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Importancia del Ratio ERα/ERβ en la Función Mitocondrial y el Estrés
Oxidativo en el Cáncer de Mama. Influencia de la Genisteína y la UCP2 en
la Eficacia de los Tratamientos Antitumorales
Tesis Doctoral, Daniel Gabriel Pons Miró
Departamento de Biología Fundamental y Ciencias de la Salud, Instituto Universitario de
Investigación en Ciencias de la Salud, Universidad de las Islas Baleares, Palma, España

Resumen
El cáncer de mama es una de las enfermedades más comunes en los países
desarrollados. Este cáncer suele ser hormonodependiente, es decir, se ve influenciado
por la presencia de hormonas como el 17β-estradiol (E2), el estrógeno más abundante
en las mujeres, que ejerce sus efectos en las células mediante su interacción con los
receptores estrogénicos (ER), ERα y ERβ. El ERα presenta funciones relacionadas con la
proliferación celular, mientras que el ERβ tiene efectos citostáticos y de diferenciación
celular. Así pues la ratio ERα/ERβ podría influir en el desarrollo y la progresión del
cáncer de mama. Además, la genisteína, un fitoestrógeno natural presente en la soja,
puede unirse a ambos ERs modulando la expresión génica en las células de cáncer de
mama.
La funcionalidad mitocondrial juega un papel crucial en el cáncer a través de la
modulación del estrés oxidativo. Así, una menor funcionalidad mitocondrial se ha
asociado a una mayor producción de especies radicales de oxígeno (ROS), lo que
podría suponer un incremento en la proliferación celular. Sin embargo, un aumento
excesivo en los niveles de ROS podría provocar la muerte celular si los sistemas
antioxidantes de la célula no son capaces de contrarrestar estos ROS, dañando las
macromoléculas. Una las proteínas que forman parte del sistema antioxidante de la
célula es la proteína desacoplante 2 (UCP2), cuya función es disipar el gradiente
protónico en la membrana interna mitocondrial, reduciendo así el estrés oxidativo.
Los objetivos de esta tesis fueron los siguientes: 1) estudiar cómo afecta la ratio
ERα/ERβ a la función y dinámica mitocondrial después del tratamiento con
concentraciones fisiológicas de E2 y genisteína, 2) investigar si la presencia del ERβ
podría suponer un factor de resistencia a tratamientos antitumorales como el
cisplatino, el paclitaxel y el tamoxifeno, cuyo mecanismo de acción es la generación de
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estrés oxidativo en las células cancerosas para provocar la muerte celular, 3) examinar
si el silenciamiento de la UCP2 podría suponer un tratamiento adyuvante en el cáncer
de mama, 4) analizar la posible interferencia de la genisteína en la eficacia de los
tratamientos antitumorales.
Los resultados obtenidos en esta tesis muestran como la presencia y
estimulación del ERβ incrementó la funcionalidad y dinámica mitocondrial en líneas
celulares de cáncer de mama tratadas con E2 y genisteína, sugiriendo que una baja
ratio ERα/ERβ favorecería la resistencia de las células de cáncer de mama a
tratamientos citotóxicos a través de una mejora de la funcionalidad mitocondrial, con
la consiguiente reducción en la producción de ROS. Con la excepción del tamoxifeno ya
que la presencia en las células del ERβ únicamente determina el tipo de respuesta a
este compuesto, apoptosis o autofagia. El silenciamiento de la UCP2 produjo un
aumento de la muerte celular por autofagia en las células tratadas con cisplatino y,
especialmente, con tamoxifeno, debido a un aumento drástico en la producción de
ROS. Finalmente, la genisteína provocó una menor respuesta a los tratamientos
antitumorales en las células de cáncer de mama con una elevada ratio ERα/ERβ,
desplazando al E2 de los ERs, reduciendo así el estrés oxidativo. Además, en la línea
celular de cáncer de mama con una baja ratio ERα/ERβ la respuesta al tratamiento con
tamoxifeno mejoró en combinación con la genisteína a través de un aumento en los
niveles de apoptosis y autofagia. En conclusión, los niveles de UCP2 y la ratio ERα/ERβ,
así como la concentración de E2 y genisteína que estarían interaccionando con los
receptores estrogénicos, juegan un papel fundamental en la respuesta de las células de
cáncer de mama a los tratamientos antitumorales, modulando la funcionalidad
mitocondrial y, por tanto, la producción de ROS.
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Importància de la Ràtio ERα/ERβ en la Funció Mitocondrial i l’Estrés
Oxidatiu en el Càncer de Mama. Influència de la Genisteïna i l’UCP2 en
l’eficàcia dels Tractaments Antitumorals
Tesi Doctoral, Daniel Gabriel Pons Miró
Departament de Biologia Fonamental y Ciències de la Salut, Institut Universitari
d’Investigació en Ciències de la Salut, Universitat de les Illes Balears, Palma, Espanya

Resum
El càncer de mama és una de les malalties més comuns del països desenvolupats.
Aquest càncer sol ser hormonodependent, és a dir, es veu influenciat per la presència
d’hormones com el 17β-estradiol (E2), l’estrogen més abundant a les dones, que
exerceix els seus efectes a les cèl·lules mitjançant la seva interacció amb els receptors
estrogènics (ER), ERα i ERβ. L’ERα presenta funcions relacionades amb la proliferació
cel·lular, mentre que l’ERβ té efectes citostàtics i de diferenciació cel·lular. Així doncs la
ràtio ERα/ERβ podria influir en el desenvolupament i la progressió del càncer de
mama. A més, la genisteïna, un fitoestrogen natural present a la soja, pot unir-se a
ambdós Ers modulant l’expressió gènica a les cèl·lules de càncer de mama.
La funcionalitat mitocondrial juga un paper crucial al càncer a través de la
modulació de l’estrès oxidatiu. Així, una menor funcionalitat mitocondrial s’ha associat
a una major producció d’espècies radicals d’oxigen (ROS), el que podria suposar un
increment en la proliferació cel·lular. No obstant, un augment excessiu en els nivells de
ROS podria provocar la mort cel·lular si els sistemes antioxidants de la cèl·lula no són
capaços de contrarestar aquests ROS, danyant les macromolècules. Una de les
proteïnes que formen part del sistema antioxidant de la cèl·lula és la proteïna
desacoblant 2 (UCP2), la funció de la qual és dissipar el gradient protònic a la
membrana interna mitocondrial, reduint l’estrès oxidatiu.
Els objectius d’aquesta tesi foren els següents: 1) estudiar com afecta la ràtio
ERα/ERβ a la funció i dinàmica mitocondrial després del tractament amb
concentracions fisiològiques d’E2 i genisteïna, 2) investigar si la presència de l’ERβ
podria suposar un factor de resistència a tractaments antitumorals com el cisplatí, el
paclitaxel i el tamoxifè, el mecanisme d’acció dels quals és la generació d’estrès
oxidatiu a les cèl·lules canceroses per provocar la mort cel·lular, 3) examinar si el
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silenciament de l’UCP2 podria suposar un tractament adjuvant en el càncer de mama,
4) analitzar la possible interferència de la genisteïna en l’eficàcia dels tractaments
antitumorals.
Els resultats obtinguts en aquesta tesi mostren com la presència i estimulació de
l’ERβ incrementà la funcionalitat i dinàmica mitocondrial en línees cel·lulars de càncer
de mama tractades amb E2 i genisteïna, suggerint que una baixa ràtio ERα/ERβ
afavoriria la resistència de les cèl·lules de càncer de mama als tractaments citotòxics a
través d’una millora de la funcionalitat mitocondrial, amb la consegüent reducció en la
producció de ROS. Amb l’excepció del tamoxifè ja que la presència a les cèl·lules de
l’ERβ únicament determina el tipus de resposta a aquesta compost, apoptosi o
autofàgia. El silenciament de l’UCP2 produí una augment de la mort cel·lular per
autofàgia a les cèl·lules tractades amb cisplatí i, especialment, amb tamoxifè, degut a
un increment dràstic en la producció de ROS. Finalment, la genisteïna provocà una
menor resposta als tractaments antitumorals a les cèl·lules de càncer de mama amb
una elevada ràtio ERα/ERβ, desplaçant l’E2 dels ERs, reduint així l’estrès oxidatiu. A
més, a la línea cel·lular de càncer de mama amb una baixa ràtio ERα/ERβ la resposta al
tractament amb tamoxifè millorà en combinació amb la genisteïna a través d’un
augment en els nivells d’apoptosi i autofàgia. En conclusió, els nivells d’UCP2 i la ràtio
ERα/ERβ, així com la concentració d’E2 i genisteïna que estarien interaccionant amb
els receptors estrogènics, juguen un paper fonamental en la resposta de les cèl·lules de
càncer de mama als tractaments antitumorals, modulant la funcionalitat mitocondrial
i, per tant, la producció de ROS.
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Importance of the ERα/ERβ Ratio in the Mitochondrial Function and the
Oxidative Stress in Breast Cancer. Influence of the Genistein and the UCP2
in the Efficacy of the Anticancer Treatments
Doctoral Thesis, Daniel Gabriel Pons Miró
Department of Fundamental Biology and Health Sciences, University Research Institute on
Health Sciences, Balearic Islands University, Palma, Spain

Abstract
Breast cancer is one of the most common diseases in developed countries. This
type of cancer is usually hormone-dependent; it is influenced by the presence of
hormones such as 17β-estradiol (E2), the most abundant estrogen in women, which
exerts its effects in the cells through its interaction with the estrogen receptors (ER),
ERα and ERβ. ERα has functions related to cell proliferation, while ERβ shows cytostatic
and cell differentiation effects. As a result, the ERα/ERβ ratio may influence in the
breast cancer development and progression. Moreover, the genistein, a natural
phytoestrogen found in soybeans, is able to bind both ERs modulating the gene
expression in breast cancer cells.
The mitochondrial functionality plays a crucial role in cancer through the
modulation of the oxidative stress. Thus, a lower mitochondrial functionality has been
associated with a greater production of radical oxygen species (ROS), which may
suppose a cell proliferation increment. However, an excessive increase in ROS levels
may lead to cell death if the cell antioxidant systems are unable to counteract these
ROS, damaging macromolecules. One of the proteins that is part of the antioxidant
system of the cell is the uncoupling protein 2 (UCP2), whose function is to dissipate the
proton gradient in the inner mitochondrial membrane, so reducing oxidative stress.
The objectives of this thesis were: 1) to study how the ERα/ERβ ratio affects to
the mitochondrial function and dynamics after treatment of physiological
concentrations of E2 and genistein, 2) to investigate if the presence of ERβ may be a
resistance factor to anticancer treatments such as cisplatin, paclitaxel and tamoxifen,
whose mechanism of action is the generation of oxidative stress in cancer cells in order
to provoke the cell death, 3) to review whether the UCP2 silencing could be an
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adjuvant treatment against breast cancer, 4) to analyze the possible interference of
the genistein in the efficacy of the anticancer treatments.
Results obtained in this thesis show that the presence and stimulation of the ERβ
increased the mitochondrial functionality and dynamics in breast cancer cell lines
treated with E2 and genistein, suggesting that a low ERα/ERβ ratio would favor the
resistance of breast cancer cells to cytotoxic treatments through an improvement of
the mitochondrial functionality, with the consequent reduction in the ROS production.
With the exception of tamoxifen as the presence of the ERβ only determines the type
of the response to this compound, apoptosis or autophagy. The UCP2 silencing
produced an increase in the autophagic cell death in those cells treated with cisplatin
and, especially, with tamoxifen, due to a drastic raise in the ROS production. Finally,
the genistein triggered a lower response of breast cancer cells with a high ERα/ERβ
ratio to anticancer treatments, displacing the E2 of the ERs, thereby reducing the
oxidative stress. Furthermore, in that breast cancer cell line with a low ERα/ERβ ratio
the response to tamoxifen treatment was enhanced in combination with the genistein
through an increase in the apoptosis and autophagy levels. In conclusion, the UCP2
levels and the ERα/ERβ ratio, as well as the concentration of E2 and genistein which
would be interacting with the estrogen receptors, play an important role in the
response of breast cancer cells to anticancer treatments, modulating the
mitochondrial functionality and, therefore, the ROS production.
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1. Introducción

Introducción

El cáncer es una enfermedad que se caracteriza por un crecimiento anormal de
las células propias del organismo, con un cierto potencial de invasión o de propagación
a otras partes del cuerpo. En una revisión del año 2000, Hanahan y Weinberg
describieron seis características esenciales que toda célula cancerosa debe presentar
para ser considerada como tal. Estas particularidades se van adquiriendo a lo largo de
la transformación de la célula hacia un fenotipo canceroso y constituyen un marco
para la comprensión del complejo proceso neoplásico. Estas seis características son el
mantenimiento de señales proliferativas, la evasión de la respuesta a los supresores
tumorales, la resistencia a la apoptosis, la inmortalidad replicativa, la inducción de la
angiogénesis y la activación de mecanismos de invasión y metástasis1. Ya en 2011, los
mismos autores detallaron dos características adicionales de las células cancerosas, tal
y como puede observarse en la Figura 1: la modificación o reprogramación del
metabolismo energético de la célula para adaptarse mejor a las características de la
proliferación neoplásica y la ausencia de la respuesta inmune por parte de los
macrófagos y los linfocitos T, B y citolíticos naturales (células NK, del inglés natural
killer)2. Adicionalmente, son dos las particularidades de las células cancerosas que
facilitan la aparición de estas dos últimas características: la inestabilidad genómica (lo
que hace más probable la aparición de mutaciones en el ADN, favoreciendo el
desarrollo y progresión del cáncer) y la inflamación crónica (que podría estar
relacionada con la ausencia de la respuesta inmune)2. El concepto de cáncer es muy
amplio y abarca más de 200 tipos de enfermedades. Según los datos de la
Organización Mundial de la Salud (OMS), en 2012 los cánceres diagnosticados con más
frecuencia fueron los de pulmón, colon y recto, próstata y mama.

1.1. Epidemiología y etiología del cáncer de mama
El cáncer de mama es el cáncer más frecuentemente diagnosticado en las
mujeres, con más de 1,38 millones de nuevos casos al año estimados según datos del
registro mundial de cáncer en 20083, produciéndose además cerca de 459.000 muertes
relacionadas con este tipo de cáncer4. Un aspecto alarmante es que, según las
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estadísticas de GLOBOCAN, 1,7 millones de mujeres fueron diagnosticadas con cáncer
de mama en 2012, con 522.000 muertes relacionadas, lo que supone un incremento
de la incidencia y la mortalidad del cáncer de mama en un 22% y un 13%
respectivamente desde 20085. Además, está previsto que la incidencia mundial del
cáncer de mama femenino alcanzará los 3,2 millones de nuevos casos anuales en
20506. Asimismo, el cáncer de mama masculino representa menos del 1% de todos los
casos de cáncer de mama y su tratamiento y prognosis es similar al cáncer de mama en
mujeres7-9.

Figura 1. Representación esquemática de las principales características que presenta una célula tumoral
2
para ser considerada como tal. Adaptado de Hanahan y Weinberg, 2011 .

Al mismo tiempo, y a pesar del mayor número de casos de cáncer de mama
diagnosticados en los países desarrollados, se espera que la incidencia del cáncer de
mama en países en vías de desarrollo se incremente a mayor velocidad debido al
aumento en la esperanza de vida acompañado de un estilo de vida más sedentario,
con menos actividad física y retraso en la maternidad10, además de cambios en los
hábitos alimenticios. Estos datos reflejan la magnitud de la incidencia del cáncer de

4

Introducción
mama, su efecto en la sociedad y la urgente necesidad de encontrar las medidas
adecuadas para su prevención y tratamiento.
Los niveles circulantes de hormonas sexuales esteroideas endógenas, como los
estrógenos, han sido considerados como un factor de riesgo de padecer cáncer de
mama11. En este sentido, una menarquía temprana, un nulo o bajo número de partos,
una edad tardía en el primer embarazo completo y la obesidad son factores de riesgo
para el cáncer de mama12-14. Las hormonas sexuales podrían influir así en el riesgo de
sufrir cáncer de mama promoviendo el crecimiento del tumor o incrementando la
proliferación celular y, por tanto, la probabilidad de adquirir mutaciones y daño en el
ADN15. Además, la terapia hormonal (administración de estrógenos y/o progesterona)
después de la menopausia incrementa el riesgo de cáncer de mama16. Así pues, los
estrógenos juegan un papel esencial en el desarrollo y en el progreso del cáncer de
mama. La obesidad también incrementa las probabilidades de padecer cáncer de
mama, ya que después de la menopausia el tejido adiposo es la principal fuente de
estrógenos17. Además de ser la fuente principal de estrógenos debido a la
aromatización de los andrógenos17, el tejido adiposo secreta también sus propias
hormonas, las adipoquinas, que podrían jugar un papel en el desarrollo del cáncer18,19.
El cáncer de mama es sumamente heterogéneo en cuanto a su etiología y
características patológicas, presentando casos de lento crecimiento con una buena
prognosis, mientras que otros casos muestran un curso clínico altamente agresivo 20.
Aparte de las hormonas sexuales femeninas, existen otros factores de riesgo de
padecer cáncer de mama que también podrían influir en esa heterogeneidad de la
enfermedad. Algunos ejemplos son una dieta rica en carne roja y grasa animal, y pobre
en frutas, verduras, calcio, vitamina D, soja y antioxidantes21,22, el consumo de
alcohol23, una baja actividad física24 y los factores genéticos. Entre éstos últimos cabe
destacar que el historial familiar juega un papel importante en el riesgo de sufrir
cáncer de mama ya que las mujeres que tienen un familiar de primer grado con cáncer
de mama tienen el doble de riesgo de padecer la enfermedad 25. Los factores genéticos
más importantes son los polimorfismos genéticos (que podrían explicar por qué
algunas personas son más sensibles que otras a carcinógenos ambientales como los
estrógenos exógenos o el alcohol) y las mutaciones en genes claves en la regulación de
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la proliferación, diferenciación y muerte celular, como por ejemplo BRCA1, BRCA2,
CHEK2, PALB2, ATM, TP53, PTEN y STK126.

1.2. Los receptores de estrógenos
Como se ha especificado anteriormente, una exposición prolongada a los
estrógenos supone un mayor riesgo de padecer cáncer de mama. En 1972 Jensen y
colaboradores llevaron a cabo estudios en el útero sobre la acción del 17β-estradiol
(E2), que es la forma de estrógeno más común en los mamíferos, y concluyeron que los
efectos biológicos de los estrógenos se dan gracias a su interacción con el receptor de
estrógenos (ER)27, que más tarde se conocería como ERα. Además, en 1995 Gustafsson
y colaboradores descubrieron un segundo tipo de receptor estrogénico, el ERβ28. En la
glándula mamaria, por tanto, la vía de señalización de los estrógenos empieza por la
unión de éstos a los receptores estrogénicos, ERα y ERβ, ejerciendo así su función
correspondiente29-38. Normalmente el ERα se ha asociado a procesos de incremento de
la proliferación de las células del epitelio mamario, mientras que el ERβ favorecería la
apoptosis y la diferenciación celular33,39,40, por lo que el balance existente entre ambos
receptores estaría regulando esta actividad proliferativa37,41-44. Así pues, la
estimulación de la proliferación celular por parte de los estrógenos vía interacción con
el ERα puede ser contrarrestada por el reclutamiento del ERβ45-47.
La distribución del ERα y el ERβ varía en función del tejido. Además, la
distribución heterogénea de los correguladores de los ERs podría explicar los
diferentes efectos de los estrógenos en los distintos tejidos. Se cree que en aquellos
tejidos donde hay una coexistencia de ambos receptores, podrían ejercer sus
actividades contrarrestándose uno al otro33,48.
1.2.1. Estructura de los receptores de estrógenos
Ambos ERs pertenecen a la superfamilia de receptores nucleares y son factores
de transcripción que se activan por ligando49,50. ERα (595 aa) y ERβ (530 aa) están
codificados por dos genes diferentes y tienen una cierta homología (un 58% en
humanos) en sus secuencias proteicas respectivas. En la Figura 2 se puede ver que
ambos receptores presentan cinco dominios claramente diferenciados. El dominio A/B,
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situado en la región N-terminal, es el más variable de todos y está relacionado con las
interacciones proteína-proteína de la maquinaria transcripcional; este dominio
contiene la función de activación de la transcripción génica (AF-1) y varios sitios de
fosforilación importantes especialmente en caso de activación del receptor en
ausencia de ligando. El dominio C o de unión al ADN es el más conservado, ya que
tiene un 97% de homología, por lo que ERα y ERβ se unen al ADN de un modo muy
similar; este dominio presenta dos dedos de zinc y un motivo corto llamado P-box, que
confiere especificidad de unión al ADN y está, además, implicado en el proceso de
dimerización33,51,52. Finalmente presentan un dominio D o dominio bisagra, que
participa en la unión del receptor (en estado inactivo) a la chaperona HSP90; el
dominio E o de unión al ligando, formado por un bolsillo de 12 hélices alfa, con un 60%
de homología, y que está también envuelto en otras funciones como la dimerización, la
localización nuclear o la interacción con cofactores33; y el dominio F situado en el
extremo C-terminal, relacionado con la capacidad de transcripción de genes33,49,50.

Figura 2. Representación esquemática de los cinco dominios proteicos del ERα y del ERβ. Se muestran
también las estructuras tridimensionales del dominio de unión al ADN (C) y de los dominios de unión al
ligando (E) de cada uno de los dos receptores estrogénicos.
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1.2.2. Mecanismos de acción de los receptores de estrógenos
Los estrógenos pueden actuar a través de mecanismos y vías muy variadas en las
células52,53. Como puede observarse en la Figura 3, la forma más habitual es la
modulación de la expresión génica, típica de la superfamilia de receptores nucleares.
Esta modulación puede activarse por dos mecanismos diferentes: activación directa e
indirecta.
La activación directa del ER mediante su interacción con los estrógenos se puede
llevar a cabo de dos formas diferentes. La primera de ellas es que la interacción E2-ER
se produzca en el citoplasma de la célula y luego el complejo E2-ER sea transportado al
núcleo por el citoesqueleto celular. La segunda manera sería la interacción directa del
E2 con el ER en el núcleo. Una vez en el núcleo, la unión del ER al E2 favorece la
disociación del receptor de la chaperona HSP90, y es cuando se produce la
dimerización de los ERs (homodimerización o heterodimerización). Esta dimerización
permite la unión del complejo E2-ER al elemento de respuesta a estrógeno (ERE) en el
ADN, presente en los promotores de los genes diana, además de su interacción con
diferentes coactivadores de la regulación génica33,52.
Otro mecanismo de acción es el conocido como activación/inhibición indirecta.
Consiste en la unión del dímero de ERs, una vez se ha producido la interacción con el
ligando, con una proteína auxiliar llamada SP1, siendo esta última la que se une
directamente con el elemento de unión a estrógenos (ERE) en el ADN36,54.
Aunque habitualmente los ERs ejercen su función en las células a través de su
interacción con el ADN, actuando como factores de transcripción, en muchos tejidos
ejercen también acciones independientemente de su unión al ADN, es la activación no
genómica de los ERs. Estos procesos, que todavía no están del todo estudiados,
requieren la producción de mensajeros secundarios que tienen efectos rápidos en la
célula, sin que se produzca una modulación de la transcripción génica29.
Por último, los ERs pueden ser activados independientemente de su unión al
ligando gracias a la acción de quinasas que fosforilan y activan los ERs. Esto supone
que los ERs tienen mecanismos de activación no dependientes de hormonas29.
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Figura 3. Mecanismos de acción de los receptores de estrógenos.

Además de los ERs por sí mismos, otras proteínas reguladoras juegan un papel
importante en los mecanismos de activación de estos receptores estrogénicos. Estos
cofactores actúan como coactivadores o correpresores de la actividad transcripcional
de

los

ERs.

Estas

proteínas

reguladoras

pueden

presentarse

como

acetilasas/deacetilasas, quinasas/fosfatasas y metilasas/demetilasas. Cabe destacar
que estos correguladores pueden variar dependiendo del tejido, lo que podría explicar,
al menos en parte, los diferentes efectos de los estrógenos en cada tejido33. No
obstante, también debe tenerse en cuenta la dotación de los dos tipos de receptores
estrogénicos, ERα y ERβ, que tiene cada tejido para poder evaluar y estudiar los
efectos biológicos de los estrógenos y otros compuestos capaces de unirse a los ERs.
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1.3. Papel de los estrógenos y los fitoestrógenos en el cáncer de mama
1.3.1. Papel de los estrógenos en la glándula mamaria y en el desarrollo del cáncer
Durante toda la vida fértil de una mujer, los estrógenos juegan un papel esencial
en los cambios constantes que se producen en el desarrollo y la fisiología de la
glándula mamaria. Durante la pubertad la glándula mamaria experimenta un
incremento en la proliferación celular, mientras que en la etapa adulta se producen
ciclos de crecimiento e involución que se corresponden con la fase menstrual de la
mujer55.
En la glándula mamaria, los receptores estrogénicos ERα y ERβ de las células
ductales se contrarrestan el uno al otro en los ciclos de proliferación/involución
estimulados por los estrógenos. Como se ha comentado anteriormente, la respuesta
proliferativa a los estrógenos parece que depende de la ratio ERα/ERβ, donde el ERα
incrementa la proliferación y el crecimiento de las células de la glándula mamaria,
mientras que el papel del ERβ en la mama está relacionado con sus funciones
antiproliferativas y de diferenciación33,43. Estudios previos realizados en nuestro grupo
de investigación con líneas con diferente ratio ERα/ERβ sugieren que el tratamiento
con E2 a concentraciones fisiológicas en una línea celular de cáncer de mama con una
elevada ratio ERα/ERβ provoca una estimulación de la proliferación celular, mientras
que en aquellas líneas con una ratio ERα/ERβ baja o con la sola presencia de ERβ, dicha
estimulación con E2 no produce una mayor proliferación celular56.
La mayoría de los tumores de mama positivos para el receptor de estrógenos
(hoy en día en clínica se estudia mayoritariamente la presencia del ERα) son positivos
para ambos subtipos, ERα y ERβ, aunque algunos tumores son únicamente positivos
para el ERβ y podrían tener un distinto comportamiento clínico y distinta respuesta a
los tratamientos. Al contrario que el ERα, algunos estudios sugieren que durante la
carcinogénesis la expresión del ERβ podría verse disminuida57-60. Esta caída en la
expresión de ERβ estaría indicando que este receptor juega un papel clave como
supresor tumoral61,62. Desde siempre, los tumores negativos para el ERα han sido
considerados resistentes a la terapia endocrina, ya que la falta del receptor los haría
insensibles a la regulación estrogénica. Sin embargo, se sabe que aproximadamente el
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50% de los tumores ERα-negativos expresan ERβ. Hay numerosos estudios que indican
que la coexpresión de ambos ERs supone una mejor prognosis y respuesta al
tratamiento, así como la presencia del ERβ en combinación con la del ERα como un
marcador tumoral beneficioso58,63-66.
Es importante remarcar que, aunque un elevado ratio ERα/ERβ es un factor
importante en el desarrollo del fenotipo canceroso en el cáncer de mama33,43,67-69, una
vez generado el tumor de células malignas, una disminución de este ratio ERα/ERβ
(debido a un aumento en la expresión de ERβ) puede suponer una peor prognosis y
una menor respuesta al tratamiento antiestrogénico70. Otro factor a tener en cuenta
en estos estudios es la diferente afinidad de ambos ERs por el E2, siendo 10 veces
superior en el caso del ERα con respecto al ERβ32,71, por lo que la cantidad de ERβ debe
ser bastante mayor a la de ERα para que los efectos del E2 sobre el ERβ sean
significativos.
1.3.2. Fitoestrógenos y cáncer de mama. Papel de la genisteína
Los fitoestrógenos constituyen un grupo de compuestos naturales que pueden
encontrarse en más de 300 plantas72. Estos compuestos se caracterizan por tener una
estructura química muy similar a los estrógenos y por tener cierta actividad
estrogénica73. La comunidad científica empezó a interesarse por los fitoestrógenos
debido a la baja incidencia de cáncer de mama en Asia, donde la soja es un importante
componente de la dieta74. Así, el interés por los fitoestrógenos ha ido creciendo los
últimos años debido a los estudios epidemiológicos que relacionan el consumo de
fitoestrógenos con un bajo riesgo de mortalidad de varios tipos de cáncer,
especialmente de mama y de próstata74-80. Además, los productos de soja o, más
recientemente, los suplementos alimenticios conteniendo los principios activos de esta
planta se usan también para tratar otras enfermedades crónicas como enfermedades
cardiovasculares80 y osteoporosis75, así como para un alivio de los síntomas
climatéricos81,82.
En

general,

los

fitoestrógenos

poseen

propiedades

antiinflamatorias,

antioxidantes, antitrombóticas, antineoplásicas, antialérgicas y hepatoprotectoras 83,
por lo que estos compuestos pueden tener efectos sobre el cáncer tanto por estas
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actividades, como por sus propiedades hormonales. Otro aspecto a tener en cuenta es
la concentración de fitoestrógenos en plasma y el período de exposición a éstos, ya
que se cree que los efectos beneficiosos de los fitoestrógenos, entre los cuales se
encontraría un posible papel quimiopreventivo del cáncer de mama, podrían estar
relacionados con el consumo a lo largo de toda la vida o de etapas muy tempranas de
la niñez79,84-86. Sin embargo, el papel de los fitoestrógenos en el cáncer de mama
presenta cierta controversia debido a que las propiedades estrogénicas de estos
compuestos podrían ser perjudiciales en el cáncer de mama sensible a los
estrógenos87.
El fitoestrógeno genisteína (GEN) es una isoflavona (4’,5,7-trihidroxiisoflavona)
que fue aislada en 1899 por primera vez por Perkin y Newbury de la planta Genista
tinctoria88. Se ha visto que la GEN, debido a sus propiedades estrogénicas (como se
puede observar en la Figura 4 la GEN presenta una estructura similar al E2), podría
tener ciertos beneficios en enfermedades relacionadas con los estrógenos como la
osteoporosis o las enfermedades cardiovasculares89-91. La GEN posee también otras
propiedades no hormonales como la inhibición de la actividad tirosina-quinasa de
algunas proteínas92,93, efectos antioxidantes a través de la eliminación de los ROS o de
la inhibición de la expresión de los genes relacionados con el estrés oxidativo 94, la
inducción de la parada del ciclo celular95, la modulación de vías de señalización
intracelulares (tales como Akt/NF-κB)96, además de la inhibición de la invasión y la
metástasis de las células cancerosas97. Por eso, el elevado consumo de soja en Asia
podría estar relacionado con la baja incidencia de cáncer de mama en este
continente98 ya que la GEN es la principal isoflavona que se encuentra en la soja.

17β-estradiol (E2)

Genisteína (GEN)

Figura 4. Estructura molecular del 17β-estradiol (E2) y de la genisteína (GEN).
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A pesar de tener otras funciones no relacionadas con sus propiedades
hormonales, la GEN ejerce sus efectos principales en las células a través de su unión a
los ERs99. En 1960, Folman y Pope fueron los primeros en establecer la afinidad relativa
de unión de las isoflavonas a los ERs, las cuales se unen preferentemente al ERβ100,101.
Kuiper y colaboradores31,32 confirmaron que la afinidad de unión de la GEN por el ERβ
es mucho mayor que por el ERα. Esta preferencia de unión al ERβ por parte de la GEN
podría tener implicaciones en el riesgo de padecer cáncer de mama; así, algunos
autores sugieren que cuando el ERβ es activado por ciertos ligandos podría inhibir la
proliferación celular en el cáncer de mama, así como contrarrestar los efectos
estimulatorios del E2 sobre el ERα, aunque todavía se desconoce el papel concreto que
juega el ERβ en el cáncer de mama43.
Sin embargo, contrastando con los efectos beneficiosos del consumo de GEN ya
mencionados, algunos estudios sugieren que el consumo de GEN podría estimular el
crecimiento de los tumores sensibles a estrógenos102. Esta controversia existente
sobre los posibles efectos beneficiosos o perjudiciales de la GEN en el cáncer de mama
se debe a estudios realizados en líneas celulares de cáncer de mama con un ratio
ERα/ERβ elevado, donde se observó que la GEN estimulaba la proliferación de esta
línea celular103-106. Algunos autores han revelado un posible efecto bifásico de la GEN
sobre la proliferación celular: a bajas concentraciones (0,1-10 µM) la GEN mostró una
estimulación de la proliferación, mientras que a altas concentraciones (a partir de 10
µM) la GEN inhibió la proliferación celular a través del bloqueo del ciclo celular 77,99,106.
Parece ser que la GEN actuaría como un inhibidor del crecimiento de las células
cancerosas a altas concentraciones y, por otro lado, podría tener un efecto
estimulador de la proliferación celular a bajas concentraciones77. En general, se cree
que la actividad proliferativa de la GEN a bajas concentraciones puede ser inhibida con
un compuesto antiestrogénico107, lo que indicaría que es un mecanismo mediado por
los ERs. Sin embargo, la inhibición del crecimiento a altas concentraciones de la
isoflavona no se inhibe con la adición de un antiestrogénico, lo que sugiere que no es
un mecanismo mediado por los ERs y que, probablemente, sea debido a
concentraciones citotóxicas de la GEN107.
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1.4. La mitocondria en el cáncer de mama
Las mitocondrias son orgánulos presentes en las células eucariotas, cuya
estructura está delimitada por dos membranas: la membrana externa, que establece
una separación física del orgánulo con el citoplasma; y la membrana interna, formada
por una serie de invaginaciones llamadas crestas mitocondriales donde está localizada
la cadena respiratoria mitocondrial. Entre ambas membranas queda el denominado
espacio intermembrana.
Las mitocondrias son responsables de la producción del 90% del ATP para los
requerimientos energéticos de la célula y, además, son la principal fuente y diana de
los ROS intracelulares. Asimismo, estos orgánulos juegan también un papel clave en la
regulación de la proliferación celular y la apoptosis53.
Como ya se ha mencionado, la principal función de las mitocondrias es la
generación de ATP a través de un proceso complejo conocido como fosforilación
oxidativa (oxidative phosphorylation, OXPHOS)108. Brevemente, la oxidación de las
moléculas altamente reducidas contenidas en los nutrientes (carbohidratos, lípidos y
proteínas) a través del metabolismo celular rinde electrones en forma de moléculas
portadoras de hidrógeno reducidas como NADH o FADH2. Estos cofactores reducidos
donan electrones a una serie de complejos situados en la membrana interna
mitocondrial, conocidos como cadena respiratoria mitocondrial. El aceptor final de
electrones es una molécula de oxígeno que se reduce a una molécula de agua en el
complejo IV o citocromo c oxidasa (COX). La energía conservada como un gradiente
protónico entre el espacio intermembrana y la matriz mitocondrial es usada por el
complejo V o FoF1-ATP sintasa (ATPasa) para formar ATP mediante la fosforilación del
ADP gracias a la energía generada por el retorno de los protones a favor de gradiente a
la matriz mitocondrial109.
Numerosos estudios han descubierto la presencia de los ERs en la mitocondria 110115

y, además, el genoma mitocondrial posee secuencias de ADN muy parecidas a los

ERE del ADN nuclear116, lo que hace pensar que tanto el ERα como el ERβ podrían jugar
un papel esencial en la regulación de la funcionalidad mitocondrial. Chen y
colaboradores demostraron en 2004 que tanto el ERα como el ERβ se unen
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directamente al ADN mitocondrial a través de los EREs y que esta unión se incrementa
con la presencia del E2117. Otros estudios han sugerido que el ERβ podría modular
directamente la función mitocondrial a través de su unión directa al ADN mitocondrial
y la regulación de su transcripción115. La presencia de los ERs tanto en el núcleo,
citoplasma, mitocondrial e incluso en la membrana celular hace pensar que ambos ERs
están perfectamente coordinados para modular cualquier proceso celular en el que
participen115,118-123.
1.4.1. Especies reactivas de oxígeno (ROS) y cáncer
Las mitocondrias son la fuente principal de ROS en la célula. El término especie
reactiva de oxígeno (reactive oxygen species, ROS) hace referencia a cualquier
molécula de oxígeno que haya aceptado electrones extra y sea capaz de oxidar otras
moléculas124. Como se aprecia en la Figura 5, muchos ROS intracelulares derivan de la
reducción electrónica del oxígeno (O2), que forma el radical superóxido (O2.-). Se
estima que alrededor del 1% del O2 consumido en la mitocondria es usado para la
producción de superóxido125,126. Asimismo, dos moléculas de superóxido se pueden
convertir en una molécula de peróxido de hidrógeno (H2O2) y una de agua por la acción
de las superóxido dismutasas (SOD). El peróxido de hidrógeno puede también aceptar
otro electrón del Fe2+ libre por la reacción de Fenton para formar el radical hidroxilo
(HO.).

