly
penetrates across the plasma membrane and is intracellu-
larly hydrolysed to release free CA. After loading, the
cultures were washed of excess CA-AM two times with
PBS. Cellular CA fluorescence was recorded in a fluores-
cence micro plate reader (Varioskan Flash, Thermo Sci-
entific) using an excitation wavelength of 485 nm and an
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emission wavelength of 530 nm (slits 5 nm). Cell cultures
without CA-AM were used as blank to correct nonspecific
autofluorescence. Once hydrolyzed, calcein becomes trap-
ped in the cytoplasm and emits intense green fluorescence.
The calcein-loaded cells have a fluorescence component
that is quenched by intracellular iron and can be revealed
by addition of 200 uM SIH. The rise in fluorescence is
equivalent to the change in calcein concentration or to the
amount of cellular iron originally bound to CA. Thus, the
changes in CA fluorescence intensity were directly pro-
portional to the iron labile pool.

Cell viability was >95 % and unchanged during the
assay.

Measurement of Intracellular Ca**

Intracellular Ca>™ was monitored using the fluorescent
Ca’*-sensitive dye, Fura 2-acetoxymethy ester (Fura
2-AM) (Liu and Wang 2001). The control cells and cells
preincubated with flavones were preloaded with Fura
2-AM (5 pM) for 30 min at room temperature in the dark,
then 30 min at 37 °C in a humidified incubator. Cells were
then gently rinsed three times with PBS solution and
incubated in the presence of 180 pM H,0O, for 15 min.
After the fluorescence was measured at emission wave-
length of 510 nm and excitation wavelengths of 340 and
380 nm using a fluorescence microplate reader (Varioskan
Flash, Thermo Scientific), the fluorescence ratio (F340/
F380) was calculated as an indicator of intracellular Ca*™.

Each well was normalized to cell numbers using calcein
cell viability assay (Mueller et al. 2004).

This series of experiments was performed with two
protective molecules (quercetin and compound 9) and
fisetin (non protective).

Cell Viability Measurements of Cultures Pre-treated
with Quercetin and Calcium Chelator (EGTA)

At DIC 6, the cells were preincubated with EGTA (1 mM)
and quercetin during 24 h before the H,O, insult.

The neuronal mitochondrial activity, as an indicator of
cell viability, was measured by the 3-(4,5-dimethylthiazol-
2-y1)-2,5-di-phenyltetrazolium bromide (MTT) assay
(Denizot and Lang 1986).

Briefly, after experimental treatments, cells were incu-
bated for 90 min at 37 °C with MTT (0.1 mg/mL final
concentration) that was reduced by metabolically active
cells to purple formazan. Formazan crystals were dissolved
with DMSO, and the absorbance was measured on a MRX
microplate reader (Dynex Technologies), using a reference
wavelength of 630 nm and a test wavelength of 570 nm.

Results were presented as percentage of MTT reduction,
assuming that absorbance of control cells was 100 %.

Neuronal viability was also examined qualitatively by
phase-contrast microscopy (Axiovert 25, Zeiss, Germany).

HPLC Analysis of Flavones Availability in Cell
Cultures

To evaluate the intracellular and extracellular levels of
flavones, cultures were incubated with 25 pM of different
flavones for 24 h, quickly washed with PBS 3 times and
lysed (aqueous methanol 50 % in 0.1 M HCI). For mea-
surement of extracellular levels, after flavones incubation,
samples from culture medium were diluted in methanol
(1:1).

Freeze-thawed samples were microfuged at 10,000 rpm
for 5 min at 4 °C, and supernatants were injected onto the
HPLC system. Separation of constituents was achieved by
reverse-phase HPLC using a C18 column (Phenomenex,
USA) with 5 pm particle size. A binary HPLC pump
(Waters 1525) with a 717 plus auto sampler Waters and a
photodiode array detector Waters 2998 linked to Empower
2 (Waters) chromatography data software was utilized. The
temperature of the column was set at 30 °C. The mobile
phase used was (A) MeOH 100 %, (B) H;PO4 0.5 % pH 2,
MeOH 5 %, at 0.7 mL/min. The gradient system consisted
of (min/%B): 0/80, 40/0, 41/80, and 47/80. The eluant was
monitored by photodiode array detection at 375 nm and
spectra of products obtained between 210 and 600 nm.

Statistical Analysis

The results were expressed as mean + SEM. Differences
among different experimental groups were tested for sig-
nificance using one-or two-way analysis of variance
(ANOVA) followed by Tukey’s or Newman-Keuls multi-
ple comparison tests, respectively, tacking p < 0,05 as
significant

Results
Free Radical Scavenger Capacity

All the flavones showed marked scavenger capacity. Fise-
tin, the nonprotective flavone, has stronger scavenger
capacity than isorhamnetin, a protective flavone, or stron-
ger scavenger activity than compound 6 and 8, also pro-
tective flavones (Table 1). Accordingly, there is no direct
relationship between the neuronal protection and the
scavenger capacity.

Furthermore, in this experimental paradigm, the cate-
chol motif appeared as important for anti-oxidation (quer-
cetin and fisetin) and not for protection, as shown by results
obtained with compounds 6, 8, and 9.
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Table 1 Free radical scavenger capacity of flavones evaluated by
ABTS assay

Compound 1Cs¢ (LM)
Quercetin 44 £+ 1.3°
Comp 9 (isorhamnetin) 57+ 1.1
Comp 8 (tamarixetin) 9,5+ 29
Compound 6 12,4 + 2.3
Fisetin 5,6 + 1.5%
Each value is presented as mean £ SD (n = 3)
* p < 0.5 versus compound 6
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Fig. 2 ROS production at different times after H,O, 180 uM
addition to neuronal cultures. Data presented as mean &= SEM of 3
separated experiments. *p < 0.001 versus vehicle-treated cells

Levels of Intracellular Reactive Oxygen Species

The addition of H,O, to neuronal culture produced a sig-
nificant increase in intra cellular ROS production, starting
at 90 min, and maintained up to 7 h later (Fig. 2).

The pre-treatment of neuronal cultures with different
concentrations of protective flavones, previously to the
addition of H,0,, produced a significant decrease of
intracellular ROS production with all concentrations
(5-100 pm) in the case of quercetin and compound 9
(Fig. 3a). These were the flavones that had shown the most
potent scavenger capacity in vitro. Only the smaller con-
centration of compound 8 decreased ROS production,
while compound 6 had no effect at all (Fig. 3a). The latter
had shown the least scavenger capacity in ABTS studies.

Pre-treatment with fisetin produced a significant
decrease of intracellular ROS production at concentrations
between 10 and 50 pM (Fig. 3b).

Lipid Peroxidation (Malondialdehyde Formation)

Four hours after the addition of H,O, to neuronal cultures,
there was a significant increase on MDA production (Fig. 4).

@ Springer

Twenty-four hours pre-treatment with 25 uM of each
flavone (protective and non protective), before the oxida-
tive insult, prevented the MDA increase after 4 h of
addition of 180 uM H,0, (Fig. 5).

Labile Iron Pool (LIP) Evaluation and Intracellular Free
Ca”** Concentrations

Pre-treatment of granule neurons with 25 uM of each fla-
vone for 24 h did not affect LIP levels (Fig. 6). Regarding
intracellular Ca®" levels, the pre-incubation with protective
molecules quercetin and compound 9 neither produced any
change (Fig. 7a). Addition of H,O, produced an increase in
intracellular Ca®" (Fig. 7) that was not reverted by quer-
cetin or compound 9. In contrast, pre-treatment with Fisetin
produced a decrease of Ca®" intracellular levels (Fig. 7b).
Increased Ca’* levels after H,0, addition were not mod-
ified by Fisetin (Fig. 7b).

Since these contrasting results would be indicating that
maintenance of intracellular Ca®" levels is important for
neuroprotection particularly in granule neurons, a Ca®"
chelating agent (EGTA) was added to CGN alone or
together with quercetin, and survival assessment was per-
formed. The experimental concentrations of EGTA utilized
were those producing a decrease in Ca®" levels similar to
Fisetin after 24 h of treatment (data not shown).

While EGTA alone did not modify neuronal death
provoked by H,0, (Fig. 8), it blocked the protection
obtained with quercetin pre-treatment in the concentrations
utilized (Fig. 8).

Cell Availability of Flavones

After 24 h of flavone exposition, those with catechol group
in B-ring (quercetin and fisetin) showed a higher degra-
dation process shown by low extracellular concentrations
and nondetectable intracellular levels (Fig. 9). In contrast,
flavones that had at least one methylation in the B-ring
(compound 8 and compound 9) were more stable, showing
high extracellular levels and detectable intracellular con-
centrations. Compound 8 was clearly the most stable of the

group.

Discussion

As it was explained above, this work is a natural continu-
ation of our previous discovery of four neuroprotective
flavones, identified from a group of 13 natural flavones
isolated from east Africa (Echeverry et al. 2010). For the
first time, specific structural features of flavonoids were
linked to the increased survival against a strong oxidative
insult in neurons. The study of the mechanisms involved in
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the protection appeared as an immediate endeavor to
understand the neuroprotective process.

Before starting the analysis of results, a key point to
stress is the specific characteristic of the experimental
paradigm utilized: neurones in culture were pre-treated
with the flavones for 24 h, before the addition of H,O,. At
the moment of the insult, therefore, the intracellular con-
centration of flavones, as shown by HPLC, was very low,
and the experimental paradigm can be primarily considered
a model of a new metabolic condition that makes neurons
more resistant to oxidative insults independently of the
presence of the flavone at the moment of the insult. Nev-
ertheless, with the methodology utilized, we cannot discard
completely the presence of flavones metabolites.

Neuroprotection is likely related to increased expression
of survival proteins. Results from our laboratory showed
that quercetin pre-treatment modulates the GSH redox
system (Arredondo et al. 2010). Quercetin caused Nrf2
nuclear translocation in neuronal cultures and significantly
increased the y-glutamate—cysteine ligase catalytic subunit
gene expression, the rate limiting enzyme in GSH synthesis
(Arredondo et al. 2010).

The study of cellular bioavailability at the moment of
the insult showed that only compounds 8 and 9 were still
present in significant intracellular concentrations. These
molecules were precisely the ones that have at least one
methylated change in positions 3 or 4 of the catechol
group. After 24 h of flavone exposition, those with catechol
group in B-ring showed a higher degradation process.
These results can be considered an important contribution
of the present study. Since previous experimental evidence
has linked the presence of hydroxyls in the catechol group
to an increased toxicity (Chang et al. 2008; Walle 2009),
present results on bioavailability are important in the
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direction of obtaining molecules with less toxicity and
better neuronal bioavailability. As further evidence, com-
pound 8, the more stable molecule, was precisely the only
nontoxic flavone in the previous study (Echeverry et al.
2010).

Regarding antioxidation, results showed good scavenger
activity for all the flavones, being those that have a cate-
chol group the most potent. In this sense, the results agree
with studies that show the importance of the ortho-dihy-
droxy substitution in B-ring for several bioactivities spe-
cially related to scavenger capacity (Bors et al. 1990; Rice-
Evans et al. 1996). It is generally accepted that the position
and number of OH in the B-ring greatly determine the
scavenger capacity of these compounds. The presence of
the o-dihydroxy structure on the B-ring confers a higher
degree of stability to the phenoxy radicals by participating
in electron delocalization.

On the other hand, regarding the intracellular markers of
oxidative stress, particularly ROS production, all flavones
except compound 6 reduced free radical levels at different
concentrations. The only additional observation is that
compound 8 reduced free radicals species at a lower and
single concentration, while the other flavones decreased
levels at a wider range of concentrations. The most active
scavenger molecules were those that showed the higher
capacity of ROS reduction. The increase of lipid peroxi-
dation, the other marker of oxidative stress utilized, was
also prevented by all flavones. From these experiments, we
can conclude that, in the pre-treatment experimental con-
ditions, there is no direct relationship between the neuronal
protection and the antioxidant capacity of flavones. Fisetin,
the nonprotective flavone, decreases oxidative markers in
the same range as protective molecules. Our experimental
data confirm now what we have advanced as a hypothesis
in the previous work: antioxidant capacity appears as a
necessary but not enough property for neuroprotection.

Regarding anti-lipid peroxidation experiments, Peng and
Kuo (2003), studying anti-lipid peroxidation of 7 flavones,
found that quercetin, myricetin, and luteolin inhibited lipid
peroxidation in Caco-2 intestinal cells whereas kaempferol
did not. They concluded that the most important structural
criterion in protecting live cells from lipid peroxidation is
the adjacent hydroxyl groups in the B-ring structure.
According to our results, not only adjacent hydroxyl sub-
stitutions in B-ring are important for lipid peroxidation
inhibition, since flavones with methylation in B-ring also
decreased lipid peroxidation.

Iron is a very important element in living organisms, and
iron-containing enzymes are key components of many
essential biological reactions, like energy metabolism,
oxygen transport, DNA synthesis and repair, detoxification
of ROS, etc. (Kruszewski 2003). However, in some par-
ticular conditions, iron, via Fenton/Haber—Weiss reaction
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cycle, can catalyze production of highly toxic hydroxyl
radicals that can have deleterious effects for cell structures.
These are the reasons why the cell keeps a tight control of
iron homeostasis. Nevertheless, due to the high iron
metabolism, there is always a pool of labile iron (LIP) that
is utilized for proteins, enzymes, etc. Pre-treatment with all
flavones did not change the levels of LIP, indicating that in
the experimental paradigm utilized, protection would not
involve a differential iron homeostasis as a key factor.

It is known that oxidative stress can induce neurotoxic
insults by increasing intracellular Ca** and that hydrogen
peroxide induces Ca** dysregulation as evidenced by an
increase in Ca®" baselines. Several studies have shown the
importance of quercetin for Ca*" homeostasis (Wang and
Joseph 1999). In these experiments, where cells were
incubated with quercetin before H,O, application, quer-
cetin was able to block the effects of H,O,, restoring Ca’*
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Fig. 7 Ca>" levels after 24 h pre-incubation with 25 pM Quercetin, compound 9 (a) and Fisetin (b). Data presented as mean £ SEM of 3
separated experiments. *p < 0.01 versus vehicle-treated cells (two-way ANOVA-Newman Keuls test)
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homeostasis. A simultaneous structure—activity study
showed the importance of the catechol group and the 2,3-
double bond in conjugation with a 4-oxo group in the
C-ring, along with the polyphenol structure for the pro-
tective effect against H,O,. Quercetin effects were stronger
than catechin, cyanidin, and taxifolin (Wang and Joseph
1999). In our experiments, quercetin did not modify the
H,0,-induced intracellular Ca®" increase, a result likely
reflecting the different experimental paradigms utilized.
Results obtained with quercetin, and compound 9 would be
showing that, globally, protective flavones do not appear to
modify Ca®" homeostasis. In contrast, nonprotective fisetin
pre-treatment produced a decrease in Ca”" intracellular

concentrations, indicating an interference with homeosta-
sis, likely contributing to the nonprotective profile. Previ-
ous work has shown that flavones without hydroxylation
substitutions in A-ring present different effects on Ca**
mechanisms regulating relaxation in rat-isolated thoracic
aorta (Chan et al. 2000). If an equilibrated Ca®" homeo-
stasis is critically important for all cells, it is particularly
important for the granule neurons. NMDA receptors are
abundant in granule neurons, and low Ca®* concentrations
can lead these neurons to death (Franklin and Johnson
1992). Accordingly, decreased Ca** concentrations would
not be compatible with survival and can explain the non-
protective results as shown by our results when EGTA
blocks quercetin protection by decreasing Ca*™.

In summary, oxidative cellular damage produced by
H,0, was prevented by all the studied flavones in a first
antioxidant defense that was rather similar in potency for
all of them, as shown by intracellular ROS and MDA
production. Nonetheless, Fisetin, the only nonprotective
flavone studied, modifying Ca®" homeostasis, likely
interferes with intracellular signaling in a way that could
lead neurons to death.

In our previous work (Echeverry et al. 2010), we have
shown that methylation of the catechol group in B-ring of
flavones keeps the neuroprotective capacity with a minor
toxicity, in spite of a lower antioxidant activity observed in
the present work. Together with the less degradation
observed in this work by the catechol changes, the results
are showing that methylated flavones could be a lead for
safer neuroprotective molecules of therapeutic potential.
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ABSTRACT

Quercetin is a ubiquitous flavonoid present in beverages, food and plants that has been demonstrated to
have a role in the prevention of neurodegenerative and cerebrovascular diseases.

In neuronal culture, quercetin increases survival against oxidative insults. Antioxidation appears to be
a necessary but not sufficient condition for its neuroprotective action and modulation of intracellular
signaling and transcription factors, increasing the expression of antioxidant and pro survival proteins and
modulating inflammation, appears as important for neuronal protection. Quercetin also regulates the
activity of kinases, changing the phosphorylation state of target molecules, resulting in modulation of
cellular function and gene expression. Concentrations of quercetin higher than 100 uM consistently show
cytotoxic and apoptotic effects by its autoxidation and generation of toxic quinones.

