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Acido desoxirribonucleico

Factor activador de proteasa apoptotica 1
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Proteina citotéxica antagonista de Bcl-2

Proteina pro-apoptotica X asociada a Bcl-2

Proteina anti-apoptoética Al relacionada con Bcl-2 aislada de

higado fetal

Proteina 2 de linfoma de células B

Proteina del linfoma de célula B extra larga

Proteina anti-apoptotica de linfoma de células B-W
Agonista de muerte del dominio que interactua con BH3
Proteina citotéxica que interactua con Bcl-2

Mediador de muerte que interactda con Bcl-2

Factor modificador de Bcl-2

Receptor de muerte 4

Receptor de muerte 5

Receptor de muerte, también denominado Apol o CD95R
Ligando del receptor de muerte Fas

Proteina pro-apoptotica de la familia Bcl-2 Harakiri
Proteina inhibidora de apoptosis

Concentracion de producto que inhibe la proliferacion celular a la

mitad



jun
Mcl-1

MEK

MLKL
NOXA
p53
PMSF
Puma
RIP
ROS
Smac/DIABLO
TNF
TNFR
TRADD
TRAIL
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Abreviaturas

Factor de transcripcion de la familia AP-1
Proteina anti-apoptotica de la familia Bcl-2

Proteina quinasa activada por mitdgenos/ quinasa regulada por

sefiales extracelulares

Proteina similar al dominio de quinasa de linaje mixto
Proteina pro-apoptética de la familia Bcl-2 que inactiva a Mcl-1
Proteina supresora de tumores

Fluoruro de fenilmetilsulfonilo

Modulador de la apoptosis inducido por p53

Proteina de interaccion con el receptor

Especies reactivas del oxigeno

Segundo activador de caspasas derivado de mitocondria
Factor de necrosis tumoral

Receptor del factor de necrosis tumoral

Dominio de muerte asociado al receptor de TNFR
Ligando inductor de apoptosis relacionado con TNF

Proteina inhibidora de la apoptosis
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Resumen

En la presente tesis doctoral se estudia la potencial actividad citotdxica de
una seleccion de compuestos, mayoritariamente sintéticos, pertenecientes a dos
grupos, los flavonoides y las lactonas sesquiterpénicas, frente a varias lineas

celulares de leucemia humana.

Dentro del primer grupo de compuestos, se ha llevado a cabo el estudio de la
citotoxicidad de una chalcona sintética seleccionada de una bateria de casi cien
compuestos analizados en estudios previos de nuestro grupo de investigacidn, y las
relaciones estructura-citotoxicidad de naftil-chalconas y sus correspondientes
compuestos ciclicos. En el grupo de las lactonas sesquiterpénicas analizamos los
mecanismos de accidn y de transduccion de sefiales de la espiciformina presente en
dos especies del género Tanacetum endémicas de las Islas Canarias, y su derivado

acetilado.

Los productos seleccionados son potentes inductores de la apoptosis en la
linea celular humana U-937. El proceso apoptético estuvo asociado con el
procesamiento y activacion de las caspasas iniciadoras y ejecutoras, con la
hidrélisis e 1nactivacion de la poli(ADP-ribosa) polimerasa (PARP), y con la
liberacion de proteinas mitocondriales, incluidas el citocromo ¢y Smac/DIABLO.
Las especies reactivas de oxigeno y las proteinas quinasas activadas por mitdgenos
estan implicadas en la muerte celular. Las células mononucleares humanas aisladas
de donantes sanos fueron mas resistentes que las células tumorales a los efectos

citotéxicos de los compuestos ensayados.
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La leucemia

La leucemia es un grupo heterogéneo de canceres hematoldgicos que afecta
predominantemente a la sangre periférica y la médula 6sea. Ocurre debido a las
alteraciones en los procesos reguladores celulares normales causando proliferacién
incontrolada de células madre hematopoyéticas en la médula 6sea. La leucemia
puede ser aguda o cronica, dependiendo de la velocidad de crecimiento y
propagacion del cancer, y mieloide o linfoblastica, dependiendo del tipo de células
a las que afecte. Es el tipo de cancer mas comun en nifios y adolescentes, aunque
también puede desarrollarse en cualquier franja de edad. Los distintos tipos de
leucemia presentan signos y sintomas generales como anemia, leucopenia, fatiga,

debilidad y susceptibilidad a las infecciones.

Uno de los principales tratamientos en la mayoria de los tipos de leucemia es
la quimioterapia [1], la cual se basa en el uso de farmacos. Los agentes
quimioterapéuticos se incorporan al torrente sanguineo y actian sobre las células
cancerosas por todo el organismo. A pesar de los recientes avances, que han
potenciado significativamente el conocimiento de la biologia de las células
tumorales y de las estrategias de diagnostico, la quimioterapia tiene serias
limitaciones [2,3]. Los tratamientos quimioterapéuticos disponibles actualmente
frente a los distintos tipos de cdncer son en general poco efectivos, presentan
selectividad cuestionable y serios efectos adversos y, a menudo, generan resistencias
y recaidas [1]. Por tanto, existe una necesidad urgente de desarrollar nuevas

entidades quimicas que mejoren la eficacia del tratamiento [4,5].
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Importancia de los compuestos naturales y sus derivados

En los ultimos afios la investigacion sobre nuevos medicamentos para ser
utilizados en oncologia se ha focalizado en los productos naturales [6].
Historicamente las plantas han jugado un papel fundamental en el descubrimiento
de farmacos potencialmente efectivos contra el cancer [7]. Las moléculas derivadas
de la naturaleza han desempefiado y continuan ejerciendo un papel clave en el
descubrimiento y desarrollo de medicamentos para el tratamiento de la mayoria de
las enfermedades. De hecho, los productos naturales constituyen una fuente
importante de farmacos antitumorales ya que el 65% de los tratamientos
quimioterapéuticos actuales estdn basados en ellos. Los productos aislados de
plantas son utiles porque se toleran mejor que los quimioterapéuticos sintéticos,
exhiben mecanismos de accidbn mas amplios y muestran una mayor afinidad contra
las dianas del cancer. Estos compuestos no solo ejercen efectos protectores, sino
que también poseen un impacto en las caracteristicas celulares distintivas del cancer

como son la sefializacion proliferativa sostenida y la resistencia a la apoptosis [8,9].

En particular, los metabolitos secundarios de origen vegetal han sido objeto
de un impresionante numero de estudios de investigacion [7]. Estos productos son,
en su mayoria, moléculas orgdnicas pequefias que no son esenciales para el
crecimiento, desarrollo y reproduccién de la planta pero que exhiben un amplio
espectro de propiedades farmacologicas, incluidas las actividades anticancerigenas
[3,10]. Estos compuestos estan presentes, en gran medida, en la dieta humana,
integrados en hierbas, frutas y verduras [10,11], muchas de las cuales se han

utilizado durante siglos en la medicina tradicional [12].

19



20

Introduccion

Las modificaciones sintéticas de los productos naturales para mejorar su
valor terapéutico a través de la optimizacion de la farmacocinética, la estabilidad, la
potencia y/o la selectividad, han generado varios farmacos exitosos. La
preparacion de bibliotecas de analogos derivados de compuestos naturales también
puede contribuir a una mejor comprension de los mecanismos moleculares de
accion de los compuestos naturales a través de estudios de las relaciones estructura-
actividad (SAR). En algunos casos los andlogos han mostrado mayor actividad,
incluso a través de un mecanismo de accidon diferente, y una efectividad superior
con respecto al modelo natural. De los metabolitos aislados de la naturaleza se han
desarrollado compuestos con actividad antiproliferativa potente frente a células
tumorales y con otras propiedades adicionales como son la actividad anti-
angiogénica, la actividad pro-apoptoética e inhibicion de la multirresistencia a

farmacos [13, 14].

Entre de los metabolitos secundarios con propiedades citotoxicas se
encuentran los compuestos polifenolicos, como los flavonoides [12,15,16], y los

terpenos, como las lactonas sesquiterpénicas [5,17].

Flavonoides

Los flavonoides son la familia mas numerosa de compuestos fenolicos en
vegetales, se encuentran presentes en casi todas las plantas y representan una de las
clases mas prevalentes de compuestos en la dieta humana. Son pigmentos vegetales
comestibles responsables de gran parte de la coloracién en la naturaleza [18].
Ademas, exhiben un amplio espectro de propiedades farmacolégicas incluidas las

actividades anticancerigenas. Los flavonoides pueden interferir en todas las fases de



Flavanol

Introduccion

la progresion del cancer al modular proteinas clave involucradas en la proliferacion,
diferenciacién, apoptosis, angiogénesis, metastasis y reversion de la

multirresistencia a farmacos [13, 15, 19, 20].

Los flavonoides contienen un esqueleto de 15 carbonos que consta de dos
anillos aromaticos, A y B, unidos a través de un anillo C heterociclico de pirano o
pirona (con un doble enlace) central. La modificacion de esta estructura basica, a
través de distintos niveles de oxidacion y sustituyentes del anillo C, es responsable
de las diferentes clases de flavonoides [17, 21] (Figura 1).

Flavonol

Flavanona
(o]

O

CH

Flavan-3-ol
(flavanol)

0.

Flavona 0

O

OH
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OH

Flavan-4-ol

o] OH
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o @
= Isoflavonoide
/

Antocianidina

Flavan-3,4-diol

CH

Figura 1. Estructuras basicas de los flavonoides. Las chalconas (1,3-difenil-2-
propen-1-onas) son los precursores biosintéticos de los flavonoides con estructura
abierta constan de dos anillos aromaticos unidos por un resto enona de tres
carbonos.
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Lactonas sesquiterpénicas

Las lactonas sesquiterpénicas son un grupo diverso de metabolitos
secundarios bioldgicamente activos que se encuentran mayoritariamente en plantas
(en particular en la familia Asteraceae) y en menor medida en hongos. Estas
moléculas exhiben multiples actividades bioldgicas incluyendo antioxidantes,
antiviricas, antiinflamatorias y aquellas relacionadas con la apoptosis y el cancer [3,

5,22].

La actividad anticancerigena de las lactonas sesquiterpénicas se ha descrito
para ceélulas tumorales de mama, ovario y pancreas, asi como en gliomas y
leucemia. La actividad antileucémica de estos compuestos se debe a la induccion de
diferentes tipos de muerte celular de los cuales la via apoptética es uno de los

principales mecanismos [5].

Las lactonas sesquiterpénicas son terpenoides de quince carbonos formados
a partir de la condensacion de tres unidades de isopreno y contienen un grupo
lactona. El anillo de y-lactona, generalmente con un grupo a-metileno, es esencial
para los efectos biologicos mediados por las lactonas sesquiterpénicas. Segun su
esqueleto carbonado, se clasifican principalmente en lactonas de tipo

germacranolida, eudesmanolida y guayanolida (Figura 2).



Introduccion

Lactona tipo germacranolida

o]
[¢]

Lactona tipo eudesmanolida ‘o
Lactona tipo guayanolida
0

Figura 2. Tipos principales de lactonas sesquiterpénicas. Las lactonas de tipo
eudesmanolida y guayanolida derivan de las germacranolidas.

El ciclo celular

La proliferacién celular viene determinada normalmente por las sefales
extracelulares que controlan la expresion génica y la regulacidén proteica requerida
para la division celular [23]. Durante la progresion tumoral, las células cancerosas
poseen la capacidad de proliferar independientemente de las sefiales exdgenas que
promueven o inhiben la proliferacion. Por lo tanto, el efecto antiproliferativo de
sustancias quimicas o farmacos sobre las células cancerosas es uno de los

mecanismos para ejercer su actividad anti-carcinogénica.

El ciclo celular de una célula eucariota se divide en cuatro fases: 1) Fase G,
que consiste en el intervalo entre la mitosis y el inicio de la replicacion del ADN;
durante esta fase la célula es metabdlicamente activa y esta creciendo. ii) Fase S o
de sintesis, donde ocurre la duplicacién del ADN. iii) Fase G,, que sigue a la fase S

y en la que la célula prosigue su crecimiento y se sintetizan proteinas necesarias

23
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para la mitosis. iv) Fase M, donde tiene lugar la mitosis con la consecuente divisién
nuclear, en la cual ocurre la separacidon de los cromosomas hijos y que,

normalmente, finaliza en la divisidn celular (citoquinesis) [24].

La progresién de las células animales a través del ciclo celular se regula
principalmente por factores de crecimiento extracelulares. Si estos factores no estan
disponibles en G, las células entran en un estado de reposo denominado G,
(células quiescentes). Las células en G, son metabdlicamente activas y no
proliferan; este estado es reversible y la mayoria de las células en humanos se

encuentran en esta fase [24,25].

La progresion a través del ciclo celular se regula en distintos puntos de
control. Los principales estan al comenzar en la fase S (punto de control G;-S),
antes de la mitosis (punto de control G,-M) y el punto de control en fase M que
controla la progresion en anafase (Figura 3). Estos puntos de control estan
regulados por multiples familias de proteinas como ciclinas, quinasas dependientes
de ciclinas (CDK), inhibidores de CDK (CKI) y supresores de tumores, incluido
p53 [26]. Estas proteinas favorecen o inhiben el avance del ciclo celular a la

siguiente fase o detienen el ciclo en el punto de control [27].
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Punto de

Punto de control del
control G,-M | huso
X M

G,

Puntode
control G,-S

Figura 3. Puntos de control del ciclo celular.

La apoptosis

La apoptosis es una forma de muerte celular programada que conduce a la
eliminacién ordenada y eficiente de las células durante el desarrollo o debido al
dafio en el ADN. La desregulacion de la muerte celular apoptdtica es una
caracteristica distintiva del cancer [28]. La alteracion de la apoptosis es responsable
no solo del desarrollo y la progresidén del tumor, sino también de su resistencia a las
terapias [19]. Por tanto, la inducciéon de la apoptosis estd reconocida como un

mecanismo eficiente para destruir células tumorales mediante quimioterapia.

La maquinaria de la apoptosis es compleja e involucra diferentes vias de
seflalizacion. La activacion de la apoptosis requiere de las caspasas, una familia de
cisteinproteasas que se expresan en las células como zimogenos inactivos
denominados pro-caspasas [30]. Estas enzimas se clasifican en al menos dos tipos.

Las caspasas iniciadoras (caspasa -2, -8, -9 y -10) son las responsables del comienzo

25
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de la via apoptética y las caspasas ejecutoras (caspasa -3, -6 y -7) degradan
multiples sustratos que provocan alteraciones bioquimicas (exposiciéon de la
fosfatidilserina en la superficie celular, fragmentaciéon del ADN) y finalmente
morfologicos (formacidén de ampollas en la membrana y cuerpos apoptoticos). La
translocacion de fosfatidil serina desde la cara interna a la cara externa de la
membrana plasmatica permite el reconocimiento de las células apoptoticas por los
macrofagos, permitiendo la fagocitosis sin la liberacion de componentes celulares
pro-inflamatorios [31]. Existen dos vias que desencadenan la activacién de la

apoptosis: la via intrinseca y la via extrinseca (Figura 4).

La via apoptotica intrinseca es dependiente de las mitocondrias y esta
mediada por sefales intracelulares en respuesta, tanto a la ausencia de factores de
crecimiento, de hormonas y de citoquinas, como a diferentes tipos de estrés como
radiacion, toxinas, hipoxia, presencia de radicales libres o tratamientos con agentes
quimioterapéuticos. Perturbaciones a nivel celular pueden activar a las proteinas
pro-apoptoticas de la familia Bcl-2, que median apoptosis dependiente de estrés
[31]. La familia de proteinas Bcl-2 comprende proteinas anti- y pro-apoptoticas que
se clasifican en tres subfamilias dependiendo de la homologia y las funciones de
cada proteina: (i) Proteinas anti-apoptdticas que se caracterizan por la presencia de
cuatro dominios de homologia Bcl-2, BH (BH1, BH2, BH3 y BH4) y por poseer
una regién hidrofébica C-terminal que localiza a estas proteinas en la superficie
exterior de la membrana mitocondrial con el resto de la proteina orientada al
citosol; éstas son Bcl-2, Bcl-xL, Bcl-w y Mcl-1. (i1) Proteinas pro-apoptoticas que
contienen tres dominios BH (BH1, BH2 y BH3) y una regiéon hidrofébica C-

terminal, como Bax, Bak, Bok y Bcl-Xs, esenciales para la liberacion de citocromo
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¢. (iii) Proteinas que solo contienen un dominio BH3; estas proteinas son pro-
apoptoticas y se subdividen en: activadoras (Bim y Bid), que actiian directamente
sobre Bax/Bak aumentando la permeabilidad de la membrana externa
mitocondrial, desplazando a las proteinas anti-apoptoticas que promueven la
supervivencia celular, y sensibilizantes (Bad, Bik, Bmf, Hrk, Noxa y Puma), que no
activan directamente a Bax/Bak sino que neutralizan a las proteinas anti-

apoptoticas [32-34].

La activacion de los miembros pro-apoptoéticos de la familia Bel-2 conducen
al aumento de la permeabilidad de la membrana externa mitocondrial, de modo
que las proteinas normalmente confinadas en el espacio intermembrana se liberan
al citosol, como el citocromo ¢y Smac/DIABLO [30]. El citocromo ¢ se une a
Apaf-1 (factor de activaciéon de la proteasa de apoptosis-1) y desencadena la
formacién de un complejo llamado apoptosoma, que recluta a la pro-caspasa-9,
permitiendo su activacion y favoreciendo su proteolisis [35]. Este procesamiento de
la caspasa-9 a su vez activa a las caspasas ejecutoras -3, -6 y -7 que escinden
multiples sustratos que conducen a la muerte celular apoptoética. La liberacion de
Smac/DIABLO al citosol promueve la apoptosis al unirse a las proteinas
inhibidoras de la apoptosis (IAPs) y facilitar su degradacion [36] (figura 4). La
expresion de niveles elevados de las proteinas anti-apoptoéticas, como Bcl-2 o Bcl-
xL ocurre en mas de la mitad de todos los canceres, lo que confiere resistencia a las
células tumorales frente a maultiples estimulos pro-apoptoéticos, incluidos los

desencadenados por la mayoria de los farmacos citotoxicos frente al cancer.

La via extrinseca se inicia por perturbaciones del microambiente extracelular

y activacion de los receptores de muerte en la superficie celular mediante la
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produccién de ligandos de muerte por células citotoxicas naturales o macrofagos,
que al unirse con los receptores de muerte en la membrana de la célula diana
activan a la procaspasa-8 [30]. Los receptores de muerte son miembros de la
superfamilia del factor de necrosis tumoral (TNF) e incluyen varios miembros
(TNFR1, Fas, DR4, DRS5) y cada receptor de muerte tiene su ligando
correspondiente (TNF, Fas-L., TRAIL). La unién de un ligando de muerte a su
correspondiente receptor resulta en el reclutamiento de procaspasa-8 monomérica a
través de su dominio efector de muerte (DED) a un complejo de sefalizacion
inductor de muerte (DISC) ubicado en el dominio citoplasmatico del receptor de
muerte unido a su ligando. El DISC también incluye una proteina adaptadora,
conocida como proteina con dominio de muerte asociado a FAS (FADD) o
proteina con dominio de muerte asociado al receptor de TNF (TNFR) (TRADD),
que facilita la interaccidon de la procaspasa-8 con el DISC [36]. El reclutamiento de
varios monomeros de procaspasa-8 al DISC da como resultado su dimerizacion y
activacion y el posterior procesamiento de las caspasas efectoras -3, -6 y -7 cuya
activacion conduce a la escision de sustratos esenciales para la viabilidad celular,

induciendo la muerte celular [38] (Figura 4).

Algunas células no mueren solamente en respuesta a la activacion de la via
extrinseca y requieren una etapa de amplificacién inducida por la caspasa-8. Esta
caspasa hidroliza a Bid y el producto resultante (tBid) activa a proteinas pro-
apoptoticas multidominio de la familia Bcl-2 para aumentar la permeabilidad de la

membrana externa mitocondrial [30,38].
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Figura 4. Representacion esquematica de las dos vias principales de la apoptosis, la
extrinseca y la intrinseca. Cada una requiere sefiales de activacion especificas para
comenzar una cascada de eventos moleculares dependientes de energia. Estas vias
estan conectadas y las moléculas de sefnalizacion de una via pueden influir en la
otra. Cada ruta activa sus propias caspasas iniciadoras que a su vez activaran a las
caspasas ejecutoras.

Estrés oxidativo

El estrés oxidativo es un fenomeno causado por el desequilibrio entre la
produccién y la acumulacion de especies reactivas de oxigeno (ROS) en células y
tejidos y su capacidad para neutralizar estos productos reactivos [39]. Este
desequilibrio puede producir apoptosis por activacion de la via mitocondrial
mediante estimulos tanto exdgenos como endodgenos. Las mitocondrias son el lugar
donde se producen la mayoria de estas especies quimicas intracelulares, como

resultado de la reduccion parcial de la molécula de oxigeno durante el transporte de
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electrones en la cadena respiratoria. Bajas concentraciones de H,0O, se han
relacionado con la induccion de respuestas de supervivencia celular, mientras que
concentraciones mas altas activan procesos de muerte como la apoptosis. Si el dafio
es demasiado grave, p53 activa la transcripcion de genes que codifican factores pro-
apoptoticos cruciales para inducir la via intrinseca de la apoptosis, como Bax, Bid,
Puma, Noxa y Apaf-1, y proteinas que activan la via extrinseca como Fas, DR-4 y
DR-5. Ademas, p53 citosoélico puede translocarse a las mitocondrias, donde puede
interactuar directamente y regular negativamente a proteinas anti-apoptoticas como
Bcl-2, Bel-xL y Mcl-1 y favoreciendo la actividad de las proteinas pro-apoptoéticas
Bax y Bak, que aumentan la permeabilidad de la membrana mitocondrial externa
permitiendo la liberacién de factores pro-apoptéticos como citocromo ¢. Ademas,
estas especies reactivas generadas en las mitocondrias pueden dafiar al ADN
mitocondrial y afectar a la biosintesis de las proteinas involucradas en el transporte
de electrones. La interrupcion de la funcion de la cadena respiratoria, aumenta la
generacion de ROS, y conlleva a la disipacion del potencial de la membrana
mitocondrial e inhibicién de la biosintesis de ATP [40]. Estos eventos culminan en
la activacion de la apoptosis a través de la via mitocondrial. La apoptosis
independiente de las caspasas implica la liberacion del factor inductor de apoptosis
(AIF) de las mitocondrias y su translocacion al nucleo [40]. Ademas, la activacién
de JNK por estrés oxidativo puede estimular la fosforilacion e inactivar factores
anti-apoptoticos como Bcl-2 y Bcl-xL, mientras que fosforila y activa a los
miembros pro-apoptoéticos de esta familia como Bid y Bax [41]. El estrés oxidativo
y la acumulacion mitocondrial de Ca** pueden desencadenar la apertura de poros
en la membrana mitocondrial, mediante un proceso conocido como transicién de

permeabilidad mitocondrial [40,41].
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El papel de los lisosomas y el reticulo endoplasmatico en la apoptosis

Los lisosomas son organulos dindmicos con multiples funciones bioldgicas
como reparacion de la membrana plasmatica, transduccion de sefales, presentacion
de antigenos y degradaciéon de macromoléculas con el fin de mantener la
homeostasis metabdlica, y pueden desempefiar un papel critico en el metabolismo
de las células tumorales [42]. El interior de los lisosomas es acido (pH 4,5 o
inferior) y contiene proteasas de la familia de las catepsinas, las hidrolasas
lisosdbmicas mejor caracterizadas [43]. Las células cancerosas dependen de la
funcion de los lisosomas y se han observado cambios en el volumen lisosomico y
localizacion subcelular durante la transformacion oncogénica [44], lo que favorece
que las células tumorales sean mas sensibles a posibles roturas del lisosoma con la
consecuente liberacion de catepsinas al citosol. La lisis de los lisosomas estd
asociada a la muerte celular pero el citosol contiene reguladores de la actividad de
las catepsinas llamadas cistatinas que inhiben las proteasas liberadas o activadas
accidentalmente. El grado de permeabilidad lisosomica determinara la cantidad de
catepsinas liberadas en el citosol. La descomposicion completa de los lisosomas
favorece la necrosis, mientras que si es parcial (suficiente para superar la proteccion
de las cistatinas) puede desencadenar apoptosis [45]. Algunas catepsinas pueden
favorecer la escision de Bid, lo que favorece la activacién de otros miembros pro-

apoptoticos de la familia Bcl-2 [43,45].