Figura 5. Mecanismos enzimáticos de detoxificación de las especies radicales de oxígeno (ROS).
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Estas tres formas moleculares de ROS (O2.-, H2O2 y HO.) tienen diferente
reactividad y pueden tener distintos efectos en la fisiología celular127. Estos ROS
pueden provocar tanto una mayor proliferación celular (incrementando la
tumorigenicidad), como la apoptosis. Parece ser que bajos niveles de ROS podrían
estimular la proliferación celular, mientras que elevados niveles podrían inducir la
muerte celular128. En una reciente revisión, Sullivan y Chandel establecieron que
mutaciones puntuales del ADN mitocondrial incrementan la tumorigenicidad a través
del aumento en la producción de ROS en la mitocondria, manteniendo la capacidad de
biogénesis mitocondrial; en cambio, mutaciones masivas en el ADN mitocondrial
comprometen eventualmente la capacidad de biogénesis de las mitocondrias lo que
haría que el gran aumento de ROS disminuyera la tumorigenicidad de las células,
promoviendo la muerte celular127.
Sin embargo, además de los efectos dañinos que tienen sobre la célula a través
de la oxidación de macromoléculas, los ROS podrían también tener importancia en
algunos procesos de señalización celular relacionados con la supervivencia, el
crecimiento y la proliferación celular127. En concreto, los ROS generados en el complejo
III podrían jugar un papel esencial en muchos procesos biológicos como la
diferenciación celular y la inmunidad adaptativa129. Finalmente, los ROS pueden
provocar la muerte celular, además de directamente por el estrés oxidativo generado
en la célula (Figura 6), mediante la activación de las vías proapoptóticas
intracelulares130-132.
1.4.2. Función y dinámica mitocondrial en el cáncer de mama
Los ROS provocados por un mal funcionamiento de las mitocondrias podrían
provocar daños irreparables ya que pueden oxidar y dañar proteínas, lípidos y ADN 133.
Por ello, la homeostasis redox de la mitocondria debe estar perfectamente regulada.
La disfunción mitocondrial se ha asociado al fenómeno del envejecimiento, a
enfermedades neuronales y también al cáncer134-136. De hecho, reguladores clave de la
muerte celular, así como otros procesos celulares que se llevan a cabo en la
mitocondria están frecuentemente alterados en las células cancerosas137, ya que las
mitocondrias de las células cancerosas son distintas tanto funcionalmente como
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estructuralmente de las mitocondrias de las células normales138. Además, las células
cancerosas poseen normalmente mutaciones en el ADN nuclear y mitocondrial, lo que
afecta a los componentes del complejo OXPHOS provocando una producción excesiva
de ROS y daño oxidativo en las mitocondrias138. Es importante destacar que la falta de
mecanismos de protección y reparación (como por ejemplo las histonas) en el ADN
mitocondrial lo hace especialmente sensible al daño oxidativo; este ADN mitocondrial
oxidado puede provocar un mayor grado de disfuncionalidad mitocondrial y,
consecuentemente, una mayor producción de ROS, conduciendo a un ciclo vicioso de
amplificación de la producción de ROS en la célula139.

Figura 6. Esquema del daño oxidativo en una mitocondria. Los ROS pueden dañar el ADN mitocondrial,
el ARN mensajero o las proteínas del OXPHOS, lo que puede llegar a provocar la apoptosis debido a la
liberación del citocromo c (Cit c) o del factor inductor de la apoptosis (AIF).

En los años 20 del siglo XX, Otto Warburg ya asoció la disfunción mitocondrial
con el cáncer. Así, Warburg observó que en varias muestras de células tumorales la
glucólisis aeróbica estaba incrementada debido a una bajada en la capacidad
respiratoria de estas células140, describiendo lo que actualmente se conoce como
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efecto Warburg. Posteriormente se han ido descubriendo más alteraciones
metabólicas asociadas con la disfuncionalidad mitocondrial como un incremento en la
gluconeogénesis y de la actividad glutaminolítica, una reducción en la oxidación de los
ácidos grasos, así como un descenso en la oxidación del piruvato y un aumento de la
producción de lactato141-144. Asimismo, se ha observado que las actividades de algunas
enzimas relacionadas con el proceso de fosforilación oxidativa están reducidas en las
células cancerosas, como por ejemplo la actividad de la ATPasa145. Además, la
actividad de la COX también se ve reducida en las células cancerosas respecto a las
normales146,147, todo ello contribuyendo a la disfuncionalidad mitocondrial que se da
en las células tumorales.
Las mitocondrias son orgánulos altamente dinámicos que continuamente se
están fusionando (fusión mitocondrial) y fragmentando (fisión mitocondrial) de una
forma altamente regulada148,149, en función de las necesidades fisiológicas de la
célula150. El proceso de fusión mitocondrial en mamíferos lo llevan a cabo
principalmente tres proteínas, mitofusina 1 (Mfn1), mitofusina 2 (Mfn2) y OPA1,
mientras que el de fisión lo llevan a cabo dos proteínas: Drp1 y Fis1 151. Los cambios en
la morfología y la dinámica mitocondrial juegan un papel clave en la fisiología de las
células, en procesos como la generación de ROS y la inducción de la apoptosis, entre
otros150.
La célula se protege frente a la disfuncionalidad mitocondrial eliminando aquello
que no funciona, desde alguna proteína mitocondrial a la mitocondria en sí 152,153. Si la
célula no es capaz de mantener un conjunto de mitocondrias funcionales, se liberan
factores proapoptóticos produciéndose el fenómeno de muerte celular programada 1
o apoptosis154.

1.5. Papel de la UCP2 en el cáncer
Las proteínas desacoplantes (uncoupling proteins, UCPs) son un grupo de
proteínas transmembrana pertenecientes a la superfamilia de transportadores
aniónicos y se localizan en la membrana interna mitocondrial (Figura 7). Su función
biológica es permitir el reingreso de los protones desde el espacio intermembrana a la
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matriz mitocondrial asociado a una producción de calor (proceso conocido como
termogénesis), disipando el gradiente protónico, disminuyendo el potencial de
membrana y, por tanto, disminuyendo la producción de ROS155,156.

Figura 7. Representación esquemática de la cadena respiratoria mitocondrial (complejos OXPHOS) y de
la proteína desacoplante (UCP), disipando el gradiente protónico con la producción de calor y
disminuyendo la producción de ROS.

Así, una de las funciones claves que llevan a cabo las UCPs en las células es la
disminución de la producción de ROS en la mitocondria. En condiciones de reposo,
cuando el potencial de membrana es alto y el transporte electrónico está limitado por
la falta de ADP y Pi, la formación de superóxido está fuertemente activada 157. Hay una
fuerte correlación positiva entre el potencial de membrana y la producción de ROS.
Cuando el potencial de membrana es alto, un pequeño incremento de este potencial
de membrana supone una gran producción de ROS158, mientras que una pequeña
bajada puede bajar la producción de ROS hasta el 70%159,160. Por lo tanto, un sutil
desacoplamiento de la cadena respiratoria y, por tanto, un pequeño descenso en el
potencial de membrana se ha sugerido que puede tener un efecto antioxidante
natural161. Datos obtenidos en experimentos de inhibición de las UCPs apoyan esta
teoría ya que esta inhibición produjo un aumento del potencial de membrana y una
mayor producción de ROS162,163.
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El primer tipo de las proteínas desacoplantes (UCP1) fue descubierto en el tejido
adiposo marrón de hámster164. La función principal del tejido adiposo marrón es la
termogénesis y está presente en hibernadores, pequeños mamíferos y en los recién
nacidos en humanos, aunque recientemente se ha demostrado también su presencia
en humanos adultos165. Contrariamente al tejido adiposo blanco, el marrón posee una
gran cantidad de mitocondrias caracterizadas por una membrana interna muy
desarrollada156. Desde 1997 se han descubierto cuatro nuevos homólogos de las UCPs,
nombrados consecutivamente del 2 al 5, identificados en roedores y humanos. Al
contrario de la UCP1 cuya localización es específica del tejido adiposo marrón, el resto
de homólogos tienen una expresión tisular más amplia. La UCP2 es la más importante
en el cáncer, ya que la regulación de su expresión se ha relacionado con la
tumorigénesis y la resistencia a la quimioterapia166,167.
La UCP2 es el homólogo con una distribución más ubicua, ya que está presente
en muchos tejidos como el tejido adiposo, músculo, corazón, riñón, tracto digestivo,
cerebro, bazo y timo168,169. Además de una escasa función termogenética, la UCP2
desempeña otras funciones relacionadas con la obesidad y la restricción calórica, como
por ejemplo la regulación del gasto energético basal168,170-172. Asimismo, la UCP2 regula
la secreción de insulina en los islotes beta pancreáticos173. Esta regulación se produce
debido a la función desacoplante de la cadena respiratoria mitocondrial de la UCP2
que reduce la producción de ATP, lo que provoca una disminución de la secreción de
insulina estimulada por glucosa174.
La UCP2 juega un papel fundamental en la disminución de la producción de ROS
en la mitocondria. La pérdida de la UCP2 en ratones incrementó la producción de ROS
y el potencial de membrana, principalmente en aquellos tejidos donde se expresa
normalmente esta proteína175. Esto sugiere que la UCP2 podría mantener el potencial
de membrana a unos niveles lo suficientemente bajos para no generar una cantidad de
ROS excesiva175. Además, la UCP2 parece ser que es activada por los mismos ROS o por
productos derivados de la peroxidación lipídica, sugiriendo que la UCP2 podría formar
parte de un mecanismo de retroalimentación negativa dirigido a mitigar la producción
excesiva de ROS y el daño oxidativo en las mitocondrias176,177.
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Estudios llevados a cabo con ratones knockouts para la UCP2 indicaron que la
ausencia de esta proteína supuso una menor esperanza de vida para estos ratones,
con un aumento significativo del daño oxidativo mitocondrial, sobre todo en el sistema
nervioso central y en el corazón178,179. Otros autores estudiaron la causa de la muerte
de estos ratones knockout y observaron un incremento en la incidencia de tumores
con respecto a los ratones control180. Este efecto de la falta de UCP2 es más evidente
bajo condiciones de estrés metabólico o de una infección175,181,182. Así pues, los ratones
knockout para la UCP2 expuestos a un compuesto carcinogénico desarrollaron más
tumores que los ratones control, con un aumento del estrés oxidativo y de la
activación de NF-κB183.
Estudios llevados a cabo en nuestro grupo de investigación sugieren que en el
cáncer de mama, el tratamiento con E2 podría suponer una bajada de los niveles de las
UCPs, sugiriendo que la exposición a estrógenos en aquellas células de mama positivas
para ERα podría suponer un incremento de la producción de ROS que, a su vez,
podrían actuar como señales mitogénicas aumentando el riesgo de padecer cáncer de
mama56,184.
Sin embargo, una vez establecido el cáncer, la expresión de la UCP2 promovería
la quimioresistencia de las células cancerosas185. Así pues, la UCP2 podría tener un
papel dual en el cáncer (Figura 8), actuando como un mecanismo protector en las
células normales impidiendo su transformación en células malignas debido a
mutaciones originadas por la producción excesiva de ROS; mientras que la
sobreexpresión de UCP2 en células cancerígenas podría conferir una mayor
supervivencia y resistencia a la quimioterapia gracias a la bajada de los niveles de ROS,
que no serían suficientes para matar dichas células166. Estudios previos en nuestro
grupo de investigación demostraron que los tumores de cáncer de mama se adaptan al
estrés oxidativo incrementando la expresión de UCPs186. Es importante destacar que la
agresividad del tumor está asociada a la adquisición de defensas antioxidantes que
favorecen que las células cancerosas puedan escapar del ambiente de estrés oxidativo
existente en el tumor187,188, por lo que una sobreexpresión de la UCP2 podría conferir
más agresividad a dichas células cancerosas. Estos estudios confirman que la
sobreexpresión de UCP2 en el cáncer es el resultado de un proceso de selección a largo
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plazo, en el que las células cancerosas se han adaptado a condiciones severas de estrés
oxidativo.

Figura 8. Niveles de ROS y efectos que producen en las células normales y cancerosas. Papel de la UCP2
en el desarrollo del cáncer y la resistencia a la muerte celular.

Recientemente, numerosos estudios han demostrado que la UCP2 está
relacionada también con la quimioresistencia189,190. De hecho, en células de cáncer de
páncreas el desacoplamiento de la cadena respiratoria mitocondrial es un mecanismo
de resistencia a la quimioterapia, a través de la disminución de la producción de
ROS189. Además, se ha descrito que la inhibición de la UCP2 produce una
sensibilización de las células de leucemia a los agentes citotóxicos190. Todas estas
evidencias llevan a pensar que la UCP2 podría ser una buena diana de actuación contra
el cáncer, pudiendo incrementar los efectos de los tratamientos antitumorales, a
través del aumento drástico de los ROS inhibiendo la expresión de UCP2.

1.6. La apoptosis y la autofagia en el cáncer
La apoptosis (muerte celular programada 1) y la muerte celular por autofagia
(muerte celular programada 2) son dos mecanismos fisiológicos cruciales en el control
del desarrollo, homeostasis y eliminación de las células cancerígenas191,192. Es evidente
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que la eliminación de las células cancerosas después del tratamiento con
quimioterapia se da, al menos en parte, por la inducción de la apoptosis 193. Durante el
proceso de apoptosis, la Poli ADP ribosa polimerasa (PARP), una proteína que está
relacionada con la reparación del ADN en respuesta al estrés celular194, es fragmentada
en dos principalmente mediante la acción de la caspasa-3195,196. Así pues, la PARP
ayuda a mantener la viabilidad celular y su rotura facilita la muerte celular y, por tanto,
sirve como marcador final de la apoptosis197.
La autofagia es un proceso altamente conservado en la evolución que permite a
las células mantener la homeostasis en condiciones desfavorables, recuperando
energía de los componentes subcelulares dañados o innecesarios (macromoléculas u
orgánulos)198, por lo que ha sido considerado como un proceso asociado a la
supervivencia celular. Sin embargo, si el deterioro celular es demasiado severo y la
autofagia se mantiene a unos elevados niveles, se produce la muerte celular por
autofagia199. La muerte celular por autofagia es un tipo de muerte celular no
apoptótica que puede ser inducida por diversos factores como por ejemplo la
quimioterapia200. Numerosos autores sugieren que alteraciones en las vías de
regulación de la autofagia podrían dar lugar al desarrollo del cáncer 201,202. Además se
ha observado que algunas células cancerosas tienen inhibida la autofagia o tienden a
reducirla comparadas con las células no tumorales circundantes201,202. La proteína de
cadena ligera-3 1A/1B asociada a microtúbulos (LC3, del inglés Microtubule-associated
protein 1A/1B-light chain 3) sufre modificaciones post-traduccionales durante la
autofagia. La rotura de la LC3 en el extremo carboxi-terminal inmediatamente después
de sus síntesis produce la LC3-I localizada en el citoplasma. Durante la autofagia, LC3-I
se convierte a LC3-II a través de una lipidación por un sistema de tipo ubiquitina, que
permite a la LC3 asociarse con las vesículas autofágicas203. La presencia de LC3 en los
autofagosomas y la conversión de LC3 en la forma LC3-II han sido usadas como
marcadores de autofagia204.
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1.7. Tratamientos contra el cáncer
En las últimas décadas, desarrollar tratamientos eficaces para combatir el cáncer
ha sido una de las prioridades de científicos de todo el mundo. La elección del tipo de
tratamiento depende de distintos factores como el tipo de cáncer a tratar, las
características intrínsecas del mismo, la fase en la que se encuentra o la aparición de
resistencias.
Los tipos más comunes de tratamiento contra el cáncer de mama son la cirugía,
la radioterapia y la terapia sistémica. La cirugía es a menudo la primera opción de
tratamiento si es posible extirpar el tumor del cuerpo, aunque a veces solamente se
puede eliminar parte del tumor y debe acompañarse, antes o después de la cirugía, de
un tratamiento radio o quimioterapéutico, o ambos. La radioterapia utiliza la radiación
producida por rayos de alta energía para destruir las células cancerosas205,206.
La quimioterapia y la terapia hormonal son los dos principales tratamientos
sistémicos. La quimioterapia se define como el uso de medicamentos dirigidos a la
destrucción de las células cancerosas, entre los que se encuentran el cisplatino y el
paclitaxel. Dentro de la terapia hormonal destaca el uso del tamoxifeno en el
tratamiento contra el cáncer de mama206.
1.7.1. Tamoxifeno
El tamoxifeno ha sido utilizado durante los últimos 30 años para el tratamiento y
la prevención del cáncer de mama207. El tamoxifeno actúa principalmente a través de
su unión a los ERs, modulando la expresión de genes o simplemente antagonizando los
efectos del E2 sobre los ERs207,208. Se ha visto que es eficaz en pacientes con cáncer de
mama metastásico y reduce el riesgo de recurrencia y muerte de cáncer de mama
cuando se da como terapia adyuvante209,210. El uso del tamoxifeno está especialmente
indicado en mujeres con cáncer de mama positivo para el ERα y como agente
quimiopreventivo en aquellas mujeres con un alto riesgo de padecer este tipo de
cáncer206.
En los años 80 del siglo XX, el tamoxifeno se consideraba todavía simplemente un
compuesto antiestrogénico no esteroideo. Sin embargo, y a pesar de sus claros efectos
antiestrogénicos en el tejido mamario211, se observó que el tamoxifeno causaba una
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estimulación del crecimiento del endometrio, incrementando así el riesgo de padecer
cáncer de endometrio212,213. Así, se hizo necesario establecer el concepto de
modulador selectivo del receptor de estrógenos (del inglés selective estrogen receptor
modulator, SERM), definiéndolo como un grupo de moléculas, como el tamoxifeno,
que se caracterizan por su capacidad de unión a los dos tipos de ERs, ERα y ERβ, y por
producir efectos agonistas o antagonistas dependiendo del tejido donde actúen 214.
La expresión de ERs es un factor importante a tener en cuenta para predecir la
eficacia del tratamiento con tamoxifeno. Se ha visto que el tamoxifeno es un agonista
parcial del ERα, mientras que es un antagonista puro para el ERβ215. Esto es, a bajas
concentraciones, el tamoxifeno induce una parada del ciclo celular216, mientras que a
altas concentraciones (en el rango de micromolar) el tratamiento con tamoxifeno
provoca la apoptosis de las células de cáncer de mama217.
Además de su función como antagonista de los ERs, el tamoxifeno puede
también tener otros efectos en las células cancerosas, y entre ellos destaca la
disfunción mitocondrial y el aumento de la producción de ROS, llevando a las células a
una situación de estrés oxidativo y, por consiguiente, a la muerte celular 218-222. En las
células de cáncer de mama esta muerte celular puede darse tanto por la inducción de
la apoptosis como de la muerte celular por autofagia, incluso por una combinación de
ambas223.
1.7.2. Cisplatino
El cisplatino es uno de los tratamientos más usados y efectivos contra el cáncer.
Se trata de una molécula altamente reactiva capaz de unirse al ARN, al ADN o a las
proteínas formando diferentes tipos de aductos224,225, aunque se cree que los aductos
con el ADN nuclear son los que provocan, en gran medida, sus efectos citotóxicos. Las
células tienen mecanismos de reparación capaces de eliminar los aductos cisplatinoADN226, por lo que las células con los sistemas de reparación del ADN dañados son
especialmente susceptibles al tratamiento con cisplatino227,228. Si no son eliminados,
estos aductos pueden causar un bloqueo en la replicación y/o transcripción del ADN, lo
que conduce a las células a la apoptosis229-233. Estos efectos del cisplatino sobre el ADN
nuclear explican su gran eficacia en las células con elevada capacidad de división. Sin
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embargo, la citotoxicidad de este compuesto se ha detectado también en células no
cancerosas, cuya capacidad de división celular está restringida234-236, lo que sugiere que
el bloqueo de la replicación del ADN no es el único mecanismo de citotoxicidad del
cisplatino.
El cisplatino se puede acumular también en las mitocondrias, formando aductos
con el ADN mitocondrial y las proteínas237,238. Como se ha comentado anteriormente,
la mitocondria, aparte de ser el orgánulo responsable de la producción del 90% del ATP
que necesita la célula para sobrevivir, es la principal fuente de producción de ROS. En
estudios llevados a cabo en células no cancerosas, la exposición con cisplatino produjo
un incremento en la producción de ROS239-241, y el tratamiento con antioxidantes en
animales de laboratorio fue capaz de revertir los efectos citotóxicos del cisplatino en
diversos órganos242-244. Además, en las células cancerosas un incremento en los
sistemas de eliminación de los ROS mitocondriales supone una mayor resistencia al
cisplatino245-248. Todos estos estudios sugieren que la producción de ROS y el
consiguiente estrés oxidativo generado en las células podría ser uno de los
mecanismos de citotoxicidad del cisplatino y, además, sería un aspecto esencial en su
eficacia como tratamiento anticancerígeno (Figura 9).

Figura 7. Representación esquemática de los efectos de la quimioterapia y el papel central que juegan
los ROS.
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Aunque la terapia con cisplatino no es de las más comunes en los pacientes con
cáncer de mama, en una revisión de 2004, Decatris y colaboradores propusieron que
una combinación del cisplatino con otros compuestos como los taxanos y la herceptina
podría suponer una buena estrategia para combatir el cáncer de mama en sus distintas
fases clínicas249. Además, en estudios recientes se ha observado que el tratamiento
con cisplatino podría resultar eficaz en cáncer de mama triple negativo, caracterizado
por la falta en la expresión de ER, del receptor de la progesterona y del receptor del
factor de crecimiento epidérmico250.
1.7.3. Paclitaxel
El paclitaxel es un agente citotóxico ampliamente utilizado en la terapia contra el
cáncer. Su efecto principal en las células es la estabilización de los microtúbulos,
impidiendo su despolimerización y, por tanto, provocando un fallo en la mitosis 251.
Asimismo, el paclitaxel también altera otras funciones celulares, donde los
microtúbulos juegan un papel fundamental, como la señalización intracelular y el
transporte de orgánulos252. Además de su principal función de estabilización de los
microtúbulos, el paclitaxel puede aumentar la producción de ROS en las células
cancerígenas, donde el peróxido de hidrógeno está involucrado en la muerte celular
mediada por el paclitaxel in vivo e in vitro253-255. Sin embargo, la producción de ROS
podría provenir de una disfunción en la cadena respiratoria mitocondrial ya que el
peróxido de hidrógeno se forma a partir del anión superóxido (O2-) debido a la acción
de las superóxido dismutasas, y este O2- es generado por la cadena respiratoria
mitocondrial256, especialmente cuando se produce una disminución de la funcionalidad
de las mitocondrias. El paclitaxel es usado como tratamiento contra el cáncer de
mama, aunque una de sus limitaciones es el aumento del riesgo de padecer una
neuropatía periférica y reacciones de hipersensibilidad257.

Para finalizar, cabe destacar que la selección de los tratamientos teniendo en
cuenta la presencia/ausencia de ciertas proteínas importantes en el desarrollo y
progresión del cáncer de mama (como la presencia del receptor de estrógenos) en
cada caso ha propiciado la utilización más racional y con mayor éxito de determinadas
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terapias dirigidas, lo que ha permitido que durante las dos últimas décadas la tasa de
mortalidad del cáncer de mama haya disminuido aproximadamente un 30%,
suponiendo una tasa de supervivencia a 5 años del 90%258. Por ello, en el futuro una
terapia personalizada contra el cáncer de mama podría suponer la estrategia de
actuación más efectiva.
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Objetivos y planteamiento experimental

El desarrollo de la presente tesis se ha enmarcado dentro de los objetivos de dos
proyectos de investigación llevados a cabo en el Grupo Multidisciplinar de Oncología
Traslacional (GMOT) del Institut Universitari d’Investigació en Ciències de la Salut
(IUNICS), en la Universitat de les Illes Balears (UIB). El primero de estos proyectos,
“Importancia de la ratio ERα/ERβ en la función mitocondrial y el estrés oxidativo en el
cáncer de mama. Influencia de la leptina (PS09-01637)”, tenía entre sus objetivos
caracterizar la influencia de la ratio ERα/ERβ sobre la biogénesis mitocondrial y el
estrés oxidativo en respuesta a dosis fisiológicas de 17β-estradiol, además de estudiar
cómo la dotación de receptores estrogénicos influye sobre la respuesta a ligandos
como los fitoestrógenos y el tamoxifeno, modulando la funcionalidad mitocondrial e
influyendo en la proliferación celular y la apoptosis. El segundo proyecto,
“Metabolismo energético de la célula tumoral: una posible diana en el tratamiento del
cáncer de mama (PI12-01827)”, profundiza en las diferencias existentes entre las
células normales y las tumorales con especial interés en la inhibición de las UCPs como
diana terapéutica y la influencia de los fitoestrógenos en los tratamientos combinados
con fármacos en líneas celulares con distintas dotaciones de receptores estrogénicos
prestando especial atención a la funcionalidad mitocondrial y al estrés oxidativo de las
células cancerígenas.
La función y la biogénesis mitocondrial están reguladas por la unión del 17βestradiol (E2) a los dos receptores de estrógenos (ERs), ERα y ERβ. Previos estudios
llevados a cabo en nuestro laboratorio demostraron que el E2 a concentraciones
fisiológicas (1 nM) afecta de manera distinta a la función mitocondrial dependiendo de
la dotación de ERα y ERβ en las células de cáncer de mama105,184. Aunque después del
tratamiento con E2 la biogénesis mitocondrial fue elevada, la funcionalidad
mitocondrial no se vio afectada en las células T47D (baja ratio ERα/ERβ) ni en las MDAMB-231 (solo pequeñas cantidades de ERβ), las cuales presentaban unos niveles bajos
de estrés oxidativo y un buen funcionamiento del sistema antioxidante 56,184. Por el
contrario, el E2 provocó en las MCF-7 (alta ratio ERα/ERβ) un empeoramiento de la
función mitocondrial con un aumento de los niveles de ROS 56,184. Estas discrepancias
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entre la biogénesis y la funcionalidad mitocondrial podrían ser explicadas, al menos en
parte, por otros procesos de dinámica mitocondrial como la mitoptosis o
mitofagia259,260. En condiciones normales las mitocondrias dañadas son eliminadas
mediante el proceso de mitofagia261,262, sin embargo si este proceso está inhibido se
produce una acumulación de mitocondrias dañadas y poco funcionales, lo que afecta a
la biogénesis y la funcionalidad mitocondrial de la célula. A partir de estos resultados,
nos propusimos estudiar los efectos del E2 en la biogénesis, la dinámica y la función
mitocondrial en líneas celulares de cáncer de mama con diferente dotación de ERα y
ERβ. Para ello tres líneas celulares con diferente ratio ERα/ERβ, MCF-7 (alta ratio
ERα/ERβ), T47D (baja ratio ERα/ERβ) y MDA-MB-231 (solo ERβ en pequeñas
cantidades), además de otra línea de cáncer de mama con una sobreexpresión
modulable del ERβ fueron tratadas con concentraciones fisiológicas de E2 (1 nM). La
función mitocondrial se analizó mediante las actividades enzimáticas de proteínas
mitocondriales como la citrato sintasa, la ATPasa y en especial la citocromo c oxidasa
(COX), así como los niveles de expresión de las proteínas del complejo OXPHOS y los
niveles de cardiolipina (lípido exclusivo de la membrana interna mitocondrial)
mediante la naranja de acridina (NAO) y el ADN mitocondrial. La biogénesis
mitocondrial se midió determinando la expresión de genes relacionados con este
proceso como nrf1, nrf2, pgc1α, tfam y mtssb; y la dinámica mitocondrial se estudió
midiendo los niveles de expresión génica de los cinco principales genes que participan
en este proceso, mfn1, mfn2 y opa1 (fusión mitocondrial) y drp1 y fis1 (fisión
mitocondrial). Los resultados y conclusiones obtenidas en este estudio se detallan en
el Manuscrito 1.
El cáncer de mama es una de las principales causas de mortalidad en mujeres 263,
y aproximadamente el 75% de casos de este tipo de cáncer son positivos para el
ERα264. Aunque actualmente no se estudia de manera rutinaria la presencia del ERβ,
estudios previos en nuestro laboratorio demostraron la importancia del ERβ en
tumores de cáncer de mama, ya que su presencia hace que las células cancerígenas
tengan más resistencia al estrés oxidativo265. Muchos tratamientos contra el cáncer de
mama como el cisplatino (CDDP), el paclitaxel (PTX) y el tamoxifeno (TAM) tienen
como uno de sus mecanismos de acción la disminución de la funcionalidad
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mitocondrial con el consiguiente aumento en la producción de ROS y, en muchos
casos, la muerte celular247,266,267. Teniendo en cuenta que según la ratio ERα/ERβ que
tengan las células cancerígenas podrían ser más o menos resistentes al estrés oxidativo
generado por los agentes citotóxicos ya mencionados, nos propusimos como objetivo
encontrar la relación entre esta ratio ERα/ERβ y la respuesta a los tratamientos
citotóxicos en las células de cáncer de mama con diferente dotación de ERs: MCF-7,
T47D, MCF7+ERβ (línea celular obtenida a partir de las MCF-7 en la cual se ha
insertado establemente el gen del ERβ) y T47D-ERβ (células T47D a las que se les ha
inhibido transitoriamente el ERβ mediante un siRNA ―del inglés small interfering
RNA— específico). Parámetros como la viabilidad celular (Cristal Violeta), la
producción de ROS (mediante un kit de reactivo Amplex Red®), el potencial de
membrana interna mitocondrial (TMRM), la masa mitocondrial (Mitotracker Green
FM®) tanto en una medida fluorimétrica cuantitativa como en una medida visual con el
microscopio confocal, la apoptosis (Anexina V), la autofagia (monodansylcadaverine) y
la funcionalidad mitocondrial (actividades y niveles proteicos de ATPasa y COX) fueron
estudiados después del tratamiento con los agentes citotóxicos durante 48 horas. Los
resultados y las conclusiones que generaron estos experimentos se detallan en el
Manuscrito 2.
El estrés oxidativo juega un papel crucial en numerosas patologías, en las que se
incluye el cáncer268. Resultados previos en nuestro laboratorio han demostrado la
influencia que tienen los ROS en la inducción y la progresión del cáncer de
mama56,184,265. Sin embargo, unos elevados niveles de ROS pueden provocar la muerte
celular188,269 y, como ya se ha comentado anteriormente, los tratamientos contra el
cáncer como el CDDP y el TAM tienen como uno de sus mecanismos de acción
precisamente la generación de estrés oxidativo para inducir la muerte celular en las
células cancerígenas222,247. Numerosos estudios sugieren que el desacoplamiento
mitocondrial podría ser un mecanismo de regulación del estrés oxidativo155,156,270 y las
proteínas desacoplantes (UCPs) podrían jugar un papel clave en la respuesta de la
célula al estrés oxidativo disminuyendo los niveles de ROS, por lo que se cree que
forman parte del sistema antioxidante de la célula270,271. De los cinco tipos de UCPs
que se han descubierto, la UCP2 es la más ubicua, presenta una expresión significativa
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en la glándula mamaria y está envuelta en la regulación del estrés oxidativo en la
célula175,184,186. Se cree que la UCP2 podría tener un papel dual en las células, actuando
como un mecanismo protector en las células no cancerosas, mientras que su
sobreexpresión podría conferir quimiorresistencia a las células cancerígenas mediante
la bajada de la producción de ROS166. Por lo tanto, con el objetivo de averiguar si la
UCP2 podría ser una diana terapéutica para evitar quimiorresistencias a tratamientos
que promueven el estrés oxidativo como método de inducción de la muerte celular, se
analizó si la inhibición de la UCP2 con genipin (inhibidor de la función desacoplante de
la UCP2) o su silenciamiento parcial con un siRNA específico podría incrementar el
estrés oxidativo en la línea celular de cáncer de mama MCF-7, haciéndola más sensible
a un tratamiento con CDDP o TAM durante 48 horas. En este estudio se midió la
viabilidad celular y la clonogenicidad (Cristal Violeta), la producción de ROS (reactivo
Amplex Red®), el daño oxidativo en proteínas y lípidos (grupos carbonilo y 4-HNE), el
potencial de membrana (TMRM), los niveles proteicos de UCP2, la apoptosis (Anexina
V y rotura de la PARP) y la autofagia (monodansylcadaverine y ratio LC3-II/LC3-I).
Además algunos de estos parámetros (viabilidad celular, producción de ROS, apoptosis
y autofagia) también se estudiaron en la línea celular de cáncer de mama T47D para
evitar defectos dependientes del tipo celular. Finalmente también se representaron las
curvas de supervivencia Kaplan-Meier para evaluar el impacto que tiene la expresión
de UCP2 en los pacientes de cáncer de mama que están siendo tratados o no usando
datos de estudios depositados en bases de datos de acceso libre. Todos los resultados
y las conclusiones de este estudio se presentan en el Manuscrito 3.
Numerosos estudios epidemiológicos han mostrado una menor incidencia de
cáncer de mama en países asiáticos, especialmente en aquellos donde el consumo de
soja es habitual, como Japón272. El fitoestrógeno genisteína (GEN) es la principal
isoflavona de la soja y se le han atribuido efectos beneficios para la salud273. La GEN
ejerce su función a través de su interacción con los ERs, ERα y ERβ. El ERα se ha
asociado a procesos proliferativos, mientras que el ERβ ha sido relacionado con
efectos citostáticos y de diferenciación274-276. Estudios previos en nuestro grupo de
investigación demostraron que el E2 provoca una mayor supervivencia celular en
líneas celulares de cáncer de mama con un alta ratio ERα/ERβ, no así en aquellas con
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un baja ratio ERα/ERβ56. Además existen estudios que sugieren que la GEN podría
mejorar la funcionalidad mitocondrial277. Así pues el objetivo que nos planteamos fue
el de investigar los efectos de concentraciones fisiológicas de E2 (1 nM) y de GEN (1
µM), y su combinación en la viabilidad y proliferación celular, el ciclo celular y la
apoptosis, así como la funcionalidad y dinámica mitocondrial en líneas celulares de
cáncer de mama con distinta ratio ERα/ERβ, MCF-7, T47D y MDA-MB-231. La viabilidad
celular se estudió mediante la tinción con Cristal Violeta, el ciclo celular se midió con
citometría de flujo con una tinción de ioduro de propidio, la proliferación celular y la
apoptosis se analizaron mediante la expresión de proteínas relacionadas con dichos
procesos (fosforilación de Stat-3 y rotura de la PARP, respectivamente). Para el estudio
de la funcionalidad mitocondrial se examinó la actividad de la ATPasa y la COX.
Finalmente se estudió también la dinámica mitocondrial mediante la expresión de los
cinco principales genes relacionados con este proceso (mfn1, mfn2, opa1, drp1 y fis1).
Los resultados y las principales conclusiones de este trabajo se desarrollan en el
Manuscrito 4.
Teniendo en cuenta los resultados obtenidos en los cuatro primeros manuscritos,
nos planteamos estudiar los posibles efectos que podrían tener concentraciones
fisiológicas de GEN en la respuesta de las células de cáncer de mama a los
tratamientos antitumorales como CDDP, PTX o TAM. Por tanto, si la presencia del ERβ
promueve una mayor resistencia a los tratamientos citotóxicos mediante una mejor
respuesta al estrés oxidativo y la GEN tiene una mayor afinidad por el ERβ 31,32 y
disminuye la producción de ROS278, consideramos oportuno el estudio de la eficacia de
dichos tratamientos en combinación con concentraciones fisiológicas (1 µM) de GEN.
Con el objetivo de conseguir unas condiciones más fisiológicas, los experimentos
realizados en este trabajo se llevaron a cabo en un medio de cultivo en el que había
una concentración de compuestos estrogénicos equivalente a 0,5 nM de E2,
correspondiente a concentraciones plasmáticas de E2 en mujeres premenopáusicas 279.
Los análisis se desarrollaron en dos líneas celulares de cáncer de mama con diferente
ratio ERα/ERβ: MCF-7 (alta ratio ERα/ERβ) y T47D (baja ratio ERα/ERβ). Se estudiaron
parámetros como la viabilidad celular (Cristal Violeta), la producción de ROS (reactivo
Amplex Red®), la apoptosis (Anexina V y rotura de la PARP), autofagia
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(monodansylcadaverine y ratio LC3-II/LC3-I) y el ciclo celular por citometría de flujo
después del tratamiento con GEN y/o los compuestos citotóxicos durante 48 horas.
Además algunos de estos parámetros (viabilidad celular, producción de ROS, apoptosis
y autofagia) se estudiaron también en la línea MCF-7 con la sobreexpresión estable del
ERβ (MCF7+ERβ) con el objetivo de eliminar cualquier interferencia de algún factor
intrínseco a cada una de las líneas celulares estudiadas y confirmar que los diferentes
efectos que ejerce la GEN en las dos líneas celulares son debidos a la diferente ratio
ERα/ERβ. Se pueden ver detallados todos los resultados y las conclusiones de este
trabajo en el Manuscrito 5.
Las investigaciones presentadas en esta tesis doctoral fueron desarrolladas bajo
la dirección de la Dra. Mª del Pilar Roca Salom y del Dr. Jordi Oliver Oliver en el Grupo
Multidisciplinar de Oncología Traslacional. Durante el periodo de realización de la tesis,
el doctorando recibió una beca predoctoral de personal investigador concedida por la
Conselleria d’Educació, Cultura i Universitats del Govern de les Illes Balears, la cual está
enmarcada dentro de un programa operativo cofinanciado por el Fondo Social
Europeo (FSE). Además, la realización de este trabajo ha sido posible gracias a los
proyectos de investigación financiados por el Fondo de Investigaciones Sanitarias del
Gobierno de España (PS09-01637 concedido en el año 2009 y PI12-01827 concedido en
el 2012), así como a las ayudas de la Comunitat Autònoma de les Illes Balears (CAIB),
cofinanciadas con fondos FEDER “Una manera de hacer Europa” (31/2011 and
AAEE22/2014). Asimismo, se ha contado también con la financiación del Centro de
Investigaciones Biomédicas en Red de Fisiopatología de la Obesidad y la Nutrición
(Ciberobn, CB06/03) del Instituto de Salud Carlos III. Finalmente, cabe destacar que el
doctorando realizó una estancia de tres meses en el Imperial College en el
Hammersmith Hospital de Londres, concretamente en el Department of Surgery and
Cancer, Division of Cancer bajo la tutela del Prof. Simak Ali.
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The development of this thesis has been framed within the objectives of two
research projects conducted at the Multidisciplinar Group of Translational Oncology
(GMOT) of University Research Institute on Health Sciences (IUNICS), at the University
of Balearic Islands (UIB). The first project, called ‘Importance of ERα/ERβ ratio in the
mitochondrial function and the oxidative stress in breast cancer. Influence of leptin
(PS09-01637)’, presented several objectives such as to characterize the influence of
the ERα/ERβ ratio on the mitochondrial biogenesis and oxidative stress in response to
physiological doses of 17β-estradiol, in addition to studying how this ERα/ERβ ratio
influences the response to ligands such as phytoestrogens and tamoxifen, modulating
mitochondrial functionality and influencing cell proliferation and apoptosis. The
second project, ‘Energetic metabolism of cancer cell: a possible target in breast cancer
treatment (PI12-01827)’, explores the differences between normal and tumor cells
with particular interest in inhibiting the UCPs as a therapeutic target and the influence
of phytoestrogens in combination therapies with drugs in cell lines with different
ERα/ERβ ratio with particular attention to the mitochondrial functionality and
oxidative stress in cancer cells.
Mitochondrial function and biogenesis are regulated by the binding of the 17βestradiol (E2) to both estrogen receptors (ERs), ERα and ERβ. Previous studies carried
out in our laboratory demonstrated that physiological concentrations of E2 (1 nM)
affect mitochondrial function in a different way depending on the amounts of ERα and
ERβ in breast cancer cells.105,184. Although after E2 treatment the mitochondrial
biogenesis was increased, the mitochondrial functionality was unaffected in the T47D
cells (low ERα/ERβ ratio) or in the MDA-MB-231 cells (only small amounts of ERβ),
which had a low level of oxidative stress and a good antioxidant system
performance56,184. On the contrary, E2 treatment worsened the mitochondrial function
in MCF-7 cells (high ERα/ERβ ratio), accompanied by an increase of ROS levels56,184.
Such discrepancies between mitochondrial biogenesis and functionality could be
explained, at least in part, by other processes of the mitochondrial dynamics such as
mitoptosis or mitophagy259,260. In normal conditions damaged mitochondria are
removed through the process called mitophagy261,262; however, if this process is
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inhibited an accumulation of damaged and nonfunctional mitochondria occurs,
affecting the mitochondrial biogenesis and functionality of the cell. From these results,
we aimed to study the effects of E2 in the mitochondrial biogenesis, dynamics and
function in breast cancer cells with different amounts of ERα and ERβ. To do this, three
breast cancer cell lines with different ERα/ERβ ratio, MCF-7 (high ERα/ERβ ratio), T47D
(low ERα/ERβ ratio) y MDA-MB-231 (only small amounts of ERβ), in addition to
another breast cancer cell line with an inducible ERβ overexpression were treated with
physiological concentrations of E2 (1 nM). Mitochondrial function was analyzed
through the enzymatic activities of the mitochondrial proteins citrate synthase, ATPase
and especially citochrome c oxidase (COX), as well as the expression levels of the
OXPHOS complex proteins and the levels of cardiolipin (exclusive lipid of the inner
mitochondrial membrane) by the Nonyl Acridine Orange (NAO) and the mitochondrial
DNA. Mitochondrial biogenesis was measured by determining the expression of genes
related to this process such as nrf1, nrf2, pgc1α, tfam and mtssb; and mitochondrial
dynamics was studied measuring the expression levels of the five main genes involved
in this pathway: mfn1, mfn2 and opa1 (mitochondrial fusion); drp1 and fis1
(mitochondrial fission). Results and conclusions obtained in this study are detailed in
the Manuscript 1.
Breast cancer is a leading cause of death in women263, and approximately 75% of
cases of this cancer are positive for ERα264. Although currently the presence of ERβ is
not studied routinely, previous studies in our laboratory demonstrated the importance
of ERβ in breast cancer tumors, as its presence makes cancer cells more resistant to
the oxidative stress186. Many breast cancer treatments such as cisplatin (CDDP),
paclitaxel (PTX) and tamoxifen (TAM) are able to decrease the mitochondrial
functionality leading to increased ROS production and, in many cases, cell
death247,266,267. Considering that according to ERα/ERβ ratio cancer cells may be more
or less resistant to oxidative stress generated by the aforementioned cytotoxic agents,
we set the goal of finding the relationship between this ERα/ERβ ratio and the
response to cytotoxic treatments of breast cancer cells with different ERα/ERβ ratio:
MCF-7, T47D, MCF7+ERβ (cell line derived from MCF-7 in which is stably inserted the
ERβ gene) and T47D-ERβ (T47D cells with partially silenced ERβ by a specific siRNA —
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small interfering RNA—). Parameters such as cell viability (Crystal Violet), ROS
production (by an Amplex Red® kit), mitochondrial membrane potential (TMRM),
mitochondrial mass (Mitotracker Green FM®) both a quantitative fluorimetric
measurement and a visual measurement using a confocal microscope, apoptosis
(Annexin V), autophagy (monodansylcadaverine) and the mitochondrial functionality
(ATPase and COX protein levels and activities) were measured after cytotoxic
treatments for 48 hours. Results and conclusions generated by these experiments are
detailed in the Manuscript 2.
The oxidative stress plays a crucial role in several pathologies, including
cancer268. Previous results obtained in our laboratory demonstrated the influence of
ROS in the breast cancer induction and progression 56,184,186. However, high ROS levels
may lead to cell death15,16 and, as mentioned above, anticancer treatments such as
CDDP and TAM are able to generate oxidative stress in order to induce cancer cells
death12,17. Several studies have suggested that mitochondrial uncoupling could be a
mechanism by which cells regulate the oxidative stress155,156,270 and the uncoupling
proteins (UCPs) may play a key role in the response of cells to oxidative stress
decreasing the ROS levels, so it is believed that UCPs are part of the antioxidant system
of the cell16,18. Of the five types of UCPs that have been discovered, the UCP2 is the
most ubiquitous; it presents a significant expression in the mammary gland and it is
involved in the regulation of oxidative stress in the cell175,184,186. UCP2 may have a dual
role in cancer, acting as a protective mechanism in normal cells, while its
overexpression in cancer cells may confer resistance to chemotherapy and a higher
survival by the down-regulation of ROS levels166. Therefore, in order to determine
whether the UCP2 could be a therapeutic target to prevent resistance to treatments
which promote oxidative stress as a method of inducing cell death, it has been
analyzed if the UCP2 inhibition with genipin (inhibitor of uncoupling function of UCP2)
or its partial silencing by a specific siRNA could increase oxidative stress in the MCF-7
or T47D breast cancer cell lines, making these cells more sensitive to the treatment
with CDDP or TAM for 48 hours. In this study the cell viability and the clonogenic assay
(Crystal Violet), the ROS production (by an Amplex Red® kit), the oxidative damage in
protein and lipids (carbonyl groups and 4-HNE), the mitochondrial membrane potential
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(TMRM), the UCP2 protein levels, the apoptosis (Annexin V and PARP cleavage) and
the autophagy (monodansylcadaverine and LC3-II/LC3-I ratio) were measured after
cytotoxic treatments for 48 hours. Moreover, some of these parameters (cell viability,
ROS production, apoptosis and autophagy) were also studied in the T47D breast cancer
cell line in order to prevent cell type-dependent flaws in this study. Finally, KaplanMeier survival curves were performed to evaluate the impact of the UCP2 expression
in breast cancer patients being treated or not using survey data stored in available free
databases. All results and conclusions of this study are presented in the Manuscript 3.
Several epidemiological studies have showed a lower incidence of breast cancer
in Asian countries, especially where soy consumption is common, as Japan272. The
phytoestrogen genistein (GEN) is the major isoflavone found in soybeans and some
beneficial health effects have been attributed to its consumption273. GEN exerts its
function through its interaction with the ERs, ERα and ERβ. The ERα has been
associated with proliferative events, while ERβ has been related to cytostatic and
differentiation processes274-276. Previous studies carried out in our research group
demonstrated that E2 provoked a greater cell survival in the breast cancer cell line
with a high ERα/ERβ ratio, but not in those with a low ERα/ERβ ratio56. Furthermore,
other studies suggest that GEN could improve mitochondrial functionality 277. So the
main objective we set was to investigate the effects of physiological doses of E2 (1
nM), GEN (1 µM) and their combination on the cell viability and proliferation, the cell
cycle and the apoptosis, as well as the mitochondrial functionality and dynamics in
breast cancer cell lines with different ERα/ERβ ratio: MCF-7, T47D and MDA-MB-231.
Cell viability was studied by Crystal Violet staining, the cell cycle was measured by flow
cytometry with propidium iodide staining, cell proliferation and apoptosis were
analyzed through the expression of proteins related to these processes (Stat-3
phosphorylation and PARP cleavage, respectively). For the study of the mitochondrial
functionality, ATPase and COX activities were examined. Finally, the mitochondrial
dynamics was also studied through the expression of the five main genes involved in
this process (mfn1, mfn2, opa1, drp1 and fis1). The results and the main conclusions of
this work are developed in the Manuscript 4.
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Considering the results obtained in the first four manuscripts, we planned to
study the possible effects of physiological doses of GEN on the response of breast
cancer cells to anticancer treatments such as CDDP, PTX or TAM. Therefore, if the
presence of the ERβ promotes a greater resistance of breast cancer cells to cytotoxic
treatments through a better response to oxidative stress and GEN has higher affinity
for ERβ31,32 and decreases ROS production278, we consider the study of the efficacy of
the mentioned treatments in combination or not with physiological concentrations of
GEN (1 µM). With the aim to achieve more physiological conditions, the experiments
performed in this work were carried out in a culture medium containing a
concentration of estrogenic compounds equivalent to 0.5 nM E2, which correspond to
plasmatic concentrations of E2 in premenopausal women 279. The analyses were
developed in two breast cancer cell lines with different ERα/ERβ ratio: MCF-7 (high
ERα/ERβ ratio) and T47D (low ERα/ERβ ratio). Parameters such as cell viability (Crystal
Violet), ROS production (by an Amplex Red® kit), apoptosis (Annexin V and PARP
cleavage), autophagy (monodansylcadaverine and LC3-II/LC3-I ratio) and cell cycle by
flow cytometry were measured after GEN and/or cytotoxic treatments for 48 hours.
Moreover, some of these parameters (cell viability, ROS production, apoptosis and
autophagy) were also studied in the MCF-7 cell line overexpressing the ERβ
(MCF7+ERβ) in order to avoid any interference from any intrinsic factor to each of the
cell lines tested and confirm that the different effects exerted by the GEN in the two
cell lines studied are due to the different ERα/ERβ ratio. All the results and conclusions
obtained in this work can be observed in the Manuscript 5.
The research presented in this thesis was developed under the direction of Prof.
Pilar Roca Salom and Dr. Jordi Oliver Oliver at the Multidisciplinar Group of
Translational Oncology. During the realization of the thesis, the PhD student received a
PhD scholarship granted by Conselleria d’Educació, Cultura i Universitats del Govern de
les Illes Balears, which is framed within an operational program co-financed by the
Fondo Social Europeo (FSE). Furthermore, the achievement of this work has been
possible thanks to research projects funded by Fondo de Investigaciones Sanitarias del
Gobierno de España (PS09-01637 granted in 2009 and PI12-01827 granted in 2012), as
well as to the economic assistance of the Comunitat Autònoma de les Illes Balears
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(CAIB), co-financed with funds from FEDER “Una manera de hacer Europa” (31/2011
and AAEE22/2014). Moreover, funding from Centro de Investigaciones Biomédicas en
Red de Fisiopatología de la Obesidad y la Nutrición (Ciberobn, CB06/03) from the
Instituto de Salud Carlos III was also received. Finally, it is important to note that the
PhD student conducted a three-month stay at the Imperial College in the
Hammersmith Hospital of London, specifically in the Department of Surgery and
Cancer, Division of Cancer, under the tutelage of Prof. Simak Ali.
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a b s t r a c t
Mitochondrial biogenesis and function are under the control of 17␤-estradiol, which acts through two
distinct estrogen receptors (alpha or beta), and the estrogen receptors ratio can determine the ﬁnal effect
of 17␤-estradiol on mitochondria. Our aim was to study the effects of 17␤-estradiol on mitochondrial
biogenesis, dynamics and function in breast cancer cell lines with different estrogen receptors ratios.
Mitochondrial biogenesis was increased in MDA-MB-231 (with only estrogen receptor beta expression),
T47D (normal estrogen receptors ratio) and MCF-7 (highest estrogen receptors ratio) breast cancer cell
lines, in response to different mitochondrial and cellular status. In fact, mitochondria of the MDA-MB-231
and T47D cell lines maintained their functionality, although, the MCF-7 cell line did suffer an important
decrease in mitochondrial function. Thus, mitochondrial biogenesis increased in MCF-7 with the aim of
mitigating these defective mitochondria. In normal conditions, mitophagic processes remove defective
mitochondria to refresh the mitochondrial pool. Mitochondrial dynamics were also under control by 17␤estradiol, and showed modiﬁcations in the fusion/ﬁssion processes and the modulation of mitochondrial
removal. In fact, cells with only estrogen receptor beta or with a low estrogen receptors ratio, such as
MDA-MB-231 and T47D, showed an increase in fusion processes. However, the MCF-7 cell line, with more
estrogen receptor alpha, also showed an increase in fusion processes, even though the ﬁssion processes
were diminished and led to an accumulation of unfunctional mitochondria. Finally, the importance of
estrogen receptor beta in mitochondrial biogenesis, function, as well as in mitochondrial dynamics was
examined. Using the T47D-estrogen receptor beta tetracycline-inducible cell line, the results conﬁrmed
that when the overexpression of estrogen receptor beta was inhibited, there was an increase in mitochondrial biogenesis, although these mitochondria were less functional, and with fewer ﬁssion events,
although there was an increase in fusion processes.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Mitochondria are highly dynamic organelles that undergo
constant cycles of division and fusion (Rambold et al., 2011). Mitochondrial function and regulation is a very complex process that
depends on mitochondrial biogenesis and mitochondrial dynamics
(Rambold et al., 2011). Mitochondrial biogenesis is the combination
of both proliferation (an increase in the mitochondrial population)
and differentiation (an improvement of the functional capabilities
of pre-existing mitochondria) processes (Justo et al., 2005), while
mitochondrial dynamics is a concept that describes the morphology
and distribution of mitochondria in the cell (Liesa et al., 2009).