In vivo, results are controversial with some studies showing neuroprotection by quercetin and others
not, requiring a drug delivery system or chronic treatments to show neuroprotective effects. The blood
and brain bioavailability of free quercetin after ingestion is a complex and controversial process that
produces final low concentrations, a fact that has led to suggestions that metabolites would be active by
themselves and/or as pro-drugs that would release the active aglycone in the brain. Available studies
show that in normal or low oxidative conditions, chronic treatments with quercetin contributes to re-
establish the redox regulation of proteins, transcription factors and survival signaling cascades that
promote survival. In the presence of highly oxidative conditions such as in an ischemic tissue, quercetin
could become pro-oxidant and toxic. At present, evidence points to quercetin as a preventive molecule
for neuropathology when administered in natural matrices such as vegetables and food. More research is
needed to support its use as a lead compound in its free form in acute treatments, requiring new
pharmaceutical formulations and/or structural changes to limit its pro-oxidant and toxic effects.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

knowledge has not contributed to identify effective therapeutic
targets. Despite intensive research aimed at developing neuro-

The high and growing incidence of neurodegenerative and ce-
rebrovascular diseases and the lack of effective therapies to treat
them are a permanent challenge in the search of new therapeutic
alternatives (De Lau and Breteler, 2006; Gustavsson et al., 2011;
Reitz et al., 2011).

Although mechanisms resulting in neuronal death such as
cellular energy failure, acidosis, glutamate release, intracellular
calcium accumulation, lipid peroxidation, protein misfolding and
neuro-inflammation have been known for some time (Bains and
Shaw, 1997; Halliwell and Gutteridge, 1999; Kakizuka, 1998), this
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protective treatments, no drugs have been proven successful for
acute pharmacotherapy of stroke or treatment of Azheimer's Dis-
ease (Thompson and Ronaldson, 2014; Zemek et al., 2014).

In brain diseases, oxidative stress is involved in several of the
identified pathological mechanisms ending in neuronal death. The
excessive production of reactive oxygen and nitrogen species (ROS
and NOS) has been recognized as critical in the beginning, main-
tenance and progression of neurodegenerative diseases (Gandhi
and Abramov, 2012; Simonian and Coyle, 1996; Uttara et al.,
2009). Nevertheless, trials with well-known antioxidant agents
such as Vitamin E or C have shown negative and controversial re-
sults (Arts et al., 2004; Bjelakovic and Gluud, 2007; Devore et al.,
2013; Emmert and Kirchner; Fata et al., 2014; Maxwell et al.,
2005; Zhao et al., 2012).
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In this disappointing scenario, numerous studies have consis-
tently shown that the consumption of natural products in the form
of beverages such as tea and wine as well as diets rich in fruits and
vegetables, have a preventive role for cerebrovascular diseases and
neurodegeneration. As an example, Devore and collaborators
(Devore et al., 2013), have shown that an increase in long-term
intake of blueberries and strawberries is associated with a slower
rate of cognitive decline. Studies of this type are numerous,
showing e.g. the protective actions of catechins of green tea
(Mandel et al., 2005), the protective activity of flavonoids of red
wine (Vauzour et al., 2008), the beneficial effects of flavonoids in
flavonoid-rich diets or flavonoids in the Mediterranean diet (Miller
and Ruiz-Larrea, 2002; Nijveldt et al., 2001). Fruit and vegetable
juices may play also a role in delaying the onset of Alzheimer's
disease (Dai et al., 2006; Nooyens et al., 2011). In a recent meta-
analysis, 17 of 19 epidemiological studies reported significant
benefits of fruit or vegetable consumption for cognitive perfor-
mance (Lamport et al., 2014). Nevertheless, more research with
carefully controlled trials is needed to answer since some in-
consistencies have been reported (Halliwell, 2012; Mecocci et al.,
2014). However, the available data suggest that chronic consump-
tion of fruits and vegetables is beneficial for cognition in healthy
older adults and could have a preventive role in brain pathology.

When researchers have tried to translate these protective and
preventive actions into pharmacological interventions utilizing
individual flavonoids contained in fruits and vegetables, contro-
versial results have been observed in experimental neurodegen-
erative and cerebrovascular models (Arredondo et al., 2015; Ossola
et al,, 2008). The reasons for these inconsistencies between phar-
macological effects of isolated flavonoids or chronic actions of the
same molecules in complex mixtures are not simple and are not
fully understood. Metabolism, bioavailability or final brain con-
centrations could be possible explanations (Dajas, 2012).

As a contribution to understand this matter we have chosen
quercetin, a representative flavonoid, studying its neuroprotective
effects in ischemic models, utilizing plant extracts with high con-
centrations of the flavonoid or assessing the protective capacity of
the free aglycone in vitro and in vivo. We have studied biological
markers of antioxidation, analyzing also actions on intracellular
signaling, transcription factors and redox homeostasis. In this re-
view we will analyze both beneficial and deleterious aspects of
quercetin pharmacological profile, summarizing the results ob-
tained, and comparing them with similar experimental approaches
of different isolated flavonoids.

2. QUERCETIN

Quercetin (3, 3/, 4, 5, 7-pentahydroxyflavone) is one of several
naturally occurring dietary flavonol compounds belonging to a
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Fig. 1. Molecular structure of quercetin.

broad group of polyphenolic flavonoid substances (Fig. 1). Flavo-
noids are characterized by a phenyl benzo(c) pyrone-derived
structure consisting of two benzene rings (A and B in Fig. 1)
linked by a heterocyclic pyran or pyrone ring (C in Fig. 1) (Kithnau,
1976; Morand et al., 1998). In nature quercetin occurs primarily as
quercetin glycoside which consists of the aglycone form conjugated
to sugar moieties such as glucose or rutinose (Middleton, 1998).
Major dietary sources include lettuce, chili pepper, cranberry, on-
ion, tomato, broccoli and apple, which contribute to an estimated
dietary intake of 16—25 mg/day in western countries (Hertog et al.,
1993), and it is also present in a wide variety of plant-derived in-
fusions (Farzaneh and Carvalho, 2015).

Quercetin exhibits numerous biological and pharmacological
activities. Beyond neuropathology, a broad spectrum of beneficial
properties have been described, including anti-cancer and modu-
lation of cancer-related multi-drug resistance, anti-inflammatory
effects, anti-atherosclerotic, anti-thrombotic, antihypertensive, as
well as benefits for human endurance exercise capacity, among
others (Bischoff, 2008; Chen et al., 2010; Formica and Regelson,
1995; Hertog et al., 1993; Kressler et al., 2011; Larson et al., 2010;
Mendoza and Burd, 2011; Russo et al., 2012).

3. Mechanisms of quercetin neuroprotection in cell cultures:
from intrinsic redox properties to cell signaling modulation

The beneficial effects of quercetin and related flavonoids have
been attributed mainly to their antioxidant capacity, including their
direct free radical scavenger and their metal chelating activity
properties (Nijveldt et al., 2001; Rice-Evans, 2001). Additionally,
quercetin presents indirect antioxidant effects through its capacity
to interact and modulate antioxidant enzyme activities (Hanasaki
et al., 1994).

Early work already demonstrated that the in vitro free radical
scavenger activity of quercetin depends on the arrangement of
functional groups on its core structure. Thus, the antioxidant po-
tency has been linked to the ortho-dihydroxy substitution in the B-
ring and the presence of 2,3-unsaturation and a 4-carbonyl in the C-
ring (Fig. 1) (Bors et al., 1990; Heim et al., 2002; Rice-Evans, 2001).
The presence of the ortho-dihydroxy structure on the B-ring con-
fers a high degree of stability to the phenoxy radical, participating
in electron delocalization. On the other hand, the activity as metal
ion chelator appears to be defined by the presence of the ortho-
dihydroxy substitution in the B-ring, the 4-carbonyl in the C-ring
and a 5 or 3 hydroxy substitution (Mira et al., 2002). In this sense,
quercetin fulfills all the structural requirements for effective radical
scavenging activity, a fact that has been experimentally confirmed
by us and other groups (Echeverry et al., 2015; Rice-Evans, 2001).

However, the structural requirements for more complex phar-
macological functions such as the promotion of cell and neuronal
survival have not been fully described yet. Thus, while the cyto-
protective capacity of flavonoids has been mainly attributed to their
antioxidant potency (Cainelli et al., 2008; Zhang et al., 2006) some
studies (Dajas et al., 2003a,b; Takashima et al., 2014; Chen et al,,
2015), assessing the cytoprotective potency of several structurally
related flavonoids against oxidative stress, found that cytopro-
tection did not correlate with antioxidation. In particular, studying
in cerebellar granule neurons the neuroprotective capacity of nat-
ural flavones, structurally related to quercetin, we found that the
ortho-dihydroxy substitution in B-ring is not necessary to afford
neuroprotection against an oxidative insult provoked by hydrogen
peroxide (Echeverry et al., 2010). The hydroxyl substitutions in the
position C3 (C-ring) and in C5 (A-ring) of the quercetin molecule
would be also important for neuroprotection. Hence, our results
showed that the structural features implicated in neuronal pro-
tection are different from those that provide the free radical
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scavenging capacity (Echeverry et al., 2010).

A significant point for the global assessment of quercetin po-
tential as a neuroprotective molecule is its pro-oxidant and cyto-
toxic properties observed at high concentrations in cell cultures.
Although the concentration at which quercetin produces these
negative effects depends on the cell type and exposure time,
several studies have shown that concentrations higher than 100 uM
can have pro-oxidant, apoptotic, antiproliferative, cytotoxic and
genotoxic activities (Cotelle, 2001; Lambert et al., 2007). The pro-
oxidant activity of quercetin is likely attributable to the presence
of hydroxyls in the ortho-dihydroxy substitution in the B ring and
its susceptibility to auto-oxidize or be converted to ortho-
semiquinone and ortho-quinone/quinonemethide intermediates
via enzymatic oxidation (Boots et al.,, 2003; Chang et al., 2008;
Metodiewa et al., 1999; Walle, 2009). In this sense, we have
shown that methylation in positions 3’ or 4’ of this catechol group
(3’-O-methylquercetin (isorhamnetin) and 4’-O-methylquercetin
(tamarixetin) produced compounds with less toxicity, keeping the
neuroprotective capacity (Echeverry et al., 2010). These results
would suggest that methylated metabolites of quercetin could be a
lead structure for safer neuroprotective molecules with therapeutic
potential.

Otherwise, at lower concentrations, quercetin pro-oxidant
properties can alter the intracellular redox state through the gen-
eration of moderate amounts of ROS or indirectly through partial
depletion of intracellular reduced glutathione (GSH). Both events
may lead to a situation of mild oxidative stress, which in turn will
influence antioxidant gene expression by modulation of redox
sensitive transcription factors. This is the case of the transcription
factor NF-E2-related factor-2 (Nrf2). Activation of Nrf2-dependent
pathway results in the expression of genes with antioxidant
responsive elements/electrophile responsive elements (ARE/EpRE)
in their promoters, encoding for pro-survival, detoxifying and
antioxidant proteins. Evidence suggests that flavonoids that retain
a high intrinsic redox potential to generate ROS, like quercetin,
would be potent inducers of ARE/EpRE-mediated Nrf2 activation
(Lee-Hilz et al., 2006). Indeed, quercetin induces an Nrf2-
dependent increase in gene expression of y-glutamyl-cystein-
synthetase (GCS), the rate-limiting enzyme in the synthesis of GSH,
one of the most important endogenous cellular antioxidants
(Myhrstad et al., 2002; Lavoie et al., 2009; Arredondo et al., 2010).
An increase in GSH levels through Nrf2 activation and neuro-
protection by quercetin has been described in cerebellar granule
neuronal cultures (Arredondo et al., 2010). Previous reports showed
that primary cortical neurons also undergo ARE-mediated gene
expression but appear to be constrained because of insufficient
levels of Nrf2 protein (Shih et al., 2003). Alternatively these authors
proposed that Nrf2-dependent enhancement of glial GSH release
appears to be necessary and sufficient for cortical neuronal pro-
tection (Shih et al., 2003). Since it has been demonstrated that
quercetin also induces Nrf2 activation in astrocytes, and microglia
(Kang et al., 2013; Lavoie et al., 2009) it is likely that glial cells play a
role in Nrf2-mediated neuroprotection by quercetin.

Furthermore, regarding the role of quercetin as a gene regulator,
NF-kB is another key transcription factor regulated by quercetin
and other flavonoids (Muraoka et al., 2002). This modulatory effect
could improve neuro-inflammatory processes involved in diseases
such as ischemic stroke and neurodegeneration, becoming a central
mechanism of the beneficial effects of quercetin in these diseases
(Chen et al., 2005). Additionally, AP-1 is also regulated by quercetin
(Moon et al., 2003). This transcription factor regulates the expres-
sion of genes associated with cell growth and cellular stress. Other
important cellular targets involved in cell repair and protective
mechanisms are the sirtuins. In particular recent discoveries have
shown that quercetin induces and activates SIRT1 regulating

several stress related processes (Howitz et al., 2003, Vaziri et al.,
2001). SIRT1 controls these processes by NAD+ dependent deace-
tylation of acetylated lysine groups of several transcription factors
and other proteins such as histones, p53, FOXO transcription fac-
tors, among others (Vaziri et al., 2001).

In addition to its role as a potent antioxidant and transcription
factor modulator, quercetin directly interacts with several cellular
proteins, for example, by binding to ATP sites on enzymes and re-
ceptors. Furthermore quercetin has been considered a modulator of
a broad number of protein kinases and lipid kinases signaling
cascades such as phosphoinositide 3-kinase (PI3-kinase), Akt/PKB,
tyrosine kinases, protein kinase C (PKC), and MAP kinases (Ishikawa
and Kitamura, 2000; Kobuchi et al., 1999; Spencer, 2007; Williams
et al,, 2004). By such interaction with kinase-dependent signaling
cascades, quercetin cellular effects may be further mediated
through changes in the phosphorylation state of target molecules,
resulting in modulation of cellular fate (Spencer, 2007; Williams
et al.,, 2004). Indeed, The PI3K—Akt pathway is critical for trophic-
factor-induced survival in neurons (Brunet et al.,, 2001). Some of
the most well-characterized survival pathways include the MAP
kinase-signaling pathway. Among these, extracellular signal-
regulated protein kinase (ERK1/2) and c-Jun N-terminal kinase
(JNK) are involved in apoptosis and various forms of cellular plas-
ticity, and they are generally considered as exerting opposing ac-
tions. Interestingly, it has been shown that both pro-apoptotic and
potentially anti-apoptotic pathways are activated in primary
cortical neurons in response to quercetin stimulus or to a lesser
extent, its O-methylated metabolites (Spencer et al., 2003). High
concentrations of quercetin produced a sustained deactivation of
Akt/PKB, leading to extensive caspase-3 activation and subsequent
caspase-dependent cleavage of anti-apoptotic Akt/PKB, an event
that effectively turns off the major survival signal and results in
apoptotic neuronal death. Conversely, lower concentrations, caused
a reversible inhibition of Akt phosphorylation and an attempted
survival response was reflected in the increase in CREB phosphor-
ylation (Spencer et al., 2003). Thus, in spite of diverse quercetin
protective effects observed in vitro, caution should be taken in
relation to its potential neurotoxicity, especially as in vivo concen-
trations still remain unclear.