El reticulo endopldsmatico es una red membranosa dindmica y especializada
de tibulos alargados y discos aplanados, y abarca una gran drea del citoplasma.
Esta involucrado en varios procesos celulares y desempefa un papel importante en

la sintesis, plegamiento y maduracion estructural de mas de un tercio de todas las
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proteinas producidas en la célula [46]. Después de la translocaciéon cotraduccional
en el reticulo endoplasmatico, estas proteinas deben plegarse correctamente
mediante las chaperonas y modificarse (por N-glicosilacion, por ejemplo). Al menos
un tercio de todos los polipéptidos translocados se pliegan incorrectamente y, para
algunas proteinas, la tasa de éxito es mucho menor [47]. La acumulacion de
proteinas mal plegadas por encima de un umbral critico desencadena sefales
denominadas de estrés del reticulo endoplasmatico [43,48]. Si este es prolongado y
severo puede provocar la muerte celular mediada por caspasas a través de varios
mecanismos dependientes de proteinas transmembrana que regulan la respuesta al
estrés del reticulo endoplasmatico, como IREla (endorribonucleasa/quinasa
transmembrana la que requiere inositol) y PERK (proteina quinasa del reticulo
endoplasmatico que fosforila al factor de iniciacidon eucariota de la traduccidén
elF2a) [49,50]. La caspasa-4, localizada en el reticulo endoplasmatico, es escindida
y participa en la apoptosis inducida por Fas y TRAIL [51]. La activacién de JNK
mediada por IREla reprime la actividad de Bcl-2 y mejora la funcién de BIM (pro-
apoptdtica), favoreciendo asi la muerte celular [49,52]. La liberacion de Ca** desde
el reticulo endoplasmatico da como resultado la activacidén de calpainas activadas
por Ca** que escinden sustratos intracelulares relacionados con la sefializacion
apoptoética, incluidos Bid, Bax y caspasa-7 [44]. El Ca®' liberado también es
captado por las mitocondrias, lo que lleva a la apertura de poros y la

despolarizacidén de la membrana mitocondrial interna.
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Proteinas quinasas activadas por mitogenos (MAPK5s)

La ruta de sefializaciéon de las proteinas quinasas activadas por mitdgenos
(MAPKSs) desempefia un papel clave en la proliferacion y supervivencia celular y,
también, en la apoptosis [53,54]. Hay al menos tres grupos principales de MAPKs;
las proteinas quinasas reguladas por sefales extracelulares (ERK 1/2), las proteinas
quinasas activadas por mitogenos p38 (p38™4¥%s isoformas a, B, y, 8) y las proteinas
quinasas NH, terminal de c-Jun (JNK 1/2/3). Estas vias pueden activarse mediante
diversos estimulos celulares, incluidos factores de crecimiento, citoquinas y estrés
celular [55]. Esto conduce a una cascada de eventos de fosforilacion secuencial
compuesta por al menos cinco niveles de familias de quinasas [MAP4K, MAP3K,
MAP2K, MAPK, y proteinas quinasas activadas por MAPK (MK) u otras

proteinas [56] (Figura 5).

La familia de proteinas MAPKs juega un papel diverso y a veces
contradictorio en el desarrollo del cancer. La via ERK estd implicada
principalmente en la proliferacion, la diferenciacidén y la supervivencia, mientras
que las vias JINK y p38MAPX estan implicadas preferentemente en la inflamacion, la
apoptosis, la proliferacion y la diferenciacion. El resultado biologico de la
activacion de MAPKs depende de los estimulos, la intensidad/duracién de la sefial
y la especificidad del tipo de célula o tejido. Por ejemplo, la activacion transitoria
de JNK promueve la supervivencia celular, mientras que si la activacion es

prolongada induce apoptosis [56].
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Figura 5. Cascadas de sefializacién de las proteinas quinasas activadas por mitogenos
(MAPKSs). Las rutas de sefializacion de las MAPKs median la transmision de sefiales
extracelulares hasta las proteinas efectoras que alteran la proliferacion y la supervivencia
celular.
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Justificacion

El cancer se encuentra entre las principales causas de mortalidad a nivel
global, representando un importante problema de salud publica. A pesar de los
grandes esfuerzos en investigacion para comprender los procesos y 1os mecanismos
moleculares, la incidencia mundial del cancer aumenta anualmente y la mortalidad
total ha superado a muchas otras enfermedades, siendo la segunda causa de muerte
en Espafia. En el 2018 se notificaron 18 millones de nuevos casos en el mundo y 9,5
millones de fallecidos, y se prevé que en el afio 2040 afecte a 29,5 millones de

personas.

En particular, la leucemia es responsable de mas de 300.000 muertes en el
mundo en el afio 2018, con casi 440.000 casos nuevos ese mismo afio segun la
Organizacién Mundial de la Salud. La mayoria de leucemias que se producen en
nifios y adultos son agudas; y segun la Sociedad Americana contra el Cancer, tres
de cada cuatro leucemias infantiles son leucemia linfocitica aguda, mientras que en
adultos la leucemia mieloide aguda es el tipo mas comun. Solamente alrededor del
20% de las personas con mas de 20 afios que han sido diagnosticadas de leucemia
aguda sobreviven cinco o mas afios, aumentando la supervivencia hasta

aproximadamente el 70% en el caso de los nifios.

En las altimas décadas se han conseguido grandes avances en el desarrollo
de nuevos compuestos mas selectivos contra el cancer, pero los tratamientos
actuales aun presentan graves inconvenientes. Por lo tanto, es necesaria la
busqueda de nuevos agentes quimioterapéuticos con mejores propiedades que los

ya existentes.



Justificacion

El presente trabajo se ha enfocado en el estudio de nuevos productos
potencialmente quimioterapéuticos que presentan citotoxicidad selectiva frente a
las células leucémicas humanas. Los compuestos seleccionados surgieron de los
conocimientos previos de su citotoxicidad y fueron escogidos, en todos los casos,
mediante estudios SAR. La chalcona sintética 6’-benciloxi-4-bromo-2’-
hidroxichalcona fue seleccionada de una coleccion de alrededor de 100 flavanonas
y chalconas con distintos sustituyentes. La seleccion de la flavanona 6-metoxi-2-
(naftalen-1-i1) croman-4-ona se llevd a cabo a través de estudios de SAR de diez
naftilchalconas y sus correspondientes flavanonas. En el caso de la lactona
sesquiterpénica espiciformina y su derivado acetilado, fueron seleccionados de
estudios fitoquimicos de endemismos canarios y de estudios previos sobre la
citotoxicidad en células tumorales de compuestos conteniendo el grupo funcional a-

metilen-y-lactona.
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Objetivos

OBJETIVO GENERAL

Estudiar la citotoxicidad e investigar las vias de transduccidén de sefales de

muerte celular de potenciales compuestos antileucémicos.

OBJETIVOS ESPECIFICOS

Articulo 1

Estudiar los efectos citotoxicos de una serie de chalconas conteniendo como
sustituyentes un atomo de bromo y/o un radical benciloxi y explorar las cascadas
de sefializacién implicadas en la accién biologica del compuesto mas potente,

utilizando como modelo de estudio lineas celulares de leucemia humana.

Articulo 2

Evaluar la actividad antiproliferativa de un grupo de naftil-chalconas y sus
correspondientes flavanonas sintéticas e investigar las vias de sefializacion activadas
por el compuesto mas potente, utilizando como modelo de estudio la linea celular

leucémica de origen humano U-937.

Articulo 3
Investigar la potencial citotoxicidad de la espiciformina y su derivado
acetilado, y caracterizar las vias de sefializacion implicadas en células tumorales

humanas.
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En esta tesis doctoral se ha analizado el potencial papel citotoxico de
compuestos de origen natural y sintéticos pertenecientes a dos grupos, los
flavonoides y los terpenoides, frente a células leucémicas. Las lineas celulares
utilizadas fueron de leucemia mieloide aguda (U-937 y HL-60), leucemia mieloide
cronica (K-562) y leucemia linfoblastica aguda (NALM-6 y MOLT-3), y las lineas
celulares U-937/Bcl-2 y K-562/ADR, que sobreexpresan Bcl-2 y la glicoproteina P,
respectivamente, responsables de la resistencia a la quimioterapia. Se han
investigado las vias de transduccion de sefiales de muerte celular de los productos
mas potentes y elucidado los mecanismos moleculares implicados. Algunos de los
compuestos estudiados bloquean la expresion de proteinas involucradas en la
quimiorresistencia. Ademas, se analizo la citotoxicidad de los compuestos, no solo
en células tumorales humanas, sino también en células mononucleares humanas

aisladas de donantes sanos, siendo éstas ultimas mas resistentes.

Este trabajo de investigacion se ha llevado a cabo en el Departamento de
Bioquimica y Biologia Molecular, Fisiologia, Genética e Inmunologia por el Grupo
de Investigacién Reconocido A+ “Bioquimica Farmacologica” del Instituto
Universitario de Investigaciones Biomédicas y Sanitarias (IUIBS) de la ULPGC,
Unidad Asociada al Consejo Superior de Investigaciones Cientificas (CSIC) a

través del Instituto de Productos Naturales y Agrobiologia (IPNA).

Los productos organicos de esta Tesis han sido obtenidos tanto por los
integrantes del Grupo de Investigacion de la ULPGC como del IPNA del CSIC.
Los trabajos realizados se han publicado en tres revistas internacionales indexadas

en el Journal Citation Reports, situadas en el primer cuartil en las categorias de
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ARTICLE INFO ABSTRACT

Keywords: In this study, we investigated the effects of synthetic 6’-benzyloxy-4-bromo-2’-hydroxychalcone on viabilities of
Apoptosis seven human leukaemia cells. It was cytotoxic against U-937, HL-60, K-562, NALM-6, MOLT-3 cells, and also
Caspase.s ) against Bcl-2-overexpressing U-937/Bcl-2 cells and P-glycoprotein-overexpressing K-562/ADR, but had no sig-
g’l:;g;’;‘:lty nificant cytotoxic effects against quiescent or proliferating human peripheral blood mononuclear cells. This

chalcone is a potent apoptotic inducer in human leukaemia U-937 cells. Cell death was (i) mediated by the
activation and the cleavage of initiator and executioner caspases and poly(ADP-ribose) polymerase; (ii) pre-
vented by the pan-caspase inhibitor z-VAD-fmk, and by the selective caspase-3/7, —6 and — 8 inhibitors, and by
a cathepsins B/L inhibitor; (iii) associated with the release of mitochondrial proteins, including cytochrome ¢
and Smac/DIABLO; (iv) accompanied by dissipation of the mitochondrial membrane potential, (v) partially
blocked by the inhibition of p38*PX and (vi) mostly abrogated by catalase. In conclusion, the synthetic chalcone
is cytotoxic against several types of human leukaemia cell with apoptosis being induced by activation of the

extrinsic pathway and the generation of reactive oxygen species.

1. Introduction

Flavonoids are natural products that exhibit a wide array of phar-
macological properties, including chemoprotective and chemother-
apeutic activities [1]. Chalcones (1,3-diphenyl-2-propen-1-ones) are
biosynthetic precursors of flavonoids and can be considered as flavo-
noids with an open structure. These compounds are commonly found in
fruits and vegetables, and some of them are potential anticancer agents
[2]. Two structural characteristics are important in determining their
anti-proliferative effects on cancer cells: (i) the presence of hydroxy
group/s in the chalcone skeleton and (ii) the conjugated enone system.
Hydroxy derivatives of chalcone display more potent antiproliferative
properties compared to the other chalcone derivatives and the presence
of the central double bond plays a crucial role [3,4]. Naturally occur-
ring and synthetic chalcones have been identified for modulating key
pathways or molecular targets in cancer including apoptotic pathways
[5]. Apoptosis induction is recognized as an efficient mechanism for

destroying malignant tumour cells using chemotherapy [6]. This kind
of cell death can be executed by aspartate-specific cysteine proteases,
the caspases, which are activated by two main pathways [7,8]. The
extrinsic pathway is initiated with the activation of the tumour necrosis
factor receptor superfamily (TNF) or Fas receptor, involved in the re-
cruitment and activation of the initiator caspase-8 or -10, which acti-
vate the effector caspases (—3, —6 and —7) [9]. The intrinsic pathway
involves permeabilization of the mitochondrial outer membrane by the
activation of the pro-apoptotic proteins Bax and Bak of the Bcl-2 family
proteins [10]. This induces cytochrome c release in the cytosol which
associates with Apaf-1 (apoptotic protease-activating factor 1) in a
multimeric complex called the apoptosome. Initiator caspase-9 is then
activated which in turn activates the effector caspases [11].

Although chalcone derivatives exhibit cytotoxicity against different
tumour cell lines, little is known about the mechanism of action of these
compounds. It has recently been reported that flavonoids with halogen
substituents in the B ring show improved cytotoxicity against cancer

Abbreviations: CHAL, 6’-benzyloxy-4-bromo-2’-hydroxychalcone; H,-DCF-DA, 2’,7’-dichlorodihydrofluorescein diacetate; ICso, 50% inhibition of cell growth; MTT,
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; ROS, reactive oxygen species
* Corresponding author. Departamento de Bioquimica y Biologia Molecular. Universidad de Las Palmas de Gran Canaria, Paseo Blas Cabrera Felipe s/n, Las Palmas

de Gran Canaria, 35016, Spain.
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cells relative to methoxylated, methylated or hydroxylated analogues
[12]. In a previous report we described a synthetic flavonol containing
a bromine atom at position 4’ of the B ring that showed cytotoxic
properties against human myeloid HL-60 tumour cells [13]. In addition,
we have recently described how the introduction of two benzyloxy
groups at positions 3’and 4’on the B ring of the flavonol skeleton en-
hances the cytotoxicity of the polyphenolic structure [14]. Moreover,
Bu and coworkers have shown how the ortho-aryl substitution in the A
ring is likely to be very important [15]. Since the presence of a bromine
atom as well as a benzyloxy group may play an important role in the
cytotoxic properties of chalcones we decided to synthesize new deri-
vatives and explore the impact on human myeloid U-937 tumour cells.

In this study we synthesized 6’-benzyloxy-4-bromo-2’-hydro-
xychalcone (CHAL) and studied i) its potential cytotoxic effects against
a panel of human leukaemia cells and ii) the signal transduction
pathways involved in the mechanism of cell death.

2. Materials and methods
2.1. Reagents

Compounds used as starting material and reagents were obtained
from Aldrich Chemical Co. or other chemical companies and used
without further purification. Nuclear Magnetic Resonance (NMR): H
and '3C NMR spectra were obtained on a Bruker model AMX-400
spectrometer with standard pulse sequences operating at 500 in *H and
125 MHz in 3C NMR. CDCl; was used as solvent. Chemical shifts () are
given in ppm relative to the residual solvent signals, and coupling
constants (J) are reported in hertz. High resolution ESI mass spectra
were obtained from a Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometer, an RF-only hexapole ion guide, and an external
electrospray ion source. IR spectra were recorded using a Bruker model
IFS-55 spectrophotometer. Melting points were determined on a Biichi
B-540 apparatus and are uncorrected. Analytical thin layer chromato-
graphy (TLC) was performed using silica gel 60 (230-400 mesh) alu-
minum sheets. All commercially available chemicals were used without
further purification.

2’-Hydroxychalcone, 4-bromo-2’-hydroxychalcone and 6’-benzy-
loxy-2’-hydroxychalcone were obtained by synthesis following estab-
lished protocols and have been previously described. The spectroscopic
data were compared with those described in the literature in order to
confirm the structures [12,16,17]. The inhibitors benzyloxycarbonyl-
Val-Ala-Asp(OMe) fluoromethyl ketone (z-VAD-fmk), benzylox-
ycarbonyl-Val-Asp(OMe)-Val-Ala-Asp(OMe) fluoromethyl ketone (z-
VDVAD-fmk), benzyloxycarbonyl-Asp(OMe)-Glu(O—Me)-Val-Asp
(O—Me) fluoromethyl ketone (z-DEVD-fmk), benzyloxycarbonyl-Ile-
Glu-Thr-Asp(OMe) fluoromethyl ketone (z-IETD-fmk), benzylox-
ycarbonyl-Leu-Glu-His-Asp(OMe) fluoromethyl ketone (z-LEHD-fmk),
Ac-LEVD-CHO (N-acetyl-Leu-Glu-Val-Asp-CHO), PD98059, U0126,
SP600125, SB203580, MeOSuc-Phe-Homo-Phe-fluoromethyl ketone
(Mu-Phe-HPh-fmk; cathepsins B and L inhibitor) and pepstatin A were
purchased from Sigma (Saint Louis, MO, USA). The caspase inhibitor
Ac-VEID-CHO (N-acetyl-AAVALLPAVLLALLAPVEID-CHO) was from
Calbiochem (Darmstadt, Germany). Acrylamide, bisacrylamide, am-
monium persulfate and N,N, N’,N’-tetramethylethylenediamine were
from Bio-Rad (Hercules, CA, USA). Antibodies for caspase-3, caspase-7,
caspase-8 and caspase-9 were purchased from Stressgen-ENZO (Vic-
toria, British Columbia, Canada). Anti-caspase-6 and anti-caspase-4
monoclonal antibodies were from Medical & Biological Laboratories
(Nagoya, Japan). Monoclonal anti-3-Actin (clone AC-74) was purchased
from Sigma (Saint Louis, MO, USA). Monoclonal anti-human Bcl-2 was
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Polyclonal anti-
human Bax and Bid antibodies and monoclonal anti-cytochrome ¢ and
poly(ADP-ribose) polymerase (PARP) antibodies were from BD Phar-
mingen (San Diego, CA, USA). Monoclonal antibody for Smac/DIABLO
was from BD Transduction Laboratories. Secondary antibodies were
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from GE Healthcare Bio-Sciences AB (Little Chalfont, UK). PVDF
membranes were from Millipore (Temecula, CA, USA). All other che-
micals were obtained from Sigma (Saint Louis, MO, USA).

2.1.1. General procedure for the synthesis of 6’-benzyloxy-4-bromo-2’-
hydroxychalcone (3)

A mixture of the acetophenone 1 (5-10 mmol, 1 equiv.) and the
corresponding aldehyde 2 (1 equiv.) in EtOH (20-40 ml) was stirred at
room temperature. Then, a 50% aqueous solution of NaOH (5-8 ml)
was added. The mixture was stirred at room temperature until the al-
dehyde had completely reacted. After that, HCl (10%) was added until
neutrality. The solid was filtered and crystallized from MeOH. The
chalcone 3 was isolated as an orange solid (80%), mp 146-147 °C. IR
(KBr, cm ™) vmae 3441, 3034, 1632, 1579, 1555, 1485, 1475, 1450,
1401, 1338, 1327, 1235, 1203, 1177, 1073, 1028, 1008, 972, 987, 816.
'H NMR (500 MHz, CDCl3) § = 13.39 (s, 1H); 7.73 (d, J = 15.6 Hz,
1H); 7.53 (d, J = 15.6 Hz, 1H); 7.41-7.38 (m, 2H); 7.38-7.34 (m, 1H);
7.33-7.27 (m, 3H); 7.21 (d, J = 8.4 Hz, 2H); 6.80 (d, J = 8.7 Hz, 2H);
6.56 (dd, J = 8.4, 1.0 Hz, 1H); 6.45 (dd, J = 8.3, 1.0 Hz, 1H); 5.01 (s,
2H). *C NMR (125 MHz, CDCls) § = 194.2, 165.6, 160.3, 141.7, 136.2,
135.5, 134.0, 131.9, 129.8, 128.9, 128.7, 128.6, 128.3, 124.2, 111.6,
111.4, 102.2, 71.4. HRMS (ESI-FT-ICR) m/z: 409.0263 [M-H]; calcd.
for CaoH16035%'Br: 409.0262.

2.2. Cell culture and cytotoxicity assays

U-937, HL-60, K-562, NALM-6 and MOLT-3 cells were from DSMZ
(German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany). U-937/Bcl-2 cells were kindly provided by
Dr. Jacqueline Bréard (INSERM U749, Faculté de Pharmacie Paris-Sud,
Chatenay-Malabry, France) and K-562/ADR, a cell line resistant to
doxorubicin was provided by Dr. Lisa Oliver (INSERM, Nantes, France).
The U-937 is a pro-monocytic, human myeloid leukaemia cell line
which was isolated from a histiocytic lymphoma. HL-60 is an acute
myeloid leukaemia cell line. K-562 is a chronic myeloid leukaemia cell
line. NALM-6 is a human B cell precursor leukaemia. MOLT-3 is an
acute lymphoblastic leukaemia cell line.

Cells were cultured in RPMI 1640 medium containing 10% (v/v)
heat-inactivated fetal bovine serum, 100 pg/ml streptomycin and 100
U/ml penicillin, incubated at 37 °C in a humidified atmosphere con-
taining 5% CO,, as described [18]. The doubling times of the cell lines
were 30 h in U-937, U-937/Bcl-2, K-562 and K-562/ADR, 24 h in HL-60
and 40 h in NALM-6 and MOLT-3. K-562/ADR was cultured in presence
of 200 ng/ml doxorubicin. Human peripheral blood mononuclear cells
(PBMC) were isolated from heparin-anticoagulated blood of healthy
volunteers by centrifugation with Ficoll-Paque Plus (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden). PBMC were also stimulated with phy-
tohemagglutinine (2 ug/ml) for 48 h before the experimental treatment.
The trypan blue exclusion method was used for counting the cells by a
hematocytometer and the viability was always greater than 95% in all
experiments. The cytotoxicity of chalcone 3 (6’-benzyloxy-4-bromo-2’-
hydroxychalcone, CHAL) was evaluated by colorimetric 3-(4,5-di-
methyl-2-thiazolyl-)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay
as previously described [19]. Chalcone 3 was dissolved in DMSO and
kept under dark conditions at 25 °C. Before each experiment the chal-
cone was dissolved in culture media at 37 °C and the final concentration
of DMSO did not exceed 0.3% (v/v).

2.3. DNA fragmentation

Cells were harvested by centrifugation, washed twice with PBS,
resuspended in 30 pl of lysis buffer [50 mM Tris-HCl (pH 8.0) 10 mM
EDTA and 0.5% SDS] and incubated sequentially with 1 ug/pl de RNase
A for 1 hat 37 °C and 1 pug/pl of proteinase K for 1 hat 50 °C. Two pl of
bromophenol blue (0.25%) was added and DNA was extracted with
100 pl of the mixture [phenol: chloroform: isoamyl alcohol (25: 24: 1)].
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Samples were centrifuged at 12,000 xg for 1minat 25°C and the
aqueous phases were extracted with 100 pl chloroform. Five pl of
loading buffer [10 mM EDTA (pH 8.0), with 1% (w/v) of low melting
point agarose, 0.25% bromophenol blue and 40% sucrose] was added
and the mixture was incubated at 70 °C during 10 min. The samples
were separated in a 1.8% agarose gel by electrophoresis at 5V/cm
during 3-4 h, in TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0).
The gel was stained with ethidium bromide (1 pg/ml) during 20 min,
exposed to UV illumination and the image captured by the DC290 Zoom
Digital Camera (Kodak, Rochester, NY, USA).

2.4. Fluorescent microscopy analysis

Cells were washed with PBS and fixed in 3% paraformaldehyde for
10 min at room temperature. The paraformaldehyde was removed by
centrifugation (12,000 X g, 1 min, 25 °C) and the samples were stained
with 20 pg/ml of bisbenzimide trihydrochloride (Hoechst 33258) in
PBS at 25 °C during 15 min. An aliquot of 10 ul of the mixture was used
to observe the stained nuclei with a fluorescent microscopy (Zeiss-
Axiovert).

2.5. Quantification of hypodiploid cells and flow cytometry analysis of
annexin V-FITC and propidium iodide-stained cells

Flow cytometric analysis of propidium iodide-stained cells was
performed as previously described [20]. Briefly, cells (2.5 x 10°) were
centrifuged for 10 min at 500 x g, washed with cold PBS, fixed with ice-
cold 75% ethanol and stored at —20°C for 1h. Samples were then
centrifuged at 500 X g for 10 min at 4 °C, washed with PBS, resuspended
in 200 ul of PBS containing 100 pg/ml RNase A and 50 ug/ml propi-
dium iodide and incubated for 1h in the dark. The DNA content was
analyzed by flow cytometry with a BD FACSVerse™ cytometer (BD
Biosciences, San Jose, CA, USA). Flow cytometric analysis of annexin V-
FITC and propidium iodide-stained cells was performed as described
[20].