∗ Corresponding author at: Universitat de les Illes Balears, Dept. Biologia Fonamental i Ciències de la Salut, Ctra. Valldemossa Km 7.5, 07122 Palma de Mallorca,
Illes Balears, Spain. Tel.: +34 971259643; fax: +34 971173184.
E-mail address: jordi.oliver@uib.es (J. Oliver).
1357-2725/$ – see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biocel.2013.04.007

47

During stress events, mitochondrial turnover can be accelerated by an autophagyc process called mitophagy, and several
studies have shown that mitochondrial ﬁssion is also coordinated
with mitophagy (Lemasters, 2005). Recently, it has been described
that mitochondrial ﬁssion and fusion events are crucial for normal mitochondrial function (Nakada et al., 2001). In the context
of mitochondrial physiology, ﬁssion is necessary for the correct
redistribution of mitochondrial DNA during cell division (Ong and
Hausenloy, 2010) and for transporting mitochondria to daughter
cells during mitosis and meiosis (Hales, 2004), while fusion is the
mechanism by which neighboring mitochondrial membranes are
joined together. This latter process occurs as a means to recover
the activities of damaged/depolarized membranes, thereby ensuring the proper distribution of metabolites and mitochondrial DNA
(mtDNA) (Rambold et al., 2011).
Under normal conditions, mitochondrial ﬁssion and fusion
occur at a balanced rate, so that a relatively constant tubular morphology is maintained (Huang et al., 2011). However, perturbation
of the ﬁssion/fusion balance causes mitochondrial deformation, a
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to the medium at ﬁnal concentration of 1 nmol/l at the beginning
of the treatment during 48 h for Western blot and activities determinations; and 4 h for RT-PCR experiments.

condition that has been shown to be associated with numerous
human diseases (Bossy-Wetzel et al., 2003; Chen and Chan, 2005).
In cancer, autophagy up-regulation can provide tumor cells with
several survival advantages, and it has been shown that autophagydeﬁcient mice are more likely to develop tumors (Takamura et al.,
2011). Furthermore, in response to cancer therapeutic agents, an
up-regulation in autophagy may help to eliminate the surviving,
yet drug-damaged cancer cells resistant to chemotherapy. In mitochondrial physiology, autophagy prevents the cancer cells from
accumulating dysfunctional mitochondria (Guo et al., 2011).
The purpose of this investigation was to follow up previous
studies done in breast cancer cell lines were E2 treatment provoked an increase in mitochondrial biogenesis, and depending on
the prevailing estrogen receptors ratio (ER␣/ER␤), dysfunctional
mitochondria can be produced. The focus was to determine if mitochondrial dynamics could explain these discrepancies between
mitochondrial biogenesis and function in response to E2 treatment. To address this aim, breast cancer cell lines with different
ER␣/ER␤ ratios and a breast cancer cell line overexpressing ER␤
were studied, with 17␤-estradiol (E2) treatment provided at physiological concentrations. Mitochondrial function was measured by
mitochondrial citrate synthase, cytochrome c oxidase and ATPase
activities and OXPHOS complex expression; mitochondrial biogenesis was assayed as expression of nrf1, nrf2, pgc1␣, tfam and mtssb;
mtDNA and cardiolipin content (NAO); and mitofusin 1 and 2 (mfn1
and mfn2), opa1, drp1, and ﬁs1 expression were determined for
mitochondrial dynamic assay.

2.3. Analysis of cardiolipin content and mtDNA quantiﬁcation
Cardiolipin content was assayed using Nonyl Acridine Orange
(NAO) ﬂuorescence and quantiﬁed using a microplate ﬂuorescence
reader FLx800 (Bio-Tek Winooski, Vermont, USA) (Sastre-Serra
et al., 2012).
Quantiﬁcation of mtDNA after DNA isolation was performed
using TriPure ® Roche (Barcelona, Spain), with the primers for
NADH dehydrogenase subunit 4 (mtDNA) and for 18S (nDNA) by
RT-PCR with the same primers and conditions that previously
described (Sastre-Serra et al., 2012).
2.4. Citrate synthase, cytochrome c oxidase and ATPase activities
The cell lysates used for enzymatic activities were obtained
by scraping cells in RNAase-free water. CS (citrate synthase; EC
2.3.3.1) activity was determined by monitoring the increase in
absorption of the 5-thio-2-nitrobenzoate ion at 412 nm and 30 ◦ C
(Nakano et al., 2005). Complex IV or COX (cytochrome c oxidase; EC 1.9.3.1) activity was measured by a spectrophotometric
method (Chrzanowska-Lightowlers et al., 1993). ATPase (ATP phosphohydrolase, Complex V, EC 3.6.1.3) activity was measured by
monitoring the oxidation of NADH at 340 nm and 37 ◦ C (Ragan et al.,
1987), with an extinction coefﬁcient of 6.22 mM−1 cm−1 .

2. Materials and methods
2.5. Real time PCR

2.1. Materials

Total RNA was isolated from cultured cells using TriPure® isolation reagent and quantiﬁed using a spectrophotometer set at
260 nm. One g of the total RNA was reverse transcribed to cDNA
at 42 ◦ C for 60 min with 25 U MuLV reverse transcriptase in a 10 l
volume of retrotranscription reaction mixture containing: 10 mM
Tris–HCl (pH 9.0), 50 mM KCl, 0.1% Triton X-100, 2.5 mM MgCl2 ,
2.5 M random hexamers, 10 U RNAase inhibitor and 500 M
each dNTP. Each cDNA was diluted 1/10 and aliquots were frozen
(−70 ◦ C) until the PCR were carried out.
PCR was done for target genes: Estrogen receptor alpha (ER␣),
estrogen receptor beta (ER␤), mitofusin-1 (mfn1), mitofusin-2
(mfn2), optic atrophy-1 (opa1), dynamin-related protein-1 (drp1),
mitochondrial ﬁssion protein 1 (ﬁs1), peroxisome proliferatoractivated receptor-gamma coactivator-1alpha (PGC1␣), nuclear
respiratory factors 1 and 2 (NRF1 and NRF2), mitochondrial transcription factor A (TFAM), mitochondrial single strand DNA binding
protein (mtSSB) and 18S (such as housekeeping), using speciﬁc
primers (see Table 1) with SYBR Green technology and in a LightCycler 480 System II (Roche Diagnostics, Basel, Switzerland). Total
reaction volume was 10 L, containing 6.5 l Lightcycler® 480
SYBR Green I Master, 0.5 M of the sense and antisense speciﬁc primers and 2.5 l of the cDNA template. The ampliﬁcation
program consisted of a preincubation step for template cDNA
denaturation (5 min, 95 ◦ C), followed by 45 cycles consisting of a
denaturation step (10 s, 95 ◦ C), an annealing step (10 s, Ta is detailed
in Table 1) and an extension step (12 s, 72 ◦ C). A negative control
lacking cDNA template was run in each assay.
The resulting PCR products were resolved on a 2% agarose gel in
45 mM Tris–borate–EDTA 1 mM buffer (pH 8.0) and visualized by
ethidium bromide staining. Bands were analyzed with a Chemidoc
XRS densitometer (Biorad). The Ct values of the real-time PCR were
analyzed, taking into account the reaction efﬁciency and referring
these results to the total DNA amount, using the GenEx Standard
Software (MultiDAnalises, Sweden).

Speciﬁc reagents 17␤-estradiol (E2), puromycin, G418, Doxycycline (Dox) and Nonyl Acridine Orange were purchased from
Sigma–Aldrich (St. Louis, MO, USA). Routine chemicals were supplied by Roche (Barcelona, Spain), Sigma–Aldrich (St. Louis, MO,
USA), Panreac (Barcelona, Spain), and Bio-Rad Laboratories (Hercules, CA, USA).
2.2. Cell culture and treatments
Breast cancer cell lines T47D, MDA-MB-231 and MCF-7 were
purchased from ATCC and maintained in Dulbecco’s modiﬁed
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 1% antibiotics (penicillin and streptomycin) in 5% CO2
in air at 37 ◦ C. To evaluate the effects of E2, cells were grown in
phenol red-free DMEM containing 10% charcoal-stripped FBS 24 h
prior to treatment. Experiments were performed when cell cultures
reached conﬂuence, which was achieved by providing fresh media
supplemented with 1 nmol/l of E2 (Sigma–Aldrich) during 48 h for
Western blot, mtDNA quantiﬁcation and cardiolipin content assay;
and 12 h for RT-PCR experiments.
The T47D-ER␤ tetracycline-inducible cell line was kindly provided by Dr. J-A Gustafsson and Dr. A. Ström (CNRCS, University of
Houston). T47D-ER␤ cells were cultured in a 1:1 mixture of Ham’s
nutrient mixture F12 and DMEM (DMEM:F12) supplemented with
10% FBS and at the same temperature and humidity conditions
and in the presence of 1000 ng/ml tetracycline (doxycycline) to
fully inhibit ER␤ expression (Strom et al., 2004). Before the experiment, cells were reselected with 0.5 g puromycin/ml and G418
500 g/ml was used as selection marker to prevent loss of ER␤
and EGFP expression and the concurrent change in phenotype.
At the same time, the cell medium for the other cell lines was
changed by adding phenol red-free DMEM:F12 supplemented with
10% charcoal-stripped FBS 24 h before E2 treatment. E2 was added
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Table 1
Primers and conditions used for RT-PCR.
Gene

18S
ER␣
ER␤

Forward primer (5 –3 )
Reverse primer (5 –3 )

Ta An. (◦ C)

ggACACggACAggATTgACA
ACCCACggAATCgAgAAAgA
AATTCAgATAATCgACgCCAg
gTgTTTCAACATTCTCCCTCCTC
TAgTggTCCATCgCCAgTTAT
gggAgCCACACTTCACCAT

Gene

Forward primer (5 –3 )
Reverse primer (5 –3 )

Ta An. (◦ C)

Gene

Forward primer (5 –3 )
Reverse primer (5 –3 )

Ta An. (◦ C)

mfn1

TTggAgCggAgACTTAgCAT
TTCgATCAAgTTCCggATTC
AgAggCATCAgTgAggTgCT
gCAgAACTTTgTCCCAgAgC
ggCCAgCAAgATTAgCTACg
ACAATgTCAggCACAATCCA
AAgAACCAACCACAggCAAC
gTTCACggCATgACCTTTTT
CTTgCTgTgTCCAAgTCCAA
gCTgAAggACgAATCTCAgg

51

nrf1

60

56

nrf2

51

pgc1␣

51

tfam

53

mtssb

CCCgTTACAgggAggTgAg
TgTAgCTCCCTgCTgCATCT
gCgACggAAAgAgTATgAgC
gTTggCAgATCCACTggTTT
TCAgTCCTCACTggTggACA
TgCTTCgTCgTCAAAAACAg
AgATTggggTCgggTCACT
CAAgACAgATgAAAACCACCTC
TgTgAAAAAggggTCTCgAA
TggCCAAAgAATCATCC

61

mfn2

61

opa1

54

drp1
ﬁs1

60
60
61
60

Ta An., annealing temperature; ER␣, estrogen receptor alpha; ER␤, estrogen receptor beta; mfn-1, mitofusin 1; mfn-2, mitofusin 2; opa-1, optic atrophy 1; drp-1, dynaminrelated protein q; ﬁs-1, mitochondrial ﬁssion 1 protein; nrf1 and nrf2, nuclear respiratory factor 1 and 2; pgc1␣, peroxisome proliferator-activated receptor-gamma
coactivator-1alpha; tfam, mitochondrial transcription factor A; mtssb, mitochondrial single strand DNA binding protein.

2.6. Western blotting

analyzed by Student’s t-test. Statistical signiﬁcance was set at
P < 0.05.

Cell lysates were obtained by scraping cells in lysis buffer
(20 mM Tris–HCl, 1.5 mM MgCl2 , 140 mmol/L NaCl, 0.5% Nonidet
P-40, 10% Glycerol, 1 mmol/L EGTA, 1 mmol/L NaVO3 , 1 mmol/L
phenylmethylsulfonyl ﬂuoride, 10 g/ml leupeptin, and 10 g/ml
pepstatin; pH 7.4). Protein content was measured with a BCA protein assay kit (Pierce, Bonn, Germany).
For Western blot analysis, 40 g of protein from cell lysate was
fractionated by SDS-PAGE (12% polyacrylamide gel) and electrotransferred onto nitrocellulose ﬁlters. Membranes were incubated
in a blocking solution of 5% nonfat powdered milk in TBS-T (20 mM
Tris–HCl, 0.13 mM NaCl, and 0.1% Tween 20). Antisera against
PGC1␣ (Millipore, MA, USA), Mitoproﬁle® Total OXPHOS Human
WB Antibody Cocktail (Mitoscience, OR, USA), ER␣, ER␤ and Tubulin (Santa Cruz Biotechnologies, CA, USA) were used as primary
antibodies. Protein bands were visualized by Immun-Star® Western C® Kit reagent (Biorad) Western blotting detection systems.
The chemiluminiscence signal was captured with a Chemidoc XRS
densitometer (Bio-rad) and analyzed with Quantity One Software
(Bio-rad).

3. Results
The E2 treatments affected both mitochondrial biogenesis and
dynamics in breast cancer cell lines with different levels of estrogen receptor subtypes. After a 24 h E2 treatment of the MCF-7 cell
line (which has the highest ER␣/ER␤ ratio), all OXPHOS complexes
of mitochondrial respiratory chain (except ATPase (Complex V))
showed a statistically signiﬁcant decrease (Table 2), and fell off up
to 70% for complex IV. There were no changes in MDA-MB-231 and
T47D cell lines (Table 2), nor in lines with only the ER␤ subtype or
in lines with similar ER␣ and ER␤ levels. However, it is of interest to
note that the trend of an increase in complex IV due to E2 treatment
was only present in the T47D cell line (86%).
The E2 modiﬁed mtDNA copy number showed a statistically signiﬁcant increase in MCF-7 cell line (37%), yet there was a decrease
in the MDA-MB-231 and T47D cell lines (13% and 10%, respectively), after 24 h of E2 treatment, as shown in Table 3. Furthermore,
NAO ﬂuorescence only decreased in the MDA-MB-231 cell line (17%
respects to control), while E2 had no effect on the cardiolipin content of MCF-7 and T47D cell lines (Table 3). Thus, the mtDNA/NAO
ratio was modiﬁed, and showed an increase in MCF-7 cell line, while
no changes were noted in the MDA-MB-231 cell line, and a decrease
was observed in the T47D cell line.
In an attempt to view if mitochondrial dynamics were also
affected, we checked the effect of E2 on mRNA expression of the

2.7. Statistics
The Statistical Program for the Social Sciences software for Windows (SPSS, version 18.0; SPSS Inc., Chicago, IL) was used for all
statistical analyses. Data are presented as means ± standard error
of the mean (SEM). Statistical differences between groups were

Table 2
OXPHOS complex protein levels in MDA-MB-231, T47D and MCF-7 breast cancer cell lines.
MDA-MB-231
Control
Complex V (A.u.)
Complex III (A.u.)
Complex II (A.u.)
Complex IV (A.u.)
Complex I (A.u.)

100
100
100
100
100

±
±
±
±
±

15
26
26
28
19

T47D
E2
89.1
86.5
75.3
57.6
64.9

C E2
±
±
±
±
±

19.1
25.7
12.9
15.1
14.2

MCF-7

Control
100
100
100
100
100

±
±
±
±
±

E2

16
14
20
24
24

89.3
80.1
69.5
186
91.6

C E2
±
±
±
±
±

11.1
5.5
9.0
66
21.5

Control
100
100
100
100
100

±
±
±
±
±

32
12
12
27
23

E2
69.2
60.9
70.1
32.0
35.3

C E2
±
±
±
±
±

27.2
7.2*
2.7*
6.3*
4.6*

Complex V: ATP synthase subunit alpha – “CV-alpha” ∼53 kD; Complex III subunit Core 2 – “CIII-core2” ∼47 kD; Complex II-FeS subunit 30 kDa – “CII-30” ∼30 kD; Complex
IV subunit II – “CIV-II” ∼24 kD; Complex I subunit NDUFB8 – “CI-20” ∼20 kD. A.u.: Arbitrary units. Data represent the means ± SEM (n = 6). Values of control (vehicle-treated)
cells were set at 100, and treated cells values were represented as percentage of control values.
*
Signiﬁcant difference between E2-treated and vehicle-treated cells (Student’s test; P < 0.05). Representative bands of OXPHOS complex in each cell line were showed
together protein levels values.
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Table 3
mtDNA and NAO quantiﬁcation in MDA-MB-231, T47D and MCF-7 breast cancer cell lines.
MDA-MB-231

mtDNA (A.u.)
NAO (%)
mtDNA/NAO ratio

T47D

MCF-7

Control

E2

Control

E2

Control

E2

1.00 ± 0.03
1.00 ± 0.02
1.00

0.87 ± 0.02*
0.83 ± 0.02*
1.05

1.00 ± 0.04
1.00 ± 0.02
1.00

0.90 ± 0.05
1.00 ± 0.03
0.90

1.00 ± 0.07
1.00 ± 0.02
1.00

1.37 ± 0.11*
1.00 ± 0.02
1.37

mtDNA, mitochondrial DNA; NAO, 10-N-nonyl-acridine orange.
Data represent the means ± SEM (n = 6). Values of control (vehicle-treated) cells were set at 1.00 and treated cells values were represented as percentage of control values.
*
Signiﬁcant difference between E2-treated and vehicle-treated cells (Student’s test; P < 0.05).
Table 4
Citrate synthase, cytochrome c oxidase and ATPase enzymatic activities in T47D-ER␤
tetracycline-inducible cell line.

genes involved in mitochondrial fusion and ﬁssion processes. As
shown in Fig. 1, the changes of the E2 treatment on fusion related
genes (mfn1, mfn2 and opa1) and ﬁssion related genes (drp1 and
ﬁs1) can be seen; although these changes differed among cell lines.
Gene expression can be classiﬁed into 2 groups: fusion genes with a
statistically signiﬁcant increase in all three lines (except opa1 gene
in the MDA-MB-231 cell line), and the ﬁssion genes group which
present different patterns, especially for ﬁs1 gene expression. The
drp1 gene expression showed an increase in all the cell lines to
a different degree. However, the MCF-7 cell line had a signiﬁcant
decrease in ﬁs1 gene after 12 h of E2 treatment (40%), although
T47D and MDA-MB-231 cell lines had no changes in expression of
this gene.
To conﬁrm the relevance of ER␤ in mitochondrial processes
such as biogenesis, dynamics and function, we performed an
experiment in T47D-ER␤ tetracycline-inducible cell line. T47D
cells were stably transfected with the ER␤ expression plasmid
that was under tetracycline-responsive promoter regulation. The
mRNA levels of ER␤ and ER␣ were conﬁrmed using RT-PCR
(Table 5). As shown in Table 4, the T47D-ER␤ transfected cells
with no ER␤ overexpression (through repression by doxycycline)
showed lower COX activity (55%) and higher ATPase activity
(62%) than T47D-ER␤ overexpressed cells. Moreover, OXPHOS protein levels decreased when ER␤ overexpression was inhibited
(Fig. 2).
Figs. 3 and 4 show the differences in the mRNA expression
of mitochondrial biogenesis and dynamics related genes between

T47D-ER␤

CS activity (mUI/mg protein)
COX activity (A.u.)
ATPase activity (mUI/g protein)
ATPase/COX ratio (A.u.)

−Dox

+Dox

152 ± 19
100 ± 6
172 ± 23
1.00

179 ± 7
56.5 ± 16.1*
279 ± 31*
2.87

CS, cytrate synthase; COX, cytochrome c oxidase; A.U., arbitrary units.
Data represent the means ± SEM (n = 6). In COX activity values of T47D-ERbeta without doxycycline cells were set at 100.
*
Signiﬁcant difference between Dox-treated and untreated cells (Student’s test;
P < 0.05, n = 6).

Table 5
mRNA levels of estrogen receptor alpha and beta in T47D-ER␤ tetracycline-inducible
cell line.
T47D-ERbeta

ER␣ (A.u.)
ER␤ (A.u.)

−Dox

+Dox

1.00 ± 0.03
1.00 ± 0.07

1.06 ± 0.07
0.07 ± 0.03*

ER␣, estrogen receptor alpha; ER␤, estrogen receptor beta; A.U., arbitrary units.
Data represent the means ± SEM (n = 6). Values of T47D-ERbeta without doxycycline
cells were set at 1.00.
*
Signiﬁcant difference between Dox-treated and untreated cells (Student’s test;
P < 0.05, n = 6).

Fig. 1. Effects of E2 on mitochondrial dynamics mRNA expression in breast cancer cells with different ER␣/ER␤ ratio. 1 nM E2-treated cells for 12 h were shown in dark
bars while white bars represent vehicle-treated cells. Data represent the means ± SEM (n = 6). Values of vehicle-treated cells were set at 1.00 and treated cells values were
represented as percentage of control values. *Signiﬁcant difference between E2-treated and vehicle-treated cells (Student’s test; P < 0.05, n = 6).
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Fig. 2. ER␤ maintains protein levels of OXPHOS complexes in T47D-ER␤ tetracycline-inducible cell line. (a) T47D-ER␤ cell line was treated (black bars) or not (white bars)
with doxycycline previously to treatment with 1 nM E2 for 48 h. Data represent the means ± SEM (n = 6). Values of doxycycline untreated cells were set at 100 and doxycyclinetreated cells values were represented as percentage of control values. *Signiﬁcant difference between doxycycline-treated and untreated cells (Student’s test; P < 0.05, n = 6).
(b) Representative bands of Western blot are shown.

T47D-ER␤ transfected cells with ER␤ overexpression for both the
inhibited and non-inhibited groups. Mitochondrial biogenesis was
activated with only basal ER␤, as shown in Fig. 3, with signiﬁcant
increases in the pgc1␣ and tfam genes. A similar tendency occurred
with fusion-related genes, as shown in Fig. 4, where there was an
increment in mfn1, mfn2 and opa1. However, it can also be seen in
Fig. 4 that a statistically signiﬁcant decrease in ﬁs1 ﬁssion-related
gene occurred in the absence of ER␤ overexpression.

Finally, although PGC1␣ did not show changes in protein levels,
an increase in TFAM and a decrease in Fis1 protein levels in T47DER␤ were observed when ER␤ overexpression was inhibited, and
this can be seen in Fig. 5.
4. Discussion
E2 affects mitochondrial biogenesis, dynamics and function
depending on ER␣/ER␤ ratio in breast cancer cell lines in response
to E2 treatment. The T47D, MDA-MB-231 and MCF-7 cell lines
showed an increase in mitochondrial biogenesis after E2 treatment, as shown by the mRNA levels of pgc1␣ and tfam. However,
mitochondrial dynamics exhibited different expression patterns
according to the prevalent ER␣/ER␤ ratios, showing an increase
in fusion-related genes (mfn1, mfn2 and opa1) in three cell lines,
while a decrease of ﬁs1 ﬁssion-related gene was only noted in the
MCF-7 cell line. These different mitochondrial dynamics modulations modiﬁed the cell mitochondrial pool, with more functional
mitochondria present in the T47D and MDA-MB-231 cell lines;
while damaged, non-functional mitochondria were accumulated
in MCF-7 cell line, the latter which can be observed in the results
for mtDNA/NAO and mitochondrial activity. Moreover, in the
T47D-ER␤ tetracycline-inducible cell line, mitochondrial biogenesis and fusion were increased, although there was a decline in
mitochondrial ﬁssion (ﬁs1) expression by doxycycline inhibited

Fig. 3. Effects of ER␤ repression on mitochondrial biogenesis. T47D-ER␤ cell line
was treated (black bars) or not (white bars) with doxycycline previously to treatment with 1 nM E2 for 4 h. Data represent the means ± SEM (n = 6). Values of
doxycycline untreated cells were set at 1.00 and doxycycline-treated cells values
were represented as percentage of control values. *Signiﬁcant difference between
doxycycline-treated and untreated cells (Student’s test; P < 0.05, n = 6).

Fig. 4. Effects of ER␤ repression on mitochondrial dynamics. T47D-ER␤ cell line
was treated (black bars) or not (white bars) with doxycycline previously to treatment with 1 nM E2 for 4 h. Data represent the means ± SEM (n = 6). Values of
doxycycline untreated cells were set at 1.00 and doxycycline-treated cells values
were represented as percentage of control values. *Signiﬁcant difference between
doxycycline-treated and untreated cells (Student’s test; P < 0.05, n = 6).