Quercetin will have a beneficial or detrimental effect on cell
survival depending on the cellular redox state, the flavonoid
intracellular concentration and its subcellular localization. In this
sense, cellular uptake studies in neurons, epithelial and lymphocyte
cells have shown that quercetin is incorporated into cells imme-
diately after its incubation, and that it accumulates in cellular
structures like nucleus, nucleoli and mitochondria. Nevertheless,
some discrepancies were found in relation of the rate of intracel-
lular transformation of the flavonoid (Arredondo et al., 2010;
Fiorani et al., 2010; Notas et al., 2012; Bandaruk et al., 2014). For
example, while in neuronal cells quercetin completely disappeared
after 24 h of incubation (most likely because of its susceptibility to
auto-oxidation and/or its metabolization), in epithelial cells quer-
cetin intracellular levels decreased more slowly and even persisted
throughout 24 h (Arredondo et al., 2010; Notas et al., 2012;
Bandaruk et al., 2014). Interestingly, these uptake studies strongly
suggest that quercetin may exert a pleiotropic effect by modulating
mechanisms related to gene transcription in discrete cell struc-
tures, i.e. nuclei and nucleoli, more than just only direct antioxidant
effects. Furthermore, it was previously shown that quercetin ac-
cumulates in mitochondria (Fiorani et al., 2010), and protects
against mitochondrial-linked pathologies (Carrasco-Pozo et al.,
2012; Lagoa et al., 2011). Likewise, it modulates mitochondria
redox state and either inhibits or enhances mitochondrial perme-
ability transition pore (MPTP) permeability (De Marchi et al., 2009).
Moreover, it was shown that quercetin enhances mitochondrial
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biogenesis in muscle and brain (Davis et al., 2009). Mitochondrial
dysfunction contributes to neuron degeneration by depletion of
cellular ATP, through ROS generation and development of apoptosis
by leading to the opening of the MPTP and the release of cyto-
chrome c (Olanow and Tatton, 1999). Thus, mitochondrial targeted-
effects appear to be a process by which quercetin could prevent
neurodegeneration. Finally, endoplasmic reticulum (ER) may
appear as another quercetin subcellular target. In this sense, dis-
turbances in the normal functions of the ER, i.e. ER stress, leads to
an evolutionarily conserved cell stress response, the unfolded
protein response (UPR), which initially compensates for damage
but can eventually trigger cell death if ER dysfunction is severe or
prolonged. Important roles for ER stress-initiated cell death path-
ways have been recognized for several diseases, including hypoxia,
ischemia/reperfusion injury, neurodegeneration, heart disease, and
diabetes (Xu et al., 2005). Interestingly, it was shown that ER stress
induces presenilin-1 expression through activating transcription
factor 4 (ATF4), resulting in increased amyloid-3 (AB) secretion by
y-secretase activity, which is in turn suppressed by quercetin by
controlling ER stress (Ohta et al., 2011). Thus, ER stress preventing
effects by quercetin could be a process by which this flavonoid
could influence neuronal survival.

4. Quercetin bioavailability

The comprehension of how quercetin or flavonoids in general
exert their beneficial effects at the systemic level and more spe-
cifically at the brain level requires deeper knowledge of their
pharmacokinetics properties. Once ingested, flavonoids undergo
several processes such as absorption, distribution, metabolism and
excretion, which determine the fate of the aglycone and its
metabolites.

The bioavailability of quercetin from different foods varies
widely and several factors such as the food matrix, accompanying
liquids and type of glycosylation (mainly the type of sugar and the
position) can influence it (Arts et al., 2004; Hollman et al., 1997,
Olthof et al., 2000).

Although there are several sources of the aglycone, dietary
quercetin is mainly present in the glycosidic form, being the most
frequent: 3-O-glucoside (isoquercetin), 3-O-rutinoside (rutin), 3-O-
rhamnoside (quercitrin) and 3-O-galactoside (hyperoside), 4’-O-
glucoside (spiraeoside) (Middleton, 1998).

It has been shown that glycosides are scarcely absorbed after
their ingestion and they have to be hydrolyzed to their aglycone
form as a first step to be absorbed. O-glucosides (quercetin-3-O-
glucoside, quercetin-4’-O-glucoside) are cleaved efficiently in the
small intestinal lumen by lactase phlorizin hydrolase or alterna-
tively by the cytosolic B-glycosidase (Aziz et al., 1998; Day et al.,
2003, 2000, 1998; Ioku et al., 1998; Németh et al., 2003; Pforte
et al., 1999; Sesink et al., 2003; Shimoi et al., 1998; Walgren et al.,
2000b, 2000a). On the other hand, quercetin rutinosides, rham-
nosides and galactosides would not be efficiently hydrolyzed at the
small intestinal level, and instead they are metabolized by resident
enterobacteria of the large intestine. Moreover, only a small fraction
of the released quercetin would be absorbed because most of it
undergoes bacterial-mediated C-ring fission (Graefe et al., 2001;
Jaganath et al., 2009, 2006).

Once the aglycone is free at the small intestine lumen, it is
important to keep it soluble until it passes through enterocytes by
passive transport. At this point the food matrix and accompanying
liquids plays a crucial role. The aglycone is submitted to phase II
reactions at the enterocytes such as methylation, glucuronidation
and/or sulfation and then enters the portal circulation. A minor
fraction remain back into the gastrointestinal tract (Day et al., 2000;
Olthof et al., 2000).

As a summary of these processes it is clear that the dietary
quercetin glucoside would be more efficiently absorbed than oral
pharmaceutical preparations of the aglycone because of the very
low solubility of the latter in small intestine lumen.

Once at the systemic circulation, quercetin and its metabolites
undergo the first liver passage, being submitted to phase I reactions
(mainly oxidation, reduction and/or hydrolysis) and making them
available for additional phase II metabolization. Water-soluble
metabolites could be excreted by the kidney or through the
entero-hepatic circulation. Most of conjugated quercetin metabo-
lites circulate in the bloodstream using serum albumin as a carrier
protein (Murota et al., 2007) and normally, human total quercetin
plasma concentrations are in the low nanomolar range, while
quercetin aglycone and quercetin glycosides are scarcely present or
undetectable in human and rat plasma (Day et al., 2001; De Boer
et al,, 2005). Upon quercetin supplementation, metabolites levels
may increase to the high nanomolar or low micromolar range
(Conquer et al., 1998; Hollman et al., 1996). It has been shown that
the half-life of the quercetin metabolites are rather high, i.e.
11-28 h. This indicates that, upon repeated quercetin supplemen-
tation, they could attain a considerable plasma level (Hollman and
Katan, 1997; Manach et al., 2005).

Finally, although there are numerous epidemiological and
experimental evidences that show beneficial effects of dietary
quercetin at the central nervous system (CNS) levels, it remains
unclear if the aglycone or its metabolites are the responsible of
these pharmacological effects (Bieger et al., 2008; De Boer et al.,
2005; Ishisaka et al., 2011; Kawabata et al., 2010).

After orally quercetin treatment, the aglycone is scarcely present
or absent at the CNS level while conjugated metabolites seems to
be accumulated during the treatment (De Boer et al., 2005; Ishisaka
et al.,, 2011) with a particular accumulation of quercetin-3-O-
glucuronide in the epithelial cells of the choroid plexus (Ishisaka
et al., 2014). Several experimental studies suggest that the metab-
olites exerts the beneficial effect by themselves (Ishisaka et al.,
2011; Terao et al., 2011; Yoshino et al.). On the other hand, there
are suggestions that they also may act as a source of aglycone,
which could be released by the tissue B-glucuronidase during in-
flammatory processes (Ishisaka et al., 2014). In this sense, it was
proposed that glucuronidated derivatives transport quercetin and
its methylated forms, and deliver to the tissues the free aglycone,
which would be the final effector (Perez-Vizcaino et al., 2012).

Thus, the complex metabolic processes described above may
explain why results from in vivo studies do not necessarily reflect
what happens in vitro. In this context, the utilization of quercetin as
a putative therapeutic compound in neurodegenerative processes
would mean to introduce pharmaceutical improvements affording
brain availability.

5. Quercetin in experimental models of ischemia

The brain is highly susceptible to oxidative damage due to fac-
tors such as its high oxygen utilization rate, high iron content,
presence of excess unsaturated fatty acids and decreased activities
of detoxifying enzymes (Clarke and Sokoloff, 1999; Dringen, 2000;
Gerlach et al., 1994; Halliwell, 2012). As mentioned above, a variety
of cellular processes including excitotoxicity, metabolic unbalance,
and inflammation, all involving the generation of ROS, would
contribute to an increased neuronal death during the cerebral
ischemic process (Liu et al., 1989; Kinouchi et al., 1991; Cao and
Phillis, 1994). Therapeutic strategies to control the ischemic pro-
cess have focused on one or another of these factors, and although
experimental neuroprotective effects have been observed after,
e.g. the utilization of NMDA receptor blockers or calcium channel
blockers (Aoki et al., 2001; Williams et al., 2000), this therapeutic
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approach of one target therapy at a time has largely failed.

On the other hand, as it was said previously, epidemiological
evidence has provided support for the preventive use of natural
beverages and polyphenol-rich foods in neurodegeneration and
cerebrovascular diseases. Plant extracts have also shown to have
CNS antioxidant and neuroprotective capacity and several plants
extracts are rich in quercetin, mainly in its glycoside forms (Dajas,
2012). In order to compare the bioavailability and actions be-
tween flavonoids in complex mixtures and the same flavonoids
given in their free form, we have studied Achyrocline satureioides
(Lam.) D.C., Compositae, (A. satureioides), a plant that has a partic-
ular flavonoid profile. Widely distributed and utilized in Southern
South America for its anti-inflammatory, antioxidant and immu-
ne—modulatory activities (Desmarchelier et al., 1998; Retta et al.,
2012). A. satureioides has a rich flavonoid aglycone composition,
including quercetin. After 21 days of oral pre-treatment with
A. satureioides, rats subjected to permanent middle cerebral artery
occlusion (pMCAo) improved their functional deficit, showing a
significant decrease of the infarction volume (Rivera Megret et al.,
2013). Concentrations of quercetin aglycone in the brain after oral
administration of A. satureioides were consistently higher than
quercetin given alone (unpublished data), showing that the com-
ponents of the complex matrix of the extract may play a role in the
bioavailability of the molecule, an effect previously observed for the
food matrix (Bischoff, 2008). This effect could be important for the
preventive effects of natural nutrients.

In models of neurotoxicity, chronic oral quercetin administra-
tion improved cognitive deficits and oxidative markers (Kumar
et al,, 2008; Lu et al., 2007). The need for repeated administration
to obtain a neuroprotective effect would suggest a difficulty in the
access of quercetin to the brain at effective concentrations. The
results of chronic experiments would indicate the need for some
accumulative concentrations (quercetin and/or metabolites) to
obtain pharmacological efficiency (Ishisaka et al., 2011; Kumar
et al.,, 2008; Lu et al., 2007). Time required for adaptive changes
in gene expression (antioxidants, growth factors, mitochondrial
biogenesis, etc.) to occur in brain may also account for the addi-
tional benefits of pre-dosing in models of ischemic brain damage.

Alternatively, a liposomal preparation with lecithin produced
quantifiable cerebral amounts of quercetin that reduced signifi-
cantly the cerebral damage provoked by pMCAo in rats when
administered i/p 30 min after the artery occlusion (Rivera et al.,
2004). When the protective effects of liposomal quercetin were
investigated 1 and 4 h after arterial occlusion, no protective effects
were observed. These results suggest that it would be necessary to
utilize a systemic drug delivery system to reach measurable and
effective brain quercetin concentrations for acute effects (Dajas
et al, 2003a,b). Even in this case, quercetin protective effects
would be observed only in early, likely not extended stages of brain
damage.

On the other hand, quercetin has been studied in neurodegen-
erative and other CNS diseases (Table 1). As it can be observed in
Table 1, regarding experimental Parkinson's Disease, while in vitro
studies show regular protective effects, in vivo approaches are
controversial. The same happens in models of Alzheimer's Disease.

Besides its activities at neurons and glia, quercetin plays an
important role at the level of the vascular system in the brain,
protecting vascular endothelial cells against oxidative and pro-
inflammatory insults, potentiating the protective capacity. Evi-
dences of these pharmacological actions are the protection by
quercetin of endothelial cells against linoleic acid-mediated cell
dysfunction (Reiterer et al., 2004), the down-regulation of cell
adhesion molecule intercellular adhesion molecule-1 (ICAM-1) that
plays a pivotal role in inflammatory responses (Kobuchi et al.,
1999), the regulation of transcription factor hypoxia-inducible

factor-1 (HIF-1), facilitating the transcription of numerous target
genes involved in glycolysis and angiogenesis (Wilson and
Poellinger, 2002). Furthermore, AB-peptides induced cytotoxicity
in human brain microvascular endothelial cells can be relieved by
quercetin treatment. At this level, quercetin strengthens the barrier
integrity through the preservation of the trans-endothelial elec-
trical resistance value (Li et al., 2015).

6. Nanosomal preparation of quercetin

As neurodegeneration and cerebrovascular diseases concentrate
therapeutic research at final stages of life, perinatal asphyxia (PA) or
lack of oxygen at birth is the research challenge at the beginning of
life. The brain is the key system affected in PA since its neuro-
pathological lesions can lead to sequelae.

Brain lesion after PA includes a long-lasting and complex pro-
cess, where appropriate bioavailability of pharmacological agents
in neuronal tissue is a key factor for the success of the pharmaco-
logical treatment. In this context, the quercetin multi-target action
profile defined above would have potential for treatment of PA.

Provided the difficulties already mentioned for quercetin access
to the brain, we developed a drug-delivery system consisting in a
nanosomal preparation adequate for intravenous administration,
capable of multiplying the concentration of quercetin in the brain.
We provoked hypoxia in newborn piglets. After the severe hypoxic
episode, nanosomal quercetin was applied and piglets were eval-
uated during three days for behavioral, brain activity and hemo-
dynamic monitoring. Results have shown that the intravenous
administration of nanosomes stabilized hemodynamic variables
eliminating vasopressor requirements, significantly recovered
brain activity and improved spontaneous breathing, motor and
feeding behavior 72 hs after hypoxia (unpublished results). These
results would show that nanosomes could be a good vehicle to
obtain effective concentrations of quercetin in the brain.

7. Concluding remarks

Evidence reviewed above shows quercetin as a potent antioxi-
dant that increases survival in neurons in culture against a variety
of oxidative insults. Interestingly, when compared with other fla-
vonoids, antioxidation appears to be a necessary but not sufficient
condition for neuroprotection and actions on intracellular signaling
and transcription factors appear as crucial for the protection of
neurons in culture. Activation of Nrf2, facilitating its translocation
to the nucleus and increasing the expression of proteins of anti-
oxidation and survival is particularly important. Increasing gluta-
thione concentrations is one of the results of this activity and a key
factor in the restoration of intracellular redox and survival. Acti-
vation of other transcription factors such as NF-kB or key molecules
for survival such as sirtuins, as well as kinase inhibition and mod-
ulation of intracellular signaling are part of the complex pro-
survival profile of quercetin. Accordingly, in vitro studies show a
great potential of quercetin as a multi-target neuroprotective
molecule.

Complex absorption and metabolism steps after oral intake
difficult a direct translation of quercetin in vitro effects to in vivo
neuroprotection and clinical applicability. Neuroprotection in vivo
has been mainly observed after oral chronic treatments or by the
acute utilization of drug delivery systems.

Besides, the narrow protective concentrations in neuronal cul-
ture or the short time therapeutic window in experimental focal
ischemia would be a reflection of the “pro-oxidant” actions of
quercetin when acutely positioned in presence of high oxidative
stress in areas such as an ischemic tissue. The oxidation of quercetin
generates quinones that could not be reduced back by the chain of
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Table 1
Beneficial and derogative effects of quercetin in neurological and psychiatric diseases.

145

Experimental Parkinson's Disease

No protection by quercetin in a 6-OHDA model of Parkinson's disease.

Lack of robust protective effect of quercetin in two types of 6-hydroxydopamine-induced parkinsonian
models in rats and dopaminergic cell cultures.

Protective effects of quercetin against MPP+-induced oxidative stress in dopaminergic neurons.

Cognitive-enhancing effect of quercetin in a rat model of Parkinson's disease

Anti-parkinsonian properties of quercetin in MPTP model of Parkinson's Disease

Quercetin and desferrioxamine protect on 6-hydroxydopamine model in striatum of rats.

Quercetin up-regulates mitochondrial complex-I activity to protect against programmed cell death
in rotenone model of Parkinson's disease in rats.

Protective effects of Quercetin glycoside (isoquercitrin), against 6-hydroxydopamine -induced toxicity
in PC12 cells.

Fish Oil and Quercetin enhance neuroprotection in a rotenone rat model of Parkinson's Disease

Quercetin glycosides induced neuroprotection by changes in the gene expression in a cellular model
of Parkinson's disease.

Schizophrenia

Quercetin reverses haloperidol-induced catalepsy

Inhibitory effects of quercetin on lipid peroxidation caused by antipsychotics

Alzheimer's disease

Potent anti-amyloidogenic and fibril-destabilizing effects of quercetin in vitro.

Protective effect of quercetin in primary neurons against Ap(1—42).

Quercetin showed no effect on the expression of antioxidant and Alzheimer's disease relevant genes in mice.

Quercetin-3-0-glucuronide as an intervention for Alzheimer's disease.

Quercetin as a constituent of plants (Acanthopanax henryi) potential complementary source against Alzheimer's disease.

Alzheimer's drug lead value of quercetin.
Quercetin ameliorates Alzheimer's disease pathology in aged triple transgenic Alzheimer's disease model mice.
Experimental epilepsy
Quercetin protects from oxidative stress and helps memory retrieval in kindled rats
Huntington's Disease
Quercetin improves mitochondrial dysfunctions induced by 3-nitropropionic acid as a proposal therapy
for Huntington's disease.
Quercetin improves pathological markers in a 3-nitropropionic acid model of Huntington Disease.