2.6. Assay of caspase activity

Caspase activity was determined by measuring proteolytic cleavage
of the chromogenic substrates Ac-DEVD-pNA (for caspase-3 like pro-
tease activity), Ac-IETD-pNA (for caspase-8 activity) and Ac-LEHD-pNA
(for caspase-9 activity) as previously described [20].

2.7. Western blot analysis

Cells were harvested by centrifugation (500 % g, 10 min, 4 °C) and
pellets were resuspended in lysis buffer [1% Triton X-100, 10 mM so-
dium fluoride, 2mM EDTA, 20 mM Tris-HCl (pH 7.4), 2mM tetra-
sodium pyrophosphate, 10% glycerol, 137 mM NacCl, 20 mM sodium [3-
glycerophosphate], with the protease inhibitors phenylmethylsulfonyl
fluoride (PMSF, 1 mM), aprotinin, leupeptin, and pepstatin A (5 pg/ml
each) and kept on ice during 15 min. Cells were sonicated on ice five
times (5s each, with intervals between each sonication of 5s) with a
Braun Labsonic 2000 microtip sonifier and centrifuged (11,000 X g,
10 min, 4 °C). Bradford's method was used to determine protein con-
centration. The samples that were loaded in sodium dodecyl sulphate-
polyacrylamide gel (from 7.5 to 15% depending on the molecular
weight of interest) were prepared with the same amount of protein and
boiled for 5min. The proteins were transferred to a poly(vinylidene
difluoride) membrane for 20hat 20 V. The membrane was blocked
with 10% nonfat milk in Tris-buffered saline [50 mM Tris-HCl (pH 7.4),
150 mM NacCl] containing 0.1% Tween-20 (TBST) for 1 h, followed by
incubation with specific antibodies against caspase-3, caspase-4, cas-
pase-6, caspase-7, caspase-8, caspase-9, Bax, Bcl-2, B-actin and poly
(ADP-ribose)polymerase overnight at 4 °C. Membranes were washed
three times with TBST and incubated for 1 h with the specific secondary
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antibody and the antigen-antibodies complexes were visualized by en-
hanced chemiluminescence using the manufacturer's protocol.

2.8. Subcellular fractionation

Cells were harvested by centrifugation (500 x g, 10 min, 4 °C) and
washed two times with cold PBS at 4 °C. The pellets were resuspended
in buffer [20mM HEPES (pH 7.5), 1mM EDTA, 0.1 mM phe-
nylmethylsulfonyl fluoride, 1.5mM MgCl,, 1 mM EGTA, 10 mM KCl,
1 mM dithiothreitol, and 5 pg/ml leupeptin, aprotinin, and pepstatin A]
with 250 mM sucrose. The samples were incubated during 15 min on ice
and lysed 10 times with a 22-gauge needle. The lysates were cen-
trifuged (1,000 x g, 5 min, 4 °C). The supernatants were centrifuged at
105,000 x g for 45 min at 4 °C, and the resulting supernatant was used
as the soluble cytosolic fraction and analysed by immunoblotting with
specific antibodies against Smac/DIABLO and cytochrome c.

2.9. Analysis of mitochondrial membrane potential (A¥,,) and intracellular
reactive oxygen species (ROS) determination

The mitochondrial membrane potential was measured by flow cy-
tometry using the fluorochrome 5,5%,6,6-tetrachloro-1,1%,3,3’-tetra-
ethylbenzimidazolylcarbocyanine iodide (JC-1) and intracellular ROS
were detected by flow cytometry using the probe 2’,7’-di-
chlorodihydrofluorescein diacetate (H,-DCF-DA). Flow cytometric
analysis was carried out using a BD FACSVerse™ cytometer (BD
Biosciences, San Jose, CA, USA). All of the methods have been de-
scribed in detail elsewhere [21].

2.10. Statistical methods

Statistical differences between means were tested using (i) Student's
t-test (two samples) or (ii) one-way analysis of variance (ANOVA) (3 or
more samples) with Tukey's test used for a posteriori pairwise compar-
isons of means. A significance level of P < 0.05 was used.

3. Results

3.1. The synthetic chalcone, 6’-benzyloxy-4-bromo-2’-hydroxychalcone,
inhibits the viability of human leukaemia cells

Preliminary studies on U-937 cells revealed that the 2’-hydro-
xychalcone derivative containing a bromine atom at position 4 and a
benzyloxy at position 6° (CHAL) displays a higher cytotoxic potency
[ICsp (50% inhibition of cell growth) = 4.4 + 1.1 uM] than the 2’-
hydroxychalcone (ICso = 42.0 = 6.5uM) and also than the analogue
containing a bromine atom at position 4 (ICso = 17.0 = 2.0 uM). The
2’-hydroxychalcone containing a benzyloxy group at position 6’ dis-
plays a similar cytotoxic potency than CHAL (ICsp = 5.0 = 2.6 pM).
Since we were interested in the study of halogen chalcones, CHAL was
selected to determine its cytotoxic properties in several human leu-
kaemia cells. In addition, the precursor 4-bromobenzaldehyde for CHAL
synthesis is more stable than benzaldehyde itself used in the synthesis
of 6’-benzyloxy-2’-hydroxychalcone. Synthesis of CHAL was carried out
using a standard strategy for the generation of chalcones and involved
an aldol condensation reaction in basic media to generate the desired
chalcone 3 (Fig. 1A) [22,23].

CHAL was found to have strong cytotoxic properties with ICsq va-
lues of approximately 5puM against the seven human leukaemia cell
lines tested (Table 1), including the human histiocytic lymphoma U-
937, the human chronic myeloid leukaemia K-562, the human acute
myeloid leukaemia HL-60, the human B cell precursor leukaemia
NALM-6, the acute lymphoblastic leukaemia MOLT-3 and cell lines
over-expressing Bcl-2 (U-937/Bcl-2) and the glycoprotein P (K-562/
ADR). For comparison, the standard antitumor agent etoposide was
included as a positive control for U-937 (ICso = 1.2 = 0.3 uM), HL-60
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(ICs0 = 0.3 £ 0.1 uM) and MOLT-3 (IC5¢ = 0.2 = 0.1 uM). Treatment
with this chalcone resulted in a concentration-dependent inhibition of
cell viability (Fig. 1B) and induced significant morphological changes
and an important reduction in the number of cells (Fig. 1C). In addition,
quiescent and proliferating peripheral blood mononuclear cells were
more resistant than U-937 cells, even at 30 uM CHAL (Fig. 1D). These
results indicate that CHAL displays strong cytotoxic properties against
leukaemia cells but has only weak cytotoxic effects against peripheral
blood mononuclear cells (PBMCs) and also that the overexpression of
the Bcl-2 protein and glycoprotein P did not confer resistance to CHAL-
induced cytotoxicity.

3.2. CHAL induces apoptosis on human leukaemia cells

To elucidate the mechanism responsible for inhibition of cell via-
bility, we investigated whether CHAL induces apoptosis. To this end,

we analysed the nuclei of treated cells (10 uM CHAL for 24 h) using
fluorescent microscopy after staining with the fluorochrome bisbenzi-
mide trihydrochloride (Hoechst 33258) and observed condensation and
fragmentation of chromatin in U-937 cells but not in U-937/Bcl-2 cells
(Fig. 2A). Agarose gel electrophoresis showed typical DNA fragmenta-
tion caused by internucleosomal hydrolysis of chromatin after treat-
ment with 10 pM CHAL for 24 h (Fig. 2B). Evaluation of the percentage
of sub-G; (hypodiploid) cells by flow cytometry showed that the per-
centage of apoptotic cells increased approximately 25-fold in CHAL-
treated U-937 compared with control cells after 24 h exposure at con-
centration as low as 10 uM. In contrast, 3 uM CHAL for 24 h was not
sufficient to trigger apoptosis (Fig. 2C). Interestingly, treatment with
10 uM CHAL for 24 h did not induce apoptosis in PBMC (results not
shown). Time-course experiments revealed that apoptotic cells were
already detected at 6 h of treatment, however, in U-937/Bcl-2 cells, the
percentage of sub-G; cells did not increase significantly after 24 h of

Table 1

Effects of CHAL on cell viability of human leukaemia cell lines.
1Cso (M)
U-937 U-937/Bcl-2 HL-60 K-562 K-562/ADR NALM-6 MOLT-3
4.4 = 1.1 5.0 £ 0.2 49 = 0.5 7.2 £ 0.8 89 = 1.8 4.3 = 0.1 2.7 =03

Cells were cultured for 72h and the ICs, values were calculated as described in the Experimental Section. The data shown represent the mean + SE of 3-5

independent experiments with three determinations in each.
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Fig. 2. Effects of CHAL on apoptosis induction

in human myeloid leukaemia cells. (A)
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Number of cells
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O
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Photomicrographs of representative fields of
cells stained with bisbenzimide trihydrochloride
to evaluate nuclear chromatin condensation
after treatment with 10 uM CHAL for 24 h. (B)
Cells were incubated with 10 uM CHAL for 24 h
and genomic DNA was extracted, separated on
an agarose gel and visualized under UV light
after ethidium bromide staining. (C) Cells were
incubated in the presence of the indicated con-
centrations of CHAL and subjected to DNA flow
cytometry using propidium iodide labelling.
Representative histograms and the percentage of

U-937
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60
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hypodiploid cells (apoptotic cells) are shown.
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]
0 310
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(D) Cells were incubated in the presence of the
specified concentrations of CHAL for different
periods of time and the percentage of hypodi-
ploid cells was determined by flow cytometry
using the propidium iodide labelling method.
Values represent means + SE from three dif-
ferent experiments performed in triplicate. *in-
dicates P < 0.05 for comparison with untreated

¥ u-ea7

U-937/Bcl-2

CHAL (uM)

Annexin V-FITC —»

control. (E) Flow cytometry analysis of annexin
V-FITC and propidium iodide (PI)-stained U-937
and U-937/Bcl-2 cells after treatment with the

indicated concentrations of CHAL for 24 h. Cells appearing in the lower right quadrant show positive annexin V-FITC staining, which indicates phosphatidylserine
translocation to the cell surface, and negative PI staining, which demonstrates intact cell membranes, both features of early apoptosis. Cells in the top right quadrant
are double positive for annexin V-FITC and PI and are undergoing necrosis. Representative data from three separate experiments are shown.

treatment with 10 uM CHAL (Fig. 2D). CHAL (10 uM, for 24 h) also led
to the exposure of phosphatidylserine on the outside of the plasma
membrane as detected by annexin V-FITC staining in U-937 cells
(Fig. 2E). The results indicate that CHAL is a potent apoptotic inducer in
human myeloid leukaemia cells and that the overexpression of Bcl-2
does not confer protection against apoptosis induction.

To assess whether cell growth inhibition is also mediated by al-
terations in the cell cycle, cells were incubated with CHAL for different
time periods (6-24 h), stained with propidium iodide and analyzed by
flow cytometry. There were no obvious changes in the different phases
of the cell cycle after treatment with different concentrations of CHAL
(3-10 uM) across the different time periods (results not shown).

3.3. CHAL-induced apoptosis is mediated by a caspase-dependent pathway

U-937 and U-937/Bcl-2cells were cultured for 24h with 10 uM
CHAL in order to investigate the influence of caspases in their responses
to this chalcone. Lysates were analyzed by Western blot using specific
antibodies (Fig. 3A). The results showed that CHAL induced the clea-
vage of the initiator caspases-8 and -9, in U-937 but not in U-937/Bcl-
2 cells. The chalcone also induced hydrolysis of pro-caspase-6 and -7, as
well as the proteolytic processing of pro-caspase-3 only in U-937 cells.
Pro-caspase-4 which has been involved in the endoplasmic reticulum
stress was also processed. Poly(ADP-ribose) polymerase was effectively
hydrolysed to the 85 kDa fragment after CHAL treatment, in accordance
with the pro-caspase-3 activation. These results indicate that CHAL
induces the processing of multiple caspases in U-937 but not in U-937/
Bcl-2 cells.

The enzymatic activities of caspases-3/7, —8 and —9 were also
evaluated since they are not always associated with pro-caspase pro-
cessing. Cells were treated with CHAL (10 uM, 24 h) and lysates were
assayed for the cleavage of the tetrapeptide substrates Ac-DEVD-pNA,
Ac-IETD-pNA and Ac-LEHD-pNA as specific substrates of caspase-3/7,
caspase-8 and caspase-9, respectively. The results showed a significant
activation of these caspases after 24 h of treatment in U-937 but not in
U-937/Bcl-2 cells (Fig. 3B), in accordance with the immunoblot ex-
periments. These results indicate that CHAL is able to induce activation
of caspases in leukaemia cells.

50

To determine whether caspases were involved in the apoptosis, U-
937 cells were pretreated with the general caspase inhibitor z-VAD-fmk
(100 uM) and cultured in the presence of CHAL for 24 h. As shown in
Fig. 3C, apoptosis was significantly reduced, suggesting a caspase-de-
pendent pathway. To identify which caspases were important in CHAL-
induced apoptosis, the effect of specific cell-permeable caspase in-
hibitors was examined. The caspase-3/7 inhibitor (z-DEVD-fmk,
50 uM), the caspase-6 inhibitor (Ac-VEID-CHO, 25 uM) and the caspase-
8 inhibitor (z-IETD-fmk, 50 uM) blocked the apoptosis induced by
CHAL (10puM) in U-937 cells. In contrast, neither the caspase-4 in-
hibitor (Ac-LEVD-CHO), nor caspase-9 inhibitor (z-LEHD-fmk, 50 uM)
nor the caspase-2 inhibitor (z-VDVAD-fmk, 50 uM) blocked the apop-
tosis in U-937 cells (Fig. 3C). These experiments demonstrate that the
extrinsic apoptotic pathway played the main role in U-937 cells death
induced by CHAL.

To determine the mitochondrial proteins release, cytosolic pre-
parations were analyzed by Western blot after 24 h treatment with
10 uM CHAL. As shown (Fig. 3D) cytochrome c levels increased in the
cytosolic fraction in accordance with the processing and activation of
pro-caspase-9 and also the substantial release of the proapoptotic mi-
tochondrial protein Smac/DIABLO. Moreover, Bcl-2 levels clearly de-
creased after treatment with CHAL, while there was an increase in the
proapoptotic factor Bax. CHAL also induced a decrease in Bid levels
suggesting the processing of this protein due to caspase-8 activation
(Fig. 3D).

To determine whether cytochrome c release precedes caspase acti-
vation, U-937 cells were preincubated with the pancaspase inhibitor z-
VAD-fmk (1 h, 100 pM) and then followed with 10 uM CHAL for 24 h.
The broad-spectrum caspase inhibitor was unable to prevent cyto-
chrome c release, which suggests that cytochrome c release is in-
dependent of caspase activation (Fig. 3E).

To examine whether a disruption of the mitochondrial membrane
potential (AW,,) is associated with the release of mitochondrial pro-
teins, cells were stained with the fluorescent probe JC-1 and analysed
by flow cytometry. It was found that the AW, dropped at 6 h of treat-
ment, indicating that the dissipation of AW, is an early event in CHAL-
induced apoptosis (Fig. 3F). Representative dot plots of these experi-
ments are shown, including the experiment that used protonophore
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Fig. 3. Processing, activation and role of cas-
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CCCP as a positive control (Fig. 3G).

3.4. Effect of cathepsins and mitogen-activated protein kinases (MAPKs)
inhibitors and dependence on reactive oxygen species in CHAL-induced cell
death

Since lysosomal cathepsins have been associated with caspase—de-
pendent and —-independent apoptotic cell death and with the activation
of the intrinsic apoptotic pathway, their involvement was investigated
using the cathepsin inhibitors Mu-Phe-HPh-fmk (M4070, cathepsins B/
L inhibitor) and pepstatin A (cathepsin D inhibitor). As shown in
Fig. 4A, cathepsins B/L inhibition significantly decreased apoptosis
stimulated by CHAL suggesting that these types of proteases might be
involved in cell death.

The mitogen-activated protein kinases (MAPKs) cascades play im-
portant roles in the regulation of apoptosis and growth of malignant
hematopoietic cells. To determine whether activation of MAPKs plays a
key role in CHAL-induced apoptosis, the effect of pharmacological in-
hibitors of MAPKs was investigated. Treatment of cells with inhibitors
of mitogen-activated extracellular kinases 1/2 (MEK1/2), namely
PD98059 or U0126 and the specific JNK/SAPK (c-Jun N-terminal ki-
nases/stress activated protein kinase) inhibitor SP600125, had no
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influence on the percentage of hypodiploid cells induced by CHAL. In
contrast, the p38MA¥X (p38 mitogen-activated protein kinase) inhibitor
SB203580 partially decreased the percentage of hypodiploid cells
(Fig. 4B).

Increased reactive oxygen species (ROS) production may lead to cell
death in leukaemia cells [24]. To determine whether CHAL induces
ROS, U-937 cells were treated with the chalcone, stained with the
fluorescent dye 2/, 7’-dichlorodihydrofluorescein diacetate (H,-DCF-
DA) and analysed by flow cytometry. As shown in Fig. 4C, in U-
937 cells but not in PBMC, treatment with 10 uM CHAL induced a 2.5-
fold increase in the H,-DCF-DA-derived fluorescence as indicated by a
rightward shift in fluorescence (Fig. 4D). These results suggest that
CHAL induces the generation of H,O, and other peroxides. To in-
vestigate whether ROS is involved in the apoptosis induced by CHAL, U-
937 cells were preincubated with the antioxidants N-acetyl-L-cysteine
(10 mM), a-tocopherol (20 uM), trolox (2mM), the NADPH oxidase
inhibitor diphenyleneiodonium chloride (1 uM), superoxide dismutase
(400 units/ml) and catalase (500 units/ml). None of these antioxidants,
except catalase, blocked ROS generation (Fig. 4E) or cell death (Fig. 4F)
as assessed by flow cytometry indicating that CHAL-induced apoptosis
is dependent on ROS production.
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Fig. 4. Effects of cathepsins and mitogen-acti-
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vated protein kinase inhibitors and reactive
oxygen species generation on CHAL-induced
apoptosis. (A) Cells were pretreated with the
cathepsin inhibitors Mu-Phe-HPh-fmk (M4070,
20 uM, 3 h) and pepstatin A (100 pM, 12 h) and
then incubated with 10 pM CHAL for 24 h and
apoptosis was quantified by flow cytometry.
Bars represent the mean # SE of three in-
dependent experiments each performed in tri-
plicate. *indicates P < 0.05 for comparison
with untreated control. * indicates P < 0.05 for
comparison with CHAL treatment alone. (B)
Cells were preincubated with U0126 (10 uM),
PD98059 (10 pM), SP600125 (10 pM), and
SB203580 (2 uM) for 1 h and then treated with
CHAL (10 uM) for 24 h. Apoptosis was quanti-
fied by flow cytometry, and bars represent the
means * SE of three independent experiments
each performed in triplicate. *indicates
P < 0.05 for comparison with untreated con-
trol. * indicates P < 0.05 for comparison with
CHAL treatment alone. (C) U-937 and PBMC
were incubated with CHAL (10 uM) for 2 h, and
the fluorescence of oxidized H,DCF was de-
termined by flow cytometry. (D) A re-
presentative histogram is shown. Similar results
were obtained from three independent experi-
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4. Discussion

Chemotherapy drugs used in the treatment of cancer are expensive,
toxic and show limited efficacy in treating these diseases. Naturally
occurring compounds or compounds inspired in natural products have
attracted the attention as potential anticancer agents. Chalcones are
compounds that can be easily obtained by synthetic methods and, in
general, are less toxic than current chemotherapy. These compounds
display a vast array of pharmacological and biological activities, in-
cluding antitumor properties. Chalcones have been described as Notch
signalling inhibitors. This signal transduction pathway is considered a
rational target in potential anticancer therapy because Notch inhibition
triggers antiproliferative and pro-apoptotic effects in several human T-
cell acute lymphoblastic leukaemia cells [25]. Recently, anthraquinone-
chalcone hybrids have been reported as strong cytotoxic and apoptotic
inducers in human leukaemia cell lines [26]. The naturally occurring
chalcone broussochalcone A has been described as a human cytochrome
P450 2J2 inhibitor that is cytotoxic against human hepatoma HepG2
cells [27].

In this study, we designed a specific chalcone, 6’-benzyloxy-4-
bromo-2’-hydroxychalcone, to examine the hypothesis that the in-
troduction of one benzyloxy group at position 6’ in the A ring might
enhance cytotoxicity against cancer cell lines (due to an increase in
lipid solubility that would facilitate cell penetration). Neither the ef-
fects on cell viability nor the mechanism involved in cell death induc-
tion of this specific chalcone have been investigated to date. Synthetic
chalcone was screened for cytotoxicity against human tumour cells and
found to be a potent cytotoxic compound against seven human leu-
kaemia cell lines, including cells that overexpress the anti-apoptotic
protein Bcl-2 and the glycoprotein P. Since P-glycoprotein-mediated
multidrug resistance is a major limitation of the clinical efficacy of
microtubule-targeting agents, it is necessary to find new compounds
that may overcome this resistance. Experiments using P-glycoprotein-
overexpressing K-562/ADR cells indicate that CHAL was also cytotoxic
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SE of three independent experiments each performed in triplicate. *indicates P < 0.05 for comparison with untreated control. * indicates P < 0.05 for

in these cells, showing similar ICso values in both the multidrug re-
sistant K-562/ADR (ICso = 7.2 = 0.8uM) and the corresponding
parent K-562 cells (IC5o = 8.9 = 1.8 uM). Interestingly, dose-response
studies revealed that quiescent PBMC and proliferating PBMC were
resistant toward CHAL. One possible explanation why normal cells are
resistant to CHAL could be that this chalcone targets the transcription
factor nuclear factor kB (NF-kB) which is the major molecular target
affected by some chalcones [2,28]. For example, the naturally occurring
butein (2’,3,4,4’-tetrahydroxychalcone) blocks NF-kB through Ik-B ki-
nase inhibition, avoiding its nuclear translocation and therefore de-
regulating its downstream biomolecules. This inactivation of NF-xB is
involved in apoptosis induction and the inhibition of proliferation, cell
cycle progression, angiogenesis, invasion, metastasis and chemoresis-
tance of various cancers [28]. NF-kB signalling is elevated in leukemic
stem cells but not in the normal hematopoietic stem cells. The ability to
target the NF-kB pathway could be the reason why CHAL selectively
kills cancer and not normal cells. Normal cells might not be sensitive to
CHAL because their basal NF-kB activity is often low or sometimes re-
quired for cell differentiation rather than oncogenesis [29,30]. In ad-
dition, the modulation of ROS production could explain the preferential
toxicity towards cancer cells, since CHAL was unable to induce ROS
generation in PBMC. NF-kB is involved in the processes of oxidative
stress response and the increase in intracellular ROS in U-937 cells, as
described here, could activate this transcription factor. Further studies
are needed to determine whether NF-«xB signalling is a target of CHAL.

A recent report describes how a novel 3’,5’-diprenylated chalcone
inhibits the growth of the human leukaemia cells HEL and K-562 with
ICsp values that were comparable with the chalcone described in this
paper. However, this chalcone was also cytotoxic against human
normal hepatocyte (LO2) cells. The authors concluded that 3’,5’dipre-
nylated chalcone may inhibit the growth of leukaemia cells by inducing
apoptosis and autophagy [31].

The experiments described here support apoptosis as the main cy-
totoxicity pathway induced by CHAL in U-937cells and that
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overexpression of the anti-apoptotic protein Bcl-2 does not confer re-
sistance to apoptosis. The effects of CHAL in U-937 cells include con-
densation and fragmentation of chromatin, an increase in hypodiploid
DNA content, caspase activation and a significant reduction in apop-
tosis by the pan-caspase inhibitor z-VAD-fmk, supporting a caspase
dependent cell death mechanism. An effective blockage of CHAL-in-
duced apoptosis by z-IETD-fmk was observed supporting a mechanism
mediated by the initiator caspase-8. In contrast, the selective inhibitor
against caspase-9 (z-LEHD-fmk) was unable to significantly block cell
death suggesting a minor role of this initiator caspase in CHAL-induced
cell death. Future experiments will be necessary to confirm the role of
caspase-9 in the mechanism of cell death. Recently, we have described
an effective block of cell death induced by the synthetic flavonoid 3’,4’-
dibenzyloxyflavonol by the selective inhibitor of caspase-9 but not by
the selective inhibitor of caspase-8 [14]. Although CHAL is able to in-
duce caspase-4 cleavage, the endoplasmic reticulum stress signalling
pathway does not appear to be involved since apoptosis was not
blocked by a caspase-4 inhibitor. However it is important to note that
the experiments of caspase activation reveal inductions of both initiator
caspases, caspase-8 and -9, activities in U-937 cells but there was not a
significant activation of caspases in U-937/Bcl-2. Moreover, the results
demonstrate i) that caspase-3/7 is activated in response to CHAL and ii)
the inhibitors against caspase-3/7 (z-DEVD-fmk) and caspase-6 (VEID-
CHO) were able to block cell death.