Fig. 5. Western blot representative bands of T47D-ER␤ tetracycline-inducible cell
line are shown. T47D-ER␤ cell line was treated or not with doxycycline previously
to treatment with 1 nM E2 for 48 h. Data represent the means ± SEM (n = 6). Values
of T47D-ERbeta without doxycycline cells were set at 100 and doxycycline-treated
cells values were represented as percentage of control values. *Signiﬁcant difference
between doxycycline-treated and untreated cells (Student’s test; P < 0.05, n = 6).
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overexpression of ER␤, and/or the mitochondria lacked functionality, as can be appreciated in the mitochondrial enzyme activity
levels.
E2 affects mitochondrial biogenesis in T47D, MDA-MB-231 and
MCF-7 cell lines, as shown in these results and in relation to previously reported results (Miro et al., 2011; Sastre-Serra et al., 2012,
2010). Mitochondrial biogenesis was elevated, although this fact
was not reﬂected by the mitochondrial function of the three cell
lines. The T47D and MDA-MB-231 cell lines had fully functional
mitochondria with a lower level of oxidative stress, as well as
a properly functioning antioxidant system, which has also been
shown in previous results (Sastre-Serra et al., 2010; Nadal-Serrano
et al., 2012). In contrast, the MCF-7 cell line had defective mitochondria, and produced a high amount of ROS (Sastre-Serra et al., 2010;
Nadal-Serrano et al., 2012). This discrepancy between mitochondrial biogenesis and function could be explained, at least in part,
by other processes known as mitoptosis/mitophagy (Grandemange
et al., 2009; Lee et al., 2012). Under normal conditions, mitophagy
removes damaged mitochondria (Mijaljica et al., 2007; Zhao et al.,
2012), however, studies have also shown an accumulation of damaged mitochondria with the onset of mitophagy inhibition, which
has been shown to affect mitochondrial biogenesis and function
(Zhang et al., 2007). Fusion-related genes increased in the three cell
lines, and this was in contrast to the ﬁssion related genes which had
different patterns depending on the amount of ER␤. Yet, T47D and
MDA-MB-231 cell lines maintained control levels of ﬁssion gene
expression, as shown by ﬁs1 expression. Mitophagy contributes to
proper cell and mitochondrial function, and in these cell lines its
increment also stimulated the replacement of defective mitochondria and the maintenance of cell bioenergetic status. However, for
the MCF-7 cell line, E2 treatment reduced ﬁssion processes with a
consequent accumulation of damaged mitochondria. In these cells,
mitochondrial biogenesis was also stimulated in an attempt to reestablish bioenergetic status, despite negative effects of E2 on the
mitochondria. This produces a doubly detrimental situation, as in
addition to the detrimental effect of the accumulation of defective
mitochondria, new defective mitochondria are produced. Consequently, these results were in agreement with mtDNA and NAO
data, which showed that the MDA-MB-231 cell line had a decrease
in mtDNA and NAO, suggesting an elimination of mitochondria
after E2 treatment. Additionally, the possibility of defective mitochondrial removal could also have occurred in the T47D cell line, as
a decrease in mtDNA was noted after 48 h of E2 treatment, as has
also been observed in previous results (Sastre-Serra et al., 2012).
However, the MCF-7 cell line presented an increase in mtDNA copy
number after E2 treatment, reﬂecting mitochondrial accumulation,
and was perhaps to a decrease in ﬁssion processes.
Furthermore, experiments executed in the T47D-ER␤
tetracycline-inducible cell line conﬁrmed the importance of
ER␤ in mitochondrial biogenesis and dynamics, as well as the
role of the E2 regulated mitochondrial function, the latter which
was demonstrated by the differences between cell lines with or
without ER␤ overexpression. When the overexpression of ER␤
in T47D-ER␤ cell line was inhibited, mitochondrial biogenesis
and dynamics suffered changes according to the ER␣/ER␤ ratio,
which reinforces the present results. Mitochondrial biogenesis
was increased when ER␤ was not overexpressed, and as a result
showed more pgc1␣ and tfam mRNA levels as well as Tfam protein
levels. However, these changes in mitochondrial biogenesis were
not the only responses, for mitochondrial function also improved
when ER␤ was present and this is supported by the absence of
this response in ER␤ overexpression inhibited cells. Furthermore,
the functionality of these mitochondria was compromised when
ER␤ overexpression was inhibited, which would give to this
receptor a participating in mitochondrial maintenance. Moreover,
when ER␤ overexpression is inhibited, mitochondrial dynamics

suffered an increase in fusion-related genes and a decrease in ﬁs1
ﬁssion-related gene and protein levels, and behaved like an MCF-7
cell line in response to E2.
In conclusion, our results reinforce the protective role of ER␤
in cancer mitochondria, giving special emphasis on mitochondrial
dynamics as a new estrogen-modulated process. Moreover, our
results could also explain why mitochondrial biogenesis and functionality in breast cancer cell lines with different ER␣/ER␤ ratios did
not go hand in hand in their effects. Summing up, this paper showed
the importance of determining the ER␤ status in breast cancer
tumors to provide new clues for treatment that would involve control of mitochondrial function, biogenesis and dynamics in breast
cancer.
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ABSTRACT
Breast cancer is a leading cause of death for women. The estrogen receptors
(ERs) ratio is important in the maintenance of mitochondrial redox status, and higher
levels of ERβ increases mitochondrial functionality, decreasing ROS production. Our
aim was to determine the interaction between the ERα/ERβ ratio and the response to
cytotoxic treatments such as cisplatin (CDDP), paclitaxel (PTX) and tamoxifen (TAM).
Cell viability, apoptosis, autophagy, ROS production, mitochondrial membrane
potential, mitochondrial mass and mitochondrial functionality were analyzed in MCF-7
(high ERα/ERβ ratio) and T47D (low ERα/ERβ ratio) breast cancer cell lines. Cell viability
decreased more in MCF-7 when treated with CDDP and PTX. Apoptosis was less
activated after cytotoxic treatments in T47D than in MCF-7 cells. Nevertheless,
autophagy was increased more in CDDP-treated MCF-7, but less in TAM-treated cells
than in T47D. CDDP treatment produced a raise in mitochondrial mass in MCF-7, as
well as the citochrome c oxidase (COX) and ATP synthase protein levels, however
significantly reduced COX activity. In CDDP-treated cells, the overexpression of ERβ in
MCF-7 caused a reduction in apoptosis, autophagy and ROS production, leading to
higher cell survival; and the silencing of ERβ in T47D cells promoted the opposite
effects. In TAM-treated cells, ERβ-overexpression led to less cell viability by an
increment in autophagy; and the partial knockdown of ERβ in T47D triggered an
increase in ROS production and apoptosis, leading to cell death. In conclusion, ERβ
expression plays an important role in the response of cancer cells to cytotoxic agents,
especially for cisplatin treatment.

Keywords: Oxidative stress; ERα/ERβ ratio; ROS; breast cancer; resistance.
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INTRODUCTION
Breast cancer is a leading cause of death in women worldwide1. Approximately
75% of breast cancers are estrogen receptor (ER) positive2. There are two forms of ERs,
ERα and ERβ, with distinct functions associated with: ERα is more related to cell
proliferation and ERβ is linked to cytostatic and differentiation processes3-5.
Many breast cancer treatments, such as cisplatin (CDDP), paclitaxel (PTX) or
tamoxifen (TAM) have an effect on the mitochondria, diminishing the mitochondrial
functionality which results in a raise in reactive oxygen species (ROS) production and,
in most cases, cell death6-8. These cytotoxic effects on mitochondrial functionality and
ROS production could be a key point in the development of resistance to these
treatments, as cancer cells could develop resistance mechanisms by decreasing ROS
production in order to be able to survive under oxidative stress conditions9.
ROS can damage cellular macromolecules which can affect cell structure and
viability. ROS are generated principally in mitochondria and they may play a key role in
oxidative stress in cancer cells10. It is believed that oxidative stress is one of the main
mechanisms by which cells become cancerous, especially in breast cancer, as the
accumulation of ROS in cells may have a key role in cancer development and
progression10,11. Nonetheless, for survival, cancer cells must also acquire adaptive
strategies in order to counteract the deleterious effects of ROS exposure 10,12.
Previous results obtained in our laboratory demonstrated the importance of the
ERα/ERβ ratio in the maintenance of mitochondrial redox homeostasis13-16. Thus,
exposure to cells with a high ERα/ERβ ratio to 17β-estradiol (E2) or genistein (GEN), a
phytoestrogen capable to bind both ERs, provoked an increase in ROS production and
a loss of mitochondrial functionality. However, in those cells with a low ERα/ERβ ratio,
E2 or GEN exposure triggered a better mitochondrial functionality and, therefore, a
lower ROS production13-16. Although currently clinical diagnostics only include the
analysis of the presence of ERα in breast cancer cells, we have previously reported the
importance of ERβ in breast cancer tumors, whose presence leads to a greater
resistance to oxidative stress17.
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With the aim of determining the potential relationship between the ERα/ERβ
ratio of breast cancer cells and the response to cytotoxic treatments, we analyzed the
effects of CDDP, PTX and TAM in two breast cancer cell lines: MCF-7 (high ERα/ERβ
ratio) and T47D (low ERα/ERβ ratio). Parameters such as cell viability, ROS production,
mitochondrial membrane potential, mitochondrial mass, apoptosis, autophagy and
mitochondrial functionality (COX and ATPase protein levels and function) were studied
after the cytotoxic treatments. Moreover, to avoid the differential effects between cell
lines, the most important parameters (cell viability, ROS production, apoptosis and
autophagy) were analyzed in a T47D with an ERβ knockdown and in a stable ERβ
overexpressing MCF-7 cell line.
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MATERIALS AND METHODS
Reagents
Dulbecco’s Modified Eagle’s medium (DMEM) high glucose was purchased from
GIBCO (Paisley, UK). Cisplatin (cis-Diammineplatinum(II) dichloride or CDDP), paclitaxel
(from

Taxus

brevifolia

or

PTX)

and

tamoxifen

(trans-2-[4-(1,2-Diphenyl-1-

butenyl)phenoxy]-N,N-dimethylethylamine or TAM) were purchased from SigmaAldrich (St. Louis, MO, USA). Primers were purchased from TIB MOLBIOL (Berlin,
Germany) and from Metabion (Martinsried, Germany). Routine chemicals used were
obtained from Sigma-Aldrich, Roche (Barcelona, Spain), Panreac (Barcelona, Spain) and
Bio-Rad Laboratories (Hercules, CA, USA).
Cell culture and cytotoxic treatments
The MCF-7 and T47D human breast cancer cell line were purchased from
American Type Culture Collection (ATCC; Manassas, VA, USA) and routinely cultured in
DMEM supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) antibiotics
(penicillin and streptomycin) in a humidified atmosphere of 5% CO2 at 37°C. For
cytotoxic treatments, cells were seeded in 6-well or 96-well plates and treated the
next day with 10 µM CDDP, 10 nM PTX or 10 µM TAM for 48 hours.
siRNA cell transfection
For transfection, cells were cultured in 96-well plates so that the next day cells
were 60% confluent. Cells were cultured overnight and then transfected for 6 hours
with a specific small interfering (si)RNA targeting ERβ mRNA purchased in Santa Cruz
Biotechnology (ERβ siRNA (h): sc-35325). Lipofectamine 2000 reagent (Life
Technologies, Thermo Fisher Scientific, Waltham, MA, USA) was used to perform cell
transfection according to the manufacturer's protocol. After transfection the
complexes were removed and cells were provided with normal growth medium.
ERβ stable transfection
ERβ cDNA clone was purchased from Origene (Rockville, MD, USA). First of all,
ERβ cDNA clone was amplified in Escherichia coli DH5αF’ Competent Cells (Life
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Technologies, Paisley, UK) and isolated with MaxiPrep isolation kit (Life Technologies,
Paisley, UK). After cDNA quantification using a BioSpec-nano spectrophotometer set at
260 nm (Shimadzu Biotech, Kyoto, Japan), aliquots of 1 µg/ml of cDNA were kept in 20oC for cell transfections. Briefly, MCF-7 cells were seeded in 6-well plates and the
next day were transfected with an ERβ cDNA clone following the manufacturer’s
instructions. Lipofectamine 2000 was used to perform cell transfection according to
the manufacturer's protocol. After transfection the complexes were removed and cells
were provided with normal growth medium. Two days after cDNA transfection, growth
medium was replaced for DMEM (+10% FBS and +1% antibiotics) with 600 µg/ml of
G418 (or neomycin) in order to select those cells that have incorporated the ERβ cDNA
clone in their genome. After two weeks with 600 µg/ml of G418 in the growth
medium, colonies were harvested with cloning discs (Sigma-Aldrich, St. Louis, MO,
USA) and plated in 24-well plates (one well per colony). Ten days later, cells were
ready to trypsinize and they were plated in 6-well plates. Then, cells were subcultured
in order to get cells to perform the experiments. It is important to note that the MCF7+ERβ cells obtained with this protocol must be grown routinely at a concentration of
200 µg/ml of G418 in the growth medium, except when cultured for relevant
experiments.
Cell viability assay
MCF-7, MCF-7+ERβ, T47D or T47D-ERβ cells were seeded in 96-well plates. The
day after, cytotoxic treatments were applied for 48h in normal growth medium. Crystal
Violet was the method used to determine cell viability as described in Pons, et al.14.
Fluorimetric determination of H2O2 production (ROS production)
ROS production was measured fluorimetrically by using an Amplex® Red
Hydrogen Peroxide/Peroxidase assay kit (Molecular Probes). MCF-7, MCF-7+ERβ, T47D
or T47D-ERβ cells were seeded in 96-well plates. The day after, cytotoxic treatments
were applied for 48h. The measurement day, cells were exposed to 50 µM of Amplex
Red reagent and 0.1 U/ml of horseradish peroxidase, in Krebs-Ringer buffer (145 mM
NaCl, 4.86 mM KCl, 0.54 mM CaCl2, 1.22 mM MgSO4, 5.5 mM glucose, 5.7 mM sodium
phosphate, pH 7.4). Fluorescence was measured with an FLx800 microplate
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fluorescence reader (Bio-Tek Winooski, Vermont, USA), set at excitation and emission
wavelengths of 571 and 585 nm, to detect the maximum slope of increment in the
fluorescence within 1 hour of exposure to kit reagents. Thus, the measurement
obtained is the H2O2 produced (related to ROS production) by the cells for one hour.
Values were normalized per number of viable cells determined by crystal violet assay.
Mitochondrial membrane potential, autophagy and mitochondrial mass measurement
Mitochondrial membrane potential (ΔΨm), autophagy and mitochondrial mass
were measured fluorimetrically by using Tetramethylrhodamine methyl ester (TMRM),
Monodansylcadaverine (MDC) and Mitotracker Green FM (MTG, Life Technologies,
Paisley, UK) respectively. MCF-7, MCF-7+ERβ, T47D or T47D-ERβ cells (the latter just in
the case of MDC) were seeded in 96-well plates and, the next day, cells were exposed
for 48h to cytotoxic treatments. Fluorescence measurement was performed in a
FLx800 microplate fluorescence reader (Bio-Tek Winooski, Vermont, USA) set at
excitation and emission wavelengths of 552 and 576 nm (ΔΨm by TMRM, 100 nM, 15
minutes of incubation), 340 and 535 nm (autophagy by MDC, 50 µM, 15 minutes of
incubation) or 490 and 516 nm (mitochondrial mass by MTG, 100 nM, 40 minutes of
incubation). Values were normalized per number of viable cells determined by crystal
violet assay.
Apoptosis assay
Apoptosis was measured fluorimetrically by using Annexin V method, as
described previously18. Briefly, MCF-7, MCF-7+ERβ, T47D or T47D-ERβ cells were
seeded in 96-well plates and treated with cytotoxic treatments. At the end of the
treatment, cells were fixed with 2% paraformaldehyde (BD Biosciences, NJ, USA) in PBS
at room temperature for 30 min and washed twice with PBS. Cells were then stained
with AnnexinV/AlexaFluor350 (Life Technologies, Thermo Fisher Scientific, Waltham,
MA, USA) in annexin binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, and
2.5 mM CaCl2) for 10 min at room temperature in the dark. To finish, cells were
washed once with annexin binding buffer. Florescence was measured in a FLx800
microplate fluorescence reader (Bio-Tek Winooski, Vermont, USA) set at excitation and
emission wavelengths of 346 and 442 nm, with cells kept in 100 µl of annexin binding
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buffer. Values were normalized per number of viable cells determined by crystal violet
assay.
Laser scanning confocal microscopy
After vehicle or CDDP treatment for 48h, cells were loaded as described
previously by Rodriguez-Enriquez, et al.19 with modifications. MCF-7 cells were loaded
with Mitotracker Green FM (MTG, 0.5 µM) for 60 min (mitochondria staining) and 5
µg/ml Hoechst 33342 (Sigma-Aldrich, St. Louis, MO, USA) for 5 min (nucleus staining)
at 37oC in culture medium and the fluorescence of MTG and Hoechst was monitored
with a Leica Confocal (Wetzlar, Germany) microscope using 63× oil 14 N.A. objective
lens. Excitation of probes and fluorescence emission were measured also according to
Rodriguez-Enriquez, et al.19.
ATP synthase and cytochrome c oxidase activities
MCF-7 and T47D breast cancer cells were seeded in 6-well plates and, the next
day, were treated with vehicle, CDDP, PTX or TAM for 48 hours. Then, cells were
harvested and the enzymatic activities were performed as described in Pons, et al.14.
Real-time quantitative PCR
MCF-7+ERβ and T47D were seeded in 6-well plates and, after transfection with
ERβ siRNA in the case of T47D (T47D-ERβ), the day after total RNA was isolated from
cultured cells by using TriPure® isolation reagent (Roche, Barcelona, Spain) following
the

manufacturer’s

protocol.

and

then

quantified

using

a

BioSpec-nano

spectrophotometer set at 260 nm(Shimadzu Biotech, Kyoto, Japan). Real-time PCR was
performed as described by Nadal-Serrano, et al.13.
The primers used were forward 5'-ggACACggACAggATTgACA-3' and reverse 5'ACCCACggAATCgAgAAAgA-3' for the 18S ribosomal RNA gene (61oC annealing
temperature),

and

forward

5'-TAgTggTCCATCgCCAgTTAT-3'

and

reverse

gggAgCCACACTTCACCAT-3' for the ERβ gene (64oC annealing temperature).
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The Ct values of the real-time PCR were analyzed, taking into account the
efficiency of the reaction and referring these results to the total DNA amount, using
the GenEx Standard Software (Multi-DAnalises, Sweden).
Western blot analysis
MCF-7 and T47D cells were seeded in 6-well plates. The next day, cells were
exposed to cytotoxic treatments for 48h. Cell protein extracts were obtained scraping
cells with 200 µl of RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% SDS, 0.5%
Sodium Deoxycholate, 1% Triton X-100, 1 mM EDTA, 1mM NaF, 1 mM Na3VO4, 10 µM
leupeptin,10 µM pepstatin and 1 mM PMSF). The lysate was sonicated three times at
40% amplitude for 7 seconds. Then samples were centrifuged at 14000×g for 10 min at
4°C and protein content (supernatant) was determined with a bicinchoninic acid
protein assay kit (Pierce, Bonn, Germany). A 20 µg protein aliquot from the cell lysate
was separated on a 10% SDS–PAGE gel and electrotransferred onto nitrocellulose
membranes. Membranes were incubated in a blocking solution of 5% non-fat
powdered milk in Tris-buffered saline-Tween (TBS with 0.05% Tween-20) for 1h.
Antisera against OXPHOS complexes (Mitosciences, OR, USA) and GAPDH (Santa Cruz
Biotechnology, CA, USA) were used as primary antibodies. Secondary antibodies were
from Sigma-Aldrich (St. Louis, MO, USA). Protein bands were visualized by ImmunStar® Western C® Kit reagent (Bio-Rad) Western blotting detection systems. The
chemiluminiscence signal was captured with a Chemidoc XRS densitometer (Bio-Rad)
and results were analyzed with Quantity One Software (Bio-Rad).
Statistical analysis
The Statistical Program for the Social Sciences software for Windows (SPSS,
version 21.0; SPSS Inc, Chicago, IL) was used for all statistical analyses. Data are
expressed as mean values ± standard error of the mean (SEM). Statistical significances
between vehicle-treated cells and cisplatin-, paclitaxel- or tamoxifen-treated cells were
assessed by Student’s t-test. The effects of changes produced by cytotoxic agents in
MCF-7 and T47D cell lines and the ERβ overexpression or inhibition and cytotoxics
treatments were analyzed using two-way analysis of variance (ANOVA), and when
results reach significant combinatory effects Student’s t-test was performed in order to
64

Manuscript 2. ERβ modulates the response to therapeutic agents

find out the significance between the experimental groups. Statistical significance was
set at P<0.05.
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RESULTS
High ERα/ERβ ratio increased breast cancer cells sensitivity to cisplatin and paclitaxel
but not to tamoxifen
Cell viability assay (Figure 1A) revealed that MCF-7 cells were more affected by
cytotoxic treatments than T47D cells, especially in CDDP-treated cells (-44% in MCF-7
and -30% in T47D). PTX treatment also produced a -44% and a -35% of cell viability in
MCF-7 and T47D cells, respectively. However, this difference was more moderate in
the case of TAM-treated cells (-38% in MCF-7 and -36% in T47D).
Apoptosis is less activated after cytotoxic treatments in T47D cells (low ERα/ERβ ratio)
than in MCF-7 cells (high ERα/ERβ ratio)
As it can be observed in Figure 1B, the MCF-7 breast cancer cell line showed a
significant increase in apoptosis after the three cytotoxic treatments, especially in PTX(+281%) and CDDP-treated cells (+236%). However, in T47D this increment was slighter
in the three treatments (between +38% and +55%). It is remarkable that in the TAMtreated cells had such a slight difference of the effects from the three cytotoxic
treatments between the two cell lines (+84% in MCF-7 and +53% in T47D).
Autophagy is activated differently depending on the ratio of receptors and cytotoxic
treatment
Similarly to apoptosis, Figure 1C shows that autophagy was increased more in
the CDDP-treated MCF-7 cells (+78%) than in the T47D cells (+36%). Curiously, in the
case of PTX- and specially in TAM-treated cells the opposite situation occurred as the
cells with a higher autophagy compared to control were the T47D cells (+65% in PTXtreated cells and +234% in TAM-treated cells, +48% and +140% in MCF-7 cells,
respectively).
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ROS production is extremely more increased in CDDP- and PTX-treated MCF-7 cells than
in T47D, but not in TAM-treated cells
Figure 2A displays the ROS production in MCF-7 and T47D breast cancer cell lines
after cytotoxic treatments. After CDDP treatment, MCF-7 cells boosted H2O2
production by 175% regarding control, while T47D cells increased H2O2 production
only by 38%. PTX treatment also increased ROS production and was cell line
dependent, increasing a 70% ROS production in MCF-7 cells with only a 25% of
increase in the T47D cell line. However, in TAM-treated cells no differences in H2O2
production were found between cell lines (+53% in MCF-7 and +47% in T47D cells).
Mitochondrial membrane potential (ΔΨm) is increased after cytotoxic treatments in
both cell lines
Figure 2B shows that an increase in ΔΨm agreed with the results obtained in ROS
production. Thus, in CDDP-treated cells, the high ROS production corresponded with
the greatest ΔΨm measured in MCF-7 (+70% to +27% of T47D), and PTX treatment also
increased ΔΨm with lesser changes between cell lines (+64% in MCF-7 and +36% in
T47D), while TAM-treated cells values were the most similar between both cell lines
(+52% in MCF-7 and +37% in T47D cells).
Mitochondrial mass is increased in CDDP-treated MCF-7 cells, but not in T47D cells
As can be observed in Figure 2C, mitochondrial mass, measured with MTG,
increased with the three cytotoxic treatments in the MCF-7 cell line, especially in the
case of CDDP-treated cells (+66%). PTX and TAM treatments also produced an increase
in MTG fluorescence, but with milder changes (+23% and +25% respectively). In T47D
cells, there was only a slight increment in PTX- (+11%) and TAM-treated (+21%) cells.
Again, the most similar results were observed in TAM-treated cells of both cell lines
(+25% in MCF-7 cells and +21% in T47D cells). With the aim to further studying this
increase in mitochondrial mass of CDDP-treated MCF-7 cells, laser scanning confocal
microscopy pictures (Figure 2D) were taken after MTG and Hoechst 33342 incubation,
48 hours after treatment with vehicle and CDDP. A greater mitochondrial mass can be
visually observed in those MCF7 cells treated with CDDP.
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Mitochondrial functionality was affected in CDDP-treated MCF-7 cells, but not in T47D
cells
COX activity (Figure 3A) was reduced after CDDP treatment in MCF-7 cells (-24%),
while TAM-treatment produced an increase in ATPase activity (Figure 3B) in T47D cells
(+36%). Contrastingly, COX protein levels (Figure 3C) were increased in both CDDPtreated MCF-7 (+112%) and T47D cells (+50%), although with the TAM treatment,
these protein levels increase only occurred in the T47D cell line (+33%). An increase in
ATPase protein levels (Figure 3D) was observed in CDDP- (+95%) and TAM-treated
(+50%) MCF-7 cells and no significant changes were observed in T47D treated with
both cytotoxic agents.
The presence of ERβ modulated the cell viability in CDDP-treated cells, but not in TAMtreated cells
ERβ was stable overexpressed in MCF-7 cells with an increase of 734% in ERβ
mRNA expression (data not shown). Furthermore, ERβ was partially silencing in T47D
cells with a decrease of 46% in ERβ mRNA expression (data not shown).
As it can be observed in Figure 4A, the overexpression of ERβ in MCF-7 cells
(MCF-7+ERβ) produced a greater resistance to CDDP (+5% of cells) compared to
treatment in normal MCF-7 cells, but not for TAM-treated cells. In fact, the
overexpression of ERβ rendered less cell viability after TAM treatment (-5.5%).
Furthermore, Figure 4B shows that the ERβ knockdown in T47D resulted in a
reduced cell viability in both cytotoxic treatments, CDDP (-4.5%) and TAM (-5.5%).
The presence of ERβ inhibited apoptosis in CDDP- and TAM-treated cells, although
increased autophagy in TAM-treated MCF-7+ERβ cells
The apoptosis assay (Figures 4C and 4D) showed that the presence of ERβ
diminished Annexin V fluorescence in MCF-7+ERβ cells and its absence increased it in
T47D-ERβ cells after both cytotoxic treatments. In MCF-7 cells, the decrease in
apoptosis was enhanced after CDDP and TAM treatments by 32% and 54%,
respectively, regarding the MCF-7 normal cells. In T47D with ERβ silencing, the
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increment of apoptosis was especially significant in TAM-treated cells (+25% regarding
TAM-treated T47D control cells).
However, autophagic vacuole formation (Figures 4E and 4F) increased
significantly by 34% in TAM-treated MCF-7+ERβ respect to TAM-treated MCF-7 normal
cells. Moreover, MCF7+ERβ cells underwent a decrease in this parameter in CDDPtreated cells (-21%) compared to CDDP-treated MCF-7 normal cells. In the case of
T47D, the inhibition of ERβ resulted in a rise of 12% in CDDP-treated cells in
comparison to T47D control cells, with no significant changes in TAM-treated cells.
ROS production is decreased in CDDP-treated cells in the presence of ERβ and it is
increased after CDDP and, especially, TAM treatment in those T47D lacking ERβ
Figure 4G displays that, in MCF-7+ERβ, just the presence of ERβ caused a
decrease in ROS production (-10%), when compared with MCF-7 normal cells.
Interestingly, MCF-7+ERβ cells treated with CDDP showed a very significant decrease in
ROS production (-124%), with no significant changes in TAM-treated cells respect to
normal MCF-7 cells with the same treatment.
However, in the T47D cell line with ERβ siRNA (Figure 4H), the absence of ERβ
produced an increase in ROS production with both treatments, especially in TAMtreated T47D-ERβ cells (+65%, and +13% in CDDP-treated T47D-ERβ cells).
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FIGURE CAPTIONS
Figure 1. Cell viability, apoptosis and autophagy in MCF-7 and T47D cells after
cytotoxic treatment for 48 hours
MCF-7 and T47D cells were treated with 10 µM cisplatin, 10 nM paclitaxel or 10
µM tamoxifen for 48h. A) Cell viability was analyzed spectrophotometrically by Crystal
Violet assay. B) Apoptosis fraction was measured fluorimetrically using Annexin V
method. C) Autophagic vacuoles formation was measured fluorimetrically using
monodansylcadaverine reagent. Values are expressed as means ± SEM (n≥6), and
normalized as percentage of the vehicle-treated value for each cell line. * Significant
difference between Vehicle-treated cells and cisplatin-, paclitaxel- or tamoxifentreated cells (Student’s t-test; P<0.05, n≥6).

Figure 2. Effects of cytotoxic treatments on ROS production, mitochondrial
membrane potential and mitochondrial mass
MCF-7 and T47D cells were treated with 10 µM cisplatin, 10 nM paclitaxel or 10
µM tamoxifen for 48h. A) ROS production was measured fluorimetrically using Amplex
red reagent. B) Mitochondrial membrane potential (ΔΨm) was measured
fluorimetrically using TMRM. C) Mitochondrial mass was measured fluorimetrically
using Mitotracker Green FM. D) Changes in mitochondrial mass detected with
Mitotracker Green FM and Hoechst 33342 fluorescence after cisplatin treatment were
monitored with a Leica Confocal Microscope using 63x oil 147 N.A. objective lens. Scale
bar 25 µm. Values are expressed as means ± SEM (n≥6), and normalized as percentage
of the vehicle-treated value for each cell line. * Significant difference between Vehicletreated cells and cisplatin-, paclitaxel- or tamoxifen-treated cells (Student’s t-test;
P<0.05, n≥6).
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Figure 3. Effects of cisplatin and tamoxifen treatments on mitochondrial functionality
MCF-7 and T47D cells were treated with 10 µM cisplatin or 10 µM tamoxifen for
48h. After that, cells were harvested with distilled water to perform enzymatic
activities or scrapped with RIPA buffer to analyze the COX and ATPase protein levels.
A) COX activity was measured spectrophotometrically following the absorbance
increment at 450 nm as shown in the Material and Methods section. B) ATPase activity
was measured spectrophotometrically following the absorbance decrease at 340 nm
as shown in the Material and Methods section. C) COX protein levels measured by
western blot. D) ATPase protein levels measured by western blot. GAPDH was used as
house-keeping protein. Values are expressed as means ± SEM (n=6), and normalized as
percentage of the vehicle-treated value for each cell line. * Significant difference
between Vehicle-treated cells and cisplatin-, paclitaxel- or tamoxifen-treated cells
(Student’s t-test; P<0.05, n=6).

Figure 4. Effects of cisplatin and tamoxifen on MCF-7 and T47D with modified
ERα/ERβ ratio
MCF-7, MCF-7 overexpressing ERβ (MCF7+ERβ), T47D and T47D with partially
silenced ERβ (T47D-ERβ) cell lines were treated with 10 µM cisplatin or 10 µM
tamoxifen for 48h. For T47D with partially silenced ERβ, cells were treated one day
before the beginning of cytotoxic treatment with a specific ERβ siRNA, as shown in the
Material and Methods section. A) Cell viability of MCF-7 and MCF7+ERβ cells was
measured spectrophotometrically by Crystal Violet assay. B) Cell viability of T47D and
T47D-ERβ cells was measured spectrophotometrically by Crystal Violet assay. C)
Apoptosis fraction of MCF-7 and MCF7+ERβ cells was measured fluorimetrically using
Annexin V method. D) Apoptosis fraction of T47D and T47D-ERβ cells was measured
fluorimetrically using Annexin V method. E) Autophagic vacuoles formation of MCF-7
and MCF7+ERβ cells was measured fluorimetrically using monodansylcadaverine
reagent. F) Autophagic vacuoles formation of T47D and T47D-ERβ cells was measured
fluorimetrically using monodansylcadaverine reagent. G) ROS production of MCF-7 and
MCF7+ERβ cells was measured fluorimetrically using Amplex red reagent. H) ROS
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production of T47D and T47D-ERβ cells was measured fluorimetrically using Amplex
red reagent. Values are expressed as means ± SEM (n≥6), and normalized as
percentage of the vehicle-treated value for each cell line (Cell Viability assay) or
normalized as percentage of the vehicle-treated value of the wild-type (MCF-7 or
T47D) of each cell line (Apoptosis, Autophagy and ROS production assays). ANOVA
analysis was carried out where β means ERβ overexpression or silencing effect, C
means cisplatin effect, T means tamoxifen effect and Cxβ or Txβ means combinatory
effect of cytotoxic treatments and ERβ overexpression or silencing. As a result of
combinatory effect, Student’s t‐test (P<0.05, n≥6) was carried out:

o

significant

difference between wild-type cells and ERβ modified cells; * significant difference
between Vehicle and Cytotoxic treated cells; *o significant difference between wildtype and ERβ modified in Cytotoxic treated cells.
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FIGURES
Figure 1
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Figure 2A and 2B
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Figure 2C and 2D
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Figure 3A and 3B
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Figure 3C
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Figure 3D
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Figure 4A and 4B
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Figure 4C and 4D
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Figure 4E and 4F
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Figure 4G and 4H
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DISCUSSION
In the current work, we studied the influence of the ERα/ERβ ratio in the efficacy
of several anticancer treatments such as cisplatin (CDDP), paclitaxel (PTX) or tamoxifen
(TAM). Thus, in T47D breast cancer cell line (low ERα/ERβ ratio) the same dose of
CDDP and PTX exerted a lesser effects than in MCF-7 breast cancer cell line (high
ERα/ERβ ratio), while TAM-treatment had a similar effect in both cell lines. These
results were confirmed when the ERα/ERβ ratio was modified in both cell lines, with
the overexpression of ERβ in the MCF-7 cells and its silencing in T47D ones. Therefore,
it should be noted that the action of CDDP in those cell lines with a high ERα/ERβ ratio
resulted in a substantial increase in both apoptosis and ROS production and in a drop
in mitochondrial functionality, despite the increment in mitochondrial mass.
Moreover, all these CDDP effects were partially reverted with the ERβ overexpression.
However, TAM treatment had a similar response in both cell lines, especially through
the raise of autophagic cell death; for the T47D cell line, ERβ inhibition also caused an
increase in TAM treatment efficacy since there was an increase of ROS production and
apoptosis.
Tamoxifen is one of the most widely used treatments against ER-responsive
breast cancer20, and for this reason cells used in this study are ERα positive14. Although
TAM’s main effect in breast cancer cells is due to its ability to bind both ERs 21,22, TAM
cytotoxicity is also related to ROS production23. Both cell lines responded similarly to
TAM treatment, and while MCF-7 (high ERα/ERβ ratio) seems to respond increasing
both autophagy and apoptosis pathways, T47D (low ERα/ERβ ratio) responsiveness is
more related to an increase in autophagic cell death. ROS production was increased in
both cell lines in a similar manner, and a similar response was observed for the ΔΨm,
as a slight increase in ΔΨm greatly stimulates ROS production24. Mitochondrial mass
was slightly increased in both cell lines, although no significant changes were found in
the COX activity, suggesting that mitochondria are affected in the same way in both
cell lines. These similar results may be due to the ability of TAM to inhibit both ERs,
especially ERβ because it is a pure antagonist of this receptor21, and consequently the
resulting effect on ROS production and on mitochondrial functionality would be the

83

Manuscript 2. ERβ modulates the response to therapeutic agents

same, probably due to the inhibition of the protector role of ERβ against ROS
production13,14,16.
Cisplatin is one of the most widely used chemotherapeutic anticancer agents in
many cancer types25,26. Although the cytotoxic effects of CDDP are primarily mediated
by the generation of nuclear DNA adducts27, it also targets the mitochondria, which
stimulates the ROS production that contributes to its cytotoxic effects7. In this case,
CDDP treatment caused greater effects in MCF-7 than in T47D cells. For the same dose
of CDDP, the T47D cell line (low ERα/ERβ ratio) showed a higher cell viability than the
MCF-7 (high ERα/ERβ ratio) cells, accompanied by a reduced activation of apoptosis
and autophagy, in addition to a very significant lesser ROS production and a lower
ΔΨm, as mentioned above a slight drop in ΔΨm leads to a great decrease in ROS
production24, corroborating the protector role of ERβ and/or the proliferative effect of
ERα28-30. Moreover, mitochondrial mass was increased only in MCF-7 cells, and the
mitochondrial functionality was reduced in MCF-7 but not in T47D cells, suggesting
that the greater ROS production in MCF-7 cells could be due to the mitochondrial
dysfunction, since Rasbach et al. reported that a better mitochondrial functionality is
related to a lower ROS production31. Furthermore, the accumulation of damaged
mitochondria may play a key role in the increase of mitochondrial dysfunction and,
consequently, ROS production, as the mitochondrial mass and the protein levels of
complexes IV and V (COX and ATPase) in CDDP-treated MCF-7 cells were increased,
despite the loss of mitochondrial functionality through the drop in COX activity. These
results are in agreement with the fact that in normal conditions dysfunctional
mitochondria are removed32, however, in some cancers this process is inhibited and
the damaged mitochondria that have accumulated in the cells would create
mitochondrial dysfunction and ROS production 33. We have demonstrated, in previous
studies carried out in our laboratory, that the importance of the ERα/ERβ ratio in the
regulation of the mitochondrial redox homeostasis in breast and prostate cancer13-17.
The presence of ERβ in breast cancer cells makes them produce less ROS and provide a
better mitochondrial functionality13,14.
Paclitaxel acts against cancer cells through the stabilization of microtubules
inhibiting their disassembly34, ROS production is also involved in PTX cytotoxicity35.
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Cells after PTX treatment showed an intermediate behavior between CDDP- and TAMtreated cells, since T47D cells were slightly more resistant to treatment than MCF-7
ones. The main difference between both cell lines was in the degree of apoptosis. PTX
was the treatment that provoked cell apoptosis the most in MCF-7 cells, while in T47D
apoptosis was only enhanced much as other treatments. This change in apoptosis
could be at least partially due to the increase in ΔΨm and, as a result, in ROS
production, whose increase was significantly higher in MCF-7 than in T47D cells. These
results would agree with Alexandre et al. who demonstrated that PTX treatment
increases ROS production and enhanced apoptosis in lung carcinoma35. Again, these
differences observed in both cell lines could be due to the presence of ERβ, reducing
ROS production13,36.
These observed differences between the two breast cancer cell lines could be
due to their different ERα/ERβ ratio, but for the purpose of confirming this hypothesis
we have modified the ERβ expression for the two cell lines, overexpressing it in MCF-7
and silencing it in T47D cells. Thus the ERα/ERβ ratio was modified and we ensured
that the different effects observed after cytotoxic treatments would be due, at least in
part, to the higher or lower presence of ERβ expression.
Our results that showed a better response to TAM in MCF-7 overexpressing ERβ
(MCF-7+ERβ), through increasing the autophagic cell death agree with a recent study
carried out by Razandi et al., who demonstrated that the presence of ERβ in the
mitochondria could enhance TAM response in TAM-resistant breast cancer cells8.
Moreover in 2009 Hartman et al. demonstrated a potential relationship between ERβ
and TAM response in breast cancer patients37. Surprisingly, the inhibition of ERβ in
T47D cells also resulted in a greater efficacy of the TAM treatment, increasing ROS
production and apoptosis. These results would agree with other studies carried out in
our laboratory suggesting that the presence of ERβ is involved in the reduction of ROS
production36,38,39, and thus inhibiting ERβ would lead to oxidative stress and cell death
through apoptosis, since other authors have reported that an increase of ROS could
trigger apoptosis40.
Finally, the results obtained in CDDP-treated cells were very clear. The
overexpression of ERβ in MCF-7+ERβ cells makes them more resistant to CDDP
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treatment, confirming the results obtained in the two breast cancer cell lines
mentioned above where the cell line with the lowest ERα/ERβ ratio was the more
resistant one to this treatment. The presence of ERβ produced greater cell survival and
was accompanied by less apoptosis and autophagy, suggesting that both programmed
cell death types (apoptosis and autophagic cell death) were inhibited, at least in part,
by the presence of ERβ. Moreover, the increase in ERβ expression in MCF-7 cells
resulted in a very significant reduction in ROS production, suggesting a relationship
between the presence of ERβ, the decrease in ROS production and the decrease,
especially, in apoptosis. Furthermore, we also partially silenced the ERβ in T47D in
order to confirm the influence of this receptor in the greater resistance to CDDP of this
breast cancer cell line. Results obtained here indicate that the silencing of ERβ
triggered a better response to CDDP in T47D cells, showing an increment in apoptosis
and autophagy, as well as in ROS production. These results agree with other authors
who revealed that the down-regulation of ERβ sensitized lung cancer cells to various
apoptosis-inducing agents such as cisplatin or taxol41. Additionally, in 2013 Pereira et
al. showed that the induction of ROS in colon and breast cancer cells sensitized them
to CDDP-induced apoptosis42.
To sum up, the results obtained in this study suggest the importance of the
ERα/ERβ ratio and, specially, the expression of ERβ in the sensitivity to cytotoxic
treatments in breast cancer cell lines. The main conclusions of this research are: 1) the
presence of ERβ could mean a poorer prognosis factor in those breast cancer patients
who are treated with paclitaxel and, especially, cisplatin due, at least partially, to the
reduction of ROS which implies a reduction of cancer cells apoptosis and autophagic
cell death; 2) in the case of the breast cancer patients treated with tamoxifen, the
amount of ERβ determines the response of breast cancer cells to this treatment,
because its lower presence increases the apoptosis through ROS generation and its
greater presence increase autophagic cell death; and 3) further studies in other
cancers are necessary to evaluate the influence of ERβ expression in cancer resistance.
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ABSTRACT
Modulation of oxidative stress in cancer cells plays an important role in the study
of the resistance to anticancer therapies. Uncoupling protein 2 (UCP2) may play a dual
role in cancer, acting as a protective mechanism in normal cells, while its overexpression in cancer cells could confer resistance to chemotherapy and a higher
survival through down-regulation of ROS production. Thus, our aim was to check
whether the inhibition of UCP2 expression and function increase oxidative stress and
could render breast cancer cells more sensitive to cisplatin (CDDP) or tamoxifen (TAM).
For this purpose, we studied clonogenicity, mitochondrial membrane potential (ΔΨm),
cell viability, ROS production, apoptosis and autophagy in MCF-7 and T47D (only the
last four determinations) breast cancer cells treated with CDDP or TAM, in
combination or without a UCP2 knockdown (siRNA or genipin). Furthermore, survival
curves were performed in order to check the impact of UCP2 expression in breast
cancer patients. UCP2 inhibition and cytotoxic treatments produced a decrease in cell
viability and clonogenicity, in addition to an increase in ΔΨm, ROS production,
apoptosis and autophagy. It is important to note that CDDP decreased UCP2 protein
levels, so that the greatest effects produced by the UCP2 inhibition in combination
with a cytotoxic treatment, regarding to treatment alone, were observed in
TAM+UCP2siRNA-treated cells. Moreover, this UCP2 inhibition caused autophagic cell
death, since apoptosis parameters barely increased after UCP2 knockdown. Finally,
survival curves revealed that higher UCP2 expression corresponded with a poorer
prognosis. In conclusion, UCP2 could be a therapeutic target in breast cancer,
especially in those patients treated with tamoxifen.