(Zbarsky et al., 2005)
(Ossola et al., 2009)

(Bournival et al., 2009)
(Sriraksa et al., 2012)

(Lv et al, 2012)
(Haleagrahara et al., 2013)
(Karuppagounder et al., 2013)

(Magalingam et al., 2014)

(Denny Joseph and Muralidhara, 2015)
(Magalingam et al., 2015)

(Naidu and Kulkarni, 2004)
(Dietrich-Muszalska and Olas, 2010)

(Ono et al., 2003)

(Ansari et al., 2009)

(Huebbe et al., 2010)

(Ho et al., 2013)

(Zhang et al., 2014)

(Hassaan et al., 2014)
(Sabogal-Guaqueta et al., 2015)

(Nassiri-Asl et al., 2013)
(Sandhir and Mehrotra, 2013)

(Chakraborty et al., 2014)

antioxidants such as tocopherol or ascorbate, becoming toxic to
neurons. The activation of intracellular signaling such as e.g.
modulation of kinases, could re-establish the cellular redox equi-
librium, although these aspects have been much less explored
in vivo and could have double-edge activities regarding neuronal
survival in conditions of profound loss of redox equilibrium
(quercetin mechanisms of action are summarized in Fig. 2).

These facts would limit an acute therapeutic utilization of
quercetin in spite of its promising protective effects in vitro and
in vivo. Modification of the molecule, replacing the toxic hydroxyl
groups of the catechol moiety and thus reducing the formation of
quinones could be a first important step to increase the weight of
beneficial actions against the toxic ones.

The chronic administration of quercetin as part of complex

Quercetin and/or its

/ metabolites \

Neuropotection ‘

Pro-oxidant effect
(quinones)

ROS generation

GSH depletion

Antioxidant Non-Antioxidant
mechanisms mechanisms
Direct —I.nt.eractlon Wlth-
-ROS scavenging lipids and proteins
-Quelation —Kinase inhibition
Indirect . I—Signalling modulatio
-Modulation l
enzyme activity: [ Transciption factor
X0, NOS, LO, etc modulation T,

—Gene induction

survival proteins

Gene induction
Apoptotic proteins

Maintenance of cellular redox
homeostasis

Loss of cellular redox homeostasis

Survival

Cell Death

Fig. 2. Scheme summarizing mechanisms of action of quercetin and its metabolites.
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natural mixtures would assure low amounts of the molecule in the
brain where a low level of its pro-oxidant profile could potentiate
antioxidant defenses. The potent and numerous direct and indirect
antioxidant actions of quercetin would be effective in the initial
redox unbalance stages of CNS diseases. As such, quercetin, as part
of plant matrices would have an important role as a preventive
nutraceutical agent. Much research is still needed to confirm its
potential role as a therapeutic compound in acute conditions such
as stroke or in advanced chronic neurodegenerative diseases.
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The ubiquitous flavonoid quercetin is broadly recognized for showing diverse biological
and health-promoting effects, such as anticancer, anti-inflammatory and cytoprotective
activities. The therapeutic potential of quercetin and similar compounds for preventing
such diverse oxidative stress-related pathologies has been generally attributed to their
direct antioxidant properties. Nevertheless, the accumulated evidence indicates that
quercetin is able to interact with multiple cellular targets. In the present work we aimed
to fully identify quercetin protein targets contained in the Protein Data Bank. For this
purpose, we relied on a reverse screen strategy based on ligand similarity (SHAFTS)
and target structure (idTarget, LIBRA). This work-flow allowed to identify a new set of
candidate target proteins which show a wide structural and functional diversity
including key proteins involved in neurodegeneration and cancer. This candidate set
supports a multilevel and synergistic mechanism of action for quercetin protective
effects.
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Table 1
. . e . AG
PDB id Ligand Similarity Name Z-score Class
(kJ/mol)
Homo sapiens
. 3-Hydroxyisobutyryl- ) )
3bpt QUE (Quercetin) 1,744 CoA hydrolase 1,03 37,74 Hydrolase
1x02 FSE (Fisetin) g3 Cyelin depegdem kinase 009 44,18 Cell cycle/transferase
3ckl STL (Resveratrol) 1,584 Sulfotra}nsferase family 0,08 -43,14 Transferase
cytosolic 1B member 1
4hl5 15W 1,542 -0,10 -44.27
4hlf 1572 1,569 0,00 -43,64
4hlg 20B 1,524 1,99 -31,67
4hmh F94 1,512 Tankyrase-2 1,78 37,97  |ransferase/transferase
inhibitor
4kzq DFL 1,526 -0,17 -44.64
4hkk AGI (Apigenin) 1,727 0,11 -42,97
4hkn LU2 (Luteolin) 1,644 0,16 -42,68
1sg0 STL (Resveratrol) 1,584 NRH dehydrogenase 0,24 -42,22 Oxidoreductase
[quinone]
RE2
3t (Dihydroresveratrol) 1,584 0,31 41,80
Leukotriene A-4
RE2 Hydrolase
3ftx (Dihydroresveratrol) 1,584 hydrolase 0,36 -41,46
3fts STL (Resveratrol) 1,584 0,13 -42.89
3amy AGI (Apigenin) 1,727 Casein kl;f}faz subunit 0,43 -41,05 Transferase
Methionine
2ydx STL (Resveratrol) 1,584 adenosyltransferase 2 0,45 -40,96 Oxidoreductase
subunit beta
. Serine/threonine-
31lm5 QUE (Quercetin) 1,744 protein kinase 17B 0,59 -40,08 Transferase
2duv 371 1,515 Cell le.ISIOH protein 0,61 -39,96 Transferase
kinase 2
. . Mitogen-activated Transferase/transferase
4¢eh3 NAR (Naringenin) 1,744 protein kinase 14 0,66 -39,71 inhibitor
. Mitogen-activated Transferase/transferase
3vdv.  MYU (Quercetagetin) 1,660 protein kinase 8 0,69 -39,50 inhibitor
. Hematopoetic cell
2hck QUE (Quercetin) 1,744 Kinase HCK 0,71 -39,37 Transferase
2065 MYF 1,646 0,89 -38,33
2063 MYC (Myricetin) 1,744 0,93 -38,07
. Serine/threonine-
2064 MYU (Quercetagetin) 1,660 protein kinase PIM-1 0,86 -38,45 Transferase
203p QUE (Quercetin) 1,744 0,88 -38,37
4lmu QUE (Quercetin) 1,744 0,91 -38,16
315¢ 47X 1,502 Macrophage migration 1,00 -37,66 Isomerase

inhibitory factor
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Troponin C, slow

2198 STL (Resveratrol) 1,584 skeletal and cardiac 1,01 -37,57 Contractile protein
muscles
3sz1 LU2 (Luteolin) 1,644 Peroxisome proliferator- 1,16 -36,69 .
. Transcription
) activated receptor -
4jaz STL (Resveratrol) 1,584 gamma 0,81 -38,79 regulation
4gqr MYC (Myricetin) 1,744 Pancreatic alpha-amylase 1,22 -36,32 Hydroilas.e/lllydrolase
inhibitor
. NAD-dependent protein Hydrolase/hydrolase
4hd8 PIT (Piceatannol) 1,593 deacetylase Sirtuin-3 1,60 -34,02 inhibitor
Ithe FL9 1,523 1,40 -35,23
4des 57D (Chrysin) 1,617 1,31 -35,77
4der AGI (Apigenin) 1,727 1,83 -32,64
4det KMP (Kaempferol) 1,727 Transthyretin 1,60 -34,06 Transport protein
4dew LU2 (Luteolin) 1,644 2,10 -31,05
4deu NAR (Naringenin) 1,744 1,44 -34,98
1dvs STL (Resveratrol) 1,584 1,96 -31,84
Oryctolagus cuniculus
3ebo 57D (Chrysin) 1,617 Glycogen phosphorylase, 0.73 139,29 Transferasse/?ransferase
muscle form inhibitor
Sus scrofa
. Phosphoinositide 3-
1e90 MYC (Myricetin) 1,744 Phosphatidylinositol 3- 0,45 -40,92 kinase gamma
) kinase catalytic subunit
le8w QUE (Quercetin) 1,744 0,45 -40,92
Bos taurus
3nv QUE (Quercetin) 1,744 Xanthine 0.73 139,25 Oxidoreductase
y ’ dehydrogenase/oxidase ’ ’
2jj2 QUE (Quercetin) 1,744 1,44 -34,98
2jj1 PIT (Piceatannol) 1,593 ATP synthase 0,00 -37,49 Hydrolase

2jiz STL (Resveratrol) 1,584 1,47 -34,81
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Name

Associated disease Biological process

3-Hydroxyisobutyryl-CoA hydrolase

Cell division protein kinase 6

Sulfotransferase family cytosolic 1b member

1
Tankyrase-2
Nrh dehydrogenase [quinone] 2
Leukotriene a-4 hydrolase
Casein kinase II subunit alpha

Methionine adenosyltransferase 2 subunit
beta

Serine/threonine-protein kinase 17b

Cell division protein kinase 2
Mitogen-activated protein kinase 14

Mitogen-activated protein kinase 8

Homo sapiens

Cancer

Cancer, Parkinson's disease
Immune diseases

Parkinson's disease

Cell death
Cancer

Parkinson's disease, Amyotrophic

Lateral Sclerosis Cell death, neuron related

Cancer, Parkinson's disease Cell death, neuron related

Immune diseases, Parkinson's

Hematopoetic cell kinase HCK . Cell death
disease
Serine/threonine-protein kinase PIM-1 Cell death
Macrophage migration inhibitory factor Immune dlsea.lases, Alzheimer's Cell death
disease
Troponin C, slow skeletal and cardiac Cell death
muscles
Peroxisome proliferator-activated receptor Diabetes, Cancer, Alzheimer's
. . e Cell death
gamma disease, Huntington's disease
. Alzheimer's disease, Parkinson's
Pancreatic alpha-amylase .
disease
Nad-dependent protein deacetylase sirtuin-3, .
mitochondrial Aging
Transthyretin Amyloidosis
Oryctolagus cuniculus
Glycogen phosphorylase, muscle form
Sus scrofa
Phosphatidylinositol 3.-k1nase catalytic Aging, Cancer Cell death, neuron related
subunit
Bos taurus
Xanthine dehydrogenase/oxidase Cell death

ATP synthase

Alzheimer's disease, Parkinson's
disease, Huntington's disease
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Table 3
Uniprot id Name Associated disease Biological process
Homo sapiens
014965 Aurora kinase A Cancer Cell death/neuron related
QI96RR4 Calclilrlgtlgilgrol:;éilil;s:feegdent Anxiety disorder
Q13554 Caﬁggﬁfﬁ;iug;d;p&iem Cancer Cell death/neuron related
000311 Cell division cyc;le 7-related protein Proliferation
kinase
P50750 Cell division protein kinase 9 Proliferation
043293 Death-associated protein kinase 3 Cancer Cell death/neuron related
P49759 Dual specificity protein kinase CLK1 Proliferation
Q13627 phosplg;a;}l:gzz—fzzgl};l;}t,égsl?il;se 1A
P49841 Glycogen synthase kinase-3 beta Alzheimer's disease, cancer Cell death/neuron related
P49137 MAP kinase-activated protein kinase 2 Neuron related
P53779 Mitogen-activated protein kinase 10 Epileptic encephalopathy Neuron related
P45984 Mitogen-activated protein kinase 9 Cancer Cell death/neuron related
Q99683 Mitogen-l?icnt;\;:ti?nzzgtgin kinase Amyo;rcolgil(i)zilgateral Cell death/neuron related
014936 Peripheral plasma membrane protein Microcephaly Proliferation
CASK

015530 Phosphoinositide-dependent kinase-1 Cancer Cell death/neuron related
Q13464 Rho-associated protein kinase 1 Cancer Cell death/neuron related
Q9Y6EO0 Serine/threonine-protein kinase 24 Cell death/neuron related
P15056 Serine/threonine-protein kinase B-raf Cancer Cell death/pizllizzﬁion/neuron
014757 Serine/threonine-protein kinase Chk1 Cancer Proliferation
P49888 Estrogen sulfotransferase Cancer
P09874 Poly [ADP-ribose] polymerase 1 Alzheimer's disease

QI9UGNS5 Poly [ADP-ribose] polymerase 2 Cell death
QI9Y6F1 Poly [ADP-ribose] polymerase 3 Cancer

Q53GL7 Poly [ADP-ribose] polymerase 10 Proliferation
Q9HO0J9 Poly [ADP-ribose] polymerase 12

Q460N5 Poly [ADP-ribose] polymerase 14

Q460N3 Poly [ADP-ribose] polymerase 15

Q8N5Y8 Poly [ADP-ribose] polymerase 16 Cell death
P50225 Sulfotransferase 1Al Cancer

PODMMO9 Sulfotransferase 1A3 Cancer
000338 Sulfotransferase 1C2 Cancer

Qo6IMI6 Sulfotransferase 1C3
075897 Sulfotransferase 1C4
095271 Tankyrase-1
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P51813
P29320

P11362

P21802

P12931

P00519

Q08881
P23458

060674
P52333

P06239

P35968

P54763 (P29323)

Cytoplasmic tyrosine-protein kinase
BMX

Ephrin type-A receptor 3

Fibroblast growth factor receptor 1

Fibroblast growth factor receptor 2

Proto-oncogene tyrosine-protein
kinase Src

Tyrosine-protein kinase ABL1

Tyrosine-protein kinase ITK/TSK
Tyrosine-protein kinase JAK1

Tyrosine-protein kinase JAK2
Tyrosine-protein kinase JAK3
Tyrosine-protein kinase LCK

Vascular endothelial growth factor
receptor 2

Cancer

Cancer

Cancer

Cancer

Immune diseases

Cancer

Cancer

Diabetes

Cancer

Mus musculus

Ephrin type-B receptor 2

Cancer

Rattus norvegicus

Cell death/proliferation

Neuron related

Cell death/proliferation/neuron
related

Cell death/proliferation/neuron
related

Cell death/proliferation/neuron
related

Cell death/proliferation/neuron
related

Proliferation
Proliferation

Cell death/proliferation/neuron
related

Cell death/proliferation
Cell death/proliferation/neuron

related

Cell death/proliferation

P63086 (P28482)

Mitogen-activated protein kinase 1

Alzheimer's disease, cancer

Bos taurus

Cell death/proliferation/neuron
related

Q28021 (075116)

Rho-associated protein kinase 2

Cancer

Cell death/neuron related
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Uniprot id Name
Homo sapiens

P11309 Serine/threonine-protein kinase pim-1
060669 Monocarboxylate transporter 2

094768 Serine/threonine-protein kinase 17B
094956 Solute carrier organic anion transporter family member 2B1
P08183 Multidrug resistance protein 1
P08631 Hematopoietic cell kinase HCK
P10632 Cytochrome P450 2C8
P25705 ATP synthase
P48736 Phosphatidylinositol 3-kinase catalytic subunit
P53985 Monocarboxylate transporter 1
Q6NUSS UDP-glucuronosyltransferase 3A1

Q6NVY1 3-Hydroxyisobutyryl-CoA hydrolase
Q92887 Canalicular multispecific organic anion transporter 1

Q9UNQO ATP-binding cassette sub-family G member 2
Q16678 Cytochrome P450 1B1
P04798 Cytochrome P450 1A1
P68400 Casein kinase 2 alpha
P11511 Cytochrome P450 19A1
P15121 Aldehyde reductase
P12931 Tyrosine-protein kinase SRC
P35968 Vascular endothelial growth factor receptor 2
P08069 Insulin-like growth factor 1 receptor

Rattus norvegicus
P21588 (P21589) 5'-nucleotidase
Bos taurus
P80457 (P47989) Xanthine dehydrogenase

P21398 (P21397)

Monoamine Oxidase A

*
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Fig. 1S STITCH interaction network among protein candidates and protein related candidates found
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ABSTRACT

The ubiquitous flavonoid quercetin is broadly recognized for showing diverse biological and health-
promoting effects, such as anticancer, anti-inflammatory and cytoprotective activities. The
therapeutic potential of quercetin and similar compounds for preventing such diverse oxidative
stress-related pathologies has been generally attributed to their direct antioxidant properties.
Nevertheless, the accumulated evidence indicates that quercetin is able to interact with multiple
cellular targets. In the present work we aimed to fully identify quercetin protein targets contained in
the Protein Data Bank. For this purpose, we relied on a reverse screen strategy based on ligand
similarity (SHAFTS) and target structure (idTarget, LIBRA). This work-flow allowed to identify a
new set of candidate target proteins which show a wide structural and functional diversity including
key proteins involved in neurodegeneration and cancer. This candidate set supports a multilevel and

synergistic mechanism of action for quercetin protective effects.
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1. Introduction

Phytochemical rich diets are correlated with increased longevity and wide range of health benefits
including a decreased incidence of cardiovascular diseases and a slowed progression of
cerebrovascular diseases [1-5]. Flavonoids constitute one of the largest families of phytochemicals
found in plants. Alongside their role in the flavor and the color of fruits and vegetables, flavonoids
are widely recognized for their direct antioxidant properties [6-11]. In particular, many flavonoids
display anti-inflamatory, anti-carcinogenic, and neuroprotective effects properties among other
bioactivities [12-25].