Overexpression of Bcl-2 protein protects the cells, because it pre-
vents the release of the pro-apoptotic protein cytochrome ¢ from the
mitochondria to the cytosol, apoptosome formation and the consequent
activation of caspase-9 [32]. Our experiments demonstrate that CHAL is
cytotoxic against human leukaemia U-937 cells that overexpress Bcl-2,
as determined by the MTT assay. We emphasize that the cytotoxicity
experiments were performed with long incubation times (72 h), while
those that evaluated apoptosis were carried out for much shorter times.
It is possible that CHAL might affect the cell viability in U-937/Bcl-2 by
a different mechanism to apoptosis. Although we did not observe any
change in the percentages of cells in each phase of the cell cycle up to
24 h in both cell lines, U-937 and U-937/Bcl-2, one explanation might
be the increase in the duration of each phase of the cell cycle, as de-
scribed for the electron transport chain complex II inhibitor 2-the-
noyltrifluoroacetone [33]. Further studies will be necessary to de-
termine how inactivation or avoidance of Bcl-2 protein protection is
achieved to yield similar ICs, values in both cell lines (U-937 and U-
937/Bcl-2). In U-937 cells, this chalcone induces the release of the
proapoptotic mitochondrial proteins cytochrome ¢ and Smac/DIABLO,
a decrease in Bcl-2 levels and up-regulation of Bax. A decrease in the
ratio Bcl-2/Bax has been also observed in K-562 cells treated with the
3’-geranyl-mono-substituted chalcone xanthoangelol, however the
concentrations of this chalcone (up to 30 uM) and exposure durations
(up to 48 h) were higher than those used here [34].

Several death stimuli can induce the lysosomal pathway which is
characterized by a partial rupture of lysosome membrane and sub-
sequent release of cathepsins into the cytosol [35]. Experiments with
cathepsins inhibitors revealed that these cysteine proteases are also
involved in the mechanism of cell death. The effective blockage of
apoptosis induction by an inhibitor of cathepsins B/L supports a model
in which CHAL also induces cell death by a cathepsins B/L mediated
mechanism. Futures studies will be necessary to determine whether
additional pathways of cell death are involved in U-937 cells.

The mitogen activated protein kinase signalling pathway is involved
in the control of cell proliferation, differentiation and apoptosis. The
ERK1/2 (extracellular signal-regulated kinase) pathway is involved in
cell proliferation and differentiation, whereas JNK/SAPK and p38MAPK
pathways are activated in response to stress and growth factors and
mediate signals that regulate apoptosis [36]. Neither the specific MEK
1/2 inhibitors nor the selective JNK/SAPK inhibitor SP600125 influ-
enced or attenuated cell death, suggesting that activation of these
protein kinases is not required for apoptosis triggered by CHAL.
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However, inhibition of p38™4PX was found to decrease partially cell

death suggesting that activation of this protein kinase is involved in
part in CHAL induced-apoptosis. The activation of p38 mitogen-acti-
vated protein kinase signalling plays a key role not only in inhibiting
but in promoting proliferation and in increasing resistance to che-
motherapeutic agents [37]. It has been shown that inhibition of
p38MAPK using the pharmacologic inhibitor SB203580 enhances all-
trans-retinoic acid-dependent growth inhibition of acute promyelocytic
leukaemia [38] and also reduces the apoptosis induced by the combi-
nation of arsenic trioxide and the isoflavone genistein in U-937 cells
[39]. A similar attenuation of apoptosis by SB203580 has been ob-
served in U-937 cells treated with cadmium, suggesting that p38MAFK
activation is required, at least in part, for cadmium-induced apoptosis
[40].

Reactive oxygen species (ROS) display a variety of biological effects
including, among others, enhanced cell proliferation and cell death.
Many antitumor compounds exhibit cytotoxic properties via ROS-de-
pendent activation of apoptotic cell death in cancer cells including
leukemic cells [41]. We demonstrate that the synthetic chalcone in-
duced a fast ROS generation in U-937 cells. This elevated ROS pro-
duction may affect the activity of a variety of apoptotic effectors such as
the Bcl-2 family of proteins and the mitochondrial cytochrome c [42].
In addition, the increased levels of ROS might trigger the activation of
death receptors [43]. The results shown here demonstrate that ROS
play a key role in the mechanism of cell death triggered by CHAL, since
the enzymatic antioxidant catalase was able to block ROS generation
and cell death. Further experiments will be needed to determine whe-
ther CHAL is able to induce death receptors, including Fas, TNF re-
ceptor 1, TNF-related apoptosis inducing ligand receptor 1 and TNF-
related apoptosis inducing ligand receptor 2.

5. Conclusions

CHAL displays potent cytotoxic properties against human leukaemia
cells (U-937, HL-60, K-562, NALM-6 and MOLT-3) including Bcl-2-
overexpressing U-937/Bcl-2 and P-glycoprotein-overexpressing K-562/
ADR, but has only weak cytotoxic effects on peripheral blood mono-
nuclear cells (PBMCs). Growth inhibition of U-937 cells was caused by
induction of apoptotic cell death and the overexpression of Bcl-2 con-
ferred resistance to apoptosis. Cell death was associated with the acti-
vation of multiple caspases and was dependent on the generation of
reactive oxygen species. It was prevented by the selective caspase-3/7,
—6 and —8 inhibitors, and by a cathepsins B/L inhibitor. CHAL is a
potent apoptotic inducer in human leukaemia cells that might be useful
in the development of new strategies for targeted cancer therapies.
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ARTICLE INFO ABSTRACT

Keywords: Synthetic flavonoids containing a naphthalene ring have attracted attention as potential cytotoxic compounds.

Apoptosis Here, we synthesized ten chalcones and their corresponding flavanones and evaluated their antiproliferative

Structure-activity relationship activity against the human tumour cell line U-937. This series of chalcone derivatives was characterized by the

Caspase presence of a naphthalene ring which was kept unaltered- and attached to the B carbon of the 1-phenyl-2-

g)erlti)z:ilceity propen-1-one framework. The structure-activity relationship of these chalcone derivatives and their corre-

Flavanone sponding cyclic compounds was investigated by the introduction of different substituents (methyl, methoxy,
benzyloxy, chlorine) or by varying the position of the methoxy or benzyloxy groups on the A ring. The results
revealed that both the chalcone containing the methoxy group at 5’ position of the A ring as well as its corre-
sponding flavanone [6-methoxy-2-(naphthalen-1-yl)chroman-4-one] were the most cytotoxic compounds, with
ICso values of 2.8 + 0.2 and 1.3 * 0.2 uM, respectively, against U-937 cells. This synthetic flavanone was as
cytotoxic as the antitumor etoposide in U-937 cells and displayed strong cytotoxicity against additional human
leukaemia cell lines, including HL-60, MOLT-3 and NALM-6. Human peripheral blood mononuclear cells were
more resistant than leukaemia cells to the cytotoxic effects of the flavanone. Treatment of U-937 cells with this
compound induced G,-M cell cycle arrest, an increase in sub-G; ratio and annexin-V positive cells, mitochondrial
cytochrome c release, caspase activation and poly(ADP-ribose)polymerase processing. Apoptosis induction
triggered by this flavonoid was blocked by overexpression of the anti-apoptotic protein Bcl-2. This flavanone
induces phosphorylation of p38 mitogen-activated protein kinases, extracellular-signal regulated kinases and c-
jun N-terminal kinases/stress-activated protein kinases (JNK/SAPK) following different kinetics. Moreover, cell
death was attenuated by the inhibition of mitogen-activated extracellular kinases and JNK/SAPK and was in-
dependent of reactive oxygen species generation.

1. Introduction treatment protocols, including the discovery of targeted therapies. The
5-year relative survival rate for all cancers combined improved from
Cancer is the second most common cause of death among children 58% during the mid-1970s to 83% during 2007 through 2013 for

aged 1 to 14 years in the United States and leukaemia accounts for 29% children. The lowest survival rate corresponds to acute myeloid leu-
for all childhood cancers. Cancer survival has improved especially for kaemia with a value of 65.1% between 2007 and 2013 [1]. In ac-
hematopoietic and lymphoid malignancies due to improvements in cordance with the GLOBOCAN estimates of incidence and mortality

Abbreviations: ERK, extracellular signal-regulated kinase; FL, 6-methoxy-2-(naphthalen-1-yl)chroman-4-one; ICso, 50% inhibition of cell growth; JNK/SAPK, c-jun
N-terminal kinases/stress-activated protein kinases; MAPK, mitogen-activated protein kinases; MEK, mitogen-activated extracellular kinases; MTT, 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; p38MAPX, p38 mitogen-activated protein kinases; ROS, reactive oxygen species
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Scheme 1. Synthesis of chalcones and flavanones.

worldwide for 2018, the estimated numbers of new cases and deaths
from leukaemia were 437,033 and 309,006, respectively, indicating
that mortality rates for this disease are still very high [2], and providing
an urgent need for improved treatments.

Natural products represent realistic options as potential cytotoxic
compounds against cancer cells [3]. Flavonoids are secondary poly-
phenolic metabolites present in almost all plants and the human diet.
These compounds exhibit a wide spectrum of pharmacological prop-
erties that have been recently reviewed [4,5]. Flavonoids are able to
interfere in all phases of cancer progression by modulating key proteins
involved in proliferation, differentiation, apoptosis, angiogenesis, me-
tastasis and reverse multidrug resistance process. Apoptosis is a form of
regulated cell death which results in destruction of target cell with
minimal inflammatory response. Essential executioners of apoptosis are
the caspases, a family of cysteine proteases which are expressed in cells
as inactive zymogens known as procaspases. These enzymes pre-
dominantly cleave their substrates on the C-terminal side of aspartate.
Proteolytic cleavage leads to important changes in cell morphology
such as membrane blebbing, DNA fragmentation, phosphatidylserine
exposure at the cell surface, and formation of apoptotic vesicles. Two
main apoptotic pathways have been described, the mitochondrial and
the extrinsic pathways [6]. The mitochondrial or intrinsic pathway is
initiated by perturbations of the intracellular or extracellular micro-
environment, demarcated by mitochondrial outer membrane permea-
bilization and precipitated mainly by caspase-3. The extrinsic pathway
is initiated by perturbations of the extracellular microenvironment that
are detected by plasma membrane receptors (propagated by caspase-8
and precipitated by executioner caspases, mainly caspase-3).

It is well established that mutual molecular recognition of host and
guest depends on non-covalent interactions (H-bonding, stacking in-
teractions, cation-w interactions, ionic interactions and hydrophobic
interactions) which are the basis of the functional properties of most
molecules. Inter and intramolecular interactions involving aromatic
ring systems are key processes in chemical and biological recognition
and knowledge of these helps explain and predict the functionality of
different structures.

Interactions between aromatic platforms and sugar and aminoacid
residues play a crucial role in determining the specificity of drug-re-
ceptor interaction processes. The planarity of the aromatic systems to-
gether with their polarizability and their multipolar moment are

properties that illustrate the capacity of these systems to form func-
tional complexes [7-9]. In particular, recent studies using small mole-
cules carrying naphthalene groups describe the interaction of such a
ring system with a hydrophobic pocket located in the Ras oncogene as
causing the inhibition of that oncogene. Naphthalene also has the
ability to generate strong st-;t stacking interactions, providing high af-
finity ligands for more than one type of receptor, and making it a pri-
vileged scaffold. These findings suggest that the naphthalene ring could
become a propitious building block for the development of new ther-
apeutic agents [10].

Naphthalene-based chalcones, in which one of the aryl rings is re-
placed by naphthalene, have been explored as potential anticancer
agents. The aim of this study was to synthesize a series of chalcone
derivatives and their corresponding cyclic compounds containing a
naphthalene ring to explore the effect of different substituents (methyl,
methoxy, benzyloxy, chlorine) or changes in the position of the
methoxy or benzyloxy groups on the phenyl ring on cytotoxicity against
the human tumour U-937 cells. This cell line was selected as it is the
most frequently used cell line in biomedical research for the study of
neoplasia and therapeutics and has made important contributions to the
disciplines of cancer, hematology, and immunology [11,12]. In addi-
tion, we investigated the signal transduction pathways of cell death
triggered by one of the most cytotoxic compounds, the flavanone 6-
methoxy-2-(naphthalen-1-yl)chroman-4-one (FL).

2. Results
2.1. Chemistry

In the present study, we explored the cytotoxic effects of a collection
of 19 chalcones and flavanones containing a naphthalene core against
human U-937 leukaemia cells. The chalcones (1-10) were prepared by
a standard aldolic condensation procedure involving pH > 12 condi-
tions. The aldolic condensation is one of the most versatile of organic
chemical reactions because of its ability to use small molecules in the
synthesis of larger ones under Claisen-Schmidt conditions. If this re-
action is performed at lower pH (9-10) a reversible interconversion
between the chalcone and its constitutional isomer flavanone is ob-
served depending on the range of pH and on the substitution on the A
ring [13]. The flavanones (11-19) were subsequently synthesized by
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Scheme 2. Acetophenone derivatives and 1-naphthaldehyde used in the synthesis of the chalcones (1-10) and flavanones (11-19).

cyclization reactions of the above-mentioned chalcones in the presence
of an excess of sodium acetate under reflux (Scheme 1). In the parti-
cular case of chalcone 10, it was not possible to isolate the desired
flavanone. Chalcones (1-10) and their corresponding flavanones were
designed to contain one or two substituents in the A ring (Scheme 2).

2.2. Biology

2.2.1. Screening of synthetic flavonoids. The synthetic 6-methoxy-2-
(naphthalen-1-yl)chroman-4-one (FL) inhibits the viability of human
leukaemia cells

The SARs (structure-activity relationship) of naphthalene-based
chalcones and their corresponding flavanones were investigated by
varying the substituent on the A ring or the location of the methoxy
and/or benzyloxy groups at the 4’ or 5’ position on the A ring. In this
series of naphthalene-chalcones we maintained the naphthyl ring at-
tached to the B carbon of the 2-propen-1-one system and added various
substituents (hydrogen, methyl, chlorine, methoxy or benzylxoxy) at
the 5’ position on the phenyl ring. In addition, we included another
chlorine atom or another benzyloxy group and changed the position of
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the methoxy or the benzyloxy group at the 6’ position. To this end, U-
937 cells were treated with increasing concentrations of each com-
pound and the ICsqy values (the concentration that induces a 50% in-
hibition of cell growth) were determined by the MTT assay.

The results indicated that the introduction of a methoxy group at
position 5’ on the A ring (chalcone 3) or at position 6 in the A ring of the
corresponding flavanone (flavanone 13) led to a significant improve-
ment in cytotoxic activity, both in chalcones [(IC5o = 9.7 * 2.0 pM for
chalcone 1 vs IC5q = 2.8 = 0.2 puM for chalcone 3); 3.5-fold increase in
cytotoxicity] and flavanones [(ICso = 10.4 = 3.1 pM for flavanone 11
vs. ICsp = 1.3 = 0.2 uM for flavanone 13); 8-fold increase in cyto-
toxicity]. In contrast, the introduction of the methyl group or an atom
of chlorine in this position appears to be irrelevant in determining cy-
totoxicity against U-937 cells. The presence of an additional chlorine
atom at position 3’ did not change the cytotoxicity of the chalcone (8,
ICso = 13.4 + 7.2 uM) or the flavanone (18, IC5, = 8.2 = 3.0 uM)
skeleton. Moreover, the introduction of a methoxy group at position 4
of the chalcone skeleton (chalcone 4) did not enhance the potency
against cell growth inhibition compared with chalcone 1.

The introduction of one or two benzyloxy groups at the 4’ and 5’
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Scheme 2. (continued)

positions on the A ring of chalcones or at positions C6 or C7 and C8 of
flavanones significantly decreased cytotoxic activity (chalcones:
IC5p > 30 uM for 7 and 9 and IC5, = 20.3 = 9.0 uM for 6, flava-
nones: ICso > 30 uM for 17, 16 and 19). The bulky groups on the A
ring appear to interfere with the cytotoxic activity and might be ex-
plained for their low solubility due to the presence of the aromatic rings
and exacerbated by the naphthyl group.

Since there are no large differences in cytotoxic activity between
chalcones and flavanones, these results suggest that the major de-
terminant of cytotoxicity is the presence and the position of a methoxy
group on the A ring, and that the most cytotoxic compounds were the

chalcone 3 and the flavanone 13 with ICs, values of 2.8 + 0.2 and
1.3 = 0.2 pM, respectively for U-937 cells (Table 1).

Since flavanone 13 [6-methoxy-2-(naphthalen-1-yl)chroman-4-one,
FL] was found to be one of the most cytotoxic compounds, it was se-
lected for further experiments. Comparison with additional human
leukaemia cells revealed that FL displays strong cytotoxic properties
against three human leukaemia cell lines, including the human acute
myeloid leukaemia HL-60, the human B cell precursor leukaemia
NALM-6 and the acute lymphoblastic leukaemia MOLT-3, with ICs,
values between 1 and 3 pM (Table 2). For comparison, the standard
antitumor agent etoposide was included as a positive control for U-937

Table 1

Effects of flavonoids on the growth of human tumour cell line U-937.
Chalcone 1 2 3 4 5 6 7 8 9 10
1Cso (M) 9.7 £ 2.0 83 = 2.2 2.8 £ 0.2 85 = 0.9 75 £ 1.6 20.3 = 9.0 > 30 134 = 7.2 > 30 12.6 = 3.9
Flavanone 11 12 13 14 15 16 17 18 19
1Cso (M) 104 = 3.1 22.6 = 3.0 1.3 = 0.2 15.3 = 5.0 5.7 £ 21 > 30 > 30 8.2 = 3.0 > 30

Cells were cultured for 72 h in presence of the indicated compounds and the ICs, values were calculated as described in the Experimental Section. The data shown
represent the mean * SEM of 3 independent experiments with three determinations in each.
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Table 2 with 10 uM FL during increasing periods of time. In addition, quiescent

Effects of FL on cell viability of human leukaemia cell lines. and proliferating peripheral blood mononuclear cells isolated from

ICso (uM) healthy volunteers were more resistant to the cytotoxic effects of FL

than human leukaemia U-937 cells (Fig. 1F). These results indicate that

HL-60 NALM-6 MOLT-3 FL exhibits strong cytotoxic properties against leukaemia cells but has

20 £ 15 31 = 10 L1+ 02 only weak cytotoxic effects against peripheral blood mononuclear cells
(PBMCs).

Cells were cultured for 72 h and ICs, values were calculated as described in the
Experimental Section. Representable values are means * SE from 3 to 5 in-

dependent experiments with determinations performed in triplicate. X . i i
2.2.2. FL induces G,-M arrest and apoptosis in human myeloid leukaemia

cells

To determine whether the effects of FL on cell viability were due to
alterations in cell cycle progression, cells were incubated with in-
creasing concentrations for different time periods (624 h), stained with
propidium iodide and analyzed by flow cytometry. As shown (Table 3,
Fig. 2A) an exposure at a concentration as low as 3 uM FL caused a
significant G,-M arrest at the expense of G; phase cell population which
was evident after 6 h of treatment. The percentage of cells in G,-M
phase increased from ~21% in control cells to ~36% after treatment
with FL for 12 h. Moreover, the percentage of hypodiploid cells (i.e.

(ICs0 = 1.2 0.2 uM), HL-60 (IC5o = 0.4 = 0.1 uM) and MOLT-3
(ICso = 0.2 = 0.1 uM).

Treatment of the human histiocytic lymphoma U-937 cells with this
flavanone resulted in a concentration-dependent inhibition of cell via-
bility (Fig. 1A), induced significant morphological changes and caused
an important reduction in the number of cells (Fig. 1B). Studies using
the trypan blue exclusion method showed that FL displays cytotoxicity
but it is not cytostatic against U-937 cells. Fig. 1C-E show the number
of total cells, live cells and the percentage of live cells after treatment

=+
=+
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Fig. 1. FL is cytotoxic against human leukaemia U-937 cells but not against peripheral blood mononuclear cells. (A) Dose-response study of FL on U-937 cells
viability. Cells were incubated with increasing concentrations of FL for 72 h, and thereafter cell viability was determined by the MTT assay. (B) Photomicrographs of
morphological changes visualized with inverted phase contrast microscopy after treatment with the indicated concentrations of FL for 24 h. (C-E) Time-course of FL-
mediated cell death. Cells were incubated with FL (10 uM) for the indicated times and the number of total cells (C), live cells (D) and the percentage of live cells were
determined by the trypan blue exclusion method using a TC10 counter (Bio-Rad, Hercules, CA). (F) Differential effects of FL on cell viability of U-937 and quiescent
and phytohemagglutinine (PHA)-activated healthy human peripheral blood mononuclear cells (PBMC). Cells were incubated in the presence of the specified con-
centrations of FL for 24 h and thereafter cell viability was determined by the MTT assay. Values represent means * SE of two independent experiments each
performed in triplicate. *P < 0.05, significantly different from the untreated control.
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Table 3
Effect of FL on cell cycle phase distribution of U-937 leukaemia cells.
(M) % Sub-G; %G, %S %Go-M
6h 0 1.4 = 0.2 525 + 2.2 244 = 1.0 21.7 = 3.3
1 29 + 0.2 456 = 1.0 26.7 + 0.4 247 = 1.1
3 42 + 04 29.0 + 1.1* 33.4 + 0.4* 33.3 = 1.4*
10 33 = 03 19.8 = 0.7* 345 = 1.2* 42.3 = 2.0*
12h 0 0.9 * 0.1 51.5 + 0.8 26.5 = 0.6 21.0 = 0.9
1 1.5 = 0.2 50.6 + 0.4 247 = 0.1 231 + 04
3 8.0 = 1.8% 29.0 = 1.5* 274 = 3.4 35.6 + 3.7
10 7.4 + 0.5* 7.3 + 0.5% 31.7 £ 1.2% 536 * 2.1*%
24 h 0 14 = 0.1 55.6 + 0.2 276 = 0.9 15.8 = 0.9
1 26 = 03 51.0 = 0.6 294 = 0.1 17.0 = 0.4*
3 259 = 3.4* 17.0 * 0.6* 458 = 2.6* 11.1 * 1.9*
10 39.2 + 9.2* 17.3 = 0.6* 245 = 14 18.6 = 4.9

Cells were cultured with the four concentrations of FL (0, 1, 3, 10 uM) over
three time periods (6, 12, 24 h) and the percentages of cells in the four phases of
the cell cycle (%Sub-Gy, %G1, %S, %G>-M) were determined by flow cytometry.
The values are means + S.E. of two independent experiments with three de-
terminations in each. Asterisks indicate a significant difference (P < 0.05)
compared with the corresponding controls.
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Fig. 2. Effect of FL on apoptosis on human myeloid leukaemia U-937 cells. (A)
Cells were incubated in the presence/absence of 3 uM FL for the indicated times
and subjected to flow cytometric analysis using propidium iodide labeling. The
percentages of hypodiploid cells (apoptotic cells) are shown. (B) U-937 cells
were incubated in the presence of the indicated concentrations of FL for 24 h
and percentages of hypodiploid cells were quantified by flow cytometry. (C)
Cells were treated with 10 uM FL for 24 h and subjected to flow cytometry
analysis after annexin V-FITC and propidium iodide staining. (D)
Photomicrographs of representative fields of U-937 cells stained with Hoechst
33,258 to evaluate nuclear chromatin condensation after treatment with the
specified concentrations of FL for 24 h.

sub-G; fraction) increased about 18-fold in FL-treated U-937 compared
with control cells after 24 h (Fig. 2A).
Maximal levels of apoptotic cells (approximately 30-fold increase
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with respect to control) were observed at 24 h with 10 uM FL in U-937
(Table 3, Fig. 2B). FL treatment also led to the exposure of phosphati-
dylserine on the outside of the plasma membrane as detected by An-
nexin V-FITC staining in U-937 cells (Fig. 2C). In addition, fluorescence
microscopy experiments clearly demonstrate increases in condensed
and fragmented chromatin, which is typical of apoptotic cells in U-937
(Fig. 2D). Taken together, these results indicate that FL induces cell
cycle arrest in the G,-M phase and apoptosis on human myeloid leu-
kaemia U-937 cells.