Keywords: Oxidative stress, UCP2, ROS, cancer, cisplatin, tamoxifen, autophagic cell
death, resistance.
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INTRODUCTION
Increased oxidative stress plays a crucial role in a variety of pathologic conditions
including cancer1. Cancer cells often exhibit high levels of intracellular reactive oxygen
species (ROS) with complex and controversial biological effects. Previous studies in our
lab have demonstrated the influence of ROS in breast cancer induction and
progression2-4. ROS induce DNA damage, contributing to DNA instability and mutation,
which in turn promotes cancer cell growth and survival5. However, excessive ROS
levels can lead to cell growth arrest, senescence and cell death 5,6. Therefore, the
effective regulation of endogenous and treatment-induced oxidative stress is an
important factor to consider in both tumor development and the responses to
anticancer therapies7,8 such as cisplatin (CDDP) or tamoxifen (TAM) treatments.
Several studies have suggested that mitochondrial uncoupling is a major
mechanism in the regulation of oxidative stress9-11. Uncoupling proteins (UCPs) are a
family of inner mitochondrial membrane proteins whose function is to allow the
reentry of protons into the matrix, dissipating the proton gradient and, therefore,
decreasing mitochondrial membrane potential and ROS production 9,11. It has been
shown that UCPs are up-regulated in response to oxidative stress, acting as a feed-back
mechanism to control ROS levels, suggesting that UCPs act as part of the antioxidant
systems in the cell10,12.
Specifically, the role of uncoupling protein-2 (UCP2) in cancer has recently been
recognized and has attracted more attention. Derdak et al. found that UCP2-null mice
developed more colon tumors than the wild-type controls with increased oxidative
stress13. On the other hand, the same authors found that that UCP2 promotes
chemoresistance in colon cancer cells14. Consequently, UCP2 may have a dual role in
cancer, acting as a protective mechanism in normal cells, while its over-expression in
cancer cells may confer resistance to chemotherapy and a higher survival by the downregulation of ROS levels15.
This dual regulation of UCP2 expression has been also reported in breast cancer.
Previous results in our group demonstrated that repression of UCP2 by estrogens may
play a key role in estrogen-induced breast carcinogenesis2,4. On the other hand, we
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found that breast tumors adapted to oxidative stress showed an increase in uncoupling
proteins3. In addition, we also observed that ovarian cancer patients were more
resistant to carboplatin/paclitaxel treatment when they had lower levels of antioxidant
systems, including UCP2 and UCP5, prior to be treated, suggesting that these patients
could increase their UCPs levels to counteract the increase of ROS levels produced by
these treatments2. It is worthy to note that tumor aggressiveness is associated with
the ability to acquire higher antioxidant defense6,7. These studies, in addition to the
association between UCP2 and tumor grade16,17, suggest that UCP2 over-expression in
cancer progression could be a result of a long-term selecting procedure.
Recently, several studies have demonstrated that UCP2 is involved not only in
cancer cell transformation, but also in chemoresistance18-20. In fact, in pancreatic
cancer cells, mitochondrial uncoupling by UCP2 is a mechanism of resistance to the
chemotherapeutic drug gemcitabine, working through the negative regulation of
mitochondrial ROS production18. Moreover, UCP2 inhibition sensitized multidrug
resistance acute promyelocytic leukemia cell lines to cytotoxic agents20. This evidence
suggests that UCP2 targeting may be a novel therapeutic strategy for cancer in
combination with drugs that promote oxidative stress.
To approach this aim, we analyzed whether inhibition of UCP2 by siRNA or the
specific inhibitor genipin20 increase oxidative stress and could render breast cancer
cells more sensitive to cytotoxic agents. Specifically, we treated the cells with CDDP,
one of the most widely used chemotherapeutic anticancer agents in many cancer
types21,22, and TAM, which has been widely used for more than 30 years in breast
cancer treatment and prevention23. Although the cytotoxic effects of CDDP are
primarily mediated by the generation of nuclear DNA adducts24 and TAM is an
antagonist of the estrogen receptor (ER)25; CDDP targets the mitochondria, which
stimulates the ROS production that contributes to its genotoxic effects26, while ROS
production is also involved in TAM cytotoxicity8. Therefore, the development of anticancer

therapies

based

on

UCP2

inhibition

associated

with

traditional

chemotherapeutic treatments could improve treatment efficacy, resulting in a higher
oxidative stress and cancer cell death.
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MATERIALS AND METHODS
Reagents
Dulbecco’s Modified Eagle’s medium (DMEM) high glucose was from GIBCO
(Paisley,

UK).

Genipin

(methyl-2-hydroxy-9-hydroxymethyl-3-oxabicyclonona-4,8-

diene-5-carboxylate), cisplatin (cis-diamminedichloroplatinum II or CDDP) and
tamoxifen

(trans-2-[4-(1,2-Diphenyl-1-butenyl)phenoxy]-N,N-dimethylethylamine

or

TAM) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Routine chemicals used
were obtained from Sigma-Aldrich, Roche (Barcelona, Spain), Panreac (Barcelona,
Spain) and Bio-Rad Laboratories (Hercules, CA, USA).
Cell culture
The MCF-7 and T47D human breast cancer cell lines were purchased from
American Type Culture Collection (ATCC; Manassas, VA, USA) and routinely cultured in
DMEM supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) antibiotics
(penicillin and streptomycin) in a humidified atmosphere of 5% CO2 at 37°C. Cells were
seeded in plates such that they were confluent when doing the measurements.
Cell transfection and treatments
For transfection, cells were cultured in 6-well or in 96-well culture plates
overnight and then, at 60% confluence, transfected for 6 hours with a specific small
interfering (si)RNA targeting UCP2 mRNA purchased in Santa Cruz Biotechnology (UCP2
siRNA (h): sc-42682). Lipofectamine 2000 reagent (Life Technologies, Thermo Fisher
Scientific, Waltham, MA, USA) was used to perform cell transfection according to the
manufacturer's protocol. After transfection the complexes were removed and cells
were provided with normal growth medium. The day after, cells were exposed to
vehicle (0.1% DMSO), 10 µM CDDP or 10 µM TAM for 48h.
For UCP2 inhibition, cells were exposed to 0-250 µM genipin for 24h prior the
determination of the parameters.
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Cell viability assay
MCF-7 or T47D cells were seeded in 96-well plates and incubated overnight. The
following day, cells were transfected with UCP2 siRNA or treated with genipin (0-200
µM), and cell density was measured over time (0-72 h) by crystal violet assay. Cytotoxic
treatments were applied one day after transfection with UCP2 siRNA, when cells were
exposed to the vehicle, CDDP and TAM for 48h, and cell viability was determined.
Briefly, cells were stained with 0.5% (p/v) crystal violet in 30% (v/v) acetic acid for 10
min. After washing, the dye was solubilized in 100 µl of methanol and absorbance was
measured spectrophotometrically (A595nm) using a PowerWave XS Microplate
Spectrophotometer (BioTek Instruments, Inc.) to determine cell viability.
Fluorimetric determination of H2O2 production (ROS production)
ROS production was measured fluorimetrically by using an Amplex® Red
Hydrogen Peroxide/Peroxidase assay kit (Molecular Probes). MCF-7 or T47D cells were
seeded in 96-well plates, and, the day after, incubated with UCP2 siRNA or genipin. For
cytotoxic treatments, the day after UCP2 inhibition by siRNA, cells were exposed for
48h to the vehicle, CDDP and TAM. To chemically inhibit UCP2, cells were treated with
different concentrations of genipin (0-250 µM) for 24h. Briefly, cells were exposed to
50 µM of Amplex Red reagent and 0.1 U/ml of horseradish peroxidase, in Krebs-Ringer
buffer (145 mM NaCl, 4.86 mM KCl, 0.54 mM CaCl2, 1.22 mM MgSO4, 5.5 mM glucose,
5.7 mM sodium phosphate, pH 7.4. Fluorescence was measured with an FLx800
microplate fluorescence reader (Bio-Tek Winooski, Vermont, USA), set at excitation
and emission wavelengths of 571 and 585 nm, to detect the maximum slope of
increment in the fluorescence within 1 hour of exposure to kit reagents. Thus, the
measurement obtained is the H2O2 produced (related to ROS production) by the cells
for one hour. Values were normalized per number of viable cells determined by crystal
violet assay.
Mitochondrial membrane potential and autophagy
Mitochondrial membrane potential (ΔΨm) and autophagy were measured
fluorimetrically by using Tetramethylrhodamine methyl ester (TMRM) and
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Monodansylcadaverine (MDC), respectively. MCF-7 or T47D cells (the latter only in
MDC determination) were seeded in 96-well plates and, the next day, incubated with
UCP2 siRNA. The day after UCP2 inhibition by siRNA, cells were exposed for 48h to the
vehicle, CDDP and TAM. Fluorescence measurement was performed in a FLx800
microplate fluorescence reader (Bio-Tek Winooski, Vermont, USA) set at excitation and
emission wavelengths of 552 and 576 nm (ΔΨm by TMRM, 100 nM, 15 minutes of
incubation), and 340 and 535 nm (autophagy by MDC, 50 µM, 15 minutes of
incubation). Values were normalized per number of viable cells determined by crystal
violet assay.
Apoptosis assay
Apoptosis was measured fluorimetrically by using Annexin V method, as
described by Dando et al.27. Briefly, MCF-7 or T47D cells were seeded in 96-well plates
and treated as mentioned in the previous section. At the end of the treatment, cells
were fixed with 2% paraformaldehyde (BD Biosciences, NJ, USA) in PBS at room
temperature for 30 min and washed twice with PBS. Cells were then stained with
AnnexinV/AlexaFluor350 (Life Technologies, Thermo Fisher Scientific, Waltham, MA,
USA) in annexin binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, and 2.5
mM CaCl2) for 10 min at room temperature in the dark. To finish, cells were washed
once with annexin binding buffer. Florescence was measured in a FLx800 microplate
fluorescence reader (Bio-Tek Winooski, Vermont, USA) set at excitation and emission
wavelengths of 346 and 442 nm, with cells kept in 100 µl of annexin binding buffer.
Values were normalized per number of viable cells determined by crystal violet assay.
Determination of cell survival using colony formation
For clonogenic assay, MCF-7 breast cancer cells were plated in 6-well plates and
transfected the day after with UCP2 siRNA for 6h. Afterwards, the complexes were
removed and cells were provided with normal growth medium. The following day, cells
were exposed to the vehicle, CDDP or TAM for 48h. After removal of the medium
containing cytotoxic agents, cells were trypsinized and plated at low density (5 x 10 3
cells per 60-mm plate). Cells were cultured for 14 days, with a change of the culture

98

Manuscript 3. UCP2 inhibition sensitizes cancer cells to therapeutic agents

medium three times a week, and colonies were stained with crystal violet and counted
for each condition at the end of the culture period.
Real-time quantitative PCR
After transfection with UCP2 siRNA, total RNA was isolated from MCF-7 and
T47D cultured cells by using TriPure® isolation reagent (Roche, Barcelona, Spain)
following the manufacturer’s protocol and then quantified using a spectrophotometer
set at 260 nm. 1 µg of the total RNA was reverse transcribed to cDNA at 42 °C for 60
min with 25 U MuLV reverse transcriptase in a 10 μl volume of retrotranscription
reaction mixture containing 10 mM Tris-HCl (pH 9.0), 50 mM KCl, 0.1% Triton X-100,
2.5 mM MgCl2, 2.5 μM random hexamers, 10 U RNase inhibitor, and 500 μM each
dNTP. Each cDNA was diluted 1/10 and aliquots were frozen (−80°C) until the PCR
reactions were carried out.
PCR was performed in triplicate samples by SYBR Green technology on a
LightCycler 480 System II rapid thermal cycler (Roche Diagnostics, Basel, Switzerland).
The primers used were forward 5'-ggACACggACAggATTgACA-3' and reverse 5'ACCCACggAATCgAgAAAgA-3' for the 18S ribosomal RNA gene, and forward 5'ggTggTCggAgATACCAAAg-3' and reverse 5'- CTCgggCAATggTCTTgTAg-3' for the UCP2
gene. Total reaction volume was 10 µL, containing 7.5 µL Lightcycler® 480 SYBR Green I
Master (containing 0.5 μM of the sense and antisense specific primers) and 2.5 μl of
the cDNA template. The amplification program consisted of a preincubation step for
denaturation of the template cDNA (5 min, 95 °C), followed by 45 cycles consisting of a
denaturation step (10 s, 95 °C), an annealing step (10s, 61 °C for 18S and 60 °C for
UCP2), and an extension step (12s, 72 °C min). A negative control lacking cDNA
template was run in each assay.
The Ct values of the real-time PCR were analyzed, taking into account the
efficiency of the reaction and referring these results to the total DNA amount, using
the GenEx Standard Software (Multi-DAnalises, Sweden).
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Western blot analysis
MCF-7 cells were seeded in 6-well plates and transfected with UCP2 siRNA the
following day for 6h. Complexes were then removed and cells were provided with
normal growth medium, grown overnight and were treated the next day with vehicle,
CDDP or TAM. Cell protein extracts were obtained scraping cells with 200 µl of RIPA
buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% SDS, 0.5% Sodium Deoxycholate,
1% Triton X-100, 1 mM EDTA, 1mM NaF, 1 mM Na3VO4, 10 µM leupeptin and 10 µM
pepstatin; finally, 1 mM PMSF was added just before harvesting the cells with the
scraper). The lysate was sonicated three times at a 40% amplitude for 7 seconds. Then
samples were centrifuged at 14000×g for 10 min at 4°C and protein content
(supernatant) was determined with a bicinchoninic acid protein assay kit (Pierce, Bonn,
Germany). A 20 µg protein aliquot from the cell lysate was separated on a 10% SDS–
PAGE gel and electrotransferred onto nitrocellulose membranes. Membranes were
incubated in a blocking solution of 5% non-fat powdered milk in Tris-buffered salineTween (TBS with 0.05% Tween-20) for 1h. Antisera against UCP2 and Tubulin (Santa
Cruz Biotechnology, CA, USA), and PARP and LC3A/B (Cell Signaling Technology Inc,
Danvers, MA) were used as primary antibodies. Protein bands were visualized by
Immun-Star® Western C® Kit reagent (Bio-Rad) Western blotting detection systems.
The chemiluminiscence signal was captured with a Chemidoc XRS densitometer (BioRad) and results were analyzed with Quantity One Software (Bio-Rad).
Measurement of 4-HNE adducts and carbonyl contents
MCF-7 cells were transfected with UCP2 siRNA and total protein extracted as
previously described for Western blot analysis. For the analysis of 4-hydroxy-2-nonenal
(4-HNE) and carbonyl groups, 40 µg and 10 µg of protein from cell lysate, respectively,
were separated on a 10% SDS–PAGE gel and electrotransferred onto nitrocellulose
membrane. Protein carbonyls were detected using the immunological method
OxySelect™ Protein Carbonyl Immunoblot kit (Cell Biolabs, San Diego, CA, USA). For
derivatization of carbonyl groups, the membrane was incubated with 2, 4dinitrophenylhydrazine (DNPH) for 5 min, and then processed according to the
manufacturer’s instructions. Unspecific binding sites on the membranes were blocked
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in 5% non-fat milk in TBS-T (Tris-buffered saline-with 0.05% Tween-20). Antiserum
against 4-HNE (Alpha Diagnostic International, San Antonio, TX, USA) and DNP were
used as primary antibodies. Bands were visualized using the Immun-Star© Western C©
Chemiluminescent Kit (Bio-Rad). The chemiluminescence signal was captured with a
Chemidoc XRS densitometer (Bio-Rad Laboratories) and results were analyzed with
Quantity One software (Bio-Rad Laboratories).
Kaplan-Meier survival curves
Kaplan-Meier plots were made using an online (www.kmplot.com) Kaplan-Meier
plotter dataset28, selecting the KM plotter for breast cancer. The analysis was
performed taking into account the relapse-free survival (RFS) or the overall survival
(OS) of patients. The patients were split by median (with the best cutoff) 29, and the
follow up threshold was 10 years, censoring patients surviving over this threshold. The
JetSet best probe set was used in order to select the optimal probe set for UCP2
gene30. The ER status was fixed in ER positive, as we know that our MCF-7 breast
cancer cell line is ERα positive31.
Statistical analysis
The Statistical Program for the Social Sciences software for Windows (SPSS,
version 21.0; SPSS Inc, Chicago, IL) was used for all statistical analyses. Data are
expressed as mean values ± standard error of the mean (SEM). Statistical significances
between control and UCP2 inhibition were assessed by Student’s t-test. The effects of
UCP2 inhibition and cisplatin or tamoxifen treatment were analyzed using two-way
analysis of variance (ANOVA), and when results reach significant combinatory effects,
Student’s t-test was performed in order to find out the significance between the
experimental groups. Statistical significance was set at P<0.05. Kaplan-Meier statistical
analyses were made using an online (www.kmplot.com) Kaplan-Meier plotter dataset
28

.
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RESULTS
UCP2 levels after siRNA transfection
UCP2 inhibition by siRNA was determined by measuring the mRNA and protein
levels 24h after siRNA transfection, as shown in Table 1, in order to ensure that UCP2
was at least partially inhibited. Indeed, UCP2 siRNA produced a 72% decrease in UCP2
mRNA levels and a 21% decrease in UCP2 protein levels in MCF-7 cells.
UCP2 inhibition reduces cell viability, and increases ROS production and
macromolecules oxidative damage
To evaluate the effect of UCP2 on cell growth, a cell viability assay was
performed using siRNA or the specific UCP2 inhibitor genipin. Figure 1A shows that
UCP2 knockdown significantly decreased cell growth in a time-dependent manner (072h). UCP2 siRNA reduced MCF-7 proliferation by 10% at 24h, and 15% at both 48h
and 72h. Furthermore, blocking of UCP2 activity with increasing doses of genipin (0200 µM) reduced cell proliferation in a dose-dependent manner over the period 0-72h,
reaching absolute inhibition at 200 µM (Figure 1B).
The ROS production was measured in UCP2 siRNA or genipin treated cells. As
shown in Figure 2, UCP2 inhibition by both UCP2 silencing and genipin enhanced ROS
production. Specifically, UCP2 siRNA increased ROS levels by 65% (Figure 2A), while
genipin treatment for 24h induced ROS production with maximum levels being
reached (298%) at 250 µM (Figure 2B).
In accordance with the great increase in ROS production triggered by UCP2
inhibition, it was decided to test whether UCP2 silencing and cytotoxic agents could
increase oxidative damage to proteins and lipids. Table 2 shows that UCP2 silencing by
siRNA for 24h increased levels of carbonyl groups and 4-HNE adducts in proteins (end
markers of oxidative damage in proteins and lipids, respectively) by 13 and 19%,
respectively.
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Cisplatin and tamoxifen decreases cell viability and colony formation ability of MCF-7
breast cancer cells
To investigate whether UCP2 inhibition could be a therapeutic target against
breast cancer, its inhibition was tested in combination with CDDP and TAM in a cell
viability assay. As shown in figure 3A, UCP2 knockdown improved the effectiveness of
both cytotoxic agents. CDDP and TAM treatments decreased cell growth by 54% and
42% respectively, while UCP2 silencing reduced it by 32%. Interestingly, UCP2 silencing
enhanced the antiproliferative effect of the cytotoxic treatments, especially in
TAM+UCP2siRNA-treated cells (18% more than TAM-only treatment). Therefore, MCF7 breast cancer cells were more sensitive to cytotoxic agent/UCP2 silent combination.
To evaluate the long-term effect of CDDP on the MCF7 breast cancer cell line, a
clonogenic assay was performed (Figure 3B). UCP2 knockdown cells resulted in a
significant reduction in their capacity to form viable colonies (19%), while CDDP and
TAM treatments for 48h decreased it by 75% and 23% respectively. However, only the
combination of UCP2 inhibition and TAM exposure reduced significantly (regarding to
the treatment alone) the clonogenic survival (-27%).
Cytotoxic agents and UCP2 knockdown increase ROS production and mitochondrial
membrane potential (ΔΨm)
Furthermore, the role of UCP2 knockdown was analyzed in the ROS production
mediated by the cytotoxic agents. Figure 4A shows that cells presented higher ROS
production after CDDP (122%) and TAM (66%) treatments, as well as a 97% increase
with the UCP2 knockdown. Moreover, these increments in ROS production were
enhanced when cells were treated with UCP2 siRNA in combination with cytotoxic
agents, and, once again, the combination with the greatest increase regarding to
cytotoxic alone was TAM+UCP2siRNA (+57%).
As UCP2 plays a role dissipating the proton gradient in the inner mitochondrial
membrane, an analysis of ΔΨm was performed to determine whether it could be
affected by UCP2 inhibition or the cytotoxic agents, and the results are shown in Figure
4B. As expected, the UCP2 knockdown produced an increase of 65% in ΔΨm, as well as
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did either of the cytotoxic agents acting alone (CDDP 64% and TAM 73%). The
combination resulted in a rise of this parameter in the cytotoxic agents studied, CDDP
(+55%) and TAM (+58%).
Furthermore, in order to determine how CDDP and TAM treatments can affect
UCP2 protein levels, Western blotting was performed. As expected, Figure 4C and 4D
show that UCP2 silencing by siRNA produced 22% less UCP2 protein than the
untreated cells. Remarkably, results also revealed that CDDP decreased UCP2 protein
levels by 22%, while TAM treatment produced a slight increase in UCP2 protein levels
in reference to control vehicle-treated cells, but did not reach any significant change.
Apoptosis is activated by cytotoxic agents, but not increased in combination with UCP2
inhibition
To assess the effect of UCP2 knockdown and cytotoxic agents in programmed cell
death of cancer cells, an apoptosis assay was performed. Figure 5A shows that CDDP
and TAM increased apoptosis of cancer cells by 69% and 45% respectively, and UCP2
inhibition resulted in only a slight increment of this parameter (16%). However,
combination of the UCP2 knockdown with both cytotoxic agents did not result in any
significant difference from the cytotoxic treatments alone. Additionally, the cleaved
PARP/PARP ratio (apoptosis marker) was studied in CDDP and TAM treated cells in
combination or without UCP2 inhibition. As it can be observed in Figure 5C, UCP2
knockdown did not cause any significant change in cleaved PARP ratio; however the
cytotoxic agents did increase PARP cleavage by 97% (CDDP) and 247% (TAM).
Interestingly, treatment of cancer cells with a combination of UCP2 siRNA and TAM
reduced significantly the PARP cleavage with respect to TAM-treated cells (-152%),
while CDDP-treated cells in combination with UCP2 siRNA did not present any
significant change with respect to CDDP treatment alone.
Activation of autophagic cell death is greater with cytotoxic agents in combination with
UCP2 knockdown
As can be observed in Figure 5B, the inhibition of UCP2 triggered a 79% increase
in the formation of autophagic vacuoles. Moreover, cytotoxic treatments exhibited a
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rise in autophagic vacuoles formation (by 224% CDDP and 226% TAM), and only TAMtreated cells showed an increase (+170%) when combined with UCP2 knockdown,
since CDDP in combination with UCP2 inhibition had no any significant increase in
comparison to the cytotoxic agent alone. Moreover, Figure 5D shows that UCP2
knockdown increases the ratio LC3-II/LC3-I (autophagic marker) by 62%, as well as
CDDP and TAM (by 124% and 178% respectively). Interestingly, combination of UCP2
siRNA with CDDP did not increase this LC3 ratio with respect to CDDP alone, although
there was a rise in UCP2 siRNA and TAM combination with respect to cytotoxic
treatment alone (+182%).
UCP2 knockdown affects cell viability, ROS production, apoptosis and autophagy in a
similar manner in T47D cells after cytotoxic treatments
For the purpose of confirming the results obtained in MCF-7 cells, we have done
some critical experiments in another breast cancer cell, T47D. In T47D the UCP2
specific siRNA reduced UCP2 mRNA by 48% (data not shown).
Cell viability assay in T47D (Figure 6A) revealed that UCP2 knockdown, although
in a more subtle way than in MCF-7 cells, caused cell death (by 7%) and increased the
effectiveness of the TAM treatment (-5% extra regarding TAM treatment alone).
Furthermore, figure 6B shows that in T47D cells the UCP2 knockdown increased
the ROS production, even though milder (+11%) than in MCF-7 cells as well as the
CDDP and TAM treatments (+46% and +29% respectively), and only the TAM treatment
increased significantly the ROS production after UCP2 silencing (+28%).
Moreover, in figure 6C it can be observed that T47D apoptosis was increased
with both cytotoxic treatments (+36% in CDDP-treated cells and +44% in TAM-treated
cells) and the UCP2 knockdown resulted in a very slight raise in apoptosis (+10%);
however, there were no significant changes in Annexin V fluorescence in the
combination of cytotoxic and UCP2 siRNA regarding to the cytotoxic treatment alone.
Finally, figure 6D shows that UCP2 inhibition increased autophagy in T47D by 5%.
In the same way, cytotoxic treatments caused an increase in autophagic vacuoles

105

Manuscript 3. UCP2 inhibition sensitizes cancer cells to therapeutic agents

formation by 74% (CDDP) and 317% (TAM). Interestingly, only the TAM treatment in
combination with UCP2 knockdown enhanced the autophagic vacuoles formation
(+49%) in comparison with TAM treatment alone.
High levels of UCP2 expression represent poorer prognosis in treated breast cancer
patients
Figure 7 shows the Kaplan-Meier plots displaying the relapse-free survival (RFS)
and the overall survival (OS) of patients expressing high or low levels of UCP2. As can
be seen in the figure, a poor prognosis is significantly associated with high levels of
UCP2 expression when all patients were taken into account (OS: P=0.0048; RFS:
P=0.0073). Nevertheless, systematically untreated patients did not present any
significant differences between high and low UCP2 expression patients. Finally, it is
important to note a significant difference (P=0.0039) in RFS in TAM-treated patients,
showing a poorer prognosis for those patients who had higher levels of UCP2
expression.
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FIGURE CAPTIONS
Figure 1. Effect of UCP2 inhibition on cell growth
A) MCF-7 cells were incubated with the UCP2 siRNA transfection mix 6h at 37°C in a
CO2 incubator. Normal growth medium was replaced, and cells were further grown for
24h (t=0h). Cell viability was analyzed by Crystal Violet assay as described in Materials
and Methods. B) MCF-7 cells were seeded in p96-well plates, incubated overnight, and
provided with fresh medium containing genipin (0-200 µM) for 0-72h. Values are
expressed as means ± SEM (n=6) and normalized as percentage of the control value.
Every condition has significant difference regarding to Control- or Vehicle-treated cells
at the time of 0h (Student’s t-test; P<0.05, n=6).

Figure 2. UCP2 inhibition increased ROS production
A) MCF-7 cells were incubated with the siRNA transfection mix 6h at 37°C in a CO 2
incubator. Normal growth medium was replaced, and cells were further grown for 24h.
ROS production was measured fluorimetrically using Amplex red reagent. B) MCF-7
cells were treated with different concentrations of genipin (0-250 µM) for 24h. ROS
production was measured fluorimetrically using Amplex red reagent. Values are
expressed as means ± SEM (n=6) and normalized as percentage of the control value. *
Significant difference between Control- or Vehicle-treated cells and UCP2siRNA- or
Genipin-treated cells, respectively (Student’s t-test; P<0.05, n=6).

Figure 3. MCF-7 cell viability and clonogenic ability after UCP2 siRNA and/or cisplatin or
tamoxifen treatment
A) MCF-7 cells were incubated with the UCP2 siRNA transfection. Next, cells were
treated with 10 µM cisplatin or 10 µM tamoxifen for 48h. Cell proliferation was
analyzed by Crystal Violet assay. B) Clonogenic assay of MCF-7 cells were performed
after the incubation of cells with the UCP2 siRNA transfection. Then, cells were treated
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with a medium containing 10 µM CDDP or 10 µM tamoxifen for 48h; the cells were
then trypsinized and plated at low density (5 x 105 cells per 60-mm plate); after 2
weeks, formed colonies were stained with crystal violet and clones were counted for
each condition. Values are expressed as means ± SEM (n=6), and normalized as
percentage of the control value. ANOVA analysis was carried out where S means UCP2
siRNA effect, C means cisplatin effect, T means tamoxifen effect and CxS or TxS means
combinatory effect of cytotoxic treatments and UCP2 siRNA. As a result of
combinatory effect, Student’s t‐test (P<0.05, n=6) was carried out:

o

significant

difference between Control and UCP2 siRNA treated cells; * significant difference
between Vehicle and Cytotoxic treated cells; *o significant difference between Control
and UCP2 siRNA in Cytotoxic treated cells.

Figure 4. Cytotoxic treatments increased ROS production, mitochondrial membrane
potential and cisplatin treatment decreased UCP2 protein levels
MCF-7 cells were incubated with the UCP2 siRNA transfection mix; next, cells were
treated with 10 µM cisplatin or 10 µM tamoxifen for 48h. A) ROS production was
measured fluorimetrically using Amplex red reagent. B) Mitochondrial membrane
potential (ΔΨm) was measured fluorimetrically using TMRM. C) UCP2 protein
expression was measured in MCF-7 cells treated with UCP2 siRNA and/or cisplatin and
tamoxifen by Western blot analysis. D) UCP2 Western blot representative bands
(Tubulin was used as a housekeeping protein). Values are expressed as means ± SEM
(n=6), and normalized as percentage of the control value. ANOVA analysis was carried
out where S means UCP2 siRNA effect, C means cisplatin effect, T means tamoxifen
effect and CxS or TxS means combinatory effect of cytotoxic treatments and UCP2
siRNA. As a result of combinatory effect, Student’s t‐test (P<0.05, n=6) was carried out:
o

significant difference between Control and UCP2 siRNA treated cells; * significant

difference between Vehicle and Cytotoxic treated cells; *o significant difference
between Control and UCP2 siRNA in Cytotoxic treated cells.
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Figure 5. UCP2 inhibition increased autophagic cell death instead of apoptotic cell
death in MCF-7 cell line
MCF-7 cells were incubated with the UCP2 siRNA transfection mix; next, cells were
treated with 10 µM cisplatin or 10 µM tamoxifen for 48h. A) Apoptosis fraction was
measured fluorimetrically using Annexin V method. B) Autophagic vacuoles formation
was measured fluorimetrically using monodansylcadaverine reagent. C) Cleaved
PARP/PARP protein expression was measured in MCF-7 cells treated with UCP2 siRNA
and/or cisplatin and tamoxifen by Western blot analysis. PARP (116 KDa) and CleavedPARP (89 KDa) Western blot representative bands (Tubulin was used as a
housekeeping protein). D) LC3-I/LC3-II UCP2 protein expression was measured in MCF7 cells treated with UCP2 siRNA and/or cisplatin and tamoxifen by Western blot
analysis. LC3-I (16 KDa) and LC3-II (14 KDa) Western blot representative bands (Tubulin
was used as a housekeeping protein). Values are expressed as means ± SEM (n=6), and
normalized as percentage of the control value. ANOVA analysis was carried out where
S means UCP2 siRNA effect, C means cisplatin effect, T means tamoxifen effect and CxS
or TxS means combinatory effect of cytotoxic treatments and UCP2 siRNA. As a result
of combinatory effect, Student’s t‐test (P<0.05, n=6) was carried out:

o

significant

difference between Control and UCP2 siRNA treated cells; * significant difference
between Vehicle and Cytotoxic treated cells; *o significant difference between Control
and UCP2 siRNA in Cytotoxic treated cells.

Figure 6. Cell viability, ROS production, apoptosis and autophagy in T47D breast cancer
cell line after UCP2 knockdown and cytotoxic treatments
T47D cells were incubated with the UCP2 siRNA transfection mix. The next day, cells
were treated with 10 µM cisplatin or 10 µM tamoxifen for 48h. A) Cell proliferation
was analyzed by Crystal Violet assay. B) ROS production was measured fluorimetrically
using Amplex red reagent. C) Apoptosis fraction was measured fluorimetrically using
Annexin V method. D) Autophagic vacuoles formation was measured fluorimetrically
using monodansylcadaverine reagent. Values are expressed as means ± SEM (n=6), and
normalized as percentage of the control value. ANOVA analysis was carried out where
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S means UCP2 siRNA effect, C means cisplatin effect, T means tamoxifen effect and CxS
or TxS means combinatory effect of cytotoxic treatments and UCP2 siRNA. As a result
of combinatory effect, Student’s t‐test (P<0.05, n=6) was carried out:

o

significant

difference between Control and UCP2 siRNA treated cells; * significant difference
between Vehicle and Cytotoxic treated cells; *o significant difference between Control
and UCP2 siRNA in Cytotoxic treated cells.

Figure 7. Kaplan-Meier survival curves revealed that high UCP2 expression corresponds
with a poorer prognosis
Kaplan-Meier plots were made using an online (www.kmplot.com) Kaplan-Meier
plotter dataset. The analysis was performed taking into account: A) the relapse-free
survival (RFS); or B) the overall survival (OS) of patients; depending on their UCP2
expression levels.
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TABLES
Table 1. UCP2 mRNA and protein levels as the result of silencing by UCP2 specific
siRNA in MCF-7 breast cancer cell line.

UCP2 mRNA levels (% AU)
UCP2 protein levels (% AU)

Control
100 ± 16
100 ± 6

UCP2 siRNA
27.8 ± 0.4*
79.3 ± 9.7*

MCF-7 cells were transfected with UCP2 siRNA for 6h. Next, complexes were removed
and cells were provided with normal growth medium for 24h, and then harvested for
PCR and western blot analysis. Data represent the means ± SEM (n = 6). Values of
Control were set at 100. AU: arbitrary units. * Significant difference between UCP2
siRNA-treated and LF-treated cells (Student’s t-test; P≤0.05).
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Table 2. Increase in carbonyl content and 4-HNE adduct formation after UCP2
silencing.