This ubiquitous polyphenolic group comprises several subclasses such as flavones (including
flavonols), flavanones, flavans (including flavanols), isoflavones, and anthocyanidins. Flavonols are
by far the most abundant and widely distributed in nature, being quercetin (2-(3,4-
dihydroxyphenyl)-3,5,7-trihydroxychromen-4-one; Figure 1) the prototypical flavonol. In relation to
the previously cited flavonoids neuroprotective or anticancer effects, several studies suggest that
they may be mediated by their interaction with specific proteins involved in intracellular signaling
cascades, rather than direct antioxidant mechanisms [26—34]. A complete explanation of quercetin
broad range of biological effects requires the description of its whole target space.

While wet-lab studies in this field such as affinity chromatography, expression cloning and protein
microarrays are work- and time-intensive, in silico target prediction is a valuable inexpensive and
complementary technique [35]. ReverseScreen3D, INVDOCK, Tarfisdock, PharmMapper and
idTarget are some of the in silico target fishing tools available [36-40]. By employing these
platforms many favorable experiences have led to the discovery of protein targets of novel
compounds like saffron bioactive agents and approved drugs like mebendazol [41, 42]. For a
comprehensive review on the topic please refer to Valls et. al. [43].

In the present study, we proposed a hierarchical screening of quercetin protein targets based on the

sequential arrangement of ligand similarity search and inverse docking. Hierarchical screening takes



advantages of the fastest method (ligand similarity) in the first stage of the screening process,
reducing the search space for the most expensive approach (docking) and the number of false
positives obtained [44]. For each step in the screening we chose two of the most recent publicly
available software for in silico target fishing (Figure 2). Additionally we further amplified the
search by including proteins with similar binding site recognized by our in-house-developed
software LIBRA (Ligand Binding Site Recognition Application) [45].

2. Methods

The current in silico strategies for target identification include ligand-based, structure-based,
machine learning-based and biochemical network-based approaches. When searching for potential
target proteins, the query ligand is compared against a library of known interacting compounds [46].
Inverse docking is a docking scheme that screens and ranks a protein library instead of a ligand
library.

2.1 The ligand-target database

A database of suitable ligands contained in the Protein Data Bank was developed for ligand based
screening [47]. Firstly, all the ligands contained in the PDB were downloaded from the 2014
version of LigandExpo database, a repository for co-crystalized structures and hetero-atoms in
general indexed with the corresponding protein entry [48]. The molecular structures were
downloaded in SMILES-Stereo format as a whole database and rebuilt in MOE software [49].
Starting from 17969 PDB ligand entries, a series of hierarchical filters has been applied with MOE
to construct the database as follows: 1) Hydrogenation was corrected. 2) Undesirable small
molecular weight ligands (salts and water molecules) and repeated entries were removed. 3)
Molecules below the molecular weight of the flavonoid frame were deleted, and Oprea rules were
applied to restrict the database to flavonoid-like molecules and drug-like molecules respectively.
Oprea rules are a refined version of the classical Lipinski's rules of five to determine drug likeliness

[50]. 4) Molecules containing Se or As were also deleted. The current molecular database was



energy minimized in MOE with a Merck molecular force field (MMFF94x) until 0.01 kcal/mol
RMS gradient and saved in mol2 format. The final database contained 9924 different molecules.

2.2 Ligand based screening

Taking quercetin as a probe, we searched our in-house ligand-target database for similar co-
crystallized ligands in the PDB. Quercetin molecular structure was built in MOE, energy minimized
(MMFF94x, 0.01 kcal/mol RMS gradient) and saved in mol2 format for screening processes.
SHAFTS (SHApe-Feature Similarity) algorithm implemented in its stand-alone version was used to
screen quercetin against the conformers obtained from the ligand-target database. SHAFTS is an
algorithm for tridimensional structural similarity calculation and ligand-based virtual screening
[51]. SHAFTS has demonstrated satisfactory active compounds enrichment and scaffold hopping
capability against several representative kinases in retrospective virtual screening studies [52-54]. It
adopts a similarity metrics considering both molecular shape and pharmacophoric characteristics
(hydrophobic center, positive or negative charge center, hydrogen bond acceptor and donor, and
aromatic rings). A feature triplet hashing method is used for the fast rigid alignment of molecular
structure. It finally returns a sorted list of molecule identifiers associated with structural similarity
score against the query and the corresponding structural alignment.

Because SHAFTS uses a semi-rigid strategy for structural alignment, the conformational analysis
program Cindy was used to generate a maximum of 100 lowest-energy conformers for each
molecule in the ligand-target database [55]. SHAFTS was then implemented with its default
configuration. Protein complex identifiers were retrieved for ligands with a similarity score against
quercetin above 1.5 (maximum 2.0) and subjected to the next stage of the screening.

2.3 Structure based screening

The optimized structure of quercetin was uploaded onto the online inverse dock server idTarget for
screening against the selected list of protein candidates obtained in the previous stage.

idTarget performs inverse molecular docking for a query molecule against the whole PDB or a



custom list of protein structures [40]. It applies a divide and conquer algorithm to search the protein
surface for suitable docking sites and a state-of-the-art scoring function optimized for binding
energy prediction. A protein target i for a ligand j is selected considering the affinity profile for the

ligand. A Z-score is calculated according to:

where Ej; is the dock score of ligand j to the protein pocket i, Ej and sd; are the center and width of
the affinity profile of protein i.

We selected the server scanning mode as it is the most exhaustive, where usual molecular docking
procedures are carried out for each protein structure. Proteins were considered to be possible ligand
targets if the idTarget binding energy was lower than -37.6 kJ/mol (250 nM) with a Z-score of 1.0
or lower (adapted from Nikoli¢ et. al. [56]).

2.4 Binding site comparison

2.4.1 Binding site similarity searching among target candidates

The protein candidates selected by idTarget were subjected to binding site comparison all-against-
all by our in-house-developed software LIBRA (Llgand Binding site Recognition Application) [45].
LIBRA is a tool for searching local structural similarities between a protein structure and a
collection of functional sites and their environment. LIBRA employs a graph-based approach in
conjunction with a database of more than 170 thousand ligand binding sites generated by extracting
residues surrounding the ligand from approximately 75 thousand structures of protein-ligand
complexes deposited in PDB. To compare the candidates set we generated a separated database of
their corresponding binding sites, every site was then screened one by one against the whole set.
Similar sites were defined according to these requirements: 70 % of similar residues given by
blosum62 scoring, minimum motif size of 5 residues, and maximum structural alignment RMSD of
1 A (Angstrom). Sites with the same characteristics but a RMSD between 1 and 1.5 A (Angstrém)

were defined as less similar.



2.4.2 Target candidates amplification based on binding site similarity

Delineating binding site similarities for proteins is another possible route for finding new targets for
existing ligands. The protein candidates selected by idTarget were subjected to binding site
comparison against a representative set of proteins contained in the PDB using LIBRA. Similar
sites were defined according to these requirements: 100 % of similar residues (blosum62 scoring),
minimum motive size of 5 residues, maximum structural alignment RMSD of 1 A (Angstrém) and
no steric clashes between the ligand from the query protein and the known protein.

2.5 Interaction pattern assessment

The interaction pattern between idTarget docking poses for quercetin and the protein candidate
group was assessed by Protein Ligand Interaction Fingerprint (PLIF) module of MOE. PLIF is a
simple method to represent and analyze the three-dimensional protein-ligand interaction. The
method converts the interaction pattern into a one dimensional binary string and can be utilized as
postdocking molecular description and filter tool to reorganize docking poses. Every protein was
considered as its biological unit downloaded from PDB. The structure was optimized before the
analysis, hydrogen atoms were adjusted and charges assigned with Amber99 force field. For the
fingerprint calculation every docking pose given by idTarget was used and the total contacts were
normalized by the number of poses. No surrounding water molecules were considered.

2.6 Functional and structural characterization

The final set of protein candidates was annotated according to protein structure and family, activity
and involvement in disease. The corresponding human homologue was taken for proteins belonging
to other mammals. The information was obtained from publicly available databases and tools like
PDB, Uniprot [57], DAVID (gene ontology terms and literature information)[58], KEGG
(biological pathways) [59], GO TermMapper [60, 61] (gene ontology terms) and FlyMine (gene
ontology terms and literature information) [62]. Different sources were considered as they bring

complementary data. KEGG pathways are defined as molecular interaction/reaction network



diagram including genes, proteins, RNAs, chemical compounds, glycans, chemical reactions,
disease genes and drug targets. On the other hand, GO biological processes are strictly linked to
genes, and represent a recognized series of events or molecular functions with a defined beginning
and end, whose alteration can lead to a variation of the phenotype.

Already described quercetin targets were collected from different platforms like DrugBank,
ChEMBL, BindingDB and SuperTarget [63—66]. Once quercetin targets are identified by literature
and in silico predictive approaches, they can be mapped onto specific disease-associated networks
or pathways and target databases of known bioactive compounds to construct drug associated
networks. The search tool for interactions of chemicals (STITCH) database integrates information
about interactions of chemicals and proteins from different types of databases and was used for this
purpose [67].

3. Results and discussion

3.1 Ligand based screening

We first screened the PDB to construct a database of pharmacologically relevant ligands associated
with protein complexes (see Methods section for details). Using quercetin as input molecule
SHAFTS was then applied to select quercetin-like compounds, based on a structural similarity
score. The resulting ligand set comprised 34 molecules, mainly flavonoids with the exception of the
molecules identified by PDB as FL9, PIT, RE2, SLX, STL and DEH (see Supplementary material).
The co-crystallized protein set comprised 25 mammalian proteins. Proteins from plants and other
organisms were not considered for the subsequent analysis.

3.2 Structure based screening

The set of 25 proteins (Table 1) was then subjected to structure-based screening against quercetin
using idTarget. This procedure allowed us to obtain protein target candidates associated with
docking poses for quercetin and ranked according to their predicted affinity. This new protein set

included 24 of the 25 different mammalian proteins previously selected. Their predicted affinity



ranges from 15.1 nM to 494.1 nM, and has minor variations depending on the specific crystal
structure for a given protein. IdTarget server only rejected 1 mammalian protein, sirtuin 5, which
confirmed the reliability of the molecular similarity comparison. It is also remarkable that all known
complexes for quercetin available in the PDB at the time of the assay were retrieved.

According to the docking poses obtained by idTarget, quercetin reaches the known binding site of
every protein which is generally a catalytic or an allosteric site (Figure 3). While idTarget accurately
predicts the protein binding sites, docking poses do not resemble in general the co-crystallized
ligand. Frequently quercetin appears in the same plane but with opposite orientation. This
divergence can be explained by the quercetin inner symmetry. Additionally, some docking
simulations show peculiarities: a few sirtuin 3 docking poses overlap with the protein substrate,
glycogen phosphorylase docking poses are located in a known allosteric site normally occupied by
the endogenous ligand AMP, sulfotransferase 1b (Sultlb) and ATPase docking poses bind in the
ATP site in contrast to the co-crystallized ligands, which bind in an adjacent allosteric site. Both the
latter proteins have been co-crystallized with ATP or a related molecule. Except for Sultlb all these
proteins have unfavorable Z-scores and predicted affinities. Proteins in this latter group have wide
and exposed binding sites in contrast with the best scoring candidates. According to idTarget score
and taking into account the qualitative considerations expressed above, the following proteins
should not be prioritized as target candidates: macrophage migration inhibitory factor, troponin C,
peroxisome proliferator-activated receptor gamma, pancreatic alpha amylase, sirtuin 3,
transthyretin, glycogen phosphorylase and ATP synthase.

The new candidate target set comprises proteins with a broad range of macromolecular folds and
biological activities including enzymes, transcription factors and transport proteins, and can be
divided into proteins with direct metabolic action and proteins involved in intracellular signaling
pathways. The first group includes 3-hydroxyisobutyryl-CoA hydrolase, sulfotransferase 1b,

pancreatic alpha amylase, transthyretin, glycogen phosphorylase and xanthine oxidase. In the



second group, it is worthwhile to mention protein kinases, highlighted in Table 1 in bold, which
have been previously involved in cell death/survival activities, and have been proposed as putative
targets in cancer and neurodegeneration [68-71]. In particular p38 MAPK is a key protein kinase
involved in neuronal apoptosis and inflammation, whose inhibition has been proposed as a
treatment against ischemic damage and neurodegeneration [69]. Another interesting group is that of
Tankyrases, which are a particular group of poly(ADP-ribosyl)transferases that differ by their
overall domain structure and functions. It has been suggested that tankyrase inhibitors could
improve anti-cancer effects if combined with other kinase inhibitors such as MEK, epidermal
growth factor receptor or phospho-inositide 3-kinase inhibitors in cancer treatment [72].

The structural and functional information obtained (Table 1) can be related to the available
information on the involvement of the target candidates in biological processes and disease (Table
2). The spectrum of biological activities of the target candidates is in agreement with the multi-
target mechanism of action proposed for quercetin. Thus quercetin may represent a multi-target
drug.

3.3 Structural comparison

An interesting finding of the present study is that most of the endogenous ligands, substrates or
cofactors related to the resulting protein set were nucleotide derivatives like ATP/ADP, FAD, NAD,
pyridoxal phosphate, PAPS, PAP, HIBYL-CoA and xanthine. Structural similarity between
quercetin and ATP/ADP was thus analyzed. The result of this analysis (Figure 4) indicated that
quercetin may work as an ATP mimetic. In this regard, previous studies suggested a correspondence
between the benzopyranone moiety of the flavonoid and the adenine part of the ATP as well as the
ortho-dihydroxyphenyl and the phosphates of ATP [73].

The protein target candidates greatly vary in sequence length, fold and quaternary structure. This
fact suggests that the structural similarity found within the group is local rather than global. For

this reason, a binding site comparison with LIBRA was conducted whose results are presented in
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Figure 5.

As expected, the algorithm was able to find strong similarities within the kinases group. Most of
these proteins share the same fold according to PFAM (protein kinase domain, PF00069). Other
domains present are tyrosine kinase domain (PF07714) and PI3 kinase domain (PF00613). During
the last years kinases have been recognized as promising drug targets for tumor therapy including
MAP kinases, receptor tyrosine kinases, and kinases related to the PI13-kinase/Akt/mTOR signaling
pathway [74-77]. On this regard, previous studies have shown that quercetin treatment leads to
pro-apoptotic effects in cancer models through modulation of these kinase pathways [78]. Thus, our
results are in agreement with such proposed quercetin effect.

It is also remarkable the minor similarity found among PPAR gamma and PIM 1 kinase. Currently it
is unclear whether quercetin and related compounds are direct or indirect activators of PPAR
gamma pathway. In vitro evidence favors a mechanism involving quercetin inhibition of cyclin
dependent kinase 5 (CDK5) [79]. Lastly, it is worthwhile to mention that the similarity found
among sult 1b and tankyrase 2 corresponds to a different site than the flavonoid binding site.

3.4 Amplification: binding site similarity search

Based on LIBRA analysis on local similarity at the binding site of the protein candidates found in
the PDB we proposed an additional set of proteins (Table 3). This new set of candidates participates
also in cellular metabolism and signaling cascades that can be related to previously described
flavonoid biological effects. Interestingly, most of the proteins identified bind ligands similar to
quercetin and may have been found on the first stage of the screening, but their similarity score
ranged from 1.0 to 1.3. This result suggests that additional reliable candidates could have been
initially found with a less stringent cut-off ligand based screening.

3.5 Quercetin interaction pattern

To assess the existence of any general trend in the interaction of quercetin with the protein

candidates, their interaction pattern with quercetin docking poses was analyzed (ex. Figure 6). The
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pattern showed a preference for polar and charged amino acids, especially glutamate and aspartate,
which interact with quercetin hydroxyl groups (Figure 7). Hydroxyl groups in positions 3' and 7 are
the most frequently involved in hydrogen bonds with protein residues (Figure 8). This general
pattern appears stronger in the kinase group of protein candidates (not shown).

Interestingly related compounds like fisetin, myricetin and resveratrol which have the required
hydroxyl groups for this pattern also show remarkable similarities in their biological effects [11].
The case of flavonoids like rutin remains elusive as the disaccharide moiety in position 3 could
cause steric clashes in the binding. This would imply that either the bioactive form loses this
substituent or another binding orientation than that suggested by docking is possible.

3.6 Functional characterization

Lastly, we analyzed the functional distribution of the final set of candidate targets (Table 2, Table
3). The significantly enriched gene ontology (GO) functional annotations of these targets include
regulation of cell death and proliferation. KEGG pathways highlight their involvement in cancer
and neurodegeneration as well. It is also remarkable the role of some target proteins in neuronal
physiology, given their involvement in neurotrophin signaling, neuronal differentiation and synapse
function. These are already reported effects of flavonoids [80-82]. Nevertheless, such enriched
pathways and GO functional annotations provide important clues for understanding the molecular
mechanisms underlying flavonoids effects.