2.2.3. Effects of FL on caspases- and PARP cleavage

To determine whether caspases were associated with the cell death
triggered by FL, we examined the proteolytic processing of these pro-
teases and PARP [poly(ADP-ribose) polymerase] cleavage. To this end,
U-937 cells were treated with increasing concentrations of FL for 24 h,
and caspases were determined by western blot (Fig. 3A). The results
indicate that FL stimulates the cleavage of the main effector pro-caspase
(pro-caspase-3) into 18-20 kDa fragments as well as the other execu-
tioner pro-caspases (pro-caspases-6 and -7). These effector caspases
perform downstream execution of apoptosis. Interestingly, FL stimu-
lated pro-caspase-4 processing as determined by a significant decrease
in the zymogen levels. Processing of the main initiator caspases (pro-
caspases-8 and -9) - involved in the extrinsic and the intrinsic apoptotic
pathways - was detected by the visualization of the active 35-37 kDa
fragment (pro-caspase-9) and a decrease of pro-caspase-8 levels. This
flavanone also induced poly(ADP-ribose) polymerase (PARP) cleavage
in accordance with caspase activation, generating the 85 kDa fragment.
Protein loading was checked by reprobing the membranes with (3-actin
antibody.

To confirm that caspases processing correlates with activity, enzy-
matic activities of caspase-3-like protease (caspase-3/7), caspase-8 and
caspase-9 were also investigated in extracts of U-937 cells treated with
increasing concentrations of FL during 24 h. To this end, cell lysates
were assayed for cleavage of the tetrapeptide substrates DEVD-pNA,
IETD-pNA and LEHD-pNA as specific substrates for caspase-3/7, -8 and
-9, respectively. As shown (Fig. 3B), dose-response experiments showed
that a low concentration (1 uM) of FL was sufficient to induce caspases
activation. A 2-fold increase in caspases-8 and -9 activities was ob-
served in cells treated with 3 uM FL.

Confirmation that FL-triggered apoptosis requires the activation of
caspases was carried out with cells pre-treated with the broad-spectrum
caspase inhibitor z-VAD-fmk (100 pM). The results (Fig. 3C) showed
that apoptosis was significantly suppressed in the presence of the in-
hibitor, which suggests that FL induces cytotoxicity by a caspase de-
pendent mechanism. To determine which caspases are important in the
mechanism of cell death triggered by this flavanone, we determined the
effect of two sets of caspase inhibitors, including —CHO and —fmk de-
rivatives. The —CHO derivatives included DEVD-CHO, LEVD-CHO,
IETD-CHO and LEHD-CHO (all at 10 puM, except z-LEHD-CHO which
was assayed at 50 uM, results not shown) and the —fmk derivatives
included DEVD-fmk, IETD-fmk and LEHD-fmk (all at 50 uM, Fig. 3C).
None of these inhibitors was able to decrease the percentage of hypo-
diploid cells induced by the flavanone. Fig. 3D shows the representative
histograms of annexin V-FITC and propidium iodide-stained U-937 cells
to confirm the effect of the pan-caspase inhibitor z-VAD-fmk. The lack
of effect of the specific caspase inhibitors (z-DEVD-fmk, caspase-3/7
inhibitor; z-LEVD-CHO, caspase-4 inhibitor; z-IETD-fmk, caspase-8 in-
hibitor and z-LEHD-fmk, caspase-9 inhibitor) was also confirmed by
flow cytometry after double staining with annexin V-FITC and propi-
dium iodide (results not shown).

2.2.4. Effects of FL on mitochondrial proteins release and on Bcl-2 family
members

Release of cytochrome ¢ from mitochondria to cytosol is a central
event in apoptotic signalling. To determine whether FL-induced apop-
tosis involves release of mitochondrial proteins, cytosolic preparations
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Fig. 3. Involvement of caspases in the mechanism of cell death triggered by FL in U-937 cells. (A) Immunoblotting for the cleavage of caspases and PARP after 24 h of
treatment with the specified concentrations of FL. The protein -actin was used as a loading control. (B) Activation of caspases in response to FL. Cells were incubated
as above and cell lysates were assayed for caspase-3/7, caspase-8 and caspase-9 activities using the colorimetric substrates DEVD-pNA, IETD-pNA and LEHD-pNA,
respectively. Results are expressed as the fold-increase in caspase activity compared with control. (C) Effect of cell-permeable caspase inhibitors on FL-induced
apoptosis. Cells were incubated with 10 uM FL for 24 h, in presence or absence of the broad-spectrum caspase inhibitor z-VAD-fmk (z-VAD, 100 uM), the caspase-3/7
inhibitor z-DEVD-fmk (iC3, 50 uM), the caspase-4 inhibitor z-LEVD-CHO (iC4, 50 uM), the caspase-8 inhibitor z-IETD-fmk (iC8, 50 uM) and the caspase-9 inhibitor z-
LEHD-fmk (iC9, 50 uM) and percentages of hypodiploid cells were quantified by flow cytometry. Bars represent the mean + SE of two independent experiments
each performed in triplicate. *P < 0.05, significantly different from untreated control. “ P < 0.05, significantly different from FL treatment alone. (D) Flow
cytometry analysis of Annexin V-FITC and propidium iodide-stained cells after 24 h of treatment with 10 pM FL in absence or in presence of the pan-caspase inhibitor
z-VAD-fmk (100 uM). Representative data from two independent experiments are presented.
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Fig. 4. Effect on Bcl-2 family proteins, release of mitochondrial proteins and expression of death receptors. (A) Cells were incubated with increasing concentrations of
FL and the expression of Bcl-2 family members and release of cytochrome ¢ and Smac/DIABLO were analyzed by western blot in U-937 cells. (B) Cells were treated as
in (A) and expression of death receptors was detected by immunoblotting. 3-Actin was used as a loading control. (C) U-937 and the cell line overexpressing Bcl-2, U-
937/Bcl-2, were incubated with the specified concentrations of FL and apoptosis was determined by flow cytometry after double staining with annexin V-FITC and
propidium iodide. The experiment was replicated twice.

were analyzed by immunoblotting of U-937 cells. The results showed a Smac/DIABLO (second mitochondrial activator of caspases/Diablo IAP-
significant increase in the amount of cytochrome c in the cytosol in a binding mitochondrial protein).

concentration-dependent manner (Fig. 4A). There was also a con- We also investigated the expression of the Bcl-2 family proteins in
centration-dependent release of the mitochondrial apoptogenic factor FL-treated cells. The results revealed that flavanone induces
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downregulation of Bcl-2 and a clear increase in Bax levels (Fig. 4A). In
addition, there was a clear decrease in Bid protein, which is a substrate
of caspase-8, indicating processing of this protein.

Since FL induces activation of caspase-8, it is possible that death
receptors and/or their ligand might be involved in cell death.
Therefore, we explored the effects of FL on the expression of DR4 (death
receptor 4), DR5 (death receptor 5) and TRAIL (tumor necrosis factor-
related apoptosis-inducing ligand) in U-937 cells. Cells were treated
during 24 h and cell lysates were subjected to immunoblot analysis. As
shown in Fig. 4B, FL up-regulates the expression of DR4, DR5 and
TRAIL.

To clarify whether the anti-apoptotic protein Bcl-2 is involved in the
activation of intrinsic pathway by FL treatment, we compared the effect
on apoptosis in the U-937 cell line overexpressing human Bcl-2 protein
(U-937/Bcl-2) and the parental U-937 cell line. As shown in Fig. 4C,
Bcl-2 over-expression blocked apoptosis triggered by FL, suggesting
that Bcl-2 is involved in FL-induced apoptosis.

2.2.5. FL activates MAPKs (mitogen-activated protein kinases) and cell
death is independent on ROS (reactive oxygen species) generation
Whether FL induces the activation of the MAPK pathway or not was
investigated because this signal transduction pathway plays a crucial
role in cell fate. Incubation of U-937 cells with FL leads to a fast
phosphorylation (0.5 h) of JNK/SAPK (c-jun N-terminal kinases/stress-
activated protein kinases) and p38 MAPX while the activation of ERK1,/2
(extracellular signal-regulated kinase) was not detected until 6 h
(Fig. 5A). The activation of p38 MAPX decreased after 1 h, while the level
of phosphorylated JNK/SAPK occurs in a biphasic manner. These re-
sults indicate that FL treatment of U-937 cells leads to activation of
JNK/SAPK, p38™4PX and ERK1/2 following different kinetics. To de-
termine whether the phosphorylation of MAPKs plays a key role in FL-
induced apoptosis, we examined the effects of p38MA"X| JNK/SAPK, and
mitogen-activated extracellular kinases 1/2 (MEK 1/2) inhibitors
(Fig. 5B). Pretreatment of U-937 cells with the specific p38MAFX in-
hibitor SB 203,580 (2 uM) did not affect the rate of FL-mediated
apoptosis. These results suggest that activation of p38M**X is not in-
volved in FL-induced cell death. Treatment of cells with U0126 or
PD98059, inhibitors of MEK1/2, and with the JNK/SAPK inhibitor
SP600125 significantly decreased FL-induced cell death. The percen-
tage of apoptotic cells (hypodiploid cells) decreased from ~37% in FL-
treated cells to 17% and 22% with U0126 and PD98059, respectively.
The JNK/SAPK inhibitor attenuated FL-induced cell death from ~37%
of apoptotic cells to 22% in the combination group (FL + SP600125).
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These results suggest that activation of ERK1/2 and JNK/SAPK is in-
volved in FL-induced apoptosis.

Activation of the MAPK pathway can be mediated by the generation
of reactive oxygen species (ROS). Hence the ability of FL to increase
ROS levels was investigated using the fluorescent dye 2/, 7’-di-
chlorodihydrofluorescein diacetate after 1, 2 and 3 h of incubation, as
well as the effect of different antioxidants [20 pM vitamin E, 2 mM
trolox, 10 mM N-acetyl-L-cysteine, 0.5-1 puM diphenyleneiodonium
chloride (a NADPH oxidase inhibitor); 500 units/ml catalase; 400
units/ml superoxide dismutase]. However, ROS were not generated at
assayed times and the antioxidants did not reduce the cell death, either
(results not shown). These results suggest that cell death is not de-
pendent on ROS generation.

3. Discussion

Despite the potential of flavonoids in human medicine its clinical
use is limited due to challenges associated with their effective use, in-
cluding, among others, their pharmacokinetic and pharmacodynamic
properties. Low solubility, poor oral absorption and extensive hepatic
metabolism are responsible for the unfavorable pharmacokinetics of
flavonoids. The modification of the flavonoid structure to generate new
derivatives constitutes an important strategy to optimize their phar-
macokinetic and pharmacodynamic properties. Previous studies have
shown that methylation and/or the introduction of some lipophilic
moieties in specific flavonoids significantly increase the potency and
bioavailability and also enhance the stability and effectiveness by
preventing chemical and metabolic hydrolysis [14-16].

In the present report, we attempted to find new potent anti-
proliferative molecules inspired by natural products. The results re-
vealed that both the chalcone containing the methoxy group at 5’ po-
sition of the A ring as well as its corresponding flavanone were the most
cytotoxic compounds, with ICso values of 2.8 = 0.2 and
1.3 = 0.2 pM, respectively, against U-937 cells. This is the first time to
date that the effects on cell viability and the mechanism involved in cell
death induction have been investigated for this specific flavanone.

In a previous study, we showed that the synthetic chalcone 6’-
benzyloxy-4-bromo-2’-hydroxychalcone is cytotoxic against seven
human leukaemia cells and induces caspase-8- and reactive oxygen
species-dependent apoptosis [17]. These results prompted us to design
additional analogues of chalcone containing additional substituents
other than halogen chalcones. When the 4-bromobenzyl group was
replaced by a naphthyl group, the chalcone was unexpectedly cyclized

Fig. 5. Role of the MAPK pathway on FL-in-
duced apoptosis in U-937 cells. (A)
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Representative Western blots show the time-de-
pendent phosphorylation of p38 MAPX ERK1/2
and JNK/SAPK by FL. Cells were incubated with
10 uM FL for the time periods shown. Protein
extracts were prepared and analysed on Western
blots probed with specific antibodies to ascertain
the phosphorylation of MAPKs. Membranes were
stripped and reprobed with total MAPK anti-
bodies as loading controls. (B) Effect of MAPKs
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to generate a flavanone (FL). This cyclic compound was found to have
strong cytotoxic properties with ICso values of approximately 2 pM
against the four human leukaemia cell lines tested, including U-937,
HL-60, NALM-6 and MOLT-3. Dose-response experiments revealed that
U-937 cells were more sensitive to FL than quiescent and proliferating
PBMC, as determined by the MTT assay. This flavanone is able to in-
duce a fast cell cycle arrest at the G,-M phase, starting at 6 h, and a
delayed (later) increase in the percentage of hypodiploid cells. The
arrest of cells in the G>-M phase of the cell cycle by FL could be ex-
plained by microtubule formation or by changes in the expression and/
or activity of Go-M cell cycle regulators. Previous studies have shown
that some flavonoids exert their anti-proliferative activity by targeting
microtubules through tubulin binding [18] and we have reported that
some naturally occurring and synthetic cytotoxic flavonoids block tu-
bulin polymerization [19-21]. Further studies are needed to determine
the effect of FL on tubulin polymerization and on G»-M cell cycle reg-
ulators such as the cyclin-dependent kinases (Cdk) inhibitor p21¢PY/
WAF1 " Cdk1, Cdc25C phosphatase and B-type cyclin isoforms.

Our results indicate that FL induces cell death by apoptosis, a pro-
cess of programmed cell death that can occur with or without activation
of caspases, but in this case cell death was dependent on caspases since
the pan-caspase inhibitor z-VAD-fmk was able to significantly reduce
both the percentage of hypodiploid cells and the percentage of annexin
V-FITC positive cells. Our results showed that the flavanone induces the
activation and processing of multiple caspases in U-937 cells. Caspase-6
which is believed to be an effector caspase that is activated downstream
of caspase-3 and -7 in apoptosome-mediated apoptosis [22] and the
effector caspase-7 which is substrate for initiator caspases in extrinsic or
intrinsic apoptotic pathways were also processed. However, the specific
caspase inhibitors against caspase-3/7, -4, -8 and -9 were unable to
block the cell death. This raises the possibility that other specific cas-
pases such as caspase-6 and/or additional pathways may play a key role
in the mechanism of cell death. The potential involvement of caspase-6
is supported by recent data which indicate that caspase-6 may be in-
volved in regulated cell death initiation [23-25].

The synthetic flavanone induced the release of mitochondrial
apoptogenic proteins including cytochrome c¢ and Smac/DIABLO.
Cytochrome ¢ in the cytosol binds to apoptotic peptidase activating
factor 1 (Apaf-1) and pro-caspase-9 to form the apoptosome which is
responsible for caspase-9 activation [26]. Smac/DIABLO in the cytosol
precipitates apoptosis by binding with members of the inhibitor of
apoptosis (IAP) protein family [27]. Although the specific caspase-9
inhibitor was unable to significantly block the cell death triggered by
FL, the results seem to indicate that the intrinsic pathway, which is
activated in response to cellular stress and is controlled by the Bcl-2
protein family, plays a key role. Treatment with the flavanone induced
a strong downregulation of Bcl-2 protein in U-937. In addition, over-
expression of Bcl-2 was able to block the cell death triggered by FL
suggesting that Bcl-2 itself is a potential target in the mechanism of cell
death. Furthermore, the Bax protein that promotes apoptosis was in-
creased in U-937 cells, demonstrating that the ratio between proa-
poptotic and anti-apoptotic Bcl-2 members plays a major role in de-
termining susceptibility of cells to apoptotic stimuli, as suggested by
previous studies [28].

We found that FL also induces activation of caspase-8 which is in-
volved in death receptor-mediated apoptosis. Caspase-8 cleaves Bid to a
truncated form (tBid), which engages the mitochondrial pathway to
amplify the apoptotic response. We did not observe a truncated form of
Bid but the Western blot experiments revealed a clear decrease in Bid
levels mainly at 10 uM FL in accordance with caspase-8 processing and
activation. Since caspase-8 activation is mediated by ligand-binding
and activation of the death-domain-containing tumor necrosis receptor
superfamily we explored the involvement of death receptors. FL was
found to effectively stimulate the expression of TRAIL, DR4 and DRS5.
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Although further experiments are needed to determine whether FL is
able to amplify the sensitivity to TRAIL these results are of potential
importance because they demonstrate that FL is a death receptor in-
ducer.

The mitogen activated protein kinase (MAPK) signalling pathway
regulates the expression of a large number of proteins involved in the
control of cell proliferation, differentiation and apoptosis. Activation of
the MAPK signalling pathway is known to cause the transformation of
normal cells to tumor phenotype [29,30]. Therefore, targeting any
component in the MAPK signalling pathway has the potential to arrest
tumor growth. Here we found that FL effectively activates the MAPK
pathway and interestingly the activation of ERK1/2 and JNK/SAPK is
involved in FL-induced apoptosis, since the MEK1/2 and JNK/SAPK
inhibitors were able to block partially cell death. These results indicate
a key role for the MAPK signalling cascade in the mechanism of cyto-
toxicity triggered by this flavanone. We have previously shown that
betuletol 3-methyl ether, a naturally occurring flavonoid, induces the
activation of mitogen-activated protein kinases. However, FL is a
greater apoptotic inducer than betuletol 3-methyl ether and induces a
fast phosphorylation of JNK/SAPK [31]. In addition, we have described
that a flavonoid derivative, trifolin acetate, induces cell death in human
leukaemia cells and that this was attenuated by MEK1/2 inhibition.
However, this was different to the flavanone described here: the JNK/
SAPK inhibitor SP600125 amplified cell death [32]. These results reveal
that these flavonoid derivatives differentially modulate the MAPK
pathways and could be used to enhance the cell death triggered by
these specific compounds. An amplification of the cleavage of caspase-3
and PARP by JNK/SAPK inhibition has been also described in the me-
chanism of cell death triggered by the prenylated flavonoid daphne-
giravone D in human hepatocellular carcinoma cells [33].

Future studies addressing the bioavailability — including the devel-
opment of micro- and nanodelivery systems — as well as efficacy of in
vivo concentrations of this specific compound are necessary to de-
termine its potential beneficial effects for human health.

4. Conclusions

The SAR of naphthalene-based chalcones and their corresponding
flavanones are displayed graphically in Fig. 6. The most relevant results
are (i) some chalcones are more potent than their corresponding fla-
vanones, while other chalcones show similar potency to flavanones,
indicating that flexible structures are important in determining cyto-
toxicity; (ii) the introduction of a methoxy group at a specific position
(position 5’ on the A ring in chalcone or at position 6 on the A ring of
the corresponding flavanone) improved the cytotoxicity against U-937
cells and (iii) the introduction of a methyl group or an atom of chlorine
appears to be irrelevant, while the presence of one or two benzyloxy
groups on the A ring completely abrogates cytotoxicity, except for the
6’-benzyloxy derivative in the chalcone skeleton that showed a similar
potency to the parent chalcone.

We show that the synthetic flavanone FL is cytotoxic against four
human leukaemia cells but not against human peripheral blood
mononuclear cells. FL-induced cytotoxicity (i) involves the activation
and processing of the initiator (caspase-8 and -9) and the executioner
caspases (caspases-3, -6 and -7); (ii) is attenuated by the pan-caspase
inhibitor z-VAD-fmk; (iii) is associated with the phosphorylation of the
mitogen-activated protein kinases ERK1/2, JNK/SAPK and p38M~FK;
and (iv) is reduced by the inhibition of MEK1/2 and JNK/SAPK. The
ICsp values in human leukaemia cells were comparable with those ob-
tained with the antitumor compound etoposide. The studies shown here
open new avenues of research into the potential of this compound or
derivatives in the development of new therapeutic strategies against
leukaemia cells.
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Some chalcones are more potent
than their corresponding flavanones

i

Benzyloxy group in the chalcone skeleton favours the
activity compared with 4'- or 5'-benzyloxy derivative,
but does not increase the potency with respect to the
parent chalcone

Fig. 6. Structure-activity relationship of naphthyl-chalcone/flavanone analogues.

5. Experimental
5.1. General method and reagents

'H and '3C NMR spectra were obtained on a Bruker model AMX-500
spectrometer with standard pulse sequences operating at 500 MHz in
'H and 126 MHz in '3C NMR. Chemical shifts (§) are given in ppm
upfield from tetramethylsilane as internal standard, and coupling con-
stants (J) are reported in hertz. IR spectra were recorded using a Bruker
model IFS-55 spectrophotometer. Melting points were determined on a
Biichi B-540 apparatus and are un-corrected. EIMS and HREIMS were
recorded on a Micromass model Autospec (70 eV) spectrometer.
Column chromatography was carried out on silica gel 60 (Merck
230-400 mesh) and analytical thin layer chromatography (TLC) was
performed using silica gel aluminum sheets. HPLC analyses were per-
formed on a Waters 600 Controller using a Chiralcel OD-H column
(iPrOH:hexane) and a Silica gel 100 A 1C column (250 X 4.6 mm —
Hexane:ethyl acetate). Elemental analyses were performed on a Leco
TruSpec Micro equipment. The purity of compounds used in biological
testing was > 98%, as determined by elemental analysis or high-per-
formance liquid chromatography. The inhibitors benzyloxycarbonyl-
Val-Ala-Asp(OMe) fluoromethyl ketone (z-VAD-fmk), benzylox-
ycarbonyl-Asp(OMe)-Glu(O-Me)-Val-Asp(O-Me) fluoromethyl ketone
(z-DEVD-fmk), benzyloxycarbonyl-Ile-Glu-Thr-Asp(OMe) fluoromethyl
ketone (z-IETD-fmk), benzyloxycarbonyl-Leu-Glu-His-Asp(OMe) fluor-
omethyl ketone (z-LEHD-fmk), Ac-LEVD-CHO (N-acetyl-Leu-Glu-Val-
Asp-CHO), PD98059, U0126, SP600125 and SB203580 were purchased
from Sigma (Saint Louis, MO, USA). Acrylamide, bisacrylamide, am-
monium persulfate and N,N,N’,N’-tetramethylethylenediamine were
from Bio-Rad (Hercules, CA, USA). Antibodies for caspase-3, caspase-7,
caspase-8 and caspase-9 were purchased from Stressgen-ENZO
(Victoria, British Columbia, Canada). Anti-caspase-6 and anti-caspase-4
monoclonal antibodies were from Medical & Biological Laboratories
(Nagoya, Japan). Monoclonal anti-B-Actin (clone AC-74) was purchased
from Sigma (Saint Louis, MO, USA). Monoclonal anti-human Bcl-2 was
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Polyclonal anti-
human Bax and Bid antibodies and monoclonal anti-cytochrome ¢ and
poly(ADP-ribose) polymerase (PARP) antibodies were from BD
Pharmingen (San Diego, CA, USA). Monoclonal antibody for Smac/
DIABLO was from BD Transduction Laboratories. Anti-JNK/SAPK, anti-
phospho-JNK/SAPK (T183/Y185), anti-p44/42 MAP kinase (ERK1/2),
anti-phospho-p44/42 MAP kinase (T202/Y204), anti-p38MAPK and a
phosphorylated form (T180/Y182) of p38MAPK were purchased from
New England BioLabs (Cell Signaling Technology, Inc, Beverly, MA,
USA). Secondary antibodies were from GE Healthcare Bio-Sciences AB
(Little Chalfont, UK). PVDF membranes were from Millipore (Temecula,
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CA, USA). All other chemicals were obtained from Sigma (Saint Louis,
MO, USA).

5.2. General procedure for the synthesis of chalcones (1-10)

A mixture of the acetophenone (5-10 mmol, 1 equiv.) and the
corresponding aldehyde (1 equiv.) in EtOH (20-40 mL) was stirred at
room temperature and a 50% aqueous solution of NaOH (5-8 mL) was
added. The reaction mixture was stirred at room temperature until the
starting materials had been consumed. HCI (10%) was then added until
neutrality was reached. Precipitated chalcones were generally filtered
and crystallized from MeOH although in some cases, the product was
purified using column chromatography.