Control
100 ± 2
100 ± 6

Protein carbonyls (% AU)
4-HNE adducts (% AU)

UCP2 siRNA
113 ± 7*
119 ± 7*

MCF-7 cells were transfected with UCP2 siRNA for 6h. Next, complexes were removed
and cells were provided with normal growth medium for 24h. Whole-cell extracts were
used for protein carbonyls detection (A) and 4-HNE adducts in proteins (B) by Western
blot analysis. Values are expressed as means ± SEM (n=6) and normalized as
percentage of the control value. * Significant difference between UCP2 siRNA-treated
and Control cells (Student’s t-test; P≤0.05).
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FIGURES
Figure 1
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Figure 2
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Figure 3
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Figure 4A and 4B
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Figure 4C and 4D
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Figure 5A and 5B
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Figure 5C
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Figure 5D
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Figure 6A and 6B

121

Manuscript 3. UCP2 inhibition sensitizes cancer cells to therapeutic agents

Figure 6C and 6D
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Figure 7
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DISCUSSION
In the current study, we inhibited UCP2 expression and function in two breast
cancer cell lines and analyzed whether this specific inhibition increases oxidative stress
and affect the effectiveness of ROS-based chemotherapeutic agents, such as cisplatin
and tamoxifen. Definitely, UCP2 silencing provoked oxidative stress and compromised
cancer cells viability. We show here that cisplatin (CDDP) decreased UCP2 protein
levels while tamoxifen (TAM) did not do so. Both cytotoxic treatments generated
oxidative stress in cancer cells and decreased cell viability, with greater changes
resulting from combination with the UCP2 knockdown. Moreover, although CDDP and
TAM promotes both apoptosis and autophagy, UCP2 inhibition increased mainly the
autophagic cell death, alone or in combination with cytotoxic agents, especially TAM.
Finally, we show here the importance of UCP2 expression levels for the prognosis of
ER-positive breast cancer patients, showing that higher levels of UCP2 expression
correspond to a poorer prognosis.
The role of ROS in cancer remains controversial, since the induction of severe
cellular damage can lead to cell death, however, mild oxidative stress promotes cell
survival. Mitochondria are linked to a complex adaptive response to protect cancer
cells against ROS generation32,33, and UCP2 may contribute to this process9,10,12. The
ability to control ROS through proton leak is considered to be the first line of defense
against oxidative stress and is associated with increased cell survival34. We previously
demonstrated that MCF7 breast cancer cells have high ROS levels and altered redox
status which may contribute to cell growth2,4. Moreover, the MCF7 and T47D cells
express the UCP2 protein, which may be modulating oxidative stress 2,4,35, and
therefore UCP2 inhibition plays an important role in modulating oxidative stress and
cell viability. Inhibition of UCP2 expression and function compromised cell viability in a
time and dose-dependent way, and reduced the capacity of cancer cells to form viable
clones. These results are in agreement with others showing that UCP2 inhibition can
be considered a valuable antiproliferative target in several cancers16,18,36,37. Moreover,
in a recent paper, it has been reported that genipin is able to decrease cell
proliferation and clonogenic survival in UCP2 over-expressing breast cancer cells16.
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The loss of cell viability induced by UCP2 inhibition may be due to higher ROS
levels, since the increased ROS production observed with siRNA and genipin
treatments seems to affect cancer cell viability, as it is dose-dependent in genipintreated cells. However, the strong enhanced ROS production at high concentrations of
genipin could not only be due to its effects on UCP2 but also to its protein crosslinking
abilities38. For this reason, we decided to inhibit UCP2 just by using UCP2 specific siRNA
in the experiments that followed.
These high levels of ROS produced by UCP2 knockdown triggered a rise of
carbonyl groups and 4-HNE adducts, which supports that this UCP2 inhibition results in
oxidative damage in cancer cells. These deleterious effects on the proteins and lipids of
cancer cells may explain in part the antiproliferative effect of UCP2 silencing, as well as
the role that mitochondrial uncoupling plays in the regulation of oxidative stress. In
this regard, many studies have found that ectopic UCP2 improves control of oxidative
stress

in

various

cancer

cells

and

promotes

cell

survival,

leading

to

chemoresistance14,36.
ROS production is one of the cytotoxic effects of CDDP and TAM treatments 8,26,
so we suspected that inhibiting UCP2 could enhance treatment efficacy increasing ROS
production leading to cancer cells death. UCP2 knockdown has greater impact when
used in combination with TAM, because CDDP treatment reduced UCP2 protein levels,
while TAM did not do so. Previously, it has been demonstrated that CDDP reduces
UCP2 levels in colon cancer cells37. Furthermore, since MCF-7 cells are ERα-positive31
and TAM is an antagonist of ERα25, the addition of this cytotoxic agent could increase
UCP2 levels because we have previously demonstrated that 17β-estradiol decreases
the levels of UCP2 in MCF-7 cells4.
UCP2 inhibition, as well as the cytotoxic treatments, produced an increase in
mitochondrial membrane potential (ΔΨm), which was accompanied by an increment
in the ROS production (regarding to cytotoxic treatment alone), principally in
TAM+siRNAUCP2-treated cells, in accordance with previous studies that have shown
CDDP and TAM increase ROS levels in cancer cells37,39. It is important to note that a
little increase in ΔΨm give large stimulation of ROS production40, suggesting that a
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small drop in UCP2 levels could mean a rise in the ΔΨm and, consequently, in ROS
production. Likewise, this greater increase in ROS production could increase the drop
in cell viability and the decrease in the capacity of cancer cells to form viable clones.
This would be in agreement with Dalla Pozza et al., suggesting that the chemical
inhibition of UCP2 has a synergistic antiproliferative effect with the cytotoxic
treatment in pancreatic cancer cells18. Altogether, these findings suggest that UCP2
targeting may decrease cell growth, and enhance antiproliferative effects of cytotoxic
agents, such as CDDP and TAM, modulating the oxidative stress in breast cancer cells.
We can conclude that MCF-7 breast cancer cells are more sensitive to cytotoxic
treatments in combination with UCP2 silencing due, at least in part, to an increase in
ROS production.
Autophagy is a conserved evolutionary process that can enable cells to maintain
homeostasis in unfavorable environmental conditions41. This process allows the cell to
recover

energy

from

damaged

or

unnecessary

subcellular

components

(macromolecules or organelles)41, therefore it has been considered as a process
associated with cell survival. However, if the damage is too severe and a high level of
autophagy persists, autophagic cell death or programmed cell death-2 will occur,
which is a different phenomenon than apoptosis or programmed cell death-142.
Therefore, our results indicate that inhibition of UCP2 causes autophagic cell death
without a significant increase of apoptosis. CDDP and TAM treatments, nevertheless,
promote both apoptosis and autophagy43-46. Although both treatments triggered an
increase in both apoptosis and autophagy, their combination with UCP2 knockdown
only increased the autophagic cell death, particularly in TAM-treated cells (probably
due to UCP2 inhibition caused by CDDP treatment), suggesting that inhibition of UCP2
could be a future therapeutic target, especially in those patients with endocrine
therapy with TAM. These results coincide with Dando et al., who recently
demonstrated that UCP2 inhibition triggers autophagic cell death through ROS
generation in pancreatic adenocarcinoma cells27.
Results obtained in this study could be useful in clinical applications because the
survival curves performed with data from over 1800 breast cancer patients revealed
the importance of UCP2 levels in prognosis of breast cancer patients. Our results
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revealed that, when all cases are taken into account, high UCP2 expression was a poor
prognosis indicator. The UCP2 dual role in cancer, which may have a protective
mechanism in normal cells preventing malignant transformation although its overexpression in cancer cells may confer resistance to chemotherapy and a higher survival
by down-regulation of ROS levels15, could be explained by the Kaplan-Meier survival
curves since untreated patients did not present any significant change in both diseasefree patients or relapse-free survival (RFS), and overall survival (OS) parameters. In
fact, in the RFS analysis of these patients, the higher UCP2 expression levels proved to
be a better prognosis factor (non-significant data). Interestingly, TAM-treated patients
had a poorer prognosis when they had greater UCP2 expression, which is not so
obvious in chemotherapy-treated patients, probably due to the aforementioned
effects of some cytotoxics such as CDDP over UCP2 protein.
In conclusion, we show here that the inhibition of the mitochondrial uncoupling
protein 2 (UCP2) may cause the autophagic cell death in cancer cells through the ROS
generation. Therefore, UCP2 could be a therapeutic target against breast cancer
combined with cytotoxic agents which generate ROS, especially in combination with
tamoxifen.
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ABSTRACT
Breast cancer is the most common malignancy in women of developed countries. The aim of this study was to investigate whether genistein, a soy
phytoestrogen, and 17b‐estradiol (E2) could have effects on the cell cycle and mitochondrial function and dynamics. Three human breast cancer
cell lines with different estrogen receptor alpha (ERa) and estrogen receptor beta (ERb) ratio were used: MCF‐7 (high ERa/ERb ratio), T47D (low
ERa/ERb ratio) and MDA‐MB‐231 (ER‐negative). Cell proliferation, cell cycle, mitochondrial functionality, and mitochondrial dynamics
parameters were analyzed. E2 and genistein treatment induced cell proliferation and apoptosis inhibition in MCF‐7, but not in T47D and MDA‐
MB‐231. Moreover, genistein treatment produced an up‐regulation of ERb and a rise in cytochrome c oxidase activity in T47D cells, decreasing
the ATP synthase/cytochrome c oxidase ratio. Finally, genistein treatment produced a drop in mitochondrial dynamics only in MCF‐7 cells. In
summary, the beneﬁcial effects of genistein consumption depend on the ERa/ERb ratio in breast cells. Therefore, genistein treatment produces
cell cycle arrest and an improvement of mitochondrial functionality in T47D cells with a low ERa/ERb ratio, but not in MCF‐7 (high ERa/ERb
ratio) and MDA‐MB‐231 (ER‐negative) ones. J. Cell. Biochem. 115: 949–958, 2014. ß 2013 Wiley Periodicals, Inc.
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reast cancer is the most commonly diagnosed malignancy in
women of developed countries [Siegel et al., 2011]. Epidemiological studies have showed a disparity incidence of breast cancer
between Eastern and Western countries, where on average 1 in every
8 women will suffer breast cancer compared to 1 in every 30 women
in Japan [Bouker and Hilakivi‐Clarke, 2000].
Estrogens, especially 17b‐estradiol (E2), are risk factors for the
development of breast cancer, and produce tumorigenesis in
epithelial breast cells [Yager and Liehr, 1996]. Through diet, humans
are exposed to many different phytoestrogens [Patisaul and
Jefferson, 2010], and especially those originating from soy products
or legumes were initially identiﬁed as cancer potential causative

factors [Messina et al., 1994]. However, phytoestrogens consumption
has also been linked to cancer prevention, most notably prostate and
breast cancer [Adlercreutz, 2002; Orlando et al., 2011]. Moreover,
high phytoestrogen consumption leads to a lower risk of cardiovascular disease [Klaunig and Kamendulis, 2004] and osteoporosis
[Mantovani et al., 2008]; as well as it has been shown to relieve
climacteric symptoms [Manju and Nalini, 2007].
The phytoestrogen genistein is the major isoﬂavonoid found in
soybeans, and some beneﬁcial effects have been attributed to its
consumption, including anti‐carcinogenic effects [Zhou et al., 1998].
Previous studies showed that people in the Eastern countries have
higher blood levels of genistein, 10 times than people from Western
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countries [Morton et al., 2002]. Genistein has a very similar chemical
structure to E2 and it binds and activates both estrogen receptors (ER),
ERa and ERb. Different functions have been associated with the two
ER; while ERa mediates proliferative effects of estrogens, ERb is more
related to cytostatic effects [Chang et al., 2006; Sotoca et al., 2008;
Rajah et al., 2009].
Previous studies in our laboratory demonstrate that E2 increases
cell proliferation in MCF‐7 breast cancer cells with a high ERa/ERb
ratio, but not in the T47D cell line, with a lower ERa/ERb ratio than
MCF‐7, nor in the MDA‐MB‐231 breast cancer cell line, ER‐negative
[Sastre‐Serra et al., 2010; Nadal‐Serrano et al., 2012]. Moreover,
similar results were obtained in prostate cancer cell lines [Miro
et al., 2011]. Genistein has been postulated to be an inhibitor of cell
proliferation and inductor of apoptosis in breast cancer cell lines
[Davis et al., 2008] and as a cytostatic agent in colon cells [Schleipen
et al., 2011].
Recently, Adams et al. [2012] observed that genistein treatment
could restore mitochondrial functionality, while some studies have
shown that E2 treatment produced mitochondrial dysfunction and an
increase in radical oxygen species (ROS) production [Sastre‐Serra
et al., 2012b], and a greater production of ROS has been related with a
higher cell proliferation [Sastre‐Serra et al., 2010]. Mitochondria are
organelles which are involved in constant cycles of division and
fusion, processes related to mitochondrial dynamics [Rambold
et al., 2011]. This process of mitochondrial dynamics has been
related to mitochondrial function and cell apoptosis [Grandemange
et al., 2009; Youle and van der Bliek, 2012].
The aim of this study was to investigate the effects of
physiological concentrations of 17b‐estradiol and phytoestrogen
genistein on cell proliferation, cell cycle and apoptosis, and
mitochondrial functionality in breast cancer cell lines with
different ERa/ERb ratios. To tackle this aim we performed a cell
proliferation and cell cycle analysis and we studied the proliferation‐ and apoptosis‐related proteins, the ATP synthase and
cytochrome c oxidase activities and mitochondrial dynamics‐
related genes mRNA expression in MCF‐7 (high ERa/ERb ratio),
T47D (low ERa/ERb ratio), and MDA‐MB‐231 (ER‐negative) breast
cancer cell lines.

_

serum (FBS) and 1% antibiotics (penicillin and streptomycin) in 5%
CO2 in air at 37°C. To evaluate the effects of E2 and genistein, cells
were grown in phenol red‐free DMEM containing 10% charcoal‐
stripped FBS 24 h prior to treatment. Experiments were performed
when cell cultures reached conﬂuence by providing fresh media
supplemented with 1 nmol/L E2, 1 mmol/L genistein, or 0.001%
DMSO as vehicle for 48 h. For the cell proliferation assay with
different genistein concentrations, cells were cultured in the same
way as described above and treated with genistein concentrations
from 10 nM to 10 mM. For cell cycle analysis in subconﬂuence,
experiments were performed when cell cultures reached 75% of
conﬂuence.
CELL LINES ESTROGEN RECEPTORS CHARACTERIZATION
Figure 1 shows estrogen receptor (a and b) level analysis which was
carried out by Western blot in normal conditions of each breast cancer
cell line. MCF‐7 was considered as high ERa/ERb ratio cell line, T47D
as a low ERa/ERb ratio cell line and MDA‐MB‐231 as ERa‐negative,
in spite of the lowest levels of ERb, so that we considered this cell line
to be an ER‐negative breast cancer cell line.
CELL CYCLE ANALYSIS BY FLOW CYTOMETRY
After harvesting the cells with trypsin–EDTA, cells were ﬁxed with
methanol 100% and DNA staining was carried out with an RNAase
and propidium iodide mix. After 30 min of room temperature
incubation, samples were analyzed using an Epics XL ﬂow cytometer
(Beckman Coulter, Miami, FL). The red ﬂuorescence was measured
using the FL‐1 setting (log mode) after the cell debris was
electronically gated out. Ten thousand events were acquired and
analyzed with Expo32 ADC analysis software (Beckman Coulter).
CELL PROLIFERATION ASSAY
Cells were plated at 10,000 cells per well in 96‐well plates in DMEM,
supplemented with 10% FBS and 1% antibiotics (penicillin and
streptomycin) in 5% CO2 in air at 37°C, and shifted to phenol red‐free
DMEM with 10% charcoal‐FBS and 1% antibiotics (penicillin and
streptomycin) 24 h before treatment with the vehicle, either E2 or

MATERIALS AND METHODS
MATERIALS
17b‐Estradiol (E2), genistein, dimethyl sulfoxide (DMSO), and
Propidium Iodide were purchased from Sigma–Aldrich (St. Louis,
MO). Mitotracker Green (MTG) and Lysotracker Red (LTR) were
purchased from Life Technologies Ltd (Paisley, UK). Primers were
purchased from TIB MOLBIOL (Berlin, Germany) and from Metabion
(Martinsried, Germany). Routine chemicals were supplied by Roche
(Barcelona, Spain), Sigma–Aldrich, Panreac (Barcelona, Spain), and
Bio‐Rad Laboratories (Hercules, CA).
CELL CULTURE AND TREATMENTS
Breast cancer cell lines MCF‐7, T47D, and MDA‐MB‐231 were
purchased from ATCC and maintained in Dulbecco0 s modiﬁed
Eagle0 s medium (DMEM) supplemented with 10% fetal bovine
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Fig. 1. Cell lines estrogen receptors characterization by Western blot analysis.
Measurements were made with cells in basal conditions. ERa, estrogen receptor
alpha; ERb, estrogen receptor beta and Tubulin as a housekeeping protein.
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genistein, or both treatments. The number of cells was determined by
the crystal violet method [Nagamine et al., 2009] with modiﬁcations.
Brieﬂy, after 48 h of treatment, 20 ml of a Violet Crystal solution
(0.5% of Violet Crystal in 30% acetic acid) was added and plates were
incubated for 10 min at room temperature. The medium was removed
and washed twice with distilled water. Finally, water was removed
and 100 ml of methanol were added to wells and plate was shaken for
1 min. Absorbance was measured at 570 nm using a microplate reader
(Power Wave XS, Bio‐Tek).
WESTERN BLOT ANALYSIS
For Western blot analysis, 40 mg of cell lysate protein was fractioned
by SDS–PAGE (12% polyacrylamide gel) and electrotransferred onto
nitrocellulose ﬁlters. Membranes were incubated in a blocking
solution of 5% nonfat powdered milk in 20 mM Tris–HCl, 0.13 mM
NaCl, and 0.1% Tween 20. ERa (1:200) and ERb (1:200) primary
antibodies were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Stat3 (1:1,000), Phospho‐Stat3 (1:1,000), and
PARP/Cleaved PARP (1:1,000) primary antibodies were purchased
from Cell Signaling Technology, Inc. (Danvers, MA). Protein bands
were visualized by the Immun‐Star Western C kit reagent (Bio‐Rad
Laboratories) Western blotting detection system. The chemiluminescence signal was captured with a Chemidoc XRS densitometer (Bio‐
Rad Laboratories) and analyzed with Quantity One software (Bio‐Rad
Laboratories).
ATP SYNTHASE AND CYTOCHROME C OXIDASE ACTIVITIES
After 48 h of vehicle, E2, genistein, or both E2 and genistein
treatments, cells were harvested by scraping the culture into PBS
buffer and then centrifuged at 5,000 rpm for 5 min at 4°C to remove
cell debris. Cell pellet were resuspended in RNAase free water. Lysates
were kept on ice and protein content was determined with the
bicinchoninic acid protein assay kit (Pierce, Bonn, Germany), with the
enzyme assays run immediately after.
Cytochrome c oxidase (Complex IV, EC 1.9.3.1) activity was
measured using a spectrophotometric method [Chrzanowska‐Lightowlers et al., 1993]. Brieﬂy, cell lysate was incubated in 0.1 M
NaPO4H2, pH 7.0, in the presence of 2 mg/ml catalase and 5 mM
substrate DAB (3,30 ‐diaminebenzidine‐tetrachloride) and then
100 mM of reduced cytochrome c was added to start the reaction,
with the absorbance variation followed for 20 min at 450 nm.
ATP synthase (ATP phosphohydrolase, Complex V, EC 3.6.1.3)
activity was measured by following the oxidation of NADH at 340 nm
and 37°C [Ragan et al., 1987]. The extinction coefﬁcient used was
6.22 mM1 cm1.
REAL‐TIME PCR
After 4 h of genistein or vehicle (0.001% DMSO), total RNA was
isolated from cultured cells using TriPure1 Isolation Reagent (Roche)
and quantiﬁed using a spectrophotometer set at 260 nm. One
microgram of the total RNA was reverse transcribed to cDNA at
42°C for 60 min with 25 U of MuLV reverse transcriptase in a 10 ml
volume of retrotranscription reaction mixture containing 10 mM
Tris–HCl (pH 9.0), 50 mM KCl, 0.1% Triton X‐100, 2.5 mM MgCl2,
2.5 mM random hexamers, 10 U RNAase inhibitor, and 500 mM each
dNTP. Each resulting cDNA was diluted 1/10.
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PCR was done for six target genes: mitofusin‐1 (mfn1), mitofusin‐
2 (mfn2), optic atrophy 1 (opa1), dynamin‐related protein (drp1),
ﬁssion 1 (ﬁs1), and 18S, using SYBR green technology on a
LightCycler rapid thermal cycler (Roche Diagnostics, Basel,
Switzerland). Total reaction volume was 10 ml, containing 1 ml
Lightcycler‐FastStart DNA Master SYBR Green I, 0.5 mM sense and
antisense speciﬁc primers, 2 mM MgCl2, and 3 ml of the cDNA
template. The ampliﬁcation program consisted of a preincubation
step for denaturation (10 min 95°C) followed by 40 cycles consisting
of a denaturation step (10 s, 95°C), an annealing step (10 s,
temperature depends on each pair of speciﬁc primers), and an
extension step (12 s, 72°C for all). A negative control without cDNA
template was run in each assay.
The speciﬁc primers used were forward 50 ‐ttcgatcaagttccggattc‐30
and reverse 50 ‐ttggagcggagacttagcat‐30 for mfn1 with 51°C as
annealing step, forward 50 ‐gcagaactttgtcccagagc‐30 and reverse 50 ‐
agaggcatcagtgaggtgct‐30 for mfn2 with 56°C as annealing step,
forward 50 ‐acaatgtcaggcacaatcca‐30 and reverse 50 ‐ggccagcaagattagctacg‐30 for opa1 with 51°C as annealing step, forward 50 ‐
gttcacggcatgaccttttt‐30 and reverse 50 ‐aagaaccaaccacaggcaac‐30 for
drp1 with 51°C as annealing step, forward 50 ‐gctgaaggacgaatctcagg‐
30 and reverse 50 ‐cttgctgtgtccaagtccaa‐30 for ﬁs1 with 53°C as
annealing step, and forward 50 ‐ggacacggacaggattgaca‐30 and reverse
50 ‐acccacggaatcgagaaaga‐30 for 18S with 61°C as annealing step.
The Ct values of the real‐time PCR were analyzed, taking into
account the efﬁciency of the reaction and referring these results to the
total DNA amount, using the GenEx Standard Software (MultiDAnalises, Sweden).
STATISTICAL ANALYSIS
All statistical analyses were performed with the Statistical Program
for the Social Sciences software for Windows (SPSS, version 18.0;
SPSS Inc, Chicago, IL). Data are presented as means  standard error
of the mean (SEM). Statistical differences between control, E2‐
treated, genistein‐treated, and E2 þ genistein‐treated cells were
analyzed by univariate ANOVA and the Student0 s t‐test. Statistical
signiﬁcance was set at P < 0.05.

RESULTS
EFFECTS OF E2 AND GENISTEIN TREATMENT ON CELL
PROLIFERATION
In Table I can be observed that after 48 h of treatment with E2,
genistein, and their combination the cell proliferation was
signiﬁcantly increased in the order of 20% in MCF‐7 breast cancer
cell line. However, in T47D breast cancer cell line there were no
differences between control and treated cells. In MDA‐MB‐231 there
is a small increase (5% maximum) in cell proliferation in genistein‐
treated cells.
Figure 2 shows the effect of different concentrations of genistein
(10 nM–10 mM) on the proliferation of cell lines studied in the absence
(solid line) or presence (dashed line) of E2 at 1 nM concentration.
Genistein‐treated MCF‐7 cells were always above the control line for
the vehicle‐treated ones (the solid line representing 100% of control)
and around the E2‐treated cells (the dotted line representing E2‐
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TABLE I. Effects of 17b‐Estradiol and Genistein on Cell Proliferation in MCF‐7, T47D, and MDA‐MB‐231 Cells Measured by Violet Crystal Assay

MCF‐7
T47D
MDA‐MB‐231

E2 þ GEN

C

E2

GEN

100  1.79
100  2.69
100  0.51

118  0.50
96.7  1.35
102  1.07

118  2.01
101  1.18
105  0.62

°

ANOVA

121  2.29
104  2.11
105  1.67

°

E, G, E  G
NS
G

C, vehicle‐treated cells; E2, 17b‐estradiol‐treated cells; GEN, genistein‐treated cells.
All measurements were made after 48 h of 1 nM 17b‐estradiol, 1 mM genistein, combination of 1 nM 17b‐estradiol, and 1 mM genistein or vehicle (0.1% DMSO) treatment.
Data are represented as the mean  SEM with the value of vehicle‐treated cells set at 100%. ANOVA analysis was carried out where E means E2 effect, G means genistein
effect and E  G means combinatory effect of E2 and genistein and NS means no signiﬁcant differences. As a result, in MCF‐7 a Student0 s t‐test (P < 0.05, n ¼ 8) was
carried out:

Differences between vehicle‐ and E2‐treated cells.
°
Differences between vehicle‐ and GEN‐treated cells.

treated cells) indicating a cell proliferation induction by genistein
treatment. In T47D cells genistein treatment produced no differences
or a small drop in cell proliferation, while MDA‐MB‐231 cells
presented a biphasic effect: low concentrations of genistein (10 nM–
1 mM) produced a small increase in cell proliferation although higher
concentrations (10 mM) produced a slight drop in cell proliferation.
There are no differences between E2 and genistein treatments but in
MCF‐7 and T47D cells the lowest genistein concentration (10 nM)
without E2 treatment shows lower proliferation than the E2‐treated
one, probably due to the presence of ERa in these breast cancer cell
lines. GEN have higher afﬁnity for ERb than for ERa [Kuiper
et al., 1997], but at low concentrations of this phytoestrogen the
presence of 1 nM of E2 could act through ERa enhancing cell
proliferation in those cells that possess ERa. The physiological
concentrations of genistein, 1 mM [Morton et al., 2002], mask the
effects of E2 because genistein is binding to both estrogen receptors.

Fig. 2. Effects of different concentrations of genistein in combination or not
with 17b‐estradiol on cell proliferation in MCF‐7, T47D, and MDA‐MB‐231
cells measured by Crystal Violet assay. All measurements were made after 48 h of
0.01, 0.1, 1, and 10 mM genistein or vehicle (0.001% DMSO) treatment in the
absence or presence of 17b‐estradiol at 1 nM. The value of vehicle‐treated cells
was set at 100% as an abscissa perpendicular solid line and the value of 17b‐
estradiol‐treated cells is represented as an abscissa perpendicular dotted line.
Values in ordinate represent log of genistein concentration (mol/L). C, Vehicle‐
treated; E2, 17b‐estradiol; GEN, Genistein. Signiﬁcant difference between
vehicle‐ and genistein‐treated cells and ° signiﬁcant difference between
genistein‐ and genistein þ E2‐treated cells (Student0 s t‐test; P < 0.05, n ¼ 6).
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EFFECTS OF E2 AND GENISTEIN TREATMENT ON CELL CYCLE
The effect of E2 and genistein treatments on cell cycle of breast cancer
cell lines in conﬂuence and subconﬂuence with different ERa/ERb
ratio is represented in Figure 3. Cell cycle analysis determined that
both treatments, E2 and genistein, produced an increase in
proliferating cells (S þ G2/M) and a decrease in apoptotic and
cytostatic cells (G0/G1) in the MCF‐7 breast cancer cell line.
Furthermore, the genistein effect is in the manner but more
attenuated than E2. These effects were more pronounced with
subconﬂuence.
However, in T47D breast cancer cell line, E2 and genistein
treatments produced a decrease in proliferating cells, and, moreover,
genistein treatment produced an increase in cytostatic cells. In the
subconﬂuence there was no signiﬁcant difference between treated
and non‐treated cells.
Finally, in MDA‐MB‐231 breast cancer cells there was no
signiﬁcant difference between control and treated cells in the
conﬂuence situation. However, in the subconﬂuence cells treated
with E2 showed a decrease in apoptosis and cytostatic cells, and a
signiﬁcant rise in proliferating cells.
EFFECTS OF GENISTEIN TREATMENT ON ESTROGEN RECEPTORS
LEVELS
Genistein treatment produced a strongly increase (more than 11
times) of ERb protein levels in T47D breast cancer cell line.
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Fig. 3. Effects of E2 and genistein on cell cycle in MCF‐7, T47D, and MDA‐MB‐231 cells measured by propidium iodide staining in ﬂow cytometer. All measurements were made
after 48 h of 1 mM genistein (dark bar), 1 nM E2 (gray bar), or vehicle (white bar) (0.001% DMSO) treatment. A‐column represents the cell cycle analysis in conﬂuence conditions
and B‐column represents the cell cycle analysis in subconﬂuence conditions. Bars represent means  SEM of percentage of a total of 10,000 cells present in different cell cycle
phases. Signiﬁcant difference between genistein‐ and E2‐treated and vehicle‐treated cells (Student0 s t‐test; P < 0.05, n ¼ 6).

Nevertheless, genistein treatment produced no changes in ERb
protein levels in both MCF‐7 and MDA‐MB‐231 cells. ERa protein
levels showed no variation with genistein treatment in MCF‐7 and
T47D breast cancer cell lines, considering that MDA‐MB‐231 does not
have this receptor. These results can be observed in Table II.

STAT3 PHOSPHORYLATION AND PARP CLEAVAGE ANALYSIS
The results of P‐STAT3/STAT3 and Cleaved PARP/PARP protein
levels are represented in Table III.
The MCF‐7 breast cancer cell line showed no signiﬁcant differences with E2 and genistein treatment in P‐STAT3/STAT3 ratio. In the

TABLE II. Estrogen Receptors Protein Levels Analysis in MCF‐7, T47D, and MDA‐MB‐231 Cells by Western Blot

T47D
C

MCF‐7
GEN

C

MDA‐MB‐231
GEN

C

GEN

ERa

100  17.5

86.3  14.5

100  11.4

91.1  6.84

UND

UND

ERb

100  9.18

93.7  14.7

100  30.9

1,100  353

100  15.0

120  23.0

C, vehicle‐treated cells; GEN, genistein‐treated cells; ERa, estrogen receptor alpha; ERb, estrogen receptor beta; UND, undetected.
All measurements were made after 48 h of 1 mM genistein or vehicle (0.001% DMSO) treatment. Data are represented as the mean  SEM with the value of vehicle‐treated
cells set at 100%.

Signiﬁcant difference between genistein‐treated and vehicle‐treated cells (Student0 s t‐test; P < 0.05, n ¼ 6).
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TABLE III. Cleaved PARP/PARP and P‐STAT3/STAT3 Ratios Analysis Measured by Western Blot in MCF‐7, T47D, and MDA‐MB‐231 Cells

C, vehicle‐treated cells; E2, 17b‐estradiol‐treated cells; GEN, genistein‐treated cells; PARP, poly‐ADP ribose polymerase; P‐STAT3, phosphorylated signal transducer and
activator of transcription 3, T‐STAT3, total signal transducer and activator of transcription 3.
All measurements were made after 48 h of 1 mM genistein, 1 nM 17b‐estradiol, or vehicle (0.001% DMSO) treatment. Data are represented as the mean  SEM with the value
of vehicle‐treated cells set at 100%. Tubulin was used as a housekeeping protein.

Signiﬁcant difference between GEN‐ and E2‐treated and vehicle‐treated cells (Student0 s t‐test; P < 0.05, n ¼ 6).
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T47D breast cancer cell line the genistein treatment caused a
signiﬁcant decrease in P‐STAT3/STAT3 ratio, while the E2 treatment
had no effects. In the MDA‐MB‐231 breast cancer cell line, both
treatments produced signiﬁcant lower levels of P‐STAT3/STAT3
ratio, although the genistein treatment produced a greater decrease
than the E2 one.
Likewise, both treatments caused a signiﬁcant decrease in
Cleavage PARP/PARP ratio in MCF‐7 breast cancer cell line.
However, in T47D and MDA‐MB‐231 breast cancer cell lines, the
E2 and genistein treatment did not make a signiﬁcant difference in
Cleaved PARP/PARP ratio compared to vehicle treated cells.

MITOCHONDRIAL DYNAMICS IS AFFECTED BY GENISTEIN
TREATMENT IN MCF‐7 CELLS
As shown in Table V, mitochondrial dynamics is affected just in MCF‐
7 cells after genistein treatment, resulting in a drop in Opa1
(mitochondrial fusion) and Fis1 (mitochondrial ﬁssion) mRNA
expression. However, in T47D and MDA‐MB‐231 cells genistein
treatment did not produce any alteration in mitochondrial fusion and
ﬁssion.

MITOCHONDRIAL FUNCTIONALITY
Mitochondrial functionality was measured by ATP synthase and
cytochrome c oxidase enzymatic activities and the resulting ratio of
these activities, represented in Table IV, is considered to be the
mitochondrial functionality parameter.
In the MCF‐7 breast cancer cell line, treatment with E2 triggered a
decrease of the cytochrome c oxidase activity with no change in ATP
synthase activity, resulting in an increase of the ATP synthase/
cytochrome c oxidase ratio. However, genistein treatment, as well as
E2 þ genistein treatment, produced no changes in enzyme activities
and the ATP synthase/cytochrome c oxidase ratio had no alterations
caused by this phytoestrogen.
In the T47D breast cancer cell line, treatment with E2
caused no differences between treated and control cells for either
enzyme activity. Nevertheless, genistein treatment and, to a lesser
extent, combination of E2 and genistein treatment resulted in an
increase in cytochrome c oxidase activity and a subsequent
decrease in ATP synthase/cytochrome c oxidase ratio in both
treatments.
In MDA‐MB‐231 breast cancer cell line, E2, genistein, and
combination of E2 and genistein treatments produced no changes in
the ATP synthase/cytochrome c oxidase activity ratio.

In this study we demonstrated the importance of ERa/ERb ratio on
the effects of 17b‐estradiol and genistein at physiological concentrations in breast cancer cell lines. While in MCF‐7 cells (high ERa/
ERb ratio) E2 and genistein treatment produced proliferation effects
and decreased mitochondrial functionality; in T47D cells (low ERa/
ERb ratio) E2 and especially genistein, exerted antiproliferative and
proapoptotic effects, and a better mitochondrial functionality.
The present study shows a relationship between ERa/ERb ratio and
genistein effects, suggesting that a high ERa/ERb ratio is related to
cell proliferation induction and apoptosis inhibition, while a low ERa/
ERb ratio is linked to cell cycle arrest and apoptosis induction.
According to our results, previous studies in our laboratory have
shown that E2 has proliferative effects in MCF‐7 cells and no effects in
T47D and MDA‐MB‐231 ones [Sastre‐Serra et al., 2010, 2012b;
Nadal‐Serrano et al., 2012]. Sotoca et al. [2008] observed that a breast
cancer cell line with only ERa, showed an induction of cell
proliferation after E2 (1 nM) and genistein (1 mM) treatments, and
over‐expression of ERb reversed this situation producing no changes
in cell proliferation. In fact, the presence of ERb in the MCF‐7 breast
cancer cell line could induce cell proliferation inhibition [Paruthiyil
et al., 2004] and studies in vivo have observed that bERKO mice
prostate cells have lower apoptosis and differentiation and higher cell

DISCUSSION

TABLE IV. ATP Synthase and Cytochrome Oxidase Enzymatic Activities in MCF‐7, T47D, and MDA‐MB‐231 Cells, Measured by
Spectrophotometric Method

MCF‐7
ATPase
COX
ATPase/COX ratio
T47D
ATPase
COX
ATPase/COX ratio
MDA‐MB‐231
ATPase
COX
ATPase/COX ratio

C

E2

GEN

E2 þ GEN

ANOVA

100  5.17
100  8.75
1.00

95.6  8.82
51.3  8.50
1.86

97.2  3.25
106  8.06
0.92

92.3  3.14
100  6.60
0.92

NS
E, G, E  G

100  1.99
100  5.85
1.00

111  8.98
107  11.8
1.04

100  4.41
130  9.70
0.77

102  3.52
119  8.95
0.86

NS
G

100  1.95
100  4.03
1.00

108  3.54
87.0  10.4
1.24

96.9  2.13
102  16.8
0.95

102  11.1
106  5.91
0.96

NS
NS

C, vehicle‐treated cells; E2, 17b‐estradiol‐treated cells; GEN, genistein‐treated cells; ATPase, ATP synthase and COX, cytochrome c oxidase.
All measurements were made after 48 h of 1 nM 17b‐estradiol, 1 mM genistein, combination of 1 nM 17b‐estradiol and 1 mM genistein or vehicle (0.01% DMSO) treatment.
Data are represented as the mean  SEM with the value of vehicle‐treated cells set at 100%. ANOVA analysis was carried out where E means E2 effect, G means GEN effect and
E  G means combinatory effect of E2 and GEN and NS means no signiﬁcant differences. As a result, in MCF‐7 a Student0 s t‐test (P < 0.05 n ¼ 6) was carried out:

Differences between vehicle‐ and E2‐treated cells.
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TABLE V. Fusion‐ and Fission‐Related Genes mRNA Expression in Breast Cancer Cell Lines After 4 h of 1 mM Genistein or Vehicle (0.001%
DMSO) Treatment Analyzed by Real‐Time PCR
MCF‐7

mfn1
mfn2
opa1
drp1
fis1

T47D

MDA‐MB‐231

C

GEN

C

GEN

C

GEN

1.00  0.05
1.00  0.10
1.00  0.10
1.00  0.07
1.00  0.05

0.98  0.12
0.84  0.07
0.71  0.07
0.85  0.07
0.77  0.02

1.00  0.09
1.00  0.07
1.00  0.11
1.00  0.09
1.00  0.06

1.07  0.06
0.99  0.06
1.06  0.05
0.96  0.03
0.98  0.04

1.00  0.08
1.00  0.05
1.00  0.05
1.00  0.08
1.00  0.07

1.00  0.13
0.83  0.10
1.01  0.16
1.19  0.11
1.11  0.06

C, vehicle‐treated cells; GEN, genistein‐treated cells; mfn1, mitofusin 1; mfn2, mitofusin 2; opa1, optic atrophy 1; drp1, dynamin‐related protein q; ﬁs1, mitochondrial
ﬁssion 1 protein.
Data are represented as the mean  SEM with the value of vehicle‐treated cells set at 100%.