STITCH protein-protein interaction network analysis also showed that among the target candidates,
the kinase group, poly ADP-ribose polymerase group and PPAR-gamma receptor constitute a
separate interacting network (see Supplementary material) supporting their participation in related
biological processes. In particular PARP-1 facilitates diverse inflammatory responses by promoting
inflammation-relevant gene expression through NFkappB and promotes mitochondria-associated
cell death in injured tissues [83]. Also, it is widely accepted that PARP-1 signals the MAPK

pathway by modulating the phosphorylation of ERK1/2, p38, and c-Jun NH2-terminal kinase. Thus
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far, the studies on the relationship between PARP-1 and MAPK suggest that they might stimulate
each other in a positive feedback cycle to propagate the responses to the long-lasting stress signals
[83]. Such crosstalk between protein targets reinforces the concept of multilevel and synergistic
mechanisms of action underlying flavonoid biological effects. Another relevant point is the
pleiotropism of many of the protein targets in both cancer and neuronal protection. Glycogen
synthase kinase 3b is a perfect example of a promising target candidate which is involved in cancer
survival and also promotes nuclear export and degradation of Nrf2 (Nuclear Factor-erythroid 2 (NF-
E2) p45-related Factor-2), a transcription factor that triggers antioxidant and cytoprotective
responses [78, 84, 85].

Finally we made a list of proteins previously reported by pre-clinical studies as putative quercetin
targets, and we compared it with our resulting in silico target candidates (Table 4). Many of the
enlisted proteins do not have crystallographic structures deposited in the PDB, so they may
constitute false negatives by our virtual screening. Nevertheless, there are several enlisted proteins
with structural data that were found as target candidates by our virtual screening. In this group we
found: serine/threonine protein kinase PIM 1, serine/threonine protein kinase 17B, hematopoietic
cell kinase HCK, ATP synthase, phosphatidylinositol 3 kinase, 3-hydroxyisobutiryl CoA hydrolase,
casein kinase Il, xanthine dehydrogenase, tyrosine protein kinase SRC and vascular endothelial
growth factor receptor 2. It is noteworthy that our virtual screening showed a group of target
candidates that were not previously reported as putative quercetin targets, and thus the results of the
present study could be of interest for drug discovery and future target validation.

4. Conclusions

In conclusion, in this study, a hierarchical inverse screening approach using SHAFTS and idTarget
was employed to identify the potential protein targets of quercetin. The screening successfully
retrieved every quercetin target contained in the PDB and expanded the list to new putative

quercetin targets. Most of the predicted panel of targets fall under conventional clinical targets with
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anti-tumour and neuro-protective effects or target enzymes of drug design, and some of them have
been well established in experimental settings. In addition, some of these protein targets are
involved at different stages in the same signaling pathways or in interconnected signaling pathways,
supporting a pleiotropic, multilevel and synergistic mechanism of action of quercetin.

Conversely, some issues still need to be addressed. Apart from docking scoring limitations in
protein-target ranking, the under representation of rare proteins in the PDB or the absence of
proteins for which three-dimensional structures are not available can cause false negatives [86, 87].
In addition, to further refine these results other interaction repositories like DrugBank could be
incorporated. Moreover, the interactions in a ligand-protein complex could also be analyzed by
means of molecular dynamics simulations to ensure that flexibility of proteins is considered.
Overall, we believe the present results may broaden the understanding of quercetin mechanism of
action and generate new hypothesis about its therapeutic potential. In addition, our integrated
approach is immediately valuable for the drug discovery and development process providing
valuable information for future in vitro and in vivo studies.
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Table Captions
Table 1 Protein target candidates found in the Protein Data Bank (PDB) by reverse virtual screening
based on ligand similarity with SHAFTS (SHApe-Feature Similarity) algorithm and inverse

docking with idTarget web server (http://idtarget.rcas.sinica.edu.tw/) [40, 51]. Candidates are

segregated by source organism and depicted according to the corresponding PDB entries, co-
crystalized ligand and its structural similarity score with quercetin, as well as protein name, idTarget
scoring (Z-score and predicted affinity) and protein class given by the PDB [47]. Proteins co-
crystallized with quercetin are depicted in bold

Table 2 Disease association and relevant biological process for the target candidates found in the
Protein Data Bank (PDB). The information was gathered from publicly available databases like
PDB, Uniprot and gene ontology repositories [47, 57, 61] 1. Depicte
source organism. Proteins co-crystallized with quercetin are depicted in bold

Table 3 Structurally related proteins to the candidates found in the Protein Data Bank (PDB)
defined by LIBRA (Ligand Binding site Recognition Application) binding site comparison. Proteins
are depicted according to the corresponding Uniprot entry (human homologue in parenthesis),
name, related disease and biological process [45]. The information was gathered from publicly
available databases like PDB, Uniprot and gene ontology repositories [47, 57, 61]

Table 4. Top ranking interactions reported in different repositories of in-vitro protein-ligand
interaction assay data like DrugBank, ChEMBLE, BindingDB and Supertarget [64-66, 88].
Proteins are segregated by source organism and depicted according to the corresponding Uniprot
entry, and name [57]. Proteins highlighted in bold were previously identified in this work by in-

silico reverse virtual screening
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Figure Captions

Fig. 1 Quercetin structure optimized by MMFF94x until 0.01 kcal/mol RMS gradient with MOE
(Molecular Operating Environment) software [49]. Flavonoid ABC ring notation, and substitution
numeration are indicated. Oxygen atoms are depicted in red

Fig. 2 Reverse screening work-flow. The strategy involved a similarity search with SHAFTS
(SHApe-Feature Similarity) algorithm of co-crystalized ligands from the Protein Data Bank (PDB)

followed by reverse docking with idTarget web server (http://idtarget.rcas.sinica.edu.tw/) [40, 51].

An amplification stage is added to identify related proteins by LIBRA (Ligand Binding site
Recognition Application) binding site comparison [45]

Fig. 3. Result of quercetin (yellow sticks) molecular docking with mitogen-activated protein kinase
14 (p38 MAP kinase) co-crystallized with naringenin (violet sticks) (Protein Data Bank accession id

4eh3) according to IdTarget web server (http://idtarget.rcas.sinica.edu.tw/) [40]. A dotted

electrostatic surface was drawn around quercetin at a VVan der Waals distance, areas depicted in red
color correspond to a negative charged surface and white surface to a neutral charge. A good
overlapping between naringenin a quercetin docking pose is observed confirming the reliability of
the docking method

Fig. 4 Structural alignment between ATP/ADP and quercetin given by SHAFTS (SHApe-Feature
Similarity) algorithm [52]. The alignment shows two different quercetin orientations (ATP
alignment similarity score: 0.8693, ADP alignment similarity score: 0.9790) that can overlap
functional groups of these endogenous ligands and suggests a quercetin ATP/ADP mimetic action
Fig. 5 Binding site similarities among the protein target candidates found in the Protein Data Bank
(PDB) as defined by LIBRA (Ligand Binding site Recognition Application) parameters (see
Methods section) [45]. Equal sites are indicated by black squares, similar sites by grey squares, less
similar sites as pale grey squares (1<RMSD<1.5). Proteins are denoted by their gene name. The

strongest similarity is found among the ATP binding site of protein kinases
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Fig. 6 Quercetin molecular contacts with mitogen-activated protein kinase 14 (p38 MAP kinase)
assessed by Protein Ligand Interaction Fingerprint (PLIF) with MOE (Molecular Operating
Environment) software (Protein Data Bank accession id 4eh3) [49]

Fig. 7 Quercetin interaction pattern among protein candidates found in the Protein Data Bank
(PDB). Quercetin molecular contacts with the protein candidates were assessed by Protein Ligand
Interaction Fingerprint (PLIF) with MOE (Molecular Operating Environment) software (Protein
Data Bank accession id 4eh3) [49]. Number of contacts was then calculated as the accumulated
contacts per amino acid residue from all protein candidates weighted by docking conformations

Fig. 8 Quercetin interaction pattern among protein candidates found in the Protein Data Bank
(PDB). Quercetin molecular contacts with the protein candidates were assessed by Protein Ligand
Interaction Fingerprint (PLIF) with MOE (Molecular Operating Environment) software (Protein
Data Bank accession id 4eh3) [49]. Number of contacts was then calculated as the accumulated
contacts per amino acid residue from all protein candidates weighted by docking conformations.
Number of contacts were segregated by the corresponding quercetin hydroxyl and oxygen
substitutions (squares A to B) and groped by amino acid type (N: negative charged, P: positive

charged, U: polar uncharged, A: aromatic, H: hydrophobic)
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Abstract: Epidemiological studies have shown positive preventive action of flavonoids on cardiovascular and
neurodegenerative events. Among the six groups in which flavonoids are classified, the flavones and flavonols, based on
the backbone of 2-phenylchromen-4-one (2-phenyl-1-benzopyran-4-one) are the most commonly encountered within the
families and genera of the higher plants. Numerous studies support a neuroprotective activity of flavones such as luteolin
and flavonols such as kaempherol and quercetin in experimental focal ischemia and models of neurodegeneration.
Antioxidation, modulation of signaling cascades and gene expression as well as anti-inflammation appear as the main
protective mechanisms and mitochondria are a likely main target mediating the preventive actions against oxidative stress.
Flavones and flavonols re-establish the redox regulation of proteins, transcription factors and signaling cascades that are
otherwise inhibited by elevated oxidative stress. The final survival or death of the neuron depends on flavone and flavonol
concentrations, time of exposure and, mainly, metabolic and oxidative neuronal circumstances. Neuroprotection appears
to be linked to specific structural motifs, beyond those involved in antioxidation. By themselves or as templates for
synthetic compounds, flavone and flavonol molecules show potential as multi-targeted therapeutic tools for protecting the
brain. Nonetheless, more research needs to be done on the correlation of potential beneficial effects of flavones and

and

flavonols and their mechanisms of action.

Keywords: Flavones, flavonols, neuroprotection, oxidative stress, quercetin, signalling.

1. INTRODUCTION

1.1. Brain Pathology, Redox Homeostasis and Oxidative
Stress

It is known that brain pathology in the form of
cerebrovascular and neurodegenerative disease is a leading
cause of death all over the world, with an incidence of about
2/1000 and an 8% total death rate [1, 2]. Moreover, stroke
and dementia are a source of high individual and family
suffering mainly because of the lack of efficient therapeutic
alternatives. The latter motivates research efforts to identify
the mechanisms of neuronal death and to discover new
compounds to prevent them. Neuronal death in these
neuropathologies is a complex phenomenon involving failure
of metabolic processes, protein impaired mitochondrial
function, increased oxidative damage, defects in the
proteasome system, protein aggregation, changes in iron
metabolism, and events of excitotoxicity and inflammation
[3]. The interaction between all these cellular processes
would not be necessarily a cascade but a cycle of events, of
which oxidative stress is a major component [4].

Under physiologic conditions, the balance between the
generation and the elimination of reactive oxygen and
nitrogen species (ROS, NOS) maintains a redox homeostasis
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Avda Italia 3318, 11600, Montevideo, Uruguay; Tel:/Fax: 5982 4872603;
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to ensure the correct function of redox-sensitive signaling
proteins. However, when homeostasis is disturbed, oxidative
stress may take place leading to damage of lipids, proteins
and nucleic acids and disruption of redox signaling [5, 6].
Aberrant redox cell signaling may in turn cause cell death,
contributing to disease onset [7-10].

With only 2% of the body weight, the brain represents
almost 20% of the O, consumption of the organism [11].
Indeed, because of its high metabolic rate and relatively
reduced capacity for cellular defense and regeneration
compared with other organs, the brain is believed to be
particularly susceptible to oxidative stress events. In this
sense, the maintenance of cellular redox homeostasis appears
as a cue to the control and the prevention of oxidative stress-
related brain diseases [12, 13].

The above-described situation has led to the search of a
variety of antioxidant approaches to attenuate acute ischemic
and chronic neurodegenerative disease injuries [14, 15].
Nevertheless, promising results showing strong neuroprotective
effects in different preclinical models, failed systematically
in clinical trials [16]. In this context, it is likely that
molecules acting on multiple targets and involved in all the
events of the neurodegenerative processes would be required
to be therapeutically effective [3].

1.2. Flavonoids: Flavones and Flavonols

Flavonoids represent the most common group of
polyphenolic compounds in the human diet and are widely

© 2013 Bentham Science Publishers
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found in plants. They consist of two aromatic carbon rings
benzopyran (A and C-rings) and a benzene (B-ring), and can
be divided into different groups depending on the degree of
oxidation of the C-ring, the hydroxylation pattern, and the
substitution of the C3-position. The main sub-classes of
flavonoids are: flavonols, flavones, flavanones, flavan-3-ols,
anthocyanidins, and isoflavones. Recently, there has been
great interest in the potential of flavonoids to prevent
neurodegeneration [17-19]. Although there are diverse
reports on neuroprotective effects by different classes of
flavonoids on cellular cultures and animal models [20, 21],
in this review we will focus on the neuroprotection by
flavones (e.g.: luteolin, apigenin, jaceosidin and eupatilin)
and flavonols (e.g.: myricetin, kaempferol and quercetin) in
degenerative pathologies and particularly in cerebral
ischemia. The flavones and flavonols (Fig. 1) are the most
commonly encountered flavonoids, being ubiquitous within
the families and genera of the higher plants [22]. In a
previous study [23] we found that some flavones and
flavonols such as quercetin have specific structural features
that assure their protective effects. We will focus on
evidence of neuroprotection by these flavonoid groups in
particular, and we will further review evidence about
mechanisms of action and structural features underlying their
neuroprotective effects. A better understanding of the action
of these two groups of flavonoids in neuroprotection could
open new strategies for synthetizing leading molecules for
the development of beneficial therapies in acute and chronic
neurodegenerative diseases.

flavone

flavonol

Fig. (1). Flavone and Flavonol structure.

2. EVIDENCES OF NEUROPROTECTION BY
FLAVONES AND FLAVONOLS

Numerous studies in vivo describe the beneficial effects
of the flavonoids in diseases such as cerebral ischemia,
Parkinson’s and Alzheimer’s Disease [24, 25]. Thus, luteolin
could prevent the behavioral and histological damage
induced by ischemia/reperfusion in rats after a 13 days post-
ischemic treatment [26]. A recent study confirmed these
beneficial effects of luteolin in chronic experimental
ischemia [27]. In another study, rats were sensitized for acute
and chronic experimental allergic encephalomyelitis, an
experimental model of Multiple Sclerosis (MS). In MS
disease, migration of monocytes across the blood-brain
barrier is a crucial step in the formation of new lesions in the
brain. Luteolin substantially suppressed clinical symptoms
and prevented recurrence when administered either before or
after disease onset resulting in reduced inflammation and
axonal damage in the CNS by preventing monocyte
migration across the brain endothelium [28].
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Besides luteolin some flavones such as jaceosidin ameliorated
neuroinflammation in a mouse model of experimental allergic
encephalomyelitis [29] and eupatilin was neuroprotective against
transient global cerebral ischemia in mice by increased Akt
(also known as Protein Kinase B) phosphorylation [30].

When reviewing the neuroprotective activities of
flavonols, kaempferol is one of the most studied molecules.
Numerous preclinical studies have shown that kaempferol
and some of its glycosides have a wide range of pharmacological
activities, including antioxidant, anti-inflammatory, anticancer,
neuroprotective, anxiolytic, and analgesic actions [31]. An
intravenous injection of kaempferol, decreased the brain
damage in the neocortex and striatum in transient focal
cerebral ischemia model (60 min) and after reperfusion [32].
In a mouse model of Parkinson's disease, Li and Pu showed
that kaempferol treatment could prevent the loss of TH-
positive neurons induced by 1-methyl-4-phenyl-1, 2, 3,
6-tetrahydropyridine (MPTP), improving motor coordination,
raising striatal dopamine and its metabolite levels [33]. In a
model of Alzheimer’s Disease, kaempferol significantly
reversed the effects of beta amyloid peptide (AP) administered by
intra-cerebro-ventricular injection to induce memory
impairment [34].

Quercetin has been undoubtedly the most extensively
studied flavonol in their neuroprotective potential in vivo. In
this respect our group demonstrated that a quercetin/lecithin
preparation administered 30 minutes prior to permanent
middle cerebral artery occlusion (pMCAo), reduced significantly
the motor impairments and the cerebral infarct volume
caused by arterial occlusion during 24 hours with respect to
not treated ischemic rat [35, 36]. Other recent experimental
evidence confirms the neuroprotective effects of quercetin
against cerebral ischemia [37].