5.2.1. (E)-1-(2-hydroxyphenyl)-3-(naphthalen-1-yl)prop-2-en-1-one (1)

Yellow amorphous solid (65%). IR (cm ™ 1): 1694, 1640, 1607, 1581,
1566, 1491, 1472, 1462, 1439, 1365, 1342, 1304, 1278, 1209, 1159,
1072, 1024, 977, 901. 'H NMR (500 MHz, CDCl3): § = 12.86 (s, 1H);
8.79 (d, J = 15.2 Hz, 1H); 8.29 (dd, J = 8.5, 1.0 Hz, 1H); 8.01-7.89
(m, 4H); 7.76 (d, J = 15.3 Hz, 1H); 7.62 (ddd, J = 8.4, 6.8, 1.5 Hz,
1H); 7.60-7.47 (m, 3H); 7.06 (dd, J = 8.4, 1.1 Hz, 1H); 6.97 (ddd,
J = 8.2, 7.2, 1.2 Hz, 1H). 3C NMR (126 MHz, CDCl;): § = 193.6,
163.7, 142.4, 136.5, 133.8, 132.1, 131.8, 131.2, 129.7, 128.8, 127.2,
126.4,125.4, 125.3, 123.4, 122.8, 120.0, 118.9, 118.7. HRMS (ESI-FT-
ICR) m/z: 297.0895 [M + Na]; caled. for C;oH;4NaO,: 297.0891.

5.2.2. (E)-1-(2-hydroxy-5-methoxyphenyl)-3-(naphthalen-1-yl)prop-2-en-
1-one (2)

Orange crystalline solid (82%), mp 112-113 °C. IR (cm™1): 1635,
1566, 1479, 1396, 1337, 1323, 1289, 1273, 1249, 1207, 1176, 1162,
1020, 1001, 979, 849. 'H NMR (500 MHz, CDCl3): 6 = 12.68 (s, 1H);
8.77 (d, J = 15.2 Hz, 1H); 8.32-8.24 (m, 1H); 7.95 (t, J = 7.7 Hz, 2H);
7.93-7.86 (m, 1H); 7.75 (d, J = 15.3 Hz, 1H); 7.73 (s, 1H); 7.62 (ddd,
J = 8.4, 6.8, 1.5 Hz, 1H); 7.59-7.50 (m, 2H); 7.34 (dd, J = 8.6, 2.2 Hz,
1H); 6.97 (d, J = 8.5 Hz, 1H); 2.36 (s, 3H). 1*C NMR (126 MHz, CDCl5):
§ = 193.5, 161.6, 142.1, 137.6, 133.8, 132.2, 131.8, 131.1, 129.4,
128.8, 128.0, 127.1, 126.4, 125.4, 125.3, 123.4, 122.9, 119.7, 118.4,
20.6. HRMS (ESI-FT-ICR) m/z: 311.1043 [M+Na]; calcd. for
CyoH;16NaO5: 311.1048.

5.2.3. (E)-1-(2-hydroxy-5-methoxyphenyl)-3-(naphthalen-1-yl)prop-2-en-
1-one (3)

Orange crystalline solid (78%), mp 111-112 °C. IR (cm™1):1644,
1581, 1566, 1495, 1417, 1346, 1271, 1188, 1166, 1048, 1017, 975,
960, 844. 'H NMR (500 MHz, CDCl;): § = 12.42 (s, 1H); 8.78 (d,
J = 15.2 Hz, 1H); 8.32-8.24 (m, 1H); 7.96 (d, J = 8.2 Hz, 1H);
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7.94-7.88 (m, 2H); 7.69 (d, J = 15.2 Hz, 1H); 7.62 (ddd, J = 8.5, 6.8,
1.4 Hz, 1H); 7.60-7.51 (m, 2H); 7.40 (d, J = 3.0 Hz, 1H); 7.17 (dd,
J = 9.1, 3.0 Hz, 1H); 7.01 (d, J = 9.1 Hz, 1H); 3.84 (s, 3H). '°C NMR
(126 MHz, CDCly): § = 193.2, 158.1, 151.8, 142.5, 133.8, 132.1,
131.8, 131.2, 128.8, 127.2, 126.4, 125.4, 125.3, 124.1, 123.4, 122.9,
119.6,119.4, 112.8, 56.1. HRMS (ESI-FT-ICR) m/z: 327.0999 [M + Na];
caled. for C20H16NaO3: 327.0997.

5.2.4. (E)-1-(2-hydroxy-4-methoxyphenyl)-3-(naphthalen-1-yl)prop-2-en-
1-one (4)

Pale yellow crystalline solid (58%), mp 114-115 °C. IR (cm™b):
1583, 1573, 1500, 1356, 1249, 1204, 1171, 1121, 1088, 1020, 1005,
958, 849, 828. 'H NMR (500 MHz, CDCl3): § = 13.48 (s, 1H); 8.74 (d,
J = 15.2 Hz, 1H); 8.28 (d, J = 8.5 Hz, 1H); 8.00-7.82 (m, 4H);
7.72-7.64 (m, 1H); 7.61 (ddt, J = 8.3, 6.9, 1.4 Hz, 1H); 7.58-7.46 (m,
2H); 6.50 (ddd, J = 4.6, 2.5, 1.3 Hz, 2H); 3.87 (d, J = 1.2 Hz, 3H). '°C
NMR (126 MHz, CDCls): § = 191.7, 166.8, 166.3, 141.4, 133.7, 132.3,
131.8, 131.3, 130.9, 128.8, 127.0, 126.3, 125.4, 125.2, 123.5, 123.0,
114.1,107.8, 101.1, 55.6. HRMS (ESI-FT-ICR) m/z: 327.1000 [M + Nal];
caled. for CyoH;6NaO5: 327.0997.

5.2.5. (E)-1-(5-chloro-2-hydroxyphenyl)-3-(naphthalen-1-yl)prop-2-en-1-
one (5)

Yellow crystalline solid (88%), mp 165-165 °C. IR (em™b): 1642,
1556, 1462, 1403, 1365, 1358, 1332, 1327, 1275, 1242, 1207, 1190,
1024, 1013, 984, 826. 'H NMR (500 MHz, CDCl3): § = 12.77 (s, 1H);
8.82 (d, J = 15.1 Hz, 1H); 8.28 (d, J = 8.9 Hz, 1H); 8.02-7.94 (m, 2H);
7.92 (dt, J = 3.4, 1.9 Hz, 2H); 7.72-7.60 (m, 2H); 7.60-7.50 (m, 2H);
7.46 (dd, J = 8.9, 2.5 Hz, 1H); 7.02 (d, J = 8.9 Hz, 1H). *C NMR
(126 MHz, CDCl3): § = 192.7, 162.2, 143.4, 136.3, 133.8, 131.8,
131.7, 131.6, 128.9, 128.9, 127.3, 126.5, 125.6, 125.4, 123.6, 123.3,
122.0, 120.6, 120.3. HRMS (ESI-FT-ICR) m/z: 307.0522 [M —H]; calcd.
for C19°°ClH;5,0,: 307.0526; m/z: 309.0499 [M—H]; caled. for
C19>ClH;50,: 309.0496.

5.2.6. (E)-1-(5-benzyloxy)-2-hydroxyphenyl)-3-(naphthalen-1-yDprop-2-
en-1-one (6)

Orange crystalline solid (76%), mp 140-141 °C. IR (cm™1): 1637,
1566, 1486, 1415, 1358, 1339, 1327, 1282, 1235, 1214, 1192, 1176,
1013, 965, 849, 837. 'H NMR (500 MHz, CDCl3): § = 12.41 (s, 1H);
8.76 (d, J = 15.2 Hz, 1H); 8.27 (d, J = 8.4 Hz, 1H); 7.97 (d,
J = 8.2 Hz, 1H); 7.90 (dd, J = 13.9, 7.6 Hz, 2H); 7.67-7.51 (m, 4H);
7.51-7.30 (m, 6H); 7.23 (dd, J = 9.1, 2.9 Hz, 1H); 7.00 (d, J = 9.0 Hz,
1H); 5.08 (s, 2H). 13C NMR (126 MHz, CDCl5): § = 193.2,158.2, 150.9,
142.4, 136.8, 133.8, 132.1, 131.8, 131.3, 128.8, 128.7, 128.2, 127.6,
127.2, 126.4, 125.4, 125.3, 125.0, 123.4, 122.8, 119.6, 119.4, 114.6,
71.3. HRMS (ESI-FT-ICR) m/z: 403.1314 [M+Na]; calcd. for
C26H20N303: 403.1310.

5.2.7. (E)-1-(4-benzyloxy)-2-hydroxyphenyD)-3-(naphthalen-1-yDprop-2-
en-1-one (7)

Yellow amorphous solid (60%). IR (ecm™1): 1633, 1566, 1507, 1363,
1289, 1254, 1218, 1190, 1128, 1020, 970, 830. 1H NMR (500 MHz,
CDCl3): 6§ = 13.45 (s, 1H); 8.75 (d, J = 15.2 Hz, 1H); 8.28 (d,
J = 8.5 Hz, 1H); 7.98-7.84 (m, 4H); 7.67 (d, J = 15.2 Hz, 1H);
7.64-7.49 (m, 3H); 7.49-7.32 (m, 5H); 6.64-6.53 (m, 2H); 5.13 (s, 2H).
13C NMR (126 MHz, CDCl3): § = 191.7, 166.7, 165.4, 141.4, 135.8,
133.7, 132.3, 131.8, 131.4, 130.9, 128.8, 128.7, 128.3, 127.6, 127.0,
126.4, 125.4, 125.2, 123.5, 123.0, 114.3, 108.3, 102.1, 70.3. HRMS
(ESI-FT-ICR) m/z: 403.1007 [M+Na]; caled. for CygHyoNaOs:
403.1310.

5.2.8. (E)-1-(3,5-dichloro-2-hydroxyphenyl)-3-(naphthalen-1-yl)prop-2-
en-1-one (8)

Orange crystalline solid (83%), mp 188-189 °C. IR (em™1Y): 1633,
1557, 1436, 1339, 1320, 1271, 1240, 1211, 1166, 1128, 1048, 1029,
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975, 968, 866, 844, 821. 'H NMR (500 MHz, CDCl3): § = 13.41 (s, 1H);
8.87 (d, J = 15.1 Hz, 1H); 8.27 (dd, J = 8.5, 1.1 Hz, 1H); 8.03-7.94
(m, 2H); 7.92 (dd, J = 8.5, 1.2 Hz, 1H); 7.85 (d, J = 2.5 Hz, 1H);
7.69-7.60 (m, 3H); 7.60-7.52 (m, 2H). '*C NMR (126 MHz, CDCl,):
5§ = 192.4, 158.1, 144.4, 135.8, 133.8, 132.0, 131.8, 131.4, 128.9,
127.5, 127.4, 126.5, 125.7, 125.4, 124.2, 123.3, 123.2, 121.3, 121.0.
HRMS (ESI-FT-ICR) m/z: 341.0136 [M—H]; calcd. for C;o°°Cl,H;;0:
341.0136; m/z: 343.0121 [M—H]; caled. for C;°°CI®’Cl H;;0.,:
343.0107.

5.2.9. (E)-1-(3,4-bis(benzyloxy)-2-hydroxyphenyl)-3-(naphthalen-1-yl)
prop-2-en-1-one (9)

Yellow amorphous solid (54%). IR (cm™1): 1635, 1564, 1500, 1453,
1431, 1342, 1306, 1294, 1259, 1228, 1128, 1091, 1060, 1017, 986,
972. 'H NMR (500 MHz, CDCl3): 6§ = 13.28 (s, 1H); 8.75 (d,
J = 15.2 Hz, 1H); 8.28 (d, J = 8.4 Hz, 1H); 7.94 (d, J = 8.2 Hz, 1H);
7.92-7.87 (m, 2H); 7.71-7.64 (m, 2H); 7.61 (ddd, J = 8.4, 6.8, 1.5 Hz,
1H); 7.58-7.49 (m, 4H); 7.42-7.28 (m, 8H); 6.55 (d, J = 9.1 Hz, 1H);
5.20 (s, 2H); 5.17 (s, 2H). '3C NMR (126 MHz, CDCl;): § = 206.9,
192.3, 158.9, 158.0, 141.6, 137.6, 136.2, 133.7, 132.3, 131.8, 131.0,
128.8, 128.6, 128.6, 128.2, 128.1, 127.9, 127.2, 127.1, 126.4, 126.1,
125.4, 125.2, 123.5, 123.0, 115.7, 104.6, 74.8, 70.8. HRMS (ESI-FT-
ICR) m/z: 509.1727 [M + Na]; calcd. for C33HoNaO4: 509.1729.

5.2.10. (E)-1-(2-(benzyloxy)-6-hydroxyphenyl)-3-(naphthalen-1-yl)prop-
2-en-1-one (10)

Bright yellow crystalline solid (80%), mp 145-146 °C. IR (em™1):
1630, 1555, 1460, 1446, 1353, 1233, 1209, 1169, 1065, 1024, 968,
918, 849. 'H NMR (500 MHz, CDCls): § = 13.41 (s, 1H); 8.62 (d,
J = 15.4 Hz, 1H); 8.25 (dd, J = 8.5, 1.2 Hz, 1H); 7.95 (d, J = 15.4 Hz,
1H); 7.88-7.80 (m, 2H); 7.58-7.49 (m, 2H); 7.49-7.44 (m, 2H); 7.40 (t,
J = 8.4 Hz, 1H); 7.38-7.34 (m, 1H); 7.32-7.27 (m, 2H); 7.21 (dd,
J = 8.2,7.2Hz, 1H); 7.08 (dt, J = 7.2, 0.9 Hz, 1H); 6.68 (dd, J = 8.4,
1.0 Hz, 1H); 6.56 (dd, J = 8.3, 1.0 Hz, 1H); 5.14 (s, 2H). *C NMR
(126 MHz, CDCl3): § = 194.5, 165.3, 160.3, 139.6, 136.0, 135.6,
133.6, 132.2, 131.8, 130.3, 130.0, 128.8, 128.6, 128.5, 128.5, 126.8,
126.1, 125.5, 125.0, 123.4, 112.0, 111.3, 102.4, 71.4. HRMS (ESI-FT-
ICR) m/z: 403.1302 [M +Na]; calcd. for Co6HooNaOs: 403.1310.

5.3. General procedure for the synthesis of flavanones (11-19)

To a solution of a chalcone (0.12-0.2 mmol) in ethanol (1-2 mL),
sodium acetate (10 equiv.) was added. The reaction was heated in re-
fluxing for 24-48 h and then was allowed to cool to room temperature,
poured into ice water (10 mL) and extracted with CH,Cl, (3 X 5 mL).
The combined organic phase was washed with brine, dried over
Na,SO,4, and then concentrated in vacuo. The flavanones were purified
by crystallization (MeOH) or column chromatography.

5.3.1. 2-(naphthalen-1-yl)chroman-4-one (11)

Bright yellow crystalline solid (80%), mp 74-75 °C. IR (em™1):
1678, 1607, 1581, 1474, 1465, 1410, 1339, 1304, 1226, 1147, 1117,
1067, 1027, 984, 918, 901, 856, 840. 'H NMR (500 MHz, CDCls):
§ = 8.11-8.03 (m, 1H); 8.01 (dd, J = 8.0, 1.8 Hz, 1H); 7.97-7.86 (m,
2H); 7.79 (d, J = 7.1 Hz, 1H); 7.56 (m, 4H); 7.16-7.05 (m, 2H); 6.24
(dd, J = 13.4, 2.8 Hz, 1H); 3.28 (dd, J = 17.0, 13.4 Hz, 1H); 3.11 (dd,
J = 17.0, 2.8 Hz, 1H). *C NMR (126 MHz, CDCl3): § = 192.3, 161.9,
136.3, 134.3, 134.0, 130.3, 129.5, 129.2, 127.3, 126.8, 126.1, 125.5,
124.0,122.9, 121.9, 121.2, 118.3, 77.0, 44.1. HRMS (ESI-FT-ICR) m/z:
297.0901 [M+Nal; caled. for CroH;4NaO.: 297.0891.

5.3.2. 6-methyl-2-(naphthalen-1-yl)chroman-4-one (12)

White crystalline solid (42%), mp 137-138 °C. IR (cm™1): 1687,
1618, 1488, 1417, 1292, 1228, 1181, 1131, 1048, 982, 908. H NMR
(500 MHz, CDCl3): § = 8.09-8.02 (m, 1H); 7.96-7.85 (m, 2H);
7.83-7.75 (m, 2H); 7.62-7.47 (m, 3H); 7.35 (dd, J = 8.4, 2.4 Hz, 1H);
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7.00 (d, J = 8.4 Hz, 1H); 6.20 (dd, J = 13.3, 2.8 Hz, 1H); 3.25 (dd,
J = 17.0, 13.4 Hz, 1H); 3.08 (dd, J = 16.9, 2.9 Hz, 1H); 2.36 (s, 3H).
13C NMR (126 MHz, CDCl3): § = 192.5, 159.9, 137.3, 134.3, 133.9,
131.2, 130.2, 129.3, 129.1, 126.7, 126.7, 125.9, 125.4, 123.8, 122.8,
120.7, 118.0, 76.8, 44.0, 20.5. HRMS (ESI-FT-ICR) m/z: 311.1049 [M
+Nal; caled. for C5oH;6NaO,: 311.1048.

5.3.3. 6-methoxy-2-(naphthalen-1-yl)chroman-4-one (13)

White crystalline solid (70%); mp 164-165 °C. IR (cm™1): 1682,
1611, 1484, 1429, 1334, 1278, 1209, 1178, 1057, 1027, 982, 892, 866,
818. 1H NMR (500 MHz, CDCl5): § = 8.06 (d, J = 8.0 Hz, 1H); 7.92 (d,
J = 8.4 Hz, 1H); 7.89 (d, J = 8.1 Hz, 1H); 7.78 (d, J = 7.1 Hz, 1H);
7.55 (m, 3H); 7.43 (d, J = 3.2 Hz, 1H); 7.15 (dd, J = 9.0, 3.2 Hz, 1H);
7.04 (d, J = 9.0 Hz, 1H); 6.19 (dd, J = 13.4, 2.8 Hz, 1H); 3.85 (s, 3H);
3.25 (dd, J = 17.1, 13.4 Hz, 1H); 3.09 (dd, J = 17.0, 2.8 Hz, 1H); 3¢
NMR (126 MHz, CDCl3): § = 192.3, 156.5, 154.4, 134.3, 133.9, 130.2,
129.3, 129.1, 126.7, 125.9, 125.4, 125.4, 123.8, 122.8, 120.9, 119.5,
107.5, 77.2, 55.9, 43.9. HRMS (ESI-FT-ICR) m/z: 327.0999 [M + Na];
caled. for CooH;¢NaOs: 327.0997.

5.3.4. 7-methoxy-2-(naphthalen-1-yl)chroman-4-one (14)

White amorphous solid (48%). IR (em™1Y): 1697, 1671, 1611, 1600,
1578, 1443, 1379, 1360, 1292, 1259, 1202, 1159, 1121, 1053, 1041,
1013, 991, 949, 892, 873, 828. 'H NMR (500 MHz, CDCl5):
§ = 8.11-8.03 (m, 1H); 7.98-7.85 (m, 3H); 7.77 (d, J = 7.2 Hz, 1H);
7.55 (dd, J = 8.5, 6.6 Hz, 3H); 6.67 (dd, J = 8.8, 2.4 Hz, 1H); 6.54 (d,
J = 2.4 Hz, 1H); 6.23 (dd, J = 13.3, 2.9 Hz, 1H); 3.85 (s, 3H); 3.23 (dd,
J = 16.9, 13.3 Hz, 1H); 3.04 (dd, J = 17.0, 2.9 Hz, 1H). '*C NMR
(126 MHz, CDCl3): § = 190.9, 166.2, 163.7, 134.2, 133.9, 130.2,
129.4, 129.1, 128.9, 126.7, 126.0, 125.4, 123.9, 122.8, 115.0, 110.4,
101.0, 77.2, 55.7, 43.6. HRMS (ESI-FT-ICR) m/z: 327.1007 [M+ Nal;
caled. for CyoH;6NaO5: 327.0997.

5.3.5. 6-chloro-2-(naphthalen-1-yl)chroman-4-one (15)

Bright yellow crystalline solid (80%), mp 137-138 °C; IR (em™1):
1687, 1604, 1467, 1424, 1408, 1337, 1275, 1221, 1209, 1171, 1131,
982, 911, 901, 892, 852, 833. 'H NMR (500 MHz, CDCls) § 8.06-8.00
(m, 1H); 7.96 (d, J = 2.6 Hz, 1H); 7.95-7.87 (m, 2H); 7.76 (dt, J = 7.3,
1.0 Hz, 1H); 7.61-7.51 (m, 3H); 7.48 (dd, J = 8.8, 2.7 Hz, 1H); 7.06 (d,
J = 8.8 Hz, 1H); 6.23 (dd, J = 13.2, 2.9 Hz, 1H); 3.26 (dd, J = 17.1,
13.2 Hz, 1H); 3.12 (dd, J = 17.1, 2.9 Hz, 1H). 13C NMR (126 MHz,
CDCl3) 6 191.2, 160.3, 136.2, 134.0, 133.8, 130.3, 129.7, 129.3, 127.5,
126.9, 126.6, 126.2, 125.5, 124.0, 122.8, 122.0, 120.1, 77.2, 43.7.
HRMS  (ESI-FT-ICR) m/z 331.0505 [M+Na]; caled. for
C19°°ClH 3Na0,:  331.0502; m/z: 333.0463 [M+Na]; caled. for
C19%ClH;3NaO0,: 333.0472

5.3.6. 6-benzyloxy-2-(naphthalen-1-yl)chroman-4-one (16)

White crystalline solid (46%), mp 159-160 °C. IR (cm™1): 1682,
1484, 1453, 1431, 1382, 1337, 1271, 1181, 1155, 1131, 1062, 1039,
1027, 982, 963, 894, 861, 837. 1H NMR (500 MHz, CDCl3): § = 8.05
(d, J = 7.8 Hz, 1H); 7.97-7.83 (m, 2H); 7.78 (d, J = 7.1 Hz, 1H);
7.61-7.50 (m, 4H); 7.46 (d, J = 7.4 Hz, 2H); 7.41 (dd, J = 8.4, 6.6 Hz,
2H); 7.37-7.29 (m, 1H); 7.23 (dd, J = 9.0, 3.2 Hz, 1H); 7.05 (d,
J = 8.9 Hz, 1H); 6.19 (dd, J = 13.5, 2.8 Hz, 1H); 5.10 (s, 2H); 3.25 (dd,
J = 17.1, 13.5 Hz, 1H); 3.09 (dd, J = 17.1, 2.8 Hz, 1H). 13C NMR
(126 MHz, CDCl3): § = 192.2, 156.6, 153.5, 136.6, 134.2, 133.9,
130.2, 129.3, 129.1, 128.6, 128.1, 127.6, 126.7, 126.0, 126.0, 125.4,
123.8,122.8,121.0, 119.6, 109.0, 77.0, 70.6, 43.9. HRMS (ESI-FT-ICR)
m/z: 403.1310 [M + Na]; calcd. for CyHooNaO3: 403.1310.

5.3.7. 7-benzyloxy-2-(naphthalen-1-yl)chroman-4-one (17)

Pale yellow amorphous solid (50%). IR (em™1): 1668, 1607, 1571,
1500, 1443, 1377, 1353, 1334, 1294, 1252, 1185, 1166, 1119, 1060,
1034, 998, 984, 930, 828. 1H NMR (500 MHz, CDCl3): § = 7.98 (d,
J = 7.7 Hz, 1H); 7.90-7.79 (m, 3H); 7.72-7.66 (m, 1H); 7.52-7.43 (m,
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3H); 7.37-7.25 (m, 5H); 6.67 (dd, J = 8.8, 2.4 Hz, 1H); 6.55 (d,
J = 2.3 Hz, 1H); 6.15 (dd, J = 13.2, 2.8 Hz, 1H); 5.04 (s, 2H); 3.16 (dd,
J = 17.0, 13.3 Hz, 1H); 2.97 (dd, J = 17.0, 2.9 Hz, 1H). 3¢ NMR
(126 MHz, CDCl3): § = 190.8, 165.3, 163.7, 135.8, 134.2, 133.9,
130.2, 129.4, 129.1, 128.9, 128.7, 128.3, 127.5, 126.7, 126.0, 125.4,
123.9,122.8,115.2,110.9, 102.0, 77.3, 70.3, 43.6. HRMS (ESI-FT-ICR)
m/z: 403.1313 [M + Na]; calcd. for Cy6HooNaO3: 403.1310.