Signiﬁcant difference between genistein‐treated and vehicle‐treated cells (Student0 s t‐test; P < 0.05, n ¼ 6).

proliferation [Imamov et al., 2004]. Some authors have described that
genistein treatment has proapoptotic effects in the colon and could
prevent colorectal cancer, as colon cells are close to absorption sites
for genistein‐bearing foods [Schleipen et al., 2011]. Our results
indicate that the presence of ERb and, therefore, a low ERa/ERb ratio
in the T47D breast cancer cell line, either produced no effects or
inhibited cell proliferation after E2, genistein or their combination
treatment. Cell cycle analysis revealed a cell cycle arrest in G0/G1
phase in the T47D cell line after genistein treatment only in
conﬂuence conditions. Similar results were described by Yu et al.
[2008], who observed an inhibition of cell proliferation after genistein
treatment through a G0/G1 cell cycle phase arrest in rat aortic smooth
muscle cell. In breast cancer, another phytoestrogen, formononetin,
inhibits cell growth through G0/G1 cell cycle arrest [Chen et al., 2011].
The increase in P‐STAT3/STAT3 ratio, cell proliferation indicator
[Catlett‐Falcone et al., 1999], after E2 treatment and the reduction in
cleaved PARP/PARP ratio, apoptosis indicator [Hoffman et al., 2012],
after both treatments in MCF‐7 cells agree with our cell cycle analysis
results and with previous similar studies involving regulation of PARP
cleavage and STAT3 phosphorylation in an ER‐dependent manner
[Catlett‐Falcone et al., 1999; Bjornstrom and Sjoberg, 2005; Hoffman
et al., 2012]. Here we observed a biphasic effect of genistein treatment
on MDA‐MB‐231 cell proliferation depending on genistein concentrations, with slight changes. Regarding to cell cycle analysis, MDA‐
MB‐231 showed an induction of cell cycle progression after E2
treatment in subconﬂuence. This effect (among others) could be due to
an ERx membrane element able to induce ERs independent gene
transcription leading to the modulation of signiﬁcant cellular
functions such as apoptosis [Kampa et al., 2012]. A down‐regulation
of ERa and ERb after E2 treatment has been reported [Nadal‐Serrano
et al., 2012]. In contrast, genistein treatment induced an over‐
expression of ERb in T47D cells, effect described previously with a soy
extract treatment by other authors [Gallo et al., 2005]. Therefore, all
effects produced by genistein treatment in T47D could be magniﬁed
due to the over‐expression of ERb when cells are treated with this
phytoestrogen, taking into account the fact that genistein possesses
higher afﬁnity for ERb than for ERa [Kuiper et al., 1997; Muthyala
et al., 2004] is considered.
In this study, we observed a loss of mitochondrial function (drop in
cytochrome c oxidase activity) in high ERa/ERb ratio cells after E2
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treatment, and no effects in low ERa/ERb ratio cells. In contrast,
genistein treatment produced no changes in mitochondrial functionality in MCF‐7 breast cancer cell line, as well as the combination of
both treatments; while in T47D breast cancer cell line genistein
treatment produced a better mitochondrial functionality due to a
signiﬁcant increase in cytochrome c oxidase activity. Some studies
have shown that E2 treatment produces a mitochondrial dysfunction
[Sastre‐Serra et al., 2012b], and a greater production of free oxygen
radicals related to a higher cell proliferation [Sastre‐Serra
et al., 2010]. These different effects of genistein compared to the
E2 treatment could be due to the higher afﬁnity of genistein for ERb
than for ERa [Kuiper et al., 1997; Muthyala et al., 2004]. Results
obtained have also been observed in neurons which can restore the
mitochondrial functionality after genistein treatment [Adams
et al., 2012]. These results related to the improvement of
mitochondrial functionality after genistein treatment in T47D cells
may be linked to the inhibition of cell proliferation due to the
reduction of free oxygen radicals [Sastre‐Serra et al., 2010]. In the
same way, previous studies in our lab showed an increased
mitochondrial ﬁssion and a decreased mitochondrial fusion gene
expression in MCF‐7 cells after E2 treatment associated with a lower
expression of mitochondrial respiratory chain proteins [Sastre‐Serra
et al., 2012a, 2013]. In the present study we have observed a drop in
mitochondrial ﬁssion gene expression in MCF‐7 cells after genistein
treatment which has been associated with lower apoptosis [Lee
et al., 2004; Parra et al., 2008]. Lee et al. [2004] found that a drop in
Opa1 seemed to be correlated with an increase in apoptosis, but they
postulated that Opa1 could act counteracting the proapoptotic effect
of Fis1 [Lee et al., 2004], therefore if Fis1 is down‐regulated the action
of Opa1 could not be necessary for avoiding this proapoptotic effect
of Fis1.
In summary, this study demonstrates that genistein treatment
could inhibit cancer cell proliferation and induce apoptosis and cell
cycle arrest depending on the ERa/ERb ratio. While high ERa/ERb
ratio breast cancer cells genistein‐treatment, as well as E2‐ and
E2 þ genistein‐treatment, increase cell proliferation; genistein treatment in low ERa/ERb ratio breast cancer cells show cytostatic effects
and a better mitochondrial functionality. However, further studies are
necessary to investigate genistein as a possible anticancer therapy
that would be dependent on patient ERa/ERb ratios in malignant
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cells, so it would be appropriate the study of the endowment of these
two estrogen receptors subtypes in breast cancer patients0 cells.
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ABSTRACT
Genistein (GEN) is a phytoestrogen found in soybeans. GEN exerts its functions
through its interaction with the estrogen receptors (ER), ERα and ERβ, and we
previously reported that the ERα/ERβ ratio is an important factor to consider in GENtreated breast cancer cells. The aim of this study was to investigate the effects of GEN
treatment in breast cancer cells with different ERα/ERβ ratio: MCF-7 (high ERα/ERβ
ratio), T47D (low ERα/ERβ ratio) and MCF-7 overexpressing ERβ (MCF7+ERβ) treated
with cisplatin (CDDP), paclitaxel (PTX) or tamoxifen (TAM). Cell viability, ROS
production, autophagy, apoptosis and cell cycle were analyzed. GEN treatment
provoked an increase in cell viability in MCF-7 cells in combination with any cytotoxic
agent, decreasing ROS production (CDDP+GEN and TAM+GEN) and autophagy
(TAM+GEN) or apoptosis (CDDP+GEN and TAM+GEN). Moreover GEN treatment
enhanced the cell cycle S phase entry in CDDP+GEN- and TAM+GEN-treated MCF-7
cells and, in the case of CDDP+GEN, decreased the proportion of cells in the G2/M
phase and increased it in the subG0/G1 phase. Otherwise, in the T47D and MCF7+ERβ
cells the combination of GEN with cytotoxic treatments did not cause significant
changes in these parameters, even TAM+GEN-treated T47D cells showed less cell
viability due to an increment in the autophagic cell death. In conclusion, GEN
consumption may be counterproductive in those patients receiving anticancer
treatment with a high ERα/ERβ ratio diagnosed breast cancer and it could be harmless
or even beneficial in those patients with a lower ERα/ERβ ratio breast cancer cells.

Keywords: Genistein, breast cancer, cisplatin, paclitaxel, tamoxifen, ROS production,
apoptosis, autophagy, cell cycle, ERα/ERβ ratio
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INTRODUCTION
Phytoestrogens are a large group of natural compounds which have been found
in more than 300 plants1. These compounds are characterized by having a close
similarity in chemical structure to estrogens and harboring estrogenic activity 2. It is
believed that phytoestrogens have a lot of health-beneficial properties against several
diseases such as osteoporosis, immunity and inflammation, reproduction and fertility,
cardiovascular disease and cancer3-6.
Genistein (GEN) is the major isoflavone, which is a type of phytoestrogen, found
in soybeans. The lower incidence of breast cancer in Asia has been associated with
higher consumption of GEN, as soybean intake is higher in Asia and blood levels of GEN
in people from Eastern countries are 10 times higher than people from Western
countries7-9.
GEN exerts its functions through its interaction with estrogen receptors (ER), ERα
and ERβ, and GEN has stronger affinity for ERβ than for ERα 10,11. The ERα is associated
with cell growth and proliferation, while ERβ activation is more related to cytostatic
and differentiation processes through inhibition of mammary cancer cell growth as
well as counteracting the proliferative effects of ERα activation 12-15.
However, the GEN consumption presents some controversy, especially once
breast cancer is diagnosed. Previous studies in our research group have demonstrated
that the ERα/ERβ ratio is an important factor in order to determine the benefits of the
GEN consumption. Thus, GEN treatment promoted cell proliferation as well as
worsened mitochondrial functionality leading to an increase in ROS production in MCF7 breast cancer cells, with a high ERα/ERβ ratio16,17. On the other hand, GEN treatment
produced a better mitochondrial functionality, less ROS production and cell cycle
arrest in T47D breast cancer cells, with a low ERα/ERβ ratio16,17. Finally, GEN treatment
hardly affected MDA-MB-231 cells, which is considered negative for ERs, although it
has a very low presence of ERβ17. It is important to note that in these experiments GEN
treatment was applied in the absence of 17β-estradiol (E2), the main estrogen in
women. Unlike GEN, E2 has higher affinity for ERα than for ERβ10,11, which may be
important in the response to GEN treatment.
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Some anticancer treatments have among its mechanisms of action the
generation of radical oxygen species (ROS), producing oxidative stress in cancer cells
leading to cell death. Cisplatin (CDDP), paclitaxel (PTX) and tamoxifen (TAM), whose
main cytotoxic effects on cancer cells are the generation of DNA adducts 18,
microtubule stabilization blocking their disassembly19 and estrogen receptor
antagonism20 respectively, can affect mitochondria, diminishing the mitochondrial
functionality, which results in a rise in ROS production and, in most cases, cell death 2123

, contributing to the action of these cytotoxic compounds on cancer cells.
The main objective of the current study was to investigate the effects of GEN

treatment in breast cancer cells with different ERα/ERβ ratio, MCF-7 (high ERα/ERβ
ratio) and T47D (low ERα/ERβ ratio) treated with cisplatin, paclitaxel and tamoxifen.
For this purpose we analyzed parameters such as cell viability, ROS production,
apoptosis, autophagy and cell cycle in order to find out whether the consumption of
soy-related products may be beneficial or detrimental in patients being treated for
breast cancer. Moreover, some of the experiments (cell viability, ROS production,
apoptosis and autophagy) were performed in MCF-7 cells overexpressing ERβ
(MCF7+ERβ) to confirm the results obtained in the two breast cancer cells with
different ERα/ERβ ratio.
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MATERIALS AND METHODS
Reagents
Dulbecco’s Modified Eagle’s medium (DMEM) high glucose was purchased from
GIBCO (Paisley, UK). Genistein (4′,5,7-Trihydroxyisoflavone or GEN), cisplatin (cisDiammineplatinum(II) dichloride or CDDP), paclitaxel (from Taxus brevifolia or PTX) and
tamoxifen

(trans-2-[4-(1,2-Diphenyl-1-butenyl)phenoxy]-N,N-dimethylethylamine

or

TAM) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Primers were
purchased from TIB MOLBIOL (Berlin, Germany) and from Metabion (Martinsried,
Germany). Routine chemicals used were obtained from Sigma-Aldrich, Roche
(Barcelona, Spain), Panreac (Barcelona, Spain) and Bio-Rad Laboratories (Hercules, CA,
USA).
Quantification of 17β-estradiol of fetal bovine serum
The concentration of 17β-estradiol of the serum was quantified with an Estradiol ELISA
kit purchased from DRG Diagnostic (Marburg, Germany), following the manusfacturer’s
instructions.

Cell culture and treatments
The MCF-7 and T47D human breast cancer cell line were purchased from
American Type Culture Collection (ATCC; Manassas, VA, USA) and routinely cultured in
DMEM supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) antibiotics
(penicillin and streptomycin) in a humidified atmosphere of 5% CO2 at 37°C. For
cytotoxic treatments, cells were seeded in 6-well or 96-well plates and treated the
next day with 1 µM GEN, the cytotoxic treatments 10 µM CDDP, 10 nM PTX or 10 µM
TAM, and the combination of GEN with each cytotoxic agent for 48 hours.
Estrogen receptor β stable transfection
ERβ cDNA clone was purchased from Origene (Rockville, MD, USA). First of all,
ERβ cDNA clone was amplified in Escherichia coli DH5αF’ Competent Cells (Life
Technologies, Paisley, UK) and isolated with MaxiPrep isolation kit (Life Technologies,
Paisley, UK). Afterwards cDNA quantification using a BioSpec-nano spectrophotometer
set at 260 nm (Shimadzu Biotech, Kyoto, Japan), aliquots of 1 µg/ml of cDNA were kept

150

Manuscript 5. Genistein affects the anticancer treatment efficacy

in -20oC for cell transfections. Briefly, MCF-7 cells were seeded in 6-well plates and the
next day were transfected with an ERβ cDNA clone following the manufacturer’s
instructions. Lipofectamine 2000 was used to perform cell transfection according to
the manufacturer's protocol. After transfection the complexes were removed and cells
were provided with normal growth medium. Two days after cDNA transfection, growth
medium was replaced for DMEM (+10% FBS and +1% antibiotics) with 600 µg/ml of
G418 (or neomycin) in order to select those cells that have incorporated the ERβ cDNA
clone in their genome. After two weeks with 600 µg/ml of G418 in the growth
medium, colonies were harvested with cloning discs (Sigma-Aldrich, St. Louis, MO,
USA) and plated in 24-well plates (one well per colony). Ten days later, cells were
ready to trypsinize and they were plated in 6-well plates. Then, cells were subcultured
in order to get cells to perform the experiments. It is important to note that the MCF7+ERβ cells obtained with this protocol must be grown routinely at a concentration of
200 µg/ml of G418 in the growth medium, except when cultured for relevant
experiments.
Cell viability assay
MCF-7, T47D or MCF-7+ERβ cells were seeded in 96-well plates. Genistein and
cytotoxic treatments were applied the day after for 48h. Crystal Violet was the method
used to determine cell viability at the time of 0h (at the moment of applying the
treatments), 24h and 48h. Briefly, cells were stained with 0.5% (p/v) crystal violet in
30% (v/v) acetic acid for 10 min. After washing with distilled water, the dye was
solubilized in 100 µl of methanol and absorbance was measured photometrically
(A595nm) using a PowerWave XS Microplate Spectrophotometer (BioTek Instruments,
Inc.) to determine cell viability.
Cell cycle analysis by flow cytometry
MCF-7, T47D or MCF-7+ERβ cells were seeded in 6-well plates. Genistein and
cytotoxic treatments were applied the day after for 48h. After harvesting the cells with
trypsin-EDTA, cells were fixed incubating cells for 1 hour at -20oC with methanol 100%
and DNA staining was carried out with an RNAase and propidium iodide mix. After 30
minutes of room temperature incubation in the dark, samples were analyzed using an
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Epics XL flow cytometer (Beckman Coulter, Miami, FL, USA). The red fluorescence was
measured using the FL-1 setting (log mode) after the cell debris was electronically
gated out. Ten thousand events were acquired and analyzed with Expo32 ADC analysis
software (Beckman Coulter, Miami, FL, USA).
Fluorimetric determination of H2O2 production (ROS production)
ROS production was measured fluorimetrically by using an Amplex® Red
Hydrogen Peroxide/Peroxidase assay kit (Molecular Probes). MCF-7, T47D or MCF7+ERβ cells were seeded in 96-well plates. The day after, genistein and cytotoxic
treatments were applied for 48h. The measurement day, cells were exposed to 50 µM
of Amplex Red reagent and 0.1 U/ml of horseradish peroxidase, in Krebs-Ringer buffer
(145 mM NaCl, 4.86 mM KCl, 0.54 mM CaCl2, 1.22 mM MgSO4, 5.5 mM glucose, 5.7
mM sodium phosphate, pH 7.4). Fluorescence was measured with an FLx800
microplate fluorescence reader (Bio-Tek Winooski, Vermont, USA), set at excitation
and emission wavelengths of 571 and 585 nm, to detect the maximum slope of
increment in the fluorescence within 1 hour of exposure to kit reagents. Thus, the
measurement obtained is the H2O2 produced (related to ROS production) by the cells
for one hour. Values were normalized per number of viable cells determined by crystal
violet assay.
Autophagic vacuoles determination
Autophagic

vacuoles

were

measured

fluorimetrically

by

using

Monodansylcadaverine (MDC) respectively. MCF-7, T47D or MCF-7+ERβ cells were
seeded in 96-well plates and, the next day, cells were exposed for 48h to genistein and
cytotoxic treatments. Fluorescence measurement was performed in a FLx800
microplate fluorescence reader (Bio-Tek Winooski, Vermont, USA) set at excitation and
emission wavelengths of 340 and 535 nm after an incubation of 15 minutes with 50
µM MDC at 37oC. Values were normalized per number of viable cells determined by
crystal violet assay.
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Apoptosis assay
Apoptosis was measured fluorimetrically by using Annexin V method, as
described by Dando et al.24. Briefly, MCF-7, T47D or MCF-7+ERβ cells were seeded in
96-well plates and treated with genistein and cytotoxic treatments for 48h. At the end
of the treatment, cells were fixed with 2% paraformaldehyde (BD Biosciences, NJ, USA)
in PBS at room temperature for 30 min and washed twice with PBS. Cells were then
stained with AnnexinV/AlexaFluor350 (Life Technologies, Thermo Fisher Scientific,
Waltham, MA, USA) in annexin binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM
NaCl, and 2.5 mM CaCl2) for 10 min at room temperature in the dark. To finish, cells
were washed once with annexin binding buffer. Florescence was measured in a FLx800
microplate fluorescence reader (Bio-Tek Winooski, Vermont, USA) set at excitation and
emission wavelengths of 346 and 442 nm, with cells kept in 100 µl of annexin binding
buffer. Values were normalized per number of viable cells determined by crystal violet.
Real-time quantitative PCR
MCF-7 and MCF-7+ERβ were seeded in 6-well plates and the day after total RNA
was isolated from cultured cells by using TriPure® isolation reagent (Roche, Barcelona,
Spain) following the manufacturer’s protocol and then quantified using a BioSpec-nano
spectrophotometer set at 260 nm (Shimadzu Biotech, Kyoto, Japan). 1 µg of the total
RNA was reverse transcribed to cDNA at 42 °C for 60 min with 25 U MuLV reverse
transcriptase in a 10 μl volume of retrotranscription reaction mixture containing 10
mM Tris-HCl (pH 9.0), 50 mM KCl, 0.1% Triton X-100, 2.5 mM MgCl2, 2.5 μM random
hexamers, 10 U RNase inhibitor, and 500 μM each dNTP. Each cDNA was diluted 1/10
and aliquots were frozen (−80°C) until the PCR reactions were carried out.
PCR was performed in triplicate samples by SYBR Green technology on a
LightCycler 480 System II rapid thermal cycler (Roche Diagnostics, Basel, Switzerland).
The primers used were forward 5'-ggACACggACAggATTgACA-3' and reverse 5'ACCCACggAATCgAgAAAgA-3' for the 18S ribosomal RNA gene, and forward 5'TAgTggTCCATCgCCAgTTAT-3' and reverse 5'-gggAgCCACACTTCACCAT-3' for the ERβ
gene. Total reaction volume was 10 µL, containing 7.5 µL Lightcycler® 480 SYBR Green I
Master (containing 0.5 μM of the sense and antisense specific primers) and 2.5 μl of
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the cDNA template. The amplification program consisted of a preincubation step for
denaturation of the template cDNA (5 min, 95 °C), followed by 45 cycles consisting of a
denaturation step (10 s, 95 °C), an annealing step (10s, 61 °C for 18S and 64 °C for
ERβ), and an extension step (12s, 72 °C min). A negative control lacking cDNA template
was run in each assay.
The Ct values of the real-time PCR were analyzed, taking into account the
efficiency of the reaction and referring these results to the total DNA amount, using
the GenEx Standard Software (Multi-DAnalises, Sweden).
Western blot analysis
MCF-7 and T47D cells were seeded in 6-well plates. The next day, cells were
exposed to genistein and cytotoxic treatments for 48h. With the aim of checking the
ERβ overexpression in MCF7+ERβ cells, these cells were seeded as well in 6-well plates
and harvested 24h after seeding. Cell protein extracts were obtained scraping cells
with 200 µl of RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% SDS, 0.5%
Sodium Deoxycholate, 1% Triton X-100, 1 mM EDTA, 1mM NaF, 1 mM Na3VO4, 10 µM
leupeptin and 10 µM pepstatin; finally, 1 mM PMSF was added just before harvesting
the cells with the scraper). The lysate was sonicated three times at 40% amplitude for
7 seconds. Then samples were centrifuged at 14000×g for 10 min at 4°C and protein
content (supernatant) was determined with a bicinchoninic acid protein assay kit
(Pierce, Bonn, Germany). A 20 µg protein aliquot from the cell lysate was separated on
a 12% SDS–PAGE gel and electrotransferred onto nitrocellulose membranes.
Membranes were incubated in a blocking solution of 5% non-fat powdered milk in Trisbuffered saline-Tween (TBS with 0.05% Tween-20) for 1h. Antisera against PARP and
LC3A/B (Cell Signaling Technology Inc, Danvers, MA) and GAPDH (Santa Cruz
Biotechnology, CA, USA) as the house-keeping were used as primary antibodies. Antirabbit secondary antibody was from Sigma-Aldrich (St. Louis, MO, USA). Protein bands
were visualized by Immun-Star® Western C® Kit reagent (Bio-Rad) Western blotting
detection systems. The chemiluminiscence signal was captured with a Chemidoc XRS
densitometer (Bio-Rad) and results were analyzed with Quantity One Software (BioRad).
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Statistical analysis
The Statistical Program for the Social Sciences software for Windows (SPSS,
version 21.0; SPSS Inc, Chicago, IL) was used for all statistical analyses. Data are
expressed as mean values ± standard error of the mean (SEM). Statistical significances
between control and the overexpression of ERβ in ERβ mRNA levels were assessed by
Student’s t-test. In the survival curves, Student’s t-*test was performed in order to find
out the significance between vehicle- and genistein-treated cells, as well as the
significance between cytotoxic- and cytotoxic+genistein-treated MCF-7 and T47D cells.
The effects of changes produced by cytotoxic agents and their combination or not with
genistein in MCF-7, T47D and MCF7+ERβ cell lines were analyzed using two-way
analysis of variance (ANOVA), and when results reach significant combinatory effects,
Student’s t-test was performed in order to find out the significance between the
experimental groups. Statistical significance was set at P<0.05.
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RESULTS
Estrogenic compounds in culture medium
The Estradiol ELISA kit revealed that the fetal bovine serum contains 1nM of 17βestradiol (data not shown), which means that in the culture medium there is 0.1 nM of
E2 (because of the dilution of FBS in the DMEM at 10%). It is important to note the
estrogenic capacity of phenol red, and the concentration of phenol red in the DMEM
(0.04 mM) is equivalent to 0.4 nM of E225. Therefore, the concentrations of estrogenic
compounds are equivalent to 0.5 nM of E2.
ERβ stable overexpression in MCF-7 cells
In order to ensure the levels of ERβ expression, RT-PCR for this gene was carried
out in the MCF-7 clone overexpressing ERβ (MCF7+ERβ) selected to perform the
experiments. Results indicated that ERβ mRNA expression levels were increased by
734% compared to MCF-7 wild-type cells (data not shown).
Genistein decreased breast cancer cells sensitivity to cytotoxic treatments, especially in
those with a high ERα/ERβ ratio
Figure 1 shows that GEN treatment increased cancer cells viability alone or in
combination with any cytotoxic treatment in MCF-7 cells in a time-dependent manner,
but in T47D cells GEN treatment even reduced cell viability in TAM+GEN-treated cells
at 24 and 48 hours. In Figure 2, it can be observed that GEN treatment (1 µM)
produced an increase in cell viability (+9.6% in MCF-7 and +4.9% in T47D) in control
cells. Moreover, GEN treatment significantly raised cell viability in CDDP- (+5.1%), PTX(+5.3%) and TAM-treated (+5.6%) MCF-7 cells, but not in T47D. Interestingly, the
TAM+GEN treated cells in the T47D cell line showed a significant decrease in cell
viability in comparison with TAM-treated cells (-3.4%).
Genistein treatment decreased ROS production in combination with cytotoxic agents
As shown in Figure 3 GEN treatment caused a reduction in ROS production in a
similar way in the three cell lines (-11% in MCF-7 and -9% in T47D). In MCF-7 cells, the
combination of GEN with CDDP and TAM treatment caused a significant reduction in
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ROS production (-28% in CDDP+GEN-treated cells and -29% in TAM+GEN-treated cells)
compared to cytotoxic treatments alone. In T47D, GEN treatment also produced a
decrease in ROS production in combination with CDDP- and TAM-treated cells, but it
was milder than in MCF-7 cells (-8% and -9% in CDDP+GEN- and TAM+GEN-treated
cells respectively). The combination of GEN and PTX treatment reached no significant
difference in both cell lines.
The combination of genistein treatment with cytotoxic affected autophagy especially in
TAM-treated breast cancer cells
Figure 4 shows that GEN treatment produced a reduction in autophagy in MCF-7
control cells (-4%), which is not observed in T47D cells. Furthermore, autophagic
vacuoles formation was reduced especially after TAM+GEN treatment in MCF-7 cells (28%), which was accompanied by a decrease in the LC3-II/LC3-I ratio (-96%).
Interestingly, in the T47D cell line the combination of GEN and TAM triggered an
increase in autophagic vacuoles formation in comparison with TAM-treated T47D cells
(+21%).
Apoptosis is decreased in CDDP+GEN- and TAM+GEN-treated MCF-7 cells and PARP
cleavage is increased in TAM+GEN T47D cells with respect to cytotoxic treatment alone
For the analysis of apoptosis (Figure 5), GEN combination with CDDP and TAM
provoked a drop in Annexin V Fluorescence (-25% and -20% respectively) regarding to
cytotoxic treatment alone in MCF-7 cells, in addition to a reduction in the cleavage of
the PARP protein in CDDP+GEN-treated cells (-112%). However, the combination of
GEN and the three cytotoxic treatments studied did not reach any significant
difference in Annexin V Fluorescence compared to cytotoxic treatments alone in T47D
cells, although in TAM+GEN-treated cells there was an increase in the PARP cleavage
(+84%).
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Genistein stimulated the entry into the cell cycle S-phase in MCF-7 cells when combined
with cisplatin and tamoxifen treatments
Cell cycle analysis (Table 1) revealed an increase in cells in S-phase after GEN
treatment in vehicle- (+0.9%), CDDP- (+0.9%) and TAM-treated cells (+0.9%).
Moreover, despite CDDP provoked an S-phase arrest, the combination of CDDP with
GEN increased the proportion of cells in the G2/M phase (+3.2%) and decreased the
percentage of cells in subG0 phase (-0.38%).
The overexpression of ERβ moderated changes in response to combination of genistein
with cisplatin and tamoxifen in MCF-7 cells
In MCF7+ERβ cells, as shown in Figure 6 combination of GEN with CDDP did not
reach any significant difference in cell viability regarding to CDDP-treated cells, but in
TAM-treated cells GEN treatment caused a slight increase in cell viability compared to
TAM-treated cells (+4%). Moreover, the decrease in ROS production after combination
of GEN with cytotoxic agents was milder (-15% in CDDP+GEN-treated cells and -26% in
TAM+GEN-treated cells) than in MCF-7 cells. Finally, the study of autophagy and
apoptosis revealed that there were no significant changes in the combined treatment
with GEN regarding to cytotoxic agent alone.
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FIGURE CAPTIONS
Figure 1. Survival curves in MCF-7 and T47D cells after genistein and cytotoxic
treatments for 0, 24 and 48 hours
MCF-7 and T47D cells were treated with 10 µM cisplatin, 10 nM paclitaxel or 10
µM tamoxifen in combination or not with 1 µM genistein for 0h, 24h and 48h. Cell
viability was analyzed with Cristal Violet method. A) Cisplatin-treated MCF-7 cells. B)
Cisplatin-treated T47D cells C) Paclitaxel-treated MCF-7 cells. D) Paclitaxel-treated
T47D cells. E) Tamoxifen-treated MCF-7 cells. F) Tamoxifen-treated T47D cells. Values
are expressed as means ± SEM (n≥6), and normalized as percentage of the 0 hours
value for each cell line and treatment. * Significant difference between Vehicle-treated
cells and Genistein-treated cells. # Significant difference between cytotoxic-treated
cells and cytotoxic+genistein-treated cells (Student’s t-test; P<0.05, n≥6).

Figure 2. Effects of genistein and cytotoxic treatments on cell viability
MCF-7 and T47D cells were treated with 10 µM cisplatin, 10 nM paclitaxel or 10
µM tamoxifen in combination or not with 1 µM genistein for 48h. Cell viability was
analyzed with Cristal Violet method. A) MCF-7 breast cancer cells. B) T47D breast
cancer cells. Values are expressed as means ± SEM (n=6), and normalized as
percentage of the control-vehicle value. ANOVA analysis was carried out where G
means genistein effect, C means cisplatin effect, P means paclitaxel effect, T means
tamoxifen effect and TxG means combinatory effect of tamoxifen treatment and
genistein. As a result of combinatory effect, Student’s t‐test (P<0.05, n≥6) was carried
out:

o

significant difference between control vehicle- and genistein-treated cells; *

significant difference between vehicle- and cytotoxic-treated cells; *o significant
difference between cytotoxic-treated cells and cytotoxic-treated cells in combination
with genistein.
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Figure 3. Effects of genistein and cytotoxic treatments on ROS production
MCF-7 and T47D cells were treated with 10 µM cisplatin, 10 nM paclitaxel or 10
µM tamoxifen in combination or not with 1 µM genistein for 48h. ROS production was
analyzed with Amplex® Red Hydrogen Peroxide/Peroxidase assay kit as shown in the
Materials and Methods section. A) MCF-7 breast cancer cells. B) T47D breast cancer
cells. Values are expressed as means ± SEM (n=6), and normalized as percentage of the
control-vehicle value. ANOVA analysis was carried out where G means genistein effect,
C means cisplatin effect, P means paclitaxel effect, T means tamoxifen effect and CxG,
PxG or TxG means combinatory effect of cytotoxic treatments and genistein. As a
result of combinatory effect, Student’s t‐test (P<0.05, n≥6) was carried out:

o

significant difference between control vehicle- and genistein-treated cells; * significant
difference between vehicle- and cytotoxic-treated cells; *o significant difference
between cytotoxic-treated cells and cytotoxic-treated cells in combination with
genistein.

Figure 4. Effects of genistein and cytotoxic treatments on autophagy
MCF-7 and T47D cells were treated with 10 µM cisplatin, 10 nM paclitaxel or 10
µM tamoxifen in combination or not with 1 µM genistein for 48h. Autophagic vacuoles
formation was analyzed with the fluorescence of monodansylcadaverine and the
lipidation of LC3-I to LC3-II as mentioned in the Materials and Methods section. A)
Autophagic vacuoles formation in MCF-7 cells. B) Autophagic vacuoles formation in
T47D cells. C) LC3-II/LC3-I Ratio measured by western blot in MCF-7 cells. D) LC3II/LC3-I Ratio measured by western blot in T47D cells. Values are expressed as means ±
SEM (n=6), and normalized as percentage of the control-vehicle value. ANOVA analysis
was carried out where G means genistein effect, C means cisplatin effect, P means
paclitaxel effect, T means tamoxifen effect and TxG means combinatory effect of
tamoxifen treatment and genistein. As a result of combinatory effect, Student’s t‐test
(P<0.05, n≥6) was carried out:

o

significant difference between control vehicle- and

genistein-treated cells; * significant difference between vehicle- and cytotoxic-treated
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cells; *o significant difference between cytotoxic-treated cells and cytotoxic-treated
cells in combination with genistein; NS no significant difference in the ANOVA analysis.

Figure 5. Effects of genistein and cytotoxic treatments on apoptosis
MCF-7 and T47D cells were treated with 10 µM cisplatin, 10 nM paclitaxel or 10
µM tamoxifen in combination or not with 1 µM genistein for 48h. Apoptosis was
analyzed with the fluorescence of Annexin V and the cleavage of PARP as mentioned in
the Materials and Methods section. A) Apoptosis in MCF-7 cells. B) Apoptosis in T47D
cells. C) Cleaved PARP/PARP Ratio measured by western blot in MCF-7 cells. D) Cleaved
PARP/PARP Ratio measured by western blot in T47D cells. Values are expressed as
means ± SEM (n=6), and normalized as percentage of the control-vehicle value. ANOVA
analysis was carried out where G means genistein effect, C means cisplatin effect, P
means paclitaxel effect, T means tamoxifen effect and CxG, PxG or TxG means
combinatory effect of cytotoxic treatments and genistein. As a result of combinatory
effect, Student’s t‐test (P<0.05, n≥6) was carried out: * significant difference between
vehicle- and cytotoxic-treated cells; *o significant difference between cytotoxic-treated
cells and cytotoxic-treated cells in combination with genistein.

Figure 6. Effects of genistein and cytotoxic treatments on cell viability, ROS
production, autophagy and apoptosis in MCF-7 overexpressing ERβ (MCF7+ERβ)
MCF7+ERβ cells were treated with 10 µM cisplatin or 10 µM tamoxifen in
combination or not with 1 µM genistein for 48h. A) Cell proliferation was analyzed by
Crystal Violet assay. B) ROS production was measured fluorimetrically using Amplex
red reagent. C) Autophagic vacuoles formation was measured fluorimetrically using
monodansylcadaverine reagent. D) Apoptosis fraction was measured fluorimetrically
using Annexin V method. Values are expressed as means ± SEM (n=6), and normalized
as percentage of the control-vehicle value. ANOVA analysis was carried out where G
means genistein effect, C means cisplatin effect and T means tamoxifen effect.
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TABLES
Table 1. Cell cycle analysis measured by flow cytometry.