During cerebral ischemia there is an activation of matrix
metalloproteinases (MMPs), an event that results in the
breakdown of the Blood Brain Barrier (BBB). Therefore,
inhibition of MMPs may be a potential protective therapy
against secondary ischemic damage [38]. When the role of
quercetin was studied in a photo-thrombosis focal ischemia
model in rats, it was found that treatment decreased the over-
expression of MMP-9 at 24 and 48 hours after ischemic
injury. Also the increased permeability of the BBB and brain
oedema was significantly reduced in animals treated with
quercetin [38]. The protective role of quercetin has been also
demonstrated in the spinal cord damage induced by trauma
[39].

3.  WORKING MECHANISMS UNDERLYING
NEURONAL PROTECTION BY FLAVONES AND
FLAVONOLS

3.1. Antioxidative Properties

Traditionally, the beneficial effects of these compounds
have been attributed mainly to their antioxidant capacity,
including their direct free radical scavenger and their metal
chelating activity properties [26, 28, 40]. Additionally, they
show broader antioxidant effects through their capacity to
interact and modulate enzyme activities such as xanthine
oxidase and nitric oxide synthase [22, 40]. More recently,
evidence from cell studies suggests that flavones and flavonols
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can influence antioxidant gene expression by modulation of
redox sensitive transcription factors such as Nuclear factor
kB (NF xB) and Nf E2 related factor-2 (Nrf2). These
mechanisms result in the induction of genes encoding for
pro-survival, detoxifying and antioxidant proteins such as
SODs, glutathione peroxidases and NADPH:quinone
oxidoreductases [41-43]. As an important result of antioxidant
activities, flavones and flavonols would re-establish the
redox regulation of proteins, transcription factors and survival
signaling cascades otherwise altered by elevated ROS.

3.2. Modulation of Intracellular Signalling Pathways

Besides their pharmacological role as potent antioxidants,
flavones and quercetin show an important additional
pharmacological activity represented by their capacity to
modulate a number of protein kinases and lipid kinases
signalling cascades, such as the phosphatidylinositol 3-kinase
(PI3K)/Akt, tyrosine kinase, protein kinase C (PKC) and
mitogen-activated protein kinase (MAP kinase) signalling
pathways. In this sense, attention turned towards the
modulation of these intracellular cascades as a therapeutic
approach against neurodegeneration, since these signalling
pathways have been involved in neuronal survival,
neurogenesis, and cognitive performance through changes in
synaptic plasticity. By their interaction with these intracellular
signaling cascades, the beneficial cellular effects of flavones and

flavonols may be mediated through changes in the
phosphorylation state of target molecules, resulting in
modulation of cellular function and gene expression, and
leading to cell survival [44-50]. Thus, one of the most well
characterized MAPK pathways is governed by the mitogenic
extracellular signal-regulated protein kinase (ERK). ERK1/2
and c-JunN-terminal kinase (JNK) are involved in apoptosis
and various forms of cellular plasticity, and they are
generally considered as exerting opposing actions. ERK1/2
is usually associated with pro-survival signaling through
mechanisms that may involve the activation of the cyclic
AMP regulatory binding protein (CREB) and the up
regulation of antiapoptotic proteins. Conversely, JNK has
been strongly linked to transcription-dependent apoptotic
signaling possibly through the activation of c-Jun [48].

3.3. Role in Mitochondria Dysfunction

Numerous studies have identified a mitochondrial
dysfunction that could contribute to neuron degeneration by
depletion of cellular ATP, through ROS generation and
development of apoptosis by leading to the opening of the
mitochondrial permeability transition pore (MPTP) and the
release of cytochrome C [51]. It is known that quercetin
accumulates in the mitochondria [52] and could protect
against mitochondrial-linked pathologies [53]. In Caco-2
cells quercetin was beneficial against indomethacin-induced
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mitochondrial dysfunction, precisely by its ability to enter
cells and accumulate in mitochondria. Further experimental
work by Lagoa and collaborators [54] revealed that
mitochondria are a plausible main target of flavones (e.g.:
quercetin, kaempferol, apigenin) mediating, at least in part,
their preventive actions against oxidative stress and
mitochondrial dysfunction-associated pathologies. Closure or
opening of MPTP is critical for cell survival or death [55]. In
a series of experiments, De Marchi and collaborators [56]
have shown that quercetin was able to modulate the redox
state of mitochondria and to either inhibit or enhance MPTP
permeability. This protective activity point to a potential
benefit of flavones and flavonols treatment for conditions

involving mitochondrial dysfunction associated with
increased oxidative stress.
4. STRUCTURAL FEATURES UNDERLYING

NEUROPROTECTIVE EFFECTS
AND FLAVONOLS

OF FLAVONES

The structural diversity of flavones and flavonols offers
the possibility to identify the molecular substitutions
required for different biological actions. The in vitro free
radicals scavenger activity depends on the arrangement of
functional groups on its core structure. The configuration and
total number of hydroxyl groups is important for this
activity. Thus, their antioxidant potency has been linked to
the ortho-dihydroxy substitution in the B-ring and the
presence of 2, 3-unsaturation and a 4-carbonyl in the C-ring
[57, 58]. Their activity as metal ion chelators appears to be
defined by the presence of the ortho-dihydroxy substitution
in the B-ring, the 4-carbonyl in the C-ring and a 5 or 3
hydroxy substitutions [59]. According to these studies the
most effective radical scavengers are the flavonols with
catechol groups (quercetin), followed by flavone groups, a
fact which has been experimentally confirmed by our and
other groups [24, 58].

Although there is an agreement in the literature on some
of the molecular features that determine particular activities
of flavonoids such as a scavenger activity, the critical
structural requirements for more complex activities as
cytoprotection are controversial. In general, the cytoprotective
capacity of flavonoids against different insults has been
mainly attributed to their antioxidant potency [60, 61].
Nonetheless, other studies [35], assessing the cytoprotective
potency of several structurally related flavonoids against
oxidative stress, found that cytoprotection did not correlate
with the antioxidation potency. Recently, Echeverry and co-
workers (2010) performed a structure-activity relationship
study focusing on the protective effects of flavones against
oxidative stress in neuronal cultures [23]. They showed that
only 4 of 13 flavones studied exhibited neuronal protective
activity, strongly indicating that specific structural features
are related to this action. Indeed, the hydroxy substitutions in
the A-ring (C5 and C7) and in position C3 (C-ring) of the
flavones would be necessary to afford neuroprotection,
indicating that the structural requirements for neuronal
protection are different from those that afford antioxidant
capacity [23]. The work by Echeverry et al. demonstrated for
the first time the grouped structural features important for
neuroprotection. Separately, the hydroxy substitution in
position C3 (C-ring) had been previously shown as important
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in scavenger activity and anti-inflammatory effects [62, 63].
It had been also shown that OH substitutions on the C5
or/and C7 significantly affect the anti-apoptotic properties of
flavonoids [64] and the inhibition of xanthine oxidase [65,
66]. The number of hydroxyl groups on the B ring and the
degree of saturation of the C ring are important determinants
in the inhibition of signal transduction enzymes such as
PKC. Ferriola et al. also found that the minimal essential
features required for PKC inhibition is a coplanar flavone
structure with free hydroxyl substituents at 3’, 4’and 7
positions [45]. In relation to the coplanarity, Echeverry et al.
showed that it would not be a determinant factor for
neuroprotection, since some of the coplanar flavones studied
were not protective. Additionally, other studies showed that
flavonoids, lacking coplanarity (e.g. epigalocathechin) were
neuroprotective [20, 23, 67]. On the other hand, Hodnick et
al. found that the number and hydroxyl configurations of
flavonoid structures, especially in the B-ring, drastically alter
its effects on the mitochondrial respiratory chain [68]. Many
authors, who studied flavonoids, including flavones with
different hydroxyl group substituents, found that all the
flavonoids tested were more potent inhibitors of the NADH-
oxidase system than succinoxidase, indicating that the
primary site of inhibition is in complex I (NADH coenzyme
Q reductase) [68]. These authors suggested that the planarity
of the chromone (pyrone) structure enhances inhibitory
activity [69].

In summary, although reviewed evidence shows that
some flavones and flavonols exhibit potential as therapeutic
modalities in neuropathology, the data highlight the need to
elucidate issues such as bioavailability. Since many
polyphenols have very limited bioavailability and are
extensively metabolised, the mechanisms globally supporting
the beneficial effects of these flavonoids in the brain in vivo
remain to be elucidated. It is uncertain that flavone and
flavonol concentrations in the brain- that in the case of
quercetin are in the sub nano molar concentration range after
chronic administration [70] - would have the same effects
detected in in vitro experiments.

This low bioavailability might be related to the human
studies that have shown, e.g., that quercetin has small effects
on plasma antioxidant biomarkers and no effects on
antioxidant indices, such as antioxidant status, oxidized
LDL, inflammation or metabolism [71-73] Nonetheless,
provided that neuronal death prevention and anti-inflammatory
activities have been shown in vivo experimentally, it is likely
that the concentrations reached by flavones and flavonols in
vivo would influence survival cascades and transcription
factors by modulating redox potential of neurons and glia. It
is also likely that chronic flavone and flavonol intake - in the
diet or after use of plants with ethnopharmacological profile
- could reach pharmacological levels in the brain by an
accumulative effect.

Nonetheless, reviewed studies emphasise the need for
further research on several and different aspects of flavones
and flavonol activities, such as the extent and conditions for
antioxidation in neurons, its relationship with nuclear effects
on gene expression, the exploration of the active molecules
and the improvement of their bioavailability through the use
of transporters such as liposomes. In any case, by themselves,
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or, more likely, as a template for synthetic compounds, the
flavone/flavonol molecule shows potential as a multi-
targeted therapeutic tool for neuropathologies involving
oxidative damage.
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19.1 INTRODUCTION

Humans relied for countless generations on plant extracts to recover the biological
equilibrium lost from infections, wounds, tumors, and all type of ailments. Even
today, a high percent of the world’s population still rely on plant preparations as the
only therapeutic choice. The last century brought scientific knowledge to the popu-
larly accepted beneficial effects of plant extracts. Diverse biological actions such as
anticancer, anti-inflammation, anti-atherosclerotic, or neuroprotective effects were
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340 Herbal Medicines

described for plants as well as for their main components (Geleijnse et al., 1999;
Middleton et al., 2000; Aruoma et al., 2003).

Mortality and morbidity by cerebrovascular diseases are prominent among
human pathologies. These diseases are a major cause of long-term disability which
is associated with prolonged and severe clinical and socio-economical repercus-
sions. Indeed, the American Heart Association estimates that there are more than
795.000 strokes per year in USA and that 5% of them result in death (Pardridge,
2001; Lloyd-Jones et al., 2010). Besides, the number of people with dementia
increases every year because of the sustained growth of the older population
(Alzheimer Association, 2009). These facts have prompted an intensive research
work on the neuronal lesion mechanisms occurring after stroke, ischemia, or neu-
rodegenerative pathologies such as Alzheimer’s or Parkinson’s diseases, and the
therapeutic strategies to attenuate or stop them. The processes leading to neuronal
death are extremely complex and activate several cascades of events including oxi-
dative stress, inflammation, apoptosis, and excitotoxicity (Yu et al., 1998; Dajas
et al., 2003a,b; Rivera et al., 2004). With the extended human longevity and the
consequent increase in brain diseases, the search for molecules that could inter-
fere with these pathological processes and promote neuronal survival, is a great
challenge.

19.2 BRAIN DEGENERATIVE PROCESSES

With few exceptions, the causes of neurodegeneration are essentially unknown, and
even when they have been identified, the mechanisms by which they initiate the pro-
cess remain speculative. Nevertheless, there are three main mechanisms of neuronal
cell death acting both separately or cooperatively which may underlie neurodegen-
eration. This lethal triplet is metabolic compromise, excitotoxicity, and oxidative
stress, which converges in neuronal cell death (Alexi et al., 2000). Strategies to res-
cue or protect injured neurons usually involve promotion of neuronal growth and
function or prevention of neurotoxic processes. Besides, tissue inflammation can be
an additional process in this triplet of cooperative pathways explaining the wide
range of lesions observed in the CNS pathologies (Howes et al., 2003; Dajas et al.,
2005, Jyoti and Sharma, 2006).

Under physiological conditions, the balance between generation and elimination
of reactive oxygen and nitrogen species (ROS/RNS) maintains a redox homeostasis
that ensures the correct function of redox-sensitive signaling proteins, critical for
normal cell life. Redox status is tightly controlled by the cell through antioxidant
defenses including enzymes like catalase, peroxidases, and superoxide dismutase
(SOD) or molecules such as ascorbic acid (Halliwell and Gutteridge, 1986; Schafer
and Buettner, 2001). A regular provision of exogenous antioxidants could contribute
to retain a physiological redox environment. With only 2% of the body weight, the
brain represents almost 20% of the O, consumption of the organism (Halliwell and
Gutteridge, 1986). This high metabolic rate is the basis for the high brain generation
of ROS/RNS and the concomitant need for important brain antioxidant defenses. In
this context, it is understandable that numerous research papers point to oxidative
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stress as having a critical role in the pathology of neurodegenerative and vascular
diseases of the brain (Schmidley, 1990; Siesjo et al., 1995; Gorelick, 2002).

Besides, as mentioned above, other relevant cellular processes occur during
neurodegeneration such as metabolic failure, and release of neurotransmitters, par-
ticularly glutamate with NMDA receptor activation, and massive entry of calcium
into the cells (Nicotera and Lipton, 1999; Alexi et al., 2000; Pardridge, 2001), lead-
ing to a general activation of intracellular enzymes, further ROS generation, lipid-
peroxidation, DNA damage and cell membrane disruption, resulting in neuronal
death (Halliwell and Gutteridge, 1986). Therapeutic strategies to treat neuropatholo-
gies have focused on one or more of these events, and neuroprotective effects at an
experimental level have been observed after, for example, the use of NMDA receptor
antagonists (Williams et al., 2000) or calcium channel blockers (O’Neill et al., 2001),
and even anti-inflammatory compounds (Welton et al., 1986).

In particular, the widespread generation of ROS/RNS has also prompted the
development and application of a variety of antioxidant approaches to attenuate neu-
ronal injury (Clemens and Panetta, 1994; Clark et al., 2001). Nevertheless, promising
results showing strong neuroprotective activity after the use of single target com-
pounds in different experimental models, failed in clinical trials (Lakhan et al.,
2009). In this context, it is likely that molecules acting on multiple targets of the
complex pathological process would be required to be therapeutically effective
(Dajas et al., 2005). Plant extracts with complex mixture of compounds or synergis-
tic molecules could be an answer to these multitarget mechanisms of action.

19.3 MEDICINAL PLANTS AND NEUROPROTECTION

Early evidences pointed out to plants, fruits, beverages like wine and tea, and their
main compounds such as flavonoids, as meaningful candidates in the search for pro-
tective principles due to their high antioxidant capacities (Nijveldt et al., 2001; Kim
et al., 2002, El-Sherbiny et al., 2003; da Luz and Coimbra, 2004). In this sense, plant
extracts with a high antioxidant capacity have shown improvements in cognitive
function (Youdim and Joseph, 2001) or appear to inhibit neuro-inflammatory pro-
cesses in the brain (Chen et al., 2005).

Plant extracts have been utilized for thousands of years to control the conse-
quences of CNS disorders in countries like China and India, where, for example,
Ayurvedic medicine has utilized Bacopa monniera for almost 3000 years to
improve memory and intellect (Jyoti and Sharma, 2006). Many more examples Q1
could be mentioned such as Centella asiatica, utilized for memory and cognition
improvement (Husain et al., 2007) in a context of a growing interest for the use of
medicinal plants in the western world. Among the numerous plant families, those
classified in the genre Asteracea are widely utilized for medicinal purposes related
to the brain. As an example, Wang et al. (2009) have demonstrated that Hand-Mazz,
a Chinese herbal medicine, significantly reduced the infarct volume and amelio-
rated the neurological deficit (Wang et al., 2009). In America, although native peo-
ple utilized plants with strong CNS effects such as Erythroxylon coca (coca)
(Biscoping and Bachmann-Mennenga, 2000), curare (Reynolds, 2005), or nicotine
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(Lu et al., 2009) for hundreds of years, the extended use of local plant extracts

for brain disorders is less prominent than in Asian populations. Nevertheless,

plants for symptoms of dementia have been widely utilized by indigenous people

(Chapter 26 this book) from diverse families, mainly Apocinaceae, Leguminosae,
Q2 and Bignoniaceae.