5.3.8. 6,8-dichloro-2-(naphthalen-1-yl)chroman-4-one (18)

Pale yellow crystalline solid (56%), mp 172-173 °C. IR (em™1):
1694, 1592, 1455, 1337, 1266, 1254, 1233, 1214, 1181, 1166, 1003,
982, 968, 878, 852, 809. 1H NMR (500 MHz, CDCl3): § = 7.96 (d,
J = 8.2 Hz, 1H); 7.89-7.82 (m, 2H); 7.80 (d, J = 2.6 Hz, 1H); 7.71 (d,
J = 7.2 Hz, 1H); 7.56-7.44 (m, 4H); 6.23 (dd, J = 12.2, 3.5 Hz, 1H);
3.20 (dd, J = 17.2,12.2 Hz, 1H); 3.13 (dd, J = 17.2, 3.5 Hz, 1H). 3¢
NMR (126 MHz, CDCl3): § = 190.3, 155.9, 135.7, 133.9, 133.0, 130.1,
129.7, 129.1, 126.9, 126.8, 126.1, 125.3, 125.2, 124.4, 123.9, 122.7,
122.6, 77.6, 43.2. HRMS (ESI-FT-ICR) m/z: 365.0109 [M + Na]; calcd.
for Ci9°°ClH;505: 365.0112; m/z: 367.0089 [M+Nal; caled. for
C15°°CI*”CINaH;,0,: 367.0083

5.3.9. 7,8-bis(benzyloxy-2-(naphthalen-1-yl)chroman-4-one (19)

White amorphous solid (40%). IR (cm™1): 1686, 1641, 1592, 1505,
1446, 1384, 1312,1293,1261,1194, 1120, 1090, 1073, 1013. 1H NMR
(500 MHz, CDCls): § = 8.05 (dd, J = 6.1, 3.3 Hz, 1H); 7.93 (dd,
J =6.3,3.4Hz,1H); 7.90 (d, J = 8.3 Hz, 1H); 7.77 (d, J = 7.2 Hz, 1H);
7.73 (d, J = 8.9 Hz, 1H); 7.59-7.49 (m, 3H); 7.45-7.31 (m, 5H); 7.27
(m, 2H); 7.18 (dd, J = 8.4, 6.3 Hz, 1H); 7.15-7.06 (m, 2H); 6.74 (d,
J = 8.9 Hz, 1H); 6.14 (dd, J = 12.3, 3.4 Hz, 1H); 5.21 (s, 2H); 5.01 (s,
2H); 3.16 (dd, J = 17.1, 12.3 Hz, 1H); 3.08 (dd, J = 17.0, 3.4 Hz, 1H).
13C NMR (126 MHz, CDCl;): § = 205.9, 190.2, 157.3, 155.0, 136.2,
135.3, 135.1, 133.3, 132.7, 129.1, 128.1, 128.0, 127.6, 127.5, 127.1,
127.0, 126.8, 126.2, 125.6, 124.9, 124.3, 122.7, 122.0, 121.8, 115.4,
106.5, 74.2, 69.9, 42.8. HRMS (ESI-FT-ICR) m/z: 509.1729 [M + Na];
caled. for C33Hy6NaOy4: 509.1732.

5.4. Cell culture and cytotoxicity assays

U-937, HL-60, NALM-6 and MOLT-3 cells were from DSMZ (German
Collection of Microorganisms and Cell Cultures, Braunschweig,
Germany). U-937/Bcl-2 cells were kindly provided by Dr. Jacqueline
Bréard (INSERM U749, Faculté de Pharmacie Paris-Sud, Chatenay-
Malabry, France). The U-937 is a pro-monocytic, human myeloid leu-
kaemia cell line which was isolated from a histiocytic lymphoma. HL-60
is an acute myeloid leukaemia cell line. NALM-6 is a human B cell
precursor leukaemia. MOLT-3 is an acute lymphoblastic leukaemia cell
line.

Cells were cultured in RPMI 1640 medium containing 10% (v/v)
heat-inactivated fetal bovine serum, 100 pg/ml streptomycin and 100
U/ml penicillin, incubated at 37 °C in a humidified atmosphere con-
taining 5% CO,, as described [17]. The doubling times of the cell lines
were 30 h for U-937 and U-937/Bcl-2, 24 h for HL-60 and 40 h for
NALM-6 and MOLT-3. Human peripheral blood mononuclear cells
(PBMC) were isolated from heparin-anticoagulated blood of healthy
volunteers by centrifugation with Ficoll-Paque Plus (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden). PBMC were also stimulated with phy-
tohemagglutinine (2 pg/mL) for 48 h before the experimental treat-
ment. The trypan blue exclusion method was used for counting the cells
by a hematocytometer and the viability was always greater than 95% in
all experiments. The cytotoxicities of chalcones and flavanones were
evaluated by colorimetric 3-(4,5-dimethyl-2-thiazolyl-)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assays as previously described [34].
Chalcones and flavanones were dissolved in DMSO and kept under dark
conditions at 25 °C. Before each experiment, compounds were dissolved
in culture media at 37 °C. The final concentration of DMSO did not
exceed 0.3% (v/v).
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5.5. Fluorescent microscopy analysis

Cells were washed with PBS and fixed in 3% paraformaldehyde for
10 min at room temperature. The paraformaldehyde was removed by
centrifugation (12,000g, 1 min, 25 °C) and the samples were stained
with 20 ug/mL of bisbenzimide trihydrochloride (Hoechst 33258) in
PBS at 25 °C during 15 min. An aliquot of 10 pL of the mixture was used
to observe the stained nuclei with fluorescent microscopy (Zeiss-
Axiovert).

5.6. Quantification of hypodiploid cells and flow cytometry analysis of
annexin V-FITC and propidium iodide-stained cells

Flow cytometric analysis of propidium iodide-stained cells was
performed as previously described [35]. Briefly, cells were centrifuged
for 10 min at 500g, washed with cold PBS, fixed with ice-cold 75%
ethanol and stored at —20 °C for at least 1 h. Samples were then cen-
trifuged at 500g for 10 min at 4 °C, washed with PBS, resuspended in
200 pL of PBS containing 100 pg/mL RNase A and 50 pg/mL propidium
iodide and incubated for 1 h in the dark. The DNA content was analyzed
by flow cytometry with a BD FACSVerse™ cytometer (BD Biosciences,
San Jose, CA, USA). Flow cytometric analysis of annexin V-FITC and
propidium iodide-stained cells was performed as described [35].

5.7. Assay of caspase activity

Caspase activity was determined by measuring proteolytic cleavage
of the chromogenic substrates Ac-DEVD-pNA (for caspase-3 like pro-
tease activity), Ac-IETD-pNA (for caspase-8 activity) and Ac-LEHD-pNA
(for caspase-9 activity) as previously described [35].

5.8. Western blot analysis

Cells were harvested by centrifugation (500g, 10 min, 4 °C) and
pellets were resuspended in lysis buffer [1% Triton X-100, 10 mM so-
dium fluoride, 2 mM EDTA, 20 mM Tris-HCl (pH 7.4), 2 mM tetra-
sodium pyrophosphate, 10% glycerol, 137 mM NacCl, 20 mM sodium [3-
glycerophosphate], with the protease inhibitors phenylmethylsulfonyl
fluoride (PMSF, 1 mM), aprotinin, leupeptin, and pepstatin A (5 pg/mL
each) and kept on ice during 15 min. Cells were sonicated on ice five
times (5 s each, with intervals between each sonication of 5 s) with a
Braun Labsonic 2000 microtip sonifier and centrifuged (11,000g,
10 min, 4 °C). Bradford’s method was used to determine protein con-
centration. The samples that were loaded in sodium dodecyl sulphate-
polyacrylamide gel (from 7.5 to 15% depending on the molecular
weight of interest) were prepared with the same amount of protein and
boiled for 5 min. The proteins were transferred to a poly(vinylidene
difluoride) membrane for 20 h at 20 V. The membrane was blocked
with 10% nonfat milk in Tris-buffered saline [50 mM Tris-HCl (pH 7.4),
150 mM NacCl] containing 0.1% Tween-20 (TBST) for 1 h, followed by
incubation with specific antibodies against caspase-3, caspase-4, cas-
pase-6, caspase-7, caspase-8, caspase-9, Bax, Bcl-2, Bid, DR4, DR5,
TRAIL, MAPKs, B-actin and poly(ADP-ribose)polymerase overnight at
4 °C. Membranes were washed three times with TBST and incubated for
1 h with the specific secondary antibody and the antigen-antibodies
complexes were visualized by enhanced chemiluminescence using the
manufacturer’s protocol.

5.9. Subcellular fractionation

Cells were harvested by centrifugation (500g, 10 min, 4 °C) and
washed twice with cold PBS at 4 °C. The pellets were resuspended in
buffer [20 mM HEPES (pH 7.5), 1 mM EDTA, 0.1 mM phe-
nylmethylsulfonyl fluoride, 1.5 mM MgCl,, 1 mM EGTA, 10 mM KCl,
1 mM dithiothreitol, and 5 pug/mL leupeptin, aprotinin, and pepstatin
A] with 250 mM sucrose. The samples were incubated for 15 min on ice
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and lysed 10 times with a 22-gauge needle. The lysates were cen-
trifuged (1000g, 5 min, 4 °C). The supernatants were centrifuged at
105,000¢g for 45 min at 4 °C, and the resulting supernatant was used as
the soluble cytosolic fraction and analysed by immunoblotting with
specific antibodies against Smac/DIABLO and cytochrome c.

5.10. Intracellular reactive oxygen species (ROS) determination

Intracellular ROS were detected by flow cytometry using the probe
2’,7’-dichlorodihydrofluorescein diacetate (H,-DCF-DA). Flow cyto-
metric analysis was carried out using a BD FACSVerse™ cytometer (BD
Biosciences, San Jose, CA, USA) and has been described in detail else-
where [36].
5.11. Statistical methods

Statistical differences between means were tested using (i) Student’s
t-test (two samples) or (ii) one-way analysis of variance (ANOVA) (3 or
more samples) with Tukey’s test used for a posteriori pairwise compar-
isons of means. A significance level of P < 0.05 was used.
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Abstract: Spiciformin (1) is a sesquiterpene lactone with a germacrane skeleton that is found in
two Tanacetum species endemic to the Canary Islands. In this study, the cytotoxicities of 1 and its
acetyl derivative (2) were evaluated against human tumor cells. These sesquiterpene lactones were
cytotoxic against human acute myeloid leukemia (U-937 and HL-60) cells, even in cells over-expressing
the pro-survival protein Bcl-2, but melanoma (SK-MEL-1) and human mononuclear cells isolated
from blood of healthy donors were more resistant. Both compounds are apoptotic inducers in
human leukemia U-937 cells. Cell death was mediated by the processing and activation of initiator
and effector caspases and the cleavage of poly(ADP-ribose) polymerase, and it was blocked by
a broad-spectrum caspase inhibitor and (in the case of sesquiterpene lactone 2) by the selective
caspase-3/7, -8, and -9 inhibitors. In addition, certainly in the case of compound 2, this was found to be
associated with a decrease in mitochondrial membrane potential, downregulation of the anti-apoptotic
protein Bcl-2, activation of the mitogen-activated protein kinases signaling pathway, and generation
of reactive oxygen species. It will, therefore, be relevant to continue characterization of this class
of compounds.

Keywords: apoptosis; cytotoxicity; caspase; poly(ADP-ribose) polymerase; sesquiterpene lactone

1. Introduction

The discovery of new anticancer agents is of great interest since the currently available drugs against
cancer exhibit several critical problems, including serious adverse effects, insufficient effectiveness,
and the development of multidrug resistance [1]. Acute myeloid leukemia is a lethal form of hematologic
malignancy and is the most usual type of acute leukemia in adults and accounts for 15%-20% of all
tumors diagnosed in children aged 1 to 14 years [2]. Despite recent advances to treat and cure acute
myeloid leukemia, mortality rates are still very high [3].

Many small molecules approved as anticancer drugs are based on natural products [4].
Sesquiterpene lactones are naturally occurring compounds formed from the condensation of three
isoprene units and contain one or more lactone rings. A large number of sesquiterpene lactones
exhibit cancer cell cytotoxicity, which depends on the presence of the x-methylene-y-lactone moiety.
This functional group acts as an alkylating agent in a Michael-type reaction with biomolecules
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containing nucleophilic groups [5,6]. Sesquiterpene lactones target multiple signal transduction
pathways involved in survival and cell death. It has been shown that sesquiterpene lactones inhibit
nuclear factor kB, phosphatidylinositol-3-kinase, Janus kinase/signal transducer, and activator of
transcription and mitogen-activated protein kinase signaling, as well as epigenetic factors such as DNA
methyltransferase 1 and histone deacetylase 1, together with activation of c-Jun N-terminal kinases and
reactive oxygen species generation (reviewed in Reference [6]). The effect of sesquiterpene lactones
on multiple targets triggers the blocking of cancer development and progression and might sensitize
cancer cells to conventional chemotherapy. Interest in this kind of natural product has emerged mainly
because they are selective toward tumor and cancer stem cells [7].

Several sesquiterpene lactones have been evaluated in cancer clinical trials [8].
Specific sesquiterpene lactones are apoptotic inducers in different types of cancer cells [9]. This type
of regulated cell death is characterized by cytoplasmic shrinkage, plasma membrane blebbing,
phosphatidylserine exposure at the cell surface, loss of mitochondrial membrane potential, chromatin
condensation, nuclear fragmentation, and formation of apoptotic vesicles [10,11]. It can occur
with or without the activation of a class of aspartate-specific cysteine proteases known as
caspases [12-14]. Two main apoptotic pathways have been described, namely the extrinsic and
intrinsic pathways [15]. The intrinsic or mitochondrial pathway is controlled by pro-apoptotic and
anti-apoptotic proteins of the B-cell lymphoma 2 (Bcl-2) family and involves mitochondrial outer
membrane permeabilization, which promotes the cytosolic release of apoptogenic factors including
cytochrome c [16]. Cytosolic cytochrome ¢ is involved in the assembly of apoptosome and pro-caspase-9
stimulation, which activates the executioner caspase-3 and -7. The death receptor or extrinsic pathway
is mediated by plasma membrane receptors and induces activation of caspase-8, which mainly activates
caspase-3 [17,18]. In addition, most of the anticancer drugs trigger apoptosis induction in malignant
cells and reactivation of this pathway is critical for more effective treatments [19].

Two Tanacetum species endemic of the Canary Islands, Tanacetum ptarmiciflorum and T. ferulaceum var.
latipinnum contain spiciformin (1) (Figure 1), a sesquiterpene lactone with a germacrane skeleton [20].
Its potential antiproliferative activity against human cancer cells has not been investigated to date.
The justification for studying the cytotoxic effects of spiciformin against human cancer cells is two-fold:
(1) it has the same skeleton as parthenolide, a sesquiterpene lactone with potent anti-cancer and
anti-inflammatory activity, and (2) its chemical structure allows the addition of new substituents to
improve its cytotoxicity. The present study explores the potential cytotoxicity of spiciformin (1) and
its acetyl derivative (2) against human tumor cells and their underlying mechanisms of cell death,
including the disruption of mitochondrial membrane potential, the activation of the caspase cascade
and the mitogen-activated protein kinase pathway, the changes in the Bcl-2 family proteins expression,
and the generation of reactive oxygen species.

0

Figure 1. Structure of spiciformin (1) and its acetate (2).

R

2. Results and Discussion

2.1. Spiciformin Acetate (2) is More Cytotoxic Than Spiciformin (1) Against Human Tumor Cells

In the present study, the effects of the naturally occurring spiciformin (1), an epoxylated
germacranolide, and its acetyl derivative (2) on the growth of human acute myeloid leukemia
(U-937 and HL-60) and melanoma (SK-MEL-1) cells were evaluated. Spiciformin acetate (2) was
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synthesized and evaluated for cytotoxicity against human tumor cells since its higher hydrophobicity
can facilitate diffusion through the plasma membrane and, therefore, enhance cytotoxicity in vitro.
No studies have yet addressed the cytotoxicity of these germacranolides against human acute myeloid
leukemia and melanoma cell lines.

To evaluate the potential antiproliferative effect of both sesquiterpene lactones, cells were treated
with increasing concentrations and viability was determined by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assay. These compounds were found to inhibit the cell
viability in a concentration-dependent manner and displayed cytotoxic effects against the human
leukemia cell lines (Figure 2a). The ICsy (concentrations inducing a 50% inhibition of cell growth)
values for spiciformin (1) were similar in both leukemia cells (IC5q values of ca. 5 uM), while in
SK-MEL-1 the ICsg value was approximately four-fold higher (Table 1). The human tumor U-937 cells
were more sensitive than SK-MEL-1 melanoma cells to the cytotoxic effects of spiciformin (1). The ICsq
values for spiciformin acetate (2) were lower than spiciformin (1) in all cell lines assayed, except in
HL-60 cells. In these experiments, etoposide, which is an agent commonly used for the treatment of
acute leukemia, was included as a positive control. The ICsg values of etoposide were 1.2 + 0.4 uM,
0.4+ 0.1 uM, and 10 + 4 uM, for U-937, HL-60, and SK-MEL-1, respectively.

Table 1. Effects of sesquiterpene lactones on cell viability of human tumor cell lines.

ICsp (LM)
U-937 HL-60 SK-MEL-1 U-937/Bcl-2
Spiciformin (1) 5.0+£0.8 47+1.3 225+4.1 55+14
Spiciformin acetate (2) 1.2+05 3815 115+ 40 1.6+1.0

U-937, U-937/Bcl-2, HL-60: acute myeloid leukemia; SK-MEL-1: melanoma. The IC5, values were calculated using
the methodology described in the Materials and Methods section from cells treated for 72 h. The data shown represent
the mean + SEM (standard error of the mean) of 3-5 independent experiments with three determinations each.

Over-expression of the pro-survival protein Bcl-2 did not suppress the cytotoxicity induced by
sesquiterpene lactones 1 and 2 since the ICsy values were similar for U-937 and U-937/Bcl-2 cells
(Figure 2b, Table 1). This result is very interesting since Bcl-2 protein confers resistance to apoptosis
by antagonizing the mitochondrial outer membrane permeability and exerts anti-apoptotic functions
through the binding of pro-apoptotic members of the Bcl-2 family [21].

Treatment with both sesquiterpene lactones induced profound morphological changes as well
as a marked reduction in the number of cells. Representative images obtained with an inverted
phase-contrast microscope of U-937 cells treated with increasing concentrations of spiciformin (1)
and spiciformin acetate (2) for 24 h are shown in Figure 2c. It was also investigated whether both
sesquiterpene lactones were likewise cytotoxic for human mononuclear cells isolated from peripheral
blood of healthy donors (PBMC). As shown in Figure 2d, a pronounced reduction was detected in the
proliferation of U-937 cells while quiescent PBMC showed higher resistance than leukemia cells, even
at 30 uM sesquiterpene lactones. The ICsy values determined at 24 h for 1 and 2 were 30.4 + 3.6 uM
and 41.0 + 3.8 uM against PBMC, while the IC5y values against U-937 cells were 10 + 4.0 uM and
12.2 + 2.6 uM, respectively. Interestingly, the ICsg values in U-937 cells for both compounds were
similar at 24 h. These results suggest that both sesquiterpene lactones affected viability of peripheral
blood mononuclear cells (PBMC) to a lesser extent than U-937 cells. Control experiments with the
fibroblast-like Vero cell line showed no appreciable toxicity even at 100 uM spiciformin or spiciformin
acetate for 24 h. As a positive control, doxorubicin (3 uM) was included in the experiment and there
was a 50% decrease in the viability of these cells (Figure 2e). Future studies addressing the selectivity
and efficacy of in vivo concentrations of these compounds are necessary to determine their potential
for human health.
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Figure 2. Effects of sesquiterpene lactones 1 and 2 on human tumor cells. (a) Dose-response
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study on human cancer cell lines. Cells were cultured in the presence of increasing concentrations
of spiciformin or spiciformin acetate for 72 h, and then the cell viability was determined by the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. (b) Immunoblot analysis
of Bcl-2 protein in U-937 and U-937/Bcl-2. The membrane was stained with Ponceau S to control equal
protein loading. (c) U-937 cells were incubated with the indicated concentrations of the specified
compounds for 24 h and visualized with an inverted phase-contrast microscope. Original magnification
40x. (d) Differential effects of sesquiterpene lactones on viability of normal mononuclear cells from
peripheral blood (PBMCs) versus U-937 cells. Quiescent PBMC from healthy human origin and human
leukemia cells were treated with increasing concentrations of 1 and 2 for 24 h. (e) Effect of 100 uM
sesquiterpene lactones on Vero cells viability determined by the MTT assay after treatment for 24 h.
Doxorubicin (Dox, 3 uM) was included as a positive control. The results are means + SE of three
independent experiments performed in triplicate (* p < 0.05, significantly different from untreated
control). (f) Morphological analysis after staining with Hoechst 33,258 to assess nuclear chromatin
fragmentation and condensation (i.e., apoptosis) after treatment with 30 uM sesquiterpene lactones 1
and 2. Cells were observed under a fluorescence microscope and representative fields were photographed
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with a digital camera. Original magnification 63x. (g) Cells were incubated with the specified
concentrations of germacranolides 1 and 2 for 24 h, stained with annexin V-FITC and propidium
iodide and analyzed by flow cytometry. Shown data are representative out of three independent
experiments with similar results. (h) Cells were incubated as in (e), fixed, and analyzed by flow
cytometry. Representative histograms of flow cytometry after propidium iodide labeling and the
percentages of hypodiploid cells (apoptotic cells) are shown.

2.2. Spiciformin (1) and Spiciformin Acetate (2) Induce Apoptosis in Human Acute Myeloid Leukemia Cells

To elucidate whether growth inhibition mediated by sesquiterpene lactones was caused by
apoptosis, fluorescence microscopy using Hoechst 33258 staining and flow cytometry experiments
were performed in U-937 cells. To this end, cells were treated with 30 pM of compounds for 24 h,
and morphological aspects were visualized by fluorescent microscopy. As shown in Figure 2f, control
cells showed round nuclei with uncondensed and dispersed chromatin, while treated cells with
sesquiterpene lactones showed fragmented and condensed nuclei. The evaluation of the number
of annexin V-fluoresceine isothiocyanate (FITC) positive cells by flow cytometry revealed that the
percentage of apoptosis increased about five and nine times in cells treated with 10 pM sesquiterpene
lactones 1 and 2 for 24 h, respectively (Figure 2g). In accordance with the annexin V-FITC studies,
the percentage of hypodiploid cells (i.e., sub-G; fraction) increased about 10-fold and 14-fold in cells
treated with compounds 1 and 2, respectively, compared with control cells after 24 h exposure at a
concentration of 30 uM. Representative histograms obtained after treatment with both sesquiterpene
lactones and subjected to flow cytometric analysis of nuclei stained with propidium iodide are shown
(Figure 2h). These results indicate that sesquiterpene lactones 1 and 2 induce apoptosis in human
U-937 cells.

2.3. Spiciformin (1) and Spiciformin Acetate (2) Induce Cell Death by a Caspase-Dependent Pathway

To determine whether compounds 1 and 2 activate the caspase cascade, U-937 cells were incubated
in the absence or presence of both sesquiterpene lactones and poly(ADP-ribose) polymerase (PARP), as
well as the initiator (caspase-8 and -9) and executioner (caspase-3 and -7) caspases were determined by
immunoblotting using specific antibodies. Dose-response and time—course experiments revealed that
both compounds induce PARP cleavage and the processing of pro-caspases-3, -7, and -9 (Figure 3a,b).
The processing of pro-caspase-8 (detected as a reduction of this zymogen) was evident even with the
lower concentration of compound 2 (10 uM) and PARP cleavage was detected at concentrations as low
as 10 uM of each sesquiterpene lactone (Figure 3a). Caspase-4, which is involved in the endoplasmic
reticulum stress, was also cleaved in U-937 cells treated with 1 and 2. In these experiments, Ponceau S
staining prior to antibody detection was used as an alternative loading control.

Enzymatic assays were also performed to confirm caspase activation. To this end, U-937 cells
were incubated in the presence of 30 M sesquiterpene lactones 1 and 2 for 24 h and cell lysates
were analyzed for cleavage of the tetrapeptide substrates DEVD-pNA, IETD-pNA, and LEHD-pNA as
specific substrates of caspase-3/7, -8 and -9, respectively. The results revealed that both sesquiterpene
lactones stimulate the activity of the initiator caspases, caspase-8 and -9, as well as the effector
caspases-3/7. In addition, compound 2 was a more potent caspase activator than compound 1
(Figure 3c). To determine whether caspases are involved in sesquiterpene lactones-induced cell death, it
was investigated the effects of the pancaspase inhibitor Z-VAD-FMK, as well as the following selective
caspase inhibitors: the caspase-3/7 inhibitor Z-DEVD-FMK, the caspase-4 inhibitor Ac-LEVD-CHO,
the caspase-8 inhibitor Z-IETD-FMK, and the caspase-9 inhibitor Z-LEHD-FMK. Pretreatment of cells
with Z-VAD-FMK completely blocked the increase in the percentage of sub-G; cells (Figure 3d) as well
as the increase in the percentage of annexin V-FITC positive cells (Figure 3e) induced by compounds 1
and 2. In addition, the selective caspase inhibitors Z-DEVD-FMK, Z-IETD-FMK, and Z-LEHD-FMK
significantly reduced the percentage of sub-(s; cells and almost completely stopped annexin V-FITC
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positive cells from being induced by compound 2 (Figure 3d,e). Nonetheless, the pretreatment of cells
with the selective caspase-4 inhibitor Ac-LEVD-CHO did not reduce the percentage of annexin V-FITC

positive cells induced by compound 2 (results not shown).
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Figure 3. Caspase cascade is involved in apoptosis induction by sesquiterpene lactones in U-937 cells.

(@) The cells were cultured for 24 h in control conditions or in the presence of the indicated concentrations
of the specified compounds, and the cell lysates were analyzed by Western blots for the cleavage of
poly(ADP-ribose) polymerase (PARP) and pro-caspases-3, -4, -7, -8, and -9. -Actin was used as a
loading control. Total protein loading was also controlled by Ponceau S staining (a representative
stained membrane is shown). (b) Representative Western blots show the time-dependent PARP cleavage
and pro-caspases processing in response to sesquiterpene lactones 1 and 2. Cells were incubated with
30 uM of compounds for the indicated time points, and protein extracts were prepared and analyzed by
immunoblotting using specific antibodies. The membrane was stained with Ponceau S to control equal
protein loading. (c) Cells were cultured in control conditions or in the presence of 30 M sesquiterpene
lactones for 24 h and lysates were assayed for caspase-3/7, -8, and -9 activities. Results are expressed as
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fold increase in caspase activity compared with control. Values represent means + SE of three
independent experiments, each performed in triplicate (* p < 0.05, significantly different from untreated
control). (d) Effects of caspase inhibitors on the percentage of hypodiploid cells. The cells were
pretreated in the absence or presence of Z-VAD-FMK (100 uM) or the selective caspase inhibitors
Z-DEVD-FMK (50 uM), Z-IETD-FMK (50 uM), or Z-LEHD-FMK (50 uM) for 1 h before the addition
of sesquiterpene lactones (30 uM). The percentages of hypodiploid cells were determined by flow
cytometry. The data represent means + SE of two independent experiments with three determinations
each (* p < 0.05, significantly different from untreated control, # p < 0.05, significantly different from
sesquiterpene lactone treatment alone). (e) Cells were pretreated with the indicated caspase inhibitors
and then with 30 uM compound 2, harvested, stained with annexin V-FITC and propidium iodide,
and analyzed by flow cytometry.

Taken together, these results demonstrate that both sesquiterpene lactones induce apoptosis by a
mechanism dependent on caspase since cell death was completely inhibited by the broad-spectrum
caspase inhibitor Z-VAD-FMK. In addition, the selective caspase inhibitors for caspase-3 and -7, -8,
and -9 were effective at blocking the increase in the percentage of annexin V positive cells and the
increase in the percentage of hypodiploid cells induced by these sesquiterpene lactones. This result
suggests that the mechanism of cytotoxicity is dependent on caspase-8 and caspase-9 activation.
Although pro-caspase-4 was also processed by these sesquiterpene lactones, the selective caspase-4
inhibitor did not block cell death, suggesting a minor role of the endoplasmic reticulum stress signaling
pathway in the mechanism of cell death.

The mechanism of cytotoxicity exhibited by spiciformin (1) and spiciformin acetate (2) is different
from the previously described sesquiterpene lactones depending on the cell types. For example,
parthenolide, a sesquiterpene lactone isolated from the plant Tanacetum parthenium, induces cell death
that is not dependent on caspases in human osteosarcoma MG63 and melanoma SK-MEL-28, because
cell death was not blocked by the pan-caspase inhibitor Z-VAD-FMK [22]. Parthenolide cytotoxicity
has also been described to be partly caspase-dependent, as the broad-spectrum caspase inhibitor
Z-VAD-FMK could partially protect multiple myeloma cells [23].

Since the intrinsic pathway of apoptosis involves release of mitochondrial proteins such as
cytochrome c into the cytosol, it was explored whether this crucial protein is involved in the cell death
induced by both sesquiterpene lactones. Dose-response experiments revealed an increase in cytochrome
¢ in the cytosol after 24 h of treatment with 10 uM of compound 2 (Figure 4a). This was accompanied
by a decrease in cytochrome c in the mitochondria-enriched fraction. However, results at earlier time
points (6 h or 12 h; Figure 4b) remain largely elusive for both compounds. Control determinations
using anti-cytochrome ¢ oxidase (COX IV) antibody revealed that the supernatants of the cytosolic
fraction were free of mitochondrial contamination. Therefore, sesquiterpene lactones have reasonably
been shown to induce late release of cytochrome c as well as activation of multiple caspases, including
caspase-3, -4, -7, -8, and -9, emphasizing that both the extrinsic and the intrinsic pathways play a role
in the observed cell death. In addition, there were no changes in Bax levels (whole cell lysates) after
treatment with both sesquiterpene lactones (Figure 4a), but there was a decrease in Bax levels in the
cytosolic fraction after treatment with 30 uM sesquiterpene lactone 2 for 24 h. This was associated
with the increase of Bax in mitochondria-enriched fraction. This Bcl-2 family protein is characterized
by its ability to form pores across the outer mitochondrial membrane [16]. An interesting result of
these experiments was that both sesquiterpene lactones downregulate the Bcl-2 levels (Figure 4a)
and this could be the mechanism by which these germacranolides block the protection conferred
by Bcl-2. This anti-apoptotic protein plays a crucial role in apoptosis induction by antagonizing the
mitochondrial outer membrane permeability. In addition, the inhibition of Bcl-2 in acute myeloid
leukemia may overcome chemoresistance without affecting normal hematopoietic stem cells.
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Figure 4. Sesquiterpene lactones induce the release of cytochrome ¢ and changes on Bcl-2 family
members’ expression in U-937 cells. (a) Cells were cultured in control conditions or in the presence of
the indicated concentrations of sesquiterpene lactones for 24 h and cytosolic and mitochondrial extracts
were analyzed by immunoblotting to detect mitochondrial cytochrome c release and Bcl-2 family
proteins, except for Bel-2 and Bax, which were analyzed in whole extracts. Bax was also analyzed in the
mitochondrial fraction. -Actin and COX IV (cytochrome c oxidase) were used as loading controls
in cytosol and mitochondria, respectively. (b) Cells were incubated in control conditions or in the
presence of 30 uM compounds 1 or 2 for the indicated times and cytosolic or mitochondrial fractions
were prepared and analyzed by immunoblotting using specific antibodies described in the Material and
Methods section. Tubulin and COX IV (cytochrome ¢ oxidase) were used as loading controls in cytosol
and mitochondria, respectively. The cytosolic and mitochondria-enriched fractions were prepared and
Western blot analyses were performed as described in the Materials and Methods. Numbers below each
panel of cytochrome ¢ indicate fold differences after normalization to the corresponding loading control
(B-actin, tubulin, or COX1V). (c) Sesquiterpene lactone 2 reduces the mitochondrial membrane potential
(A¥m). Cells were incubated in control conditions or in the presence of 30 uM compounds 1 or 2 for
4hor24h, and AYm were analyzed by flow cytometry using the fluorescent probe JC-1. The results
are representative of three separate experiments. Carbonyl cyanide m-chlorophenylhydrazone (CCCP,
50 uM) was used as a positive control.

Activation of caspase-8 may result in the proteolytic cleavage of Bid, a Bcl-2 family protein,
which translocates to mitochondria to release cytochrome c [24]. A significant decrease in full-length
Bid after treatment was observed for both sesquiterpene lactones, in accordance with the processing
and activation of caspase-8.
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To determine whether cell death was associated with significant changes in mitochondrial
membrane potential (A¥Ym), U-937 cells were treated with these compounds for 4 h or 24 h and
analyzed by flow cytometry after staining with JC-1. The results indicated an important loss of A¥m
at 4 h of treatment with compound 2 (Figure 4c), suggesting that the alteration of AYm contributed to
apoptosis induced by this sesquiterpene lactone. In these experiments, the protonophore carbonyl
cyanide m-chlorophenylhydrazone (CCCP) was used as a positive control.

2.4. Spiciformin (1) and Spiciformin Acetate (2) Activate Mitogen-Activated Protein Kinases (MAPKs) and
Induce Reactive Oxygen Species (ROS) Generation

The effects of sesquiterpene lactones 1 and 2 on the activation of the mitogen-activated protein
kinases (MAPKSs) were investigated because these enzymes play a crucial role in survival and cell death.
To this end, U-937 cells were treated for different time periods and phosphorylation of the three major
protein kinases of this signal transduction pathway were determined by Western blot. In an attempt to
identify the primary targets and early mechanism of action of sesquiterpene lactones, we interrogated
the MAPK pathway activation by using high concentrations of the drugs (> antiproliferative ICsg
values). The results showed that sesquiterpene lactones induce fast phosphorylation (0.5 h) of
JNK/SAPK (c-Jun N-terminal kinases/stress-activated protein kinases) and p38MAPK (p38 MAPKSs)
and the activation of ERK (extracellular signal-regulated kinases) 1/2 took place after 4-6 h under
identical experimental conditions (Figure 5a). These results indicate that both sesquiterpene lactones
induce activation of the three main mitogen-activated protein kinases following different kinetics.
Fast activation of JNK/SAPK and p38MAPK has been reported to trigger cell death in response to several
cellular stressors including oxidative stress [25,26].
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Figure 5. Sesquiterpene lactones induce phosphorylation of mitogen-activated protein kinases (MAPKs)
and reactive oxygen species generation in U-937 cells. (a) Representative immunoblots show the
kinetics of phosphorylation of MAPKSs by the sesquiterpene lactones. Cells were incubated with the
specified compound (30 uM) for the indicated times and protein extracts were prepared and analyzed
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by immunoblotting with specific antibodies. Blots were subsequently stripped and reprobed for the
expression of total MAPKSs, as indicated, to ensure equivalent loading and transfer of protein. (b) Cells
were treated with compounds 1 or 2 (30 uM) for the indicated times (b) or for 1 h (c) and the fluorescence
obtained by the oxidation of 2’,7’-dichlorodihydrofluorescein diacetate (H,-DCF-DA) was determined
by flow cytometry. The data in (b) represent means + SE of three independent experiments, each
performed in triplicate (* p < 0.05, significantly different from untreated control). The free radical
scavenger N-acetyl-L-cysteine (NAC, 5 mM) and H,O; (200 uM) were used as negative and positive
controls of reactive oxygen species, respectively.

The involvement of reactive oxygen species (ROS) in the apoptosis induced by germacranolides
1 and 2 was investigated because they are considered important mediators and are generated by
many apoptosis-inducing agents. To this end, U-937 cells treated with both sesquiterpene lactones
were stained with 2’,7’-dichlorodihydrofluorescein diacetate (H,-DCF-DA) and analyzed by flow
cytometry. The results revealed a fast increase (1 h) in ROS levels in sesquiterpene lactones-treated cells
(Figure 5b,c). In these experiments, the antioxidant N-acetyl-L-cysteine (NAC, 5 mM) and hydrogen
peroxide (200 uM) were used as negative and positive controls.

3. Materials and Methods

3.1. Sesquiterpene Lactones Evaluated

The extraction and isolation of spiciformin (1) from the aerial parts of Tanacetum ptarmiciflorum and
Tanacetum ferulaceum var. latipinnum was performed as previously described [20]. The acetyl derivative
of spiciformin (2) was obtained by treatment with acetic anhydride and pyridine and purified by
column chromatography over silica gel using n-hexane-ethyl acetate as eluent. Known compounds
spiciformin and spiciformin acetate were identified by HR-MS (high resolution mass spectrometry)
as well as 'H- and '3C-NMR spectrometry. The previously unreported '*C-NMR data of spiciformin
acetate were obtained on a Bruker model AMX-500 spectrometer with standard pulse sequences
operating at 126 MHz. 13C-NMR (126 MHz, CDCl3) § = 127.8 (C-1), 23.5 (C-2), 35.2 (C-3), 62.3 (C-4),
55.6 (C-5), 75.6 (C-6), 57.3 (C-7), 76.3 (C-8), 34.8 (C-9), 127.5 (C-10), 134.3 (C-11), 124.3 (C-12), 167.3
(C-13), 15.9 (C-14), 16.5 (C-15), 173.1 (CH3-C=0), 22.4 (CH;3-C=0).

3.2. Cell Culture and Cytotoxicity Assays

The U-937 (ACC 5) and HL-60 (ACC 3) human acute myeloid leukemia and SK-MEL-1 (ACC 303)
human melanoma cells were obtained from the German Collection of Microorganisms and Cell
Cultures (Braunschweig, Germany) and cultured in RPMI-1640 medium containing 2 mM  -glutamine
supplemented with 10% heat-inactivated fetal bovine serum and 100 pg/mL streptomycin and 100 U/mL
penicillin in 5% CO, at 37 °C [27,28]. The U-937 cell line overexpressing human Bcl-2 (kindly provided
by Dr. Jacqueline Bréard, INSERM U749, Faculté de Pharmacie Paris-Sud., Chatenay-Malabry, France)
was cultured as described [28]. The functioning of U-937/Bcl-2 cells was checked with the cytotoxic agent
1-B-p-arabino furanosylcytosine (1 pM, 24 h) as previously described [29]. Mononuclear cells from
peripheral blood were isolated from heparin-anticoagulated blood of healthy donors by centrifugation
using a Ficoll-Paque Plus density gradient (GE Healthcare Bio-Sciences AB, Uppsala, Sweden).
All donors gave informed consent (CEIC-CHUIMI-2015/780, 13 August 2015. Ethics committee of
clinical research of the C.H.U. Insular-Materno Infantil of Gran Canaria). The Vero cell line (ATCC,
CCL81) was cultured in Dulbecco’s modified Eagle’s medium containing 10% (v/v) fetal bovine serum,
2 mM r-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin.

The cytotoxicity of sesquiterpene lactones on human tumor, human mononuclear cells, and Vero
cells was determined by colorimetric 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assay [30]. Cells (5000) were seeded in 96-well microculture plates with increasing concentrations
of germacranolides for 24 or 72 h at 37 °C. The ICsy values were determined graphically for each
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experiment as described previously [27]. Values are means + standard errors of the means S.E.M. from
at least three independent experiments, with three determinations each.

3.3. Evaluation of Apoptosis

Fluorescent microscopy, flow cytometric analysis of annexin V-FITC and propidium iodide-stained
nuclei were performed as described [28]. Briefly, for fluorescent microscopy, cells were washed with
phosphate buffered saline PBS, fixed in 3% paraformaldehyde, and stained with 20 pg/mL Hoechst
33258. For flow cytometry of propidium iodide-stained cells, cells were fixed in 70% ethanol overnight at
—20 °C and then washed in PBS, incubated in the dark with 1 U/mL RNase A (DNase free) and 10 pg/mL
of propidium iodide at room temperature. Double staining with annexin V-fluoresceine isothiocyanate
(FITC) and propidium iodide was performed using an Annexin V-FITC apoptosis detection kit (BD
PharMingen, San Diego, CA, USA) according to the manufacturer’s protocol. All flow cytometry
assays were performed using a BD FACSVerse cytometer (BD Biosciences, San Jose, CA, USA).

3.4. Western Blot Analysis and Subcellular Fractionation

Western blot analyses of caspases, PARP, Bcl-2 family members, and MAPKs and cytochrome ¢
release from mitochondria were performed as described previously [28]. Briefly, for whole-cell lysates
cells were resuspended in lysis buffer (20 mM Tris-HCI (pH 7.4) containing 1% Triton X-100, 20 mM
sodium B-glycerophosphate, 10 mM NaF, 2 mM EDTA, 2 mM tetrasodium pyrophosphate, 10% glycerol,
137 mM NaCl, 2 mM sodium orthovanadate, and protease inhibitors (1 mM phenylmethylsulfonyl
fluoride and 1 pg/mL leupeptin and aprotinin)), sonicated, and centrifuged. For the subcellular
fractionation to determine cytochrome c release, cells were resuspended in ice-cold buffer [20 mM
HEPES (pH 7.5), 250 mM sucrose, 10 mM KCl, 1.5 mM MgCl,, 1 mM EGTA, 1 mM EDTA, 1 mM
dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, and 1 pug/mL aprotinin, leupeptin, and pepstatin
A], lysed by being pushed them several times through a 22-gauge needle, and the lysate was centrifuged
at 1000x g for 5 min at 4 °C to eliminate nuclei and unbroken cells. The resulting supernatant was
centrifuged to 10,000x g at 4 °C for 20 min to obtain the mitochondrial fraction. The supernatant was
centrifuged again at 105,000 g for 45 min at 4 °C and the resulting supernatant was used as the soluble
cytosolic fraction.

Samples containing equal amounts of proteins were separated by electrophoresis, transferred to
poly(vinylidene difluoride) membranes, and probed with specific antibodies. The primary antibodies
used for Western blots were purchased from the following companies: anti-caspase-3 (ADI-AAP-113),
-7 (ADI-AAM-137), -8 (ADI-AAM-118), and -9 (ADI-AAM-139) from Enzo (Plymouth Meeting,
PA, USA); anti-caspase-4 monoclonal antibody (M029-3) from Medical and Biological Laboratories
(Nagoya, Japan); anti-poly(ADP-ribose) polymerase (PARP) (551024) and anti-cytochrome c (556433)
from BD Pharmingen (San Diego, CA, USA); anti-Bcl-2 (#2872), anti-Bax (#2772), anti-Bid (#2002),
anti-JNK/SAPK (#9252), antiphospho-JNK/SAPK (phosphor T183 + Y185) (#9251), anti-ERK1/2
(#9102), antiphospho-ERK1/2 (T202/Y204) (#9101), anti-p38MAPK (#9212), and anti-phospho-p38MAPK
(T180/Y182) (#9211) antibodies from Cell Signaling Technology (Beverly, MA, USA); anti-@3-actin (clone
AC-74, A2228) and anti-«-tubulin (clone B-5-1-2, T6074) from Sigma-Aldrich (Saint Louis, MO, USA);
mouse monoclonal COX IV antibody (mAbcam33985) from Abcam (Cambridge, UK). Secondary
antibodies (NA9310 and NA9340) were from GE Healthcare (Little Chalfont, UK). Polyvinylidene
difluoride (PVDF) membranes were from Millipore (Temecula, CA, USA).

3.5. Assays of Caspase Activity

Caspase-3/7, caspase-8, and caspase-9 activities were determined by measuring proteolytic
cleavage of specific colorimetric substrates. Specifically labeled substrates for caspase-3 like
protease, -8 and -9 activities were DEVD-pNA (N-acetyl-Asp-Glu-Val-Asp-p-nitroaniline), IETD-pNA
(N-acetyl-Ile-Glu-Thr-Asp-p-nitroaniline), and LEHD-pNA (N-acetyl-Leu-Glu-His-Asp- p-nitroaniline),
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respectively. Equal amounts of protein were used and absorbance was recorded at 405 nm as previously
described [28].

3.6. Analysis of Mitochondrial Transmembrane Potential (Ay,) and Determination of Intracellular Reactive
Oxygen Species (ROS) Levels

The mitochondrial membrane potential and ROS levels were determined by flow cytometry using
the fluorochromes JC-1 (5,5,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide)
and Hy-DCF-DA (2/,7’-dichlorodihydrofluorescein diacetate), respectively. Fluorescence of JC-1 was
detected at excitation and emission wavelengths of 527 and 590 nm, respectively. Fluorescence of
2/, 7'-dichlorofluorescein was detected at excitation and emission wavelengths of 488 and 530 nm,
respectively. Internal controls using unlabeled cells indicated that spiciformin (1) and spiciformin
acetate (2) autofluorescence was null at all assayed conditions. All of the methods have been described
in detail elsewhere [28].

3.7. Statistical Analysis

Statistical differences between means of control and treated samples were tested using Student’s
t-test (two samples) or one-way ANOVA (3 or more samples) with Tukey’s test used for a posteriori
pairwise comparisons of means. P-values below 0.05 were considered as statistically significant.

4. Conclusions

In conclusion, spiciformin (1) and spiciformin acetate (2) are cytotoxic against the human acute
myeloid leukemia cells, including cells that overexpress Bcl-2, and display less cytotoxicity against
the melanoma cell line SK-MEL-1 and mononuclear cells isolated from healthy volunteers. Human
U-937 cells responding to germacranolides 1 and 2 manifested a great reduction in the levels of
the anti-apoptotic protein Bcl-2. The mechanism of cytotoxicity triggered by these sesquiterpene
lactones was due to caspase-dependent apoptosis and associated with mitogen-activated protein
kinase pathway activation and reactive oxygen species generation. The results support that these
sesquiterpene lactones have an impact in at least two cellular hallmarks of cancer, such as resistance to
apoptosis and sustained proliferative signaling. However, the early mode of action of these compounds
and relative signaling cascade remains to be elucidated in more detail.
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Conclusiones

La chalcona sintética 6’-benciloxi-4-bromo-2’-hidroxichalcona (CHAL)
presenta mayor citotoxicidad y estabilidad que los andlogos ensayados; y
exhibe propiedades citotoxicas potentes frente a distintas lineas celulares de
leucemia humana, incluidas las células que expresan niveles elevados de Bcl-
2 y la glicoproteina P implicadas en la multiresistencia a farmacos; por el
contrario exhibe menor grado de citotoxicidad en células mononucleares de

sangre periférica.

La inhibicién del crecimiento de las células U-937 inducida por CHAL esta
causada por la activacion de la muerte celular apoptética y depende de la
generacion de especies reactivas de oxigeno, estda asociada con la activacion
de multiples caspasas y es bloqueada por los inhibidores de las caspasas -
3/7, -6 y -8, por los inhibidores de las catepsinas B/L y por la expresion de

niveles elevados de Bcl-2.

Se han establecido las relaciones estructura-actividad de un grupo de
naftilchalconas y sus correspondientes flavanonas. Determinadas
naftilchalconas son mdés potentes que sus correspondientes flavanonas,
indicando que la flexibilidad estructural es importante en la citotoxicidad.
La presencia de un grupo metoxi en la posicion 5’ en el anillo A de la
naftilchalcona, o en la posiciébn 6 en el anillo A de la correspondiente

naftilflavanona, potencia la citotoxicidad frente a las células U-937.

La flavanona sintética 6-metoxi-2-naftilcroman-4-ona es citotdoxica frente a

cuatro lineas celulares de leucemia humana, con valores de ICs



Conclusiones

comparables con los del compuesto antitumoral etopdsido, pero no lo es
frente a células mononucleares de sangre periférica humana de donantes

Sanos.

La citotoxicidad inducida por la naftilflavanona implica apoptosis por
activacion y procesamiento de las caspasas iniciadoras -8 y -9 y las caspasas
ejecutoras -3, -6, y -7, y es atenuada por el inhibidor general de las caspasas
z-VAD-fmk. Ademas, esta asociada con la fosforilaciéon de las proteinas
activadas por mitogenos ERK 1/2, INK 1/2 y p38MAPK y la apoptosis se

reduce por la inhibicion de MEK 1/2 y JNK1/2.

La lactona sesquiterpénica acetil-espiciformina es mas citotoxica que el su
precursor frente a las células tumorales humanas. Ambas son citotoxicas
frente a las células de leucemia mieloide aguda humana, incluidas las células
que expresan niveles elevados de Bcl-2, y son menos toxicas frente a las
células de melanoma humano SK-MEL-1 y sobre las células mononucleares

sanguineas aisladas de voluntarios sanos.

La citotoxicidad desencadenada por la espiciformina y el acetato de
espiciformina implica la estimulacién de la apoptosis dependiente de
caspasas y esta asociada con la activacion de la via de las proteinas quinasas
activadas por mitdégenos y con la generacion de especies reactivas de

oxigeno.
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