19.4 ACHYROCLINE SATUREIOIDES AND ITS FLAVONOIDS

Achyrocline satureioides (Lam) D.C. (Asteraceae) is a native medicinal herb known
by the popular name of “marcela” that grows in extensive regions of Uruguay,
Paraguay, Brazil, and Argentina. Its infusion is widely utilized for the treatment of
gastrointestinal disorders, as a menstrual regulator, as a sedative and as an antispas-
modic (Da Silva and Langeloh, 1994). A. satureioides has been shown to present a
potent free radical scavenging ability (Desmarchelier et al., 1998), and a recent paper
by Cosentino et al. (2008) has shown that A. satureioides has a modulatory role in the
production of inflammatory signals in human polynuclear blood cells (Cosentino
et al., 2008). Up to now, reported studies have focused on hepatoprotection, antitu-
mor, antiviral, cytotoxic, and immunomodulatory properties of A. satureioides
extracts (Puhlmann et al., 1992; Zanon et al., 1999; Kadarian et al., 2002), and its
infusions are also utilized as anti-atherosclerotic and for some nervous system
disorders (Ruffa et al., 2002; Taylor, 2002).

In particular, a study by Arredondo et al. (2004) was the first to show the cytopro-
tective capacity of A. satureioides against an oxidative insult in cell culture models.
In this study, treatments with other plant extracts such as Ginkgo biloba or Epilobium
parviflorum infusions showed no cytoprotective activity. An important contribution
of this work was to show that in spite of similar scavenging activities against the
ABTS radical, A. satureioides and Ginkgo biloba infusions had different protective
properties. Furthermore, Epilobium parviflorum infusion, which showed the highest
scavenger potency, did not protect cells from the oxidative insult (Arredondo et al.,
2004). Accordingly, in this work the scavenger activity of infusions did not correlate
with cytoprotective activity, suggesting that other mechanisms could be involved in
the A. satureioides infusion protective effect (Arredondo et al., 2004). The first clue
for the understanding of the different cytoprotective actions of A. satureioides,
Ginkgo biloba, and Epilobium parviflorum infusions was given by the analysis of
the flavonoid content which revealed a completely different profile. The total content
of flavonoids in A. satureioides infusion was more than 10-fold higher than the fla-
vonoid content of the other two infusions, which could be a clue for the differential
cytoprotective activity found.

Dietary flavonoids have received much attention over the past decade, and increas-
ing work is highlighting their potential health beneficial properties, including: anti-
inflammatory, antimutagenic, antiangiogenic, cardioprotective, and neuroprotective
effects (Benavente-Garcia and Castillo, 2008; Singh et al., 2008). They are the most
abundant of the polyphenolic compounds found throughout the Plantae kingdom
(Harborne, 1993; Andersen and Markham, 2006). Their chemical structure com-
prises two aromatic rings connected by a three carbon bridge, resulting in a
C6—C3—C6 skeleton (Williams, 1995; Figure 19.1). The main sub-classes of flavonoids
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3

FIGURE 19.1 Flavonoids basic structure.

are: flavonols, flavones, flavanones, flavan-3-ols, anthocyanidins, and isoflavones.
They can be found as free aglycones, although they mostly exist conjugated to gly-
cosides. Due to the extensive substitutions of their basic structure (sugars, hydroxyl
and alkyl groups, etc.), a diverse number of flavonoids can be found in nature
(Rice-Evans, 2001).

Focusing on flavonoid content of the three infusions in the study of Arredondo
et al. (2004), study, chromatographic analysis showed that while A. satureioides
flavonoids were similarly distributed in free and glycosylated forms, those included
in Ginkgo biloba and Epilobium parviflorum infusions were mainly glycosides.
Interestingly, further experiments with isolated flavonoids showed that rutin (a
quercetin glycoside) did not protect cells from the oxidative insult. Additionally,
two of the aglycones present in A. satureioides (quercetin and luteolin) showed
cytoprotective activity (Arredondo et al., 2004). These results supported the
hypothesis that aglycones could be the principal components responsible for the
A. satureioides cytoprotective activity, a hypothesis that could be extended to the
Asteraceae family which, in contrast with other plant families, contains mainly
aglycone flavonoids (Dajas et al., 2005). Furthermore, chronic pre-treatment dur-
ing 21 days with an A. satureioides decoction had neuroprotective effects in a
permanent middle cerebral artery occlusion (pMCAo) model in rats, reducing the
cerebral infarct size. The pre-treatment with the decoction during 7, 14, or 21 days
also improved significantly the behavioral deficits caused by pMCAo in all experi-
mental groups (F. Rivera, personal communication). In the same model, results
obtained by Rivera et al. (2004) gave support to the hypothesis that A. satureioides
flavonoids could be the active compounds involved in the neuroprotective potency
of this extract, by demonstrating that the administration of liposomal quercetin to
rats submitted to the focal ischemia by pMCAo, significantly decreased the lesion
volume and resulted in a clear-cut improvement of the behavioral indexes (Rivera
et al., 2004).

Globally, these studies suggest that, similarl to A. satureioides, extracts of medicinal
plants with high concentrations of flavonoids, particularly quercetin or quercetin-related
flavones could afford brain protection (Dajas et al., 2003a,b; Rivera et al., 2004).
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19.5 PLANT FLAVONOIDS AS PROMISING THERAPEUTIC
MOLECULES AGAINST NEURODEGENERATION

Traditionally, the beneficial effects of flavonoids have been attributed mainly to their
direct antioxidant free radical scavenger properties (Castelluccio et al., 1995; Rice-
Evans, 2001; Schroeter et al., 2002), although this concept seems to be an oversim-
plification. Indeed, there is now an accumulating evidence that flavonoids can act as
indirect antioxidants through the modulation of cell signaling pathways, and even
they can regulate cellular functions by mechanisms beyond antioxidant activity
(Nijveldt et al., 2001; Rice-Evans, 2001; Mandel et al., 2008; Spencer, 2009).

In the following paragraphs, we will present an overview of the potential working
mechanisms of flavonoids in the cell, which may underlie their beneficial effects in
the prevention and/or treatment of brain pathology. Besides, we will enumerate the
structural features that clearly identified a group of flavonoids that selectively protect
neurons. Regarding the myriad of additional functions of flavonoids in the organism,
we refer the reader to the many comprehensive reviews available (Middleton et al.,
2000; Nijveldt et al., 2001; Spencer et al., 2004).

19.5.1 WORKING MECHANISMS OF FLAVONOIDS

Focusing on antioxidant properties of flavonoids, the presence of phenolic groups gives
their direct antioxidant free radical scavenging capacity (Rice-Evans, 2001). Besides,
some flavonoids can chelate metals, preventing metal-catalyzed free radical formation
(Mandel et al., 2006). Additionally they can confer indirect antioxidant effects through
their capacity to interact and modulate enzyme activities such as xanthine oxidase (XO),
nitric oxide synthase (NOS), and so on (Middleton et al., 2000). Interestingly, many of
these mechanisms result in an anti-inflammatory effect. Recently, evidence from cell
studies suggests that flavonoids can influence gene expression by modulation of redox-
sensitive transcription factors such as Nuclear factor kB (NFxB), NF-E2-related fac-
tor-2 (Nrf2), and so on. These mechanisms result in part, in the induction of genes
encoding for pro-survival, detoxifying, and antioxidant proteins such as SODs, glutathi-
one peroxidases (GPx’s), glutathione-S-transferases (GST), NADPH:quinone oxi-
doreductases (NQOs), heme oxygenases (HOs), and y-glutamylcysteine synthetase
(y-GCS) (Seelinger et al., 2008; Granado-Serrano et al., 2010).

These direct and indirect antioxidant properties may, at least in part, contribute to
the disease-preventing effects of flavonoids as a result of the neutralization of the
cascade of oxidative events and inflammatory processes occurring in neurodegen-
erative and neurovascular diseases (Muir et al., 2007).

On the other hand, accumulating evidence suggests that the beneficial cellular
effects of flavonoids may be mediated by their nonantioxidant properties, for exam-
ple, their interactions with specific proteins crucial for intracellular signaling cas-
cades likely to affect cellular function and/or regulate gene expression (Williams
et al., 2004). Indeed, flavonoids are believed to act by modulating a number of pro-
tein kinase and lipid kinase signaling cascades, such as PI3 Kinase (PI3K/Akt),
tyrosine kinase, protein kinase C (PKC), and MAPK signaling pathways (Middleton
et al., 2000; Williams et al., 2004). Modulation of these pathways is likely to affect
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cellular function, leading to changes in caspase activity and gene expression. As
an example, it has been observed that, some flavonoids inhibit oxidant-induced
neuronal apoptosis via a mechanism involving the activation or phosphorylation of
signaling proteins important in the pro-survival pathways (Bourival et al., 2009).
Furthermore, flavonoids have the potential to bind to the ATP-binding sites of a large
number of proteins including mitochondrial ATPase, calcium plasma membrane
ATPase, protein kinase A and C, and topoisomerases (Spencer, 2007). In addition,
interaction with binding sites of several receptors has been reported, including
nuclear estrogenic receptors (Middleton et al., 2000).
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FIGURE 19.2 Scheme presenting antioxidant and nonantioxidant working mechanisms of
plant flavonoids and their cellular effects.
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The mechanisms enlisted above are proposed to be responsible of the numerous
effects of flavonoids within the brain including: pro and anti apoptotic effects, neu-
rotrophism, modulation of memory and learning, and cognitive function (Spencer,
2009) (see Figure 19.2 for a schematic view of flavonoid mechanisms of action).

19.5.2 STRUCTURAL CHARACTERISTICS UNDERLYING FLAVONOIDS EFFECTS

The structural diversity of these natural compounds offers the possibility to identify
the molecular substitutions required for different biological actions. For example,
some studies have demonstrated that the protective properties of flavonoids against
oxidative stress are structure-dependent. Indeed, their antioxidant potency has been
linked to the ortho-dihydroxy substitution in the B-ring and the presence of 2,3-unsat-
uration and a 4-carbonyl in the C-ring (see Figure 19.1) (Bors et al., 1990, Rice-
Evans et al., 1996). Their activity as metal ion chelators appears to be defined by the
presence of the ortho-dihydroxy substitution in the B-ring, the 4-carbonyl in the
C-ring and a 5-hydroxy substitution in the A-ring (Mira et al., 2002), while their pro-
oxidant properties would be associated with the number of hydroxyl groups present
in the molecule (Heim et al., 2002). In particular, the cytoprotective capacity of fla-
vonoids against different insults has been mainly attributed to their antioxidant
potency (Zhang et al. 2006; Cainelli et al., 2008). However, another work (Dajas
et al., 2003a,b), assessing the cytoprotective potency of several structurally related
flavonoids against oxidative stress, found that cytoprotection did not correlate with
the antioxidation potency. Recently, Echeverry et al. (2010) performed a structure—
activity relationship (SAR) study focusing on the protective effects of flavones against
oxidative stress in neuronal cultures. These results showed that only four of 13 fla-
vones studied exhibited neuronal protective activity, strongly indicating that specific
structural features are related to this action. Indeed, the hydroxy substitutions in the
A-ring (C5 and C7) and in position C3 (C-ring) of the flavones would be necessary
to afford neuroprotection, indicating that the structural requirements for neuronal
cell protection are different from those that afford antioxidant capacity (Echeverry
et al., 2010). The hydroxy substitution in position C3 (C-ring) has been previously
shown important in a wide range of biological activities such as scavenger activity
and anti-inflammatory effects (Arora et al., 1998; Theoharides et al., 2001). An
important and novel contribution of this work was that the ortho-dihydroxy substitu-
tion in the B-ring was not needed for protection (Echeverry et al., 2010).

While these results can be taken as strong evidence for a neuroprotective role of
flavonoids and for their structural characteristics underlying these effects, they also
open the question on how significant these experiments could be for a putative pro-
tection in vivo. It has to be taken into account that flavonoids undergo several and
important metabolic changes before and after they reach the blood.

19.6 BIOAVAILABILITY OF FLAVONOIDS IN THE BRAIN IN VIVO

Following the oral ingestion of flavonoids (aglycones or glycoside conjugates), only
a small percentage reaches the systemic circulation and tissues, and very little of the
absorbed compounds retains its original structure (Clifford, 2004; Figure 19.3).
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FIGURE 19.3 Plant flavonoids metabolization after oral intake. Low bioavailability of
dietary flavonoids is mainly due to highly efficient metabolization briefly described as fol-
lows. Glycoside conjugates hydrolysis by lactase phloridizin hydrolase (LPH) in the brush-
border of the small intestine epithelidal cells releases aglycones. LPH exhibits broad substrate
specificity for flavonoid-glucosides, and the released aglycone may then enter the epithelial
cells by passive diffusion as a result of its increased lipophylicity. An alternative hydrolysis
could take place by the cytosolic  glucosidase (CBG) following the active sodium-dependent
glucose transporter SGLT1 within the epithelial cells. Prior to passage into the blood stream
the aglycones undergo metabolism, forming sulfate, glucuronide, and/or methylated meta-
bolites through the respective action of sulfotransferases (SULT), uridine-5’-diphosphate
glucuronosyltransferases (UGTs), and catechol-O-methyltransferases (COMT). There is also
efflux of at least some of the metabolites back into the lumen of the small intestine and this is
thought to involve the multidrug resistance protein (MRP) and P-glycoprotein (P-gp). Once in
the bloodstream, metabolites can be subjected to phase II metabolism with further conver-
sions occurring in the liver, with high enterohepatic circulation transport, which results in
high levels of metabolites recycling back to the small intestine. Flavonoids and their metabo-
lites which are not absorbed in the small gut can be then absorbed in the large intestine but
will be subjected to the action of the colonic microflora.
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The percentage of intake that is absorbed varies with the structure of the aglycone
and its glycosides substitutions, and the food matrix. Each single flavonoid generates
several metabolites, although a few are majors. The exact yields and proportions
between them will vary with the individual’s genetic profile and its intestinal micro-
flora, and even more, Kawai et al. (2009) have recently demonstrated that the profiles
for quercetin metabolites could differ between two oral administration procedures.
Moreover, in regular dietary circumstances its half-life is shorter than the gap
between frequent consumption (Kawai et al., 2009).

When considering brain bioavailability, compounds have to pass through the
digestive system, to cross through the circulation, and to pass through the blood
brain barrier (BBB) to be taken by the CNS. This long process could explain some
controversial results. For example, it was demonstrated that after 8 weeks of sup-
plementation with blueberries, anthocyanins were present in the cortex and hip-
pocampus in rats (Shukitt-Hale et al., 2008). However, another similar work was
not able to detect the same compounds in rat brain after berry consumption
(Borges et al., 2007). Besides, few studies have shown the presence of free fla-
vonoids or their metabolites in the brain in normal or pathological conditions
(Abd El Mohsen et al., 2002; Youdim et al., 2004). In the case of ischemic pro-
cesses, neuroprotection could be explained by the facilitated entry of the mole-
cules into the brain once the selective permeability of the BBB is lost. On the
other hand, some of the papers showing neuroprotection in acute conditions uti-
lize a systemic route (Ossola et al., 2009). In these conditions, high concentrations
of aglycones in blood for a short period of time would facilitate the crossing of a
continuous or damaged BBB. The saturation of the conjugation systems is a pos-
sibility that has already been raised by some authors (Manach et al., 2004). When
these experimental results are considered together with the bioavailability studies
analyzed above, one of the first questions raised refers to the nature of the active
molecules in the brain: aglycones or metabolites? Different works show the pre-
dominant presence of metabolites in the brain in normal and pathological condi-
tions (Abd El Mohsen et al., 2002; Youdim et al., 2004) suggesting that they could
be the bioactive molecules. On the other hand, numerous in vitro or a few in vivo
studies (Abd EI Mohsen et al., 2002; Youdim et al., 2004) support the beneficial
effects of nonmetabolized flavonoids. This point could be better explored in case
of studying the effect on the brain of a preparation with free flavonoids in a drug
carrier, such as liposomes, which would delay flavonoid metabolization, facilitat-
ing BBB crossing. Rivera et al. (2004) demonstrated that while aqueous prepara-
tions of quercetin, fisetin, and catechin were undetected in the brain of rats up to
4 hours after an intraperitoneal single dose, quercetin and fisetin were detected in
the brain after 30 minutes if a liposomal preparation was administered by the
same way (Rivera et al., 2004). Furthermore, quercetin and fisetin liposomal
preparations demonstrated to decrease the volume of the ischemic lesion and the
recovery of the cyto-architecture in ischemic areas of striatum and cortex in rats
after pMCAo. However, catechin failed to protect brain tissue in this model. These
results indicate again the relevance of structural features of flavonoids for neuro-
protective effects.
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19.7 CONCLUDING REMARKS

To summarize, data reviewed in this work, either in vitro or in vivo, could be consid-
ered a strongly suggestive evidence for a protective role of Asteraceae plants, par-
ticularly A. satureioides, and its flavonoids on neurons in culture and on the brain
in vivo. The conditions for this protection are far from being homogeneous and very
important issues, such as the identification of the protective molecules and mecha-
nisms of action remain opened. Though much research still needs to be done in
several domains from toxicity to bioavailability, from the fundamental to the clinic,
medicinal plants could generate entirely new preparations exhibiting a potent family
of neuroprotective molecules in the brain.
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