Control
Cell cycle
phase

Vehicle

Sub G0/G1 (%)
G0/G1 (%)
S (%)
G2/M (%)

0.90
49.4
10.1
39.6

Cisplatin

± 0.07
± 0.5
± 0.2
± 0.3

1.74
43.1
20.0
35.2

±
±
±
±

0.17
0.7*
0.2
0.7*

Genistein
Tamoxifen
0.98
54.1
4.29
40.6

±
±
±
±

0.08
1.2
0.21
1.2

Vehicle
0.78
53.1
11.0
35.1

±
±
±
±

0.14
O
0.9
0.4
O
0.7

Cisplatin
1.36
39.4
20.9
38.4

±
±
±
±

0.10
O
0.8*
0.2
O
0.6*

ANOVA

Tamoxifen
0.95
56.0
5.20
37.9

±
±
±
±

0.06
1.6
0.33
1.3

ANOVA
ANOVA
Cisplatin Tamoxifen

C
C, CxG
C, G
CxG

The values in the table represents the percentage of cells in each cell cycle phase after
cytotoxic treatments (10 µM) in combination (Genistein) or not (Control) with
genistein treatment (1 µM) for 48 hours in MCF-7 breast cancer cells. ANOVA analysis
was carried out where C means cisplatin effect, T means tamoxifen effect, G means
genistein effect and CxG means combinatory effect of cisplatin and genistein
treatments. As a result of combinatory effect, Student’s t‐test (P<0.05, n=6) was
carried out:

o

significant difference between control vehicle- and genistein-treated

cells; * significant difference between Vehicle and Cisplatin-treated cells; *o significant
difference between Cisplatin-treated cells and Cisplatin-treated cells in combination
with genistein; NS no significant difference in the ANOVA analysis.
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FIGURES
Figure 1
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Figure 2
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Figure 3
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Figure 4A and 4B
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Figure 4C
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Figure 4D
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Figure 5A and 5B
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Figure 5C
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Figure 5D
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Figure 6A and 6B
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Figure 6C and 6D
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DISCUSSION
We have studied the effects of the phytoestrogen genistein (GEN) in the efficacy
of the anticancer treatments cisplatin (CDDP), paclitaxel (PTX) and tamoxifen (TAM) in
breast cancer cell lines with different estrogen receptors (ERα and ERβ) ratio. Thus, the
analysis of cell viability revealed that the combination of GEN with any cytotoxic
treatment increased the cell survival in MCF-7 cells (high ERα/ERβ ratio) regarding to
cytotoxic-treated cells. This increment in cell viability was accompanied by a decrease
in ROS production and in the PARP cleavage (an indicator of apoptosis) in CDDP+GENtreated cells and in autophagy in TAM+GEN-treated cells. Moreover, cell cycle analysis
showed a greater entrance in the S phase with GEN treatment and, in the case of
CDDP, a lesser proportion of cells in sub-G0/G1 (apoptotic cells) and, furthermore, a
higher number of cells in the G2/M phase, explaining the greater cell viability in the
CDDP+GEN-treated cells. Nevertheless, in T47D cells (low ERα/ERβ ratio) and in MCF-7
cells overexpressing ERβ (MCF7+ERβ), the increase in cell viability after GEN treatment
was milder than in MCF-7 cells and, in some cases such as TAM+GEN-treated T47D
cells, there was a decrease in cell viability after GEN treatment through a raise in the
autophagic cell death.
We previously reported that GEN treatment, in a phenol red-free cell culture
medium supplemented with 10% charcoal-stripped FBS, affects cancer cells in a
different way depending on the ERα/ERβ ratio16,17. In the current study, cells were
cultured in medium containing 10% FBS and phenol red, with an equivalent E2
concentration of 0.5 nM, which corresponds to a physiological concentration of E2 26.
Thus, GEN treatment produced a greater cell survival in MCF-7 cells, probably due to
its estrogenic activity through its binding to ERα27, but also displacing the E2 bound to
the receptor and interacting with the ERβ also present in this cell line 17. This
interaction with the ERβ provoked a lower ROS production 16 decreasing the apoptosis
and, in the case of CDDP+GEN-treated cells, decreasing the cleaved PARP/PARP ratio, a
final indicator of apoptosis28, in comparison with cytotoxic alone-treated MCF-7 cells.
These results suggest that GEN could reduce ROS production and therefore apoptosis
in high ERα/ERβ ratio breast cancer cells cultured with physiological concentrations of
E2. Other authors have demonstrated the relationship between ROS production and
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the induction of cancer cells apoptosis29,30. Moreover, GEN treatment in control cells
as well as in combination with cytotoxic agents raised the entrance in S phase of cell
cycle, as described in 2004 by Chen and Wong, who demonstrated that GEN treatment
at 1 µM stimulated the growth of MCF-7 cells and significantly increased cells in the S
phase31. Cell cycle analysis also revealed that, despite CDDP causes cell cycle arrest in
the S phase32, the CDDP+GEN-treated cells showed an increase in G2/M phase and a
drop in subG0/G1 phase (corresponding to apoptotic cells33).
On the other hand, the combination of GEN with PTX and especially with TAM
produced a decrease in autophagic cell death, leading to more viable breast cancer
cells than cytotoxic alone-treated cells. Precisely, TAM+GEN-treated MCF-7 cells
showed a decrease in the LC3 II/LC3 I ratio, an indicator of autophagy34, confirming the
reduction of autophagy after GEN treatment in TAM-treated cells, as other authors
have reported previously in pancreas cancer cells showing that GEN treatment
produced a decrease in the LC3 II/LC3 I ratio35. The study of apoptosis revealed that
there was a decrease in apoptosis after GEN treatment in CDDP and TAM combined
treatments and, in the case of CDDP+GEN-treated cells it was confirmed by a decrease
in the PARP cleavage. These results do confirm the effects of the combination of
physiological concentrations of GEN with cytotoxic agents such as CDDP and TAM,
reducing their efficacy. Other authors have demonstrated that GEN reduces CDDPinduced apoptosis in kidney through the regulation of p53 induction36. Other authors
have published that dietary GEN negated/overwhelmed the inhibitory effect of TAM
on MCF-7 tumor growth in mice, lowered E2 level in plasma and increased expression
of E2-responsive genes37.
In those cells with a low ERα/ERβ ratio such as T47D cells and the MCF-7 cells
overexpressing ERβ (MCF7+ERβ), GEN treatment did not produce any significant
increment in cell viability when incubated in combination with cytotoxic agents (with
the exception of a small rise in the TAM+GEN-treated MCF7+ERβ cells). This is probably
due to the E2 present in the medium stimulating the ERβ in these cells; therefore the
protective effects of the ERβ against ROS production 38 are already occurring, so that
the addition of GEN would have no significant effect. Curiously, TAM+GEN-treated
MCF7+ERβ cells were the only ones (of those cells with a low ERα/ERβ ratio) that
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combination of GEN with the cytotoxic agents caused an increase in cell viability,
maybe due to the decrease in ROS production, as a drop in this parameter could lead
to a greater cell survival39.
Interestingly, TAM+GEN-treated T47D cells had lower cell viability than TAMtreated T47D cells through an increase in the autophagic vacuoles formation.
Autophagy is a conserved evolutionary process that may enable cells to maintain
homeostasis in unfavorable environmental conditions40. This process allows the cell to
recover

energy

from

damaged

or

unnecessary

subcellular

components

(macromolecules or organelles)40; therefore it has been considered as a process
associated with cell survival. However, if the damage is too severe and a high level of
autophagy persists, autophagic cell death or programmed cell death-2 will occur,
which is a different phenomenon than apoptosis or programmed cell death-141. So
T47D cells treated with GEN+TAM showed an increase in the autophagic cell death,
leading to a poorer cell survival than TAM-treated T47D cells. Moreover, PARP
cleavage is increased in TAM+GEN-treated T47D cells suggesting an increase in
apoptosis as well. The raise in autophagic vacuoles formation and the cleavage of the
PARP are contributing to the lesser cell survival than TAM-treated T47D cells. These
results confirm the importance of the presence of ERβ when cancer cells are treated
with ERβ agonists, validating the results recently obtained by Ruddy et al. who
demonstrated that apoptosis and autophagy are increased in those breast cancer cells
treated with a combination of TAM and an ERβ agonist42.
In conclusion, these results indicate that in women diagnosed with breast cancer
whose cancer cells have a high ERα/ERβ ratio, the genistein consumption (soy products
or dietary supplements) may have a counterproductive effect in the anticancer
treatment mainly due to the decrease in the ROS production (in the case of cisplatin
and tamoxifen treatments, since ROS production is one of the mechanism of action of
these cytotoxic agents). The consequence of that is a reduction in the apoptosis (in
cisplatin-treated cells) or the autophagic cell death (in tamoxifen-treated cells),
therefore increasing cancer cells viability. However, in those cells with a low ERα/ERβ
ratio genistein consumption seems to have a lesser impact in the efficacy of anticancer
therapies, and even increases that effectiveness in the tamoxifen-treated cells in
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combination with the genistein, raising the autophagic cell death. Further studies are
necessary to better understand the role of the genistein in the efficacy of the
anticancer treatments, as well as the role of the ERα/ERβ ratio in those patients
consuming high amounts of genistein in that efficacy.
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4. Discusión / Discussion

Discusión

En la presente tesis se ha profundizado en la importancia de la ratio ERα/ERβ en
la funcionalidad y dinámica mitocondrial, y el estrés oxidativo en el cáncer de mama.
Adicionalmente, se ha estudiado cómo esta ratio ERα/ERβ afecta a la respuesta de las
células cancerígenas a los tratamientos antitumorales como el cisplatino, el paclitaxel o
el tamoxifeno, así como el silenciamiento de la UCP2. Finalmente, se han analizado los
efectos de la genisteína, un fitoestrógeno presente en la soja, sobre la funcionalidad
mitocondrial y la respuesta a los tratamientos contra el cáncer de mama en función de
la ratio ERα/ERβ.
La presencia del ERβ en líneas celulares de cáncer de mama provocó, después del
tratamiento con concentraciones fisiológicas de 17β-estradiol (E2), una mejora en la
funcionalidad mitocondrial con un aumento significativo de la dinámica mitocondrial
que ayuda a mantener un conjunto de mitocondrias más funcionales en la célula. Así,
en células con una alta ratio ERα/ERβ el tratamiento con E2 provocó una bajada en los
niveles de las proteínas del complejo OXPHOS y un aumento de la cantidad de
mitocondrias, aunque éstas tenían una menor cantidad de crestas mitocondriales, por
lo que serían menos funcionales280. Además, la fisión mitocondrial se vio reducida
sugiriendo una acumulación de mitocondrias poco funcionales en las células por una
probable disminución de la mitofagia, un proceso por el cual las mitocondrias dañadas
y poco funcionales son eliminadas151,281,282. Todos estos cambios no se observaron en
aquellas células de cáncer de mama con una baja ratio ERα/ERβ, en las que el
tratamiento con E2 no provocó una disminución ni de la funcionalidad ni de la fisión
mitocondrial, apuntando que las mitocondrias no se vieron afectadas en estas células.
Todos estos resultados obtenidos en líneas celulares de cáncer de mama con distinto
ratio ERα/ERβ se confirmaron con el estudio de una línea celular de cáncer de mama
con una sobreexpresión modulable del ERβ. Así, la presencia del ERβ con el
tratamiento de E2 mejoró la funcionalidad mitocondrial a través del aumento en los
niveles de las proteínas del complejo OXPHOS y en la actividad enzimática de la COX,
disminuyendo el ratio de actividades ATPasa/COX, un indicador de funcionalidad
mitocondrial105. Además la sobreexpresión del ERβ aumentó la fisión mitocondrial y
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disminuyó la biogénesis, sugiriendo que la existencia de este receptor contribuiría a
mantener un conjunto de mitocondrias más funcionales, lo que contribuiría a reducir
el estrés oxidativo151,282.
La presencia del ERβ, que contribuye a mejorar la funcionalidad mitocondrial,
podría determinar la respuesta de las células de cáncer de mama a tratamientos
antitumorales como el cisplatino (CDDP), el paclitaxel (PTX) y el tamoxifeno (TAM) en
líneas celulares con distinta ratio ERα/ERβ. Uno de los mecanismos de acción de estos
compuestos citotóxicos es el daño a las mitocondrias, aumentando el estrés oxidativo
de las células cancerosas y provocando la muerte celular222,247,253. Así pues, se observó
que los tratamientos con PTX y sobre todo con CDDP provocaron una menor viabilidad
celular en aquellas líneas celulares con una mayor ratio ERα/ERβ, acompañada por una
menor funcionalidad mitocondrial y un incremento sustancial de la producción de ROS.
Sin embargo, en las células con una baja ratio ERα/ERβ estos cambios también se
observaron pero de una forma mucho menos acusada. Estos resultados apuntan a la
importancia del ERβ en la eficacia de los tratamientos antitumorales. Así, la
sobreexpresión o el silenciamiento parcial del ERβ modula la respuesta al CDDP y, por
tanto, la presencia del ERβ disminuiría la respuesta de las células cancerosas a este
tratamiento, indicando el posible papel protector que tiene el ERβ en la mitocondria,
favoreciendo la reducción en la producción de ROS56,105,278.
La respuesta de las líneas celulares con distinta ratio ERα/ERβ al tratamiento con
TAM fue bastante similar, probablemente debido a que el TAM actúa uniéndose a
ambos ERs y es, además, un antagonista puro del ERβ215. Esto provocaría que el E2
unido al ERβ fuera desplazado por el TAM y quedaran desactivados los mecanismos de
protección sobre la función mitocondrial inducidos por la unión al ERβ del E2 presente
en el medio56,105. En este caso la presencia del ERβ únicamente determinó el tipo de
respuesta de las células cancerosas al tratamiento, ya que aumenta la apoptosis o la
muerte celular por autofagia. La existencia de grandes cantidades de ERβ estimularía la
muerte celular por autofagia, mientras que el silenciamiento parcial del ERβ condujo a
las células a un aumento de la apoptosis debido, al menos en parte, al aumento
significativo en la producción de ROS, ya que la apoptosis se ha asociado a un aumento
sustancial en los niveles de ROS en células cancerígenas283.
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En esta tesis se ha comprobado que la inhibición o el silenciamiento parcial de la
proteína desacoplante 2 (UCP2) podría suponer una terapia adyuvante para el cáncer
de mama, sobre todo en aquellas células con una alta ratio ERα/ERβ, ya que son más
sensibles al estrés oxidativo generado por los tratamientos antitumorales. Así, la
inhibición o el silenciamiento parcial de la UCP2 redujo la viabilidad de las células de
cáncer de mama a través de un aumento de la producción de ROS, confirmando el
papel que juega la UCP2 en los sistemas antioxidantes de la célula175-177. La
combinación del tratamiento con TAM y el silenciamiento de la UCP2 provocó una
mejor respuesta de las células cancerosas al tratamiento citotóxico, ya que
presentaron una menor viabilidad celular debido a un aumento en la muerte celular
por autofagia provocado por la subida en la producción de ROS como consecuencia del
aumento en el potencial de membrana mitocondrial causado por el silenciamiento de
la UCP2, evitando el reingreso de protones a la matriz mitocondrial175. Es importante
destacar que un pequeño aumento en el potencial de membrana mitocondrial es
suficiente para provocar un aumento considerable en la producción de ROS 158, por lo
que una pequeña bajada de los niveles de UCP2 incrementaría sustancialmente el
estrés oxidativo de la célula.
Por otra parte, la combinación del tratamiento con CDDP y el silenciamiento de
la UCP2 tuvo efectos mucho menores que en el caso del tratamiento con TAM,
probablemente debido a que el CDDP reduce los niveles proteicos de UCP2, algo que
previamente ya observamos en células de cáncer de colon284. Esta disminución de los
niveles de UCP2 podría ser uno de los mecanismos de acción del CDDP para inducir
estrés oxidativo en las células cancerígenas.
Los resultados obtenidos en las líneas celulares concordaron con el estudio de
supervivencia general y la supervivencia libre de recaída en más de 1800 pacientes de
cáncer de mama. Se separaron estos pacientes según tuvieran una baja o alta
expresión génica de UCP2 con el objetivo de averiguar si la presencia de la UCP2 podría
ser un indicador de buena o mala prognosis en el cáncer de mama. Los análisis
estadísticos indicaron que una alta expresión de UCP2 podría ser un factor de mala
prognosis, sobre todo en aquellos pacientes de cáncer de mama que están siendo
tratados con TAM, corroborando los resultados obtenidos en las líneas celulares.
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Los efectos de la genisteína (GEN), el principal fitoestrógeno presente en la soja,
en la funcionalidad y dinámica mitocondrial, así como de sus efectos sobre la eficacia
de los tratamientos antitumorales fueron estudiados en líneas celulares de cáncer de
mama con distinto ratio ERα/ERβ. Así pues, tanto la GEN como el E2 a concentraciones
fisiológicas provocaron un incremento de la viabilidad en aquellas células con una alta
ratio ERα/ERβ, ya que su unión al ERα podría estimular la proliferación celular 103,107.
Además, en estas mismas células con una alta ratio ERα/ERβ, tanto el E2 como la GEN
produjeron una bajada en los niveles de apoptosis, contribuyendo a una mayor
supervivencia celular. Es importante destacar que el E2 produjo una bajada en la
funcionalidad mitocondrial a través de una disminución en la actividad COX 105, lo que
no ocurrió con la GEN ni con la combinación de E2 y GEN, sugiriendo que la presencia
de concentraciones fisiológicas de GEN en el medio de las células de cáncer de mama
con una alta ratio ERα/ERβ no afectaría a la función mitocondrial, incluso con la
presencia de concentraciones fisiológicas de E2. En cambio, el tratamiento con GEN sí
afectó a la dinámica mitocondrial en estas células, disminuyendo la fisión mitocondrial,
lo que ha sido asociado con una menor apoptosis285,286.
En las células con una baja ratio ERα/ERβ, los tratamientos con E2 y GEN, así
como su combinación no provocaron cambios en la viabilidad celular e incluso el
tratamiento con GEN disminuyó la proliferación de estas células inhibiendo la
fosforilación de Stat-3, un mecanismo de proliferación celular vinculado a los ERs287,288.
Además la GEN produjo un bloqueo del ciclo celular en la fase G0/G1, algo que
también observaron otros autores en células de músculo liso289. Es importante recalcar
que en estas células con una baja ratio ERα/ERβ (T47D) el tratamiento con GEN
incrementó de manera sustancial los niveles de ERβ, induciendo un sistema de
retroalimentación positiva, ya que la GEN tiene una mayor afinidad por el ERβ que por
el ERα31. Asimismo, en estas células el tratamiento con GEN provocó una mejora de la
funcionalidad mitocondrial, algo que también se ha observado en neuronas después
del tratamiento con GEN277.
La GEN juega un papel clave en la respuesta a los tratamientos antitumorales en
células de cáncer de mama cultivadas en presencia de concentraciones fisiológicas de
E2 en función de la ratio ERα/ERβ. Se observó que en la línea celular con una alta ratio
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ERα/ERβ la GEN produjo una peor respuesta de las células a tratamientos
anticancerígenos como el CDDP, el PTX o el TAM. La combinación de la GEN con el
CDDP o el TAM produjo una bajada significativa de la producción de ROS y, con ello,
una menor muerte celular. Esto podría ser debido a un desplazamiento del E2 unido al
ERα por parte de la GEN o a la unión de ésta al poco ERβ presente en estas células
mejorando la funcionalidad mitocondrial y, con ello, reduciendo la producción de
ROS277,278.
No obstante, en la línea celular de cáncer de mama con una baja ratio ERα/ERβ la
GEN prácticamente no influyó en los tratamientos con CDDP y PTX, probablemente
debido a que el E2 presente en el medio está estimulando los efectos protectores del
ERβ contra la producción de ROS56, por lo que la adición de la GEN no tendría
prácticamente ninguna consecuencia. Además, la sobreexpresión del ERβ en las MCF-7
revirtió, en gran parte, los efectos protectores de la GEN, sugiriendo que el E2
presente en el medio de cultivo estaría estimulando al ERβ y, por tanto, dichos efectos
protectores ya estarían siendo inducidos en estas células.
De hecho, la GEN incluso incrementó la respuesta de estas células con una baja
ratio ERα/ERβ al tratamiento con TAM debido a un aumento en la apoptosis y en la
autofagia, lo que se correspondería con los resultados obtenidos recientemente por
Ruddy y colaboradores que observaron que la apoptosis y la autofagia están
aumentadas en aquellas células tratadas con TAM en combinación con un agonista del
ERβ290.
En su conjunto, los resultados obtenidos en esta tesis confirman la importancia
de la ratio ERα/ERβ en el mantenimiento de la homeostasis mitocondrial, en concreto
el papel crucial que juega el ERβ en el equilibrio entre biogénesis, funcionalidad y
dinámica mitocondrial, ayudando a mantener un conjunto de mitocondrias
funcionales. Además la presencia del ERβ influye sobre la acción de los tratamientos
citotótoxicos disminuyendo su eficacia en el caso del cisplatino y paclitaxel mediante
una disminución sustancial de la producción de ROS y un aumento significativo de la
funcionalidad mitocondrial. Sin embargo, el tratamiento con el tamoxifeno deparó
resultados bastante parecidos independientemente de la dotación de receptores
estrogénicos, probablemente debido al carácter antagonista de este compuesto sobre
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los receptores estrogénicos, apuntando a que la presencia del ERβ no tendría
consecuencias en las células tratadas con tamoxifeno.
Además, la UCP2 podría tener un papel fundamental en la eficacia de los
tratamientos antitumorales ya que actuaría disminuyendo la producción de ROS y, por
tanto, aumentando la supervivencia celular. Así pues, la inhibición o el silenciamiento
de la UCP2 podrían mejorar la efectividad de los tratamientos contra el cáncer
aumentando la muerte celular por autofagia de las células tumorales.
La genisteína promovería la supervivencia celular en aquellas células con una alta
ratio ERα/ERβ, disminuyendo la funcionalidad y la dinámica mitocondrial.
Adicionalmente, en estas mismas células la genisteína, en presencia de
concentraciones fisiológicas de 17β-estradiol, podría disminuir la eficacia de los
tratamientos citotóxicos favoreciendo la supervivencia celular, disminuyendo la
producción de ROS. Sin embargo, la genisteína promovería una mejor funcionalidad
mitocondrial en las células de cáncer de mama con predominancia de ERβ. Además el
tratamiento con genisteína, también en presencia de concentraciones fisiológicas de
17β-estradiol, prácticamente no tiene impacto alguno en los tratamientos
antitumorales en estas células; e incluso la genisteína podría mejorar la eficiencia del
tamoxifeno aumentando la muerte celular.
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This thesis has deepened the importance of ERα/ERβ ratio in the mitochondrial
functionality and dynamics, and oxidative stress in breast cancer. Additionally, it has
been studied how this ERα/ERβ ratio affects the response of cancer cells to anticancer
drugs such as cisplatin, paclitaxel or tamoxifen, as well as the silencing of UCP2. Finally,
it has analyzed the effects of the genistein, a phytoestrogen present in soybeans, on
the mitochondrial functionality and on the response to anticancer treatments
depending on the ERα/ERβ ratio.
The presence of ERβ in breast cancer cell lines provoked a better mitochondrial
functionality after E2 treatment at physiological concentration, accompanied by a
significant increment in the mitochondrial dynamics which allows the cell to maintain a
more functional pool of mitochondria. Thus, in cells with a high ERα/ERβ ratio the E2
treatment produced a decrease in the levels of OXPHOS complex proteins and an
increase in the number of mitochondria, although with a lower amount of
mitochondrial cristae, so they would be less functional280. Moreover, mitochondrial
fission was reduced suggesting an accumulation of dysfunctional mitochondria in cells
probably due to a diminishment of the mitophagy, a process by which damaged and
dysfunctional mitochondria are removed151,281,282. All these changes were not observed
in those breast cancer cells with a low ERα/ERβ ratio, where E2 treatment did not
provoke a decrease neither in the mitochondrial functionality nor fission, pointing out
that mitochondria were not affected by the E2 treatment in these cells. Results
obtained in breast cancer cell lines with different ERα/ERβ ratio were confirmed by the
study of a breast cancer cell line with an inducible ERβ overexpression. Thus, the
presence and the stimulation of the ERβ by E2 treatment improved the mitochondrial
functionality through the increase of the OXPHOS complexes protein levels and the
enzymatic activity of the COX, decreasing the ratio of the activities ATPase/COX, an
indicator of mitochondrial functionality105. Furthermore, the overexpression of the ERβ
augmented the mitochondrial fission and decreased the mitochondrial biogenesis,
suggesting that the existence of this receptor may contribute to maintain a more
functional pool of mitochondria, with lesser oxidative stress151,282.
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The expression of ERβ, which contributes to improve the mitochondrial
functionality, may determine the response of breast cancer cells to anticancer
treatments such as cisplatin (CDDP), paclitaxel (PTX) and tamoxifen (TAM) in cell lines
with different ERα/ERβ ratio. One of the mechanisms of action of these cytotoxic
compounds is the damage to the mitochondria, increasing the oxidative stress in
cancer cells causing cell death222,247,253. Therefore, PTX and especially CDDP treatments
provoked a lesser cell viability in those cell lines with the highest ERα/ERβ ratio,
accompanied by a lesser mitochondrial functionality and a substantial increase in ROS
production. However, in the cells with a low ERα/ERβ ratio these changes were also
observed, but in a much less pronounced way. All these results point to the
importance of the ERβ in the efficacy of the anticancer treatments. In that sense, the
overexpression or the partial silencing of ERβ modulate the response of cancer cells to
the CDDP and, therefore, the presence of the ERβ might diminish the response of
cancer cells to this treatment, indicating a possible protector role of ERβ in the
mitochondrion, favoring the reduction of ROS production 56,105,278.
The response of the cell lines with different ERα/ERβ ratio to the TAM treatment
was quiet similar, probably because the TAM acts binding both ERs and TAM is also a
pure antagonist of the ERβ215. This situation may provoke that the E2 (present in the
culture medium) bound to the ERβ would be displaced by the TAM and the protective
mechanisms on the mitochondrial function induced by the interaction of the ERβ with
the E2 would be deactivated56,105. In this case, the presence of the ERβ only
determined the type of the response of cancer cells to the TAM treatment, since the
apoptosis or the autophagic cell death is increased. The existence of great amounts of
ERβ would stimulate the autophagic cell death, while the partial silencing of the ERβ
led the cells to an increase of the apoptosis due, at least in part, to the significant
increment in ROS production, since apoptosis has been associated with a substantial
raise in the ROS levels in cancer cells283.
In this thesis it has been shown that the inhibition or the partial silencing of the
uncoupling protein 2 (UCP2) could be an adjuvant therapy for breast cancer, especially
in those cells with a high ERα/ERβ ratio, since these cells are more sensitive to the
oxidative stress generated by the anticancer treatments. Thus, the UCP2 inhibition or
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partial silencing reduced the cell viability of breast cancer cells through an increment in
ROS production, confirming the role of the UCP2 in the antioxidant systems of the
cell175-177. The combination of the TAM treatment and the UCP2 silencing provoked a
better response of cancer cells to the cytotoxic treatment, since these cells presented
a lesser cell viability due to an increase in the autophagic cell death triggered by the
raise in the ROS production as a consequence of the increment in the mitochondrial
membrane potential caused by the UCP2 silencing, avoiding the re-entry of the
protons to the mitochondrial matrix175. It is important to note that a small increment
in the mitochondrial membrane potential is sufficient to cause a significant increase in
the ROS production158, so a small drop in the UCP2 levels would substantially increase
the oxidative stress in the cell.
On the other hand, the effects of the combination of CDDP treatment and UCP2
silencing were smaller than in the case of the TAM treatment, probably because the
CDDP reduces the protein levels of UCP2, previously noted in colon cancer cells 284. This
diminishment of the protein levels of UCP2 could be one of the mechanisms of action
of CDDP to induce oxidative stress in cancer cells.
Results obtained in cell lines agree with the study of overall survival and relapsefree survival in more than 1800 breast cancer patients. Patients were split depending
on the gene expression of UCP2 (high or low expression) in order to determine
whether de presence of UCP2 could be an indicator of better or poorer prognosis in
breast cancer. Statistical analysis indicated that a high UCP2 expression could be a
poorer prognosis factor, especially in those breast cancer patients who are being
treated with TAM, corroborating the results obtained in the cell lines.
The effects of the genistein (GEN), the major phytoestrogen present in soybeans,
on the mitochondrial functionality and dynamics, as well as the effects of this
compound on the efficacy of the anticancer treatments, were studied in breast cancer
cell lines with different ERα/ERβ ratio. Thus, both GEN and E2 at physiological
concentrations triggered an increment in the cell viability in those cells with a high
ERα/ERβ ratio, since the binding of these compounds to the ERα may stimulate the cell
proliferation103,107. Moreover, both E2 and GEN treatments provoked a drop in the
apoptosis levels, contributing to a greater survival in these cells with a high ERα/ERβ
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ratio. It is important to highlight that E2 produced a drop in the mitochondrial
functionality through a decrease in the COX activity105, and this did not occur neither
with the GEN nor with the combination of E2 and GEN treatments, suggesting that the
presence of physiological concentrations of GEN in the medium of the breast cancer
cells with a high ERα/ERβ ratio would not affect the mitochondrial function even
though the presence of physiological concentrations of E2. However, GEN treatment
did affect the mitochondrial dynamics in these cells with a high ERα/ERβ ratio,
decreasing the mitochondrial fission, what has been associated with a lower
apoptosis285,286.
In those cells with a low ERα/ERβ ratio, E2 and GEN treatments, as well as their
combination did not provoke any change in cell viability and even GEN treatment
decreased cell proliferation inhibiting the Stat-3 phosphorylation, a cell proliferation
mechanisms linked to ERs287,288. Moreover, GEN also triggered a cell cycle arrest in
G0/G1 phase, situation also observed by other authors in smooth muscle cells289. It is
important to note that in those cells with a low ERα/ERβ ratio (T47D) GEN treatment
increased significantly the ERβ protein levels, inducing a positive feedback, since GEN
has a greater affinity for ERβ than for ERα31. Furthermore, in these cells GEN treatment
provoked a better mitochondrial functionality, what has also been observed in neurons
after GEN treatment277.
GEN plays an important role in the response to the anticancer treatments in
breast cancer cells cultured with physiological concentrations of E2 depending on the
ERα/ERβ ratio. In the cell line with a high ERα/ERβ ratio, GEN produced a worse
response of these cells to the cytotoxic treatments such as CDDP, PTX or TAM. The
combination of the GEN with CDDP or TAM triggered a significant drop in the ROS
production and, therefore, a lesser cell death. This could be due to the displacement of
the E2 bound to the ERα by the GEN or could be due as well to the binding of GEN to
the small amounts of ERβ present in these cells improving the mitochondrial
functionality and, consequently, reducing the ROS production 277,278.
Nevertheless, in the breast cancer cell line with a low ERα/ERβ ratio GEN
treatment practically did not influence the CDDP and PTX treatments, probably due to
the E2 present in the culture medium stimulating the protective effects of the ERβ
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against the ROS production56, so the addition of GEN would have virtually no
consequences. In addition, the overexpression of the ERβ reverted to a great extent
the protective effects of the GEN, suggesting that the E2 of the culture medium would
be stimulating the ERβ and, therefore, such protective effects would already be
induced in these cells.
Actually, GEN treatment even increased the response of these cells with a low
ERα/ERβ ratio to the TAM treatment because of an increase in the apoptosis and
autophagy, accordingly to the results obtained recently by Ruddy et al. who observed
that apoptosis and autophagy are increased in those cells treated with TAM in
combination with an ERβ agonist290.
Overall, the results obtained in this thesis confirm the importance of the
ERα/ERβ ratio in the maintenance of the mitochondrial homeostasis, in particular the
crucial role that ERβ plays in the balance between mitochondrial biogenesis,
functionality and dynamics, contributing to maintain a functional pool of mitochondria.
Moreover, the presence of ERβ influences the action of the cytotoxic agents
diminishing their efficacy in the case of the cisplatin and paclitaxel treatments through
a substantial decrease in the ROS production and a significant increase in the
mitochondrial functionality. However, tamoxifen treatment caused very similar results
independently of the estrogen receptors endowment, probably due to the antagonism
of this compound over the estrogen receptors, pointing that the presence of ERβ
would not have consequences in those cells treated with tamoxifen.
Furthermore, the UCP2 may have an important role in the efficacy of the
anticancer treatments given that it would act decreasing the ROS production and,
consequently, increasing the cell survival. Thus, the inhibition or the silencing of the
UCP2 may improve the effectiveness of the anticancer treatments mainly increasing
the autophagic cell death of the cancer cells.
The genistein treatment would promote the cell survival in those cells with a high
ERα/ERβ ratio, diminishing the mitochondrial functionality and dynamics. Additionally,
in these cells the genistein treatment, in the presence of physiological concentrations
of 17β-estradiol, could decrease the efficacy of the cytotoxic treatments, favoring the
cell survival, reducing the ROS production. However, the genistein treatment would
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promote a better mitochondrial functionality in those breast cancer cells with
predominant levels of ERβ. Moreover, the genistein treatment, again in the presence
of physiological concentrations of 17β-estradiol, practically does not have any impact
on the anticancer treatments in these cells; and genistein could even improve the
effectiveness of the tamoxifen increasing cell death.
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Conclusiones

1. La estimulación del ERβ ejerce un papel protector en las mitocondrias regulando los
procesos de biogénesis y dinámica mitocondrial, mejorando la funcionalidad de las
mitocondrias, lo que contribuye a que la célula tenga un conjunto de mitocondrias más
funcionales disminuyendo con ello la producción de ROS.

2. La presencia del ERβ en líneas celulares de cáncer de mama reduce la respuesta de
las células al tratamiento con paclitaxel y sobre todo cisplatino debido, al menos en
parte, al descenso del estrés oxidativo que implica una reducción de la muerte celular
por apoptosis y autofagia. Sin embargo, en las células de cáncer de mama tratadas con
tamoxifeno, niveles bajos de ERβ (alta ratio ERα/ERβ) incrementan la apoptosis y
elevados niveles de ERβ (baja ratio ERα/ERβ) aumentan la muerte celular por
autofagia.

3. La inhibición o silenciamiento parcial de la UCP2 incrementa la eficacia de los
tratamientos antitumorales como el cisplatino y especialmente el tamoxifeno a causa
del incremento en la producción de ROS y a un aumento significativo de la muerte
celular por autofagia. Además, los pacientes de cáncer de mama con elevados niveles
de expresión de UCP2 tienen una peor prognosis, especialmente aquellos pacientes
tratados con tamoxifeno.

4. El fitoestrógeno genisteína afecta a las líneas celulares de cáncer de mama de forma
distinta en función de la ratio ERα/ERβ. En células con una alta ratio ERα/ERβ, el
tratamiento con concentraciones fisiológicas de genisteína estimula la proliferación
celular y disminuye la apoptosis, disminuyendo también la dinámica mitocondrial. En
cambio, la genisteína tiene un papel citostático en las células con una baja ratio
ERα/ERβ, en las que se produce un incremento de la funcionalidad mitocondrial.
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5. En líneas celulares de cáncer de mama con una alta ratio ERα/ERβ, el tratamiento
con genisteína reduce la respuesta de las células cancerosas a los tratamientos
antitumorales como el cisplatino, el paclitaxel o el tamoxifeno, debido principalmente
a la bajada en la producción de ROS. La consecuencia es una bajada de la apoptosis o
de la muerte celular por autofagia con respecto al tratamiento únicamente con el
citotóxico, incrementándose la viabilidad de las células cancerosas.

6. En las células con una baja ratio ERα/ERβ el tratamiento con genisteína no tiene
impacto sobre la eficacia de los tratamientos antitumorales cisplatino y paclitaxel. El
tratamiento con genisteína incluso aumenta la eficiencia del tamoxifeno
incrementando la muerte celular por autofagia y la apoptosis.

7. La evaluación clínica rutinaria de la expresión de los niveles de ERβ y UCP2 en
tumores en pacientes de cáncer de mama, así como la evaluación del consumo de
fitoestrógenos, en concreto de genisteína, en dichos pacientes podría contribuir a un
mejor diseño de las estrategias de tratamiento contra el cáncer de mama.
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1. The stimulation of ERβ has a protective role in the mitochondria modulating the
mitochondrial biogenesis and dynamics processes, improving the mitochondrial
functionality, allowing the cell to have a more functional pool of mitochondria and
thereby reducing the ROS production.

2. The presence of the ERβ in breast cancer cell lines reduces the response of these
cells to the treatment with paclitaxel and especially cisplatin due, at least in part, to
the decrease in the oxidative stress which implies a reduction in the apoptosis and
autophagic cell death. However, in breast cancer cells treated with tamoxifen, low ERβ
levels (high ERα/ERβ ratio) increase the apoptosis and high levels of ERβ (low ERα/ERβ
ratio) raise the autophagic cell death.

3. The inhibition or the partial silencing of the UCP2 increases the efficacy of the
anticancer treatments such as cisplatin and especially tamoxifen because of the
increment in the ROS production and a significant raise in the autophagic cell death.
Moreover, breast cancer patients with high expression levels of UCP2 have a poorer
prognosis, especially those patients treated with tamoxifen.

4. The phytoestrogen genistein affects breast cancer cell lines in a different way
depending on the ERα/ERβ ratio. In cells with a high ERα/ERβ ratio, the treatment with
physiological concentrations of genistein stimulates the cell proliferation and
decreases the apoptosis, as well as diminishes the mitochondrial dynamics. On the
other hand, the genistein has a cytostatic role in those cells with a low ERα/ERβ ratio,
where there is a raise in the mitochondrial functionality.
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5. In breast cancer cell lines with a high ERα/ERβ ratio, the genistein treatment reduces
the response of the cancer cells to anticancer treatments such as cisplatin, paclitaxel or
tamoxifen, mainly due to the drop in the ROS production. The consequence is the
decrease in the apoptosis or in the autophagic cell death regarding to the treatment
with the cytotoxic agent alone, increasing the cancer cells viability.

6. In those cells with a low ERα/ERβ ratio the genistein treatment has no impact on the
effectiveness of the anticancer drugs cisplatin and paclitaxel. The genistein treatment
even increases the efficacy of the tamoxifen treatment increasing the autophagic cell
death and the apoptosis.

7. Routine clinical assessment of the ERβ and UCP2 expression levels in breast cancer
patients, as well as the evaluation of the phytoestrogen consumption, specifically
genistein, may contribute to a better design of the breast cancer treatment strategies.
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a b s t r a c t
Estrogen action is mediated by the two receptor isoforms: estrogen receptor alpha and beta. Both receptors are expressed in human prostate tissue and have different action proﬁles. ERalpha is positively
correlated with the malignancy of prostate cancer, while ERbeta may protect against abnormal prostate
cell growth. 17␤-Estradiol (E2), at least in part, induces cancerous transformations by causing deleterious
mutations through the formation of reactive oxygen species (ROS).
The aim was to study the effect of E2 on oxidative stress and the expression of uncoupling proteins
(UCPs) and antioxidant enzymes in several prostate cancer cell lines with different ERalpha/ERbeta ratios.
The cell prostate lines with a lower ERalpha/ERbeta ratio had lower oxidative stress, which could be
partially explained by the increased expression of antioxidant enzymes and UCPs. Moreover, the action of
E2 on the expression of antioxidant enzymes and UCPs was dual and dependent on the ERalpha/ERbeta
ratio. Treatments with 0.1 nM E2 in cell lines with high ERalpha/ERbeta ratio produced a decrease in
antioxidant enzymes and UCPs levels, with an increase in ROS production. These effects disappeared
when the treatment was done in the presence of an ERalpha antagonist (MPP). In the cell lines with
greatest levels of ERbeta and the lowest ERalpha/ERbeta ratio, E2 treatment caused the up-regulation of
antioxidant enzymes and UCPs with a look-up decrease in ROS production. These effects were reversed
when the cells were treated with E2 in the presence of an ERbeta antagonist (R,R-THC).
On the whole, our results suggest a dual E2 effect; increasing or decreasing oxidative stress in part by
modulation of UCPs and antioxidant enzymes according to the abundance ERbeta and ERalpha/ERbeta
ratio in prostate cancer cell lines.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Prostate cancer is the most common cancer in men and the second leading cause of cancer death [1]. In industrialized nations,
prostate cancer incidence is on the increase, although the number of deaths has declined [2,3]. Epidemiological and experimental
studies suggest that estrogens may have cancerogenic and chemopreventative effects on the prostatic epithelium [4,5]. Estrogen
action is mediated by speciﬁc nuclear receptors that regulate transcription of the target genes by binding to their DNA response
elements. Estrogen action is mediated by two receptors, ERalpha
and ERbeta, which are often antagonistic to one another [6]. Estrogen via ERalpha stimulates proliferation in the breast, uterus, and
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developing prostate, while estrogen via ERbeta inhibits proliferation and promotes differentiation in the prostate, mammary gland,
colon, lung, and bone marrow stem cells [6].
Both ERalpha and ERbeta receptors are expressed in human
prostate tissue [7,8]. The function of ERalpha, the classical receptor, has been thoroughly studied and several groups have reported
greater ERalpha expression in cancer specimens than in benign
hyperplasia and normal prostate tissue. These data are consistent
with other reports in which abundance of ERalpha is positively correlated with the malignancy of prostate cancer [9,10]. Nevertheless,
recent reports have shown a frequent loss of ERbeta expression in
prostate cancer samples relative to normal prostatic tissue [11,12].
In the primary prostate tumor sites, ERbeta is strongly expressed in
low grade prostate carcinoma and is markedly diminished in higher
grade tumors [11–13]. These data suggest that ERbeta may protect
against abnormal prostate cell growth [11,14]. In fact, even the use
of ERbeta agonists has been suggested as a therapy to prevent grade
progression in prostate tumors [6].
In the prostate, estrogens have been described to induce cancerous transformation by their genotoxic metabolites, and in part,
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these metabolites may directly induce genomic damage or via
the formation of reactive oxygen species (ROS) [15]. During the
onset of cancer, ROS may cause DNA damage and mutagenesis,
and they also have a role as secondary messengers, stimulating
proliferation while inhibiting apoptosis, which confers a growth
advantage to established cancer cells [16,17]. In breast cancer,
it has been suggested that 17␤-estradiol (E2) induced oxidative
stress that resulted from a modulation of antioxidant enzyme status
through an estrogen receptor (ER)-dependent mechanism [15,18].
Recently, in our laboratory, we have found that E2, through an
ER-dependent mechanism, may increase mitochondrial ROS production by repressing the uncoupling proteins (UCPs) [19]. UCPs
are a family of inner mitochondrial membrane proteins whose
function is to allow the re-entry of protons into the mitochondrial
matrix by dissipating the proton gradient by subsequently decreasing membrane potential and ROS production. In these last years,
it has described the importance of these proteins in both cancer
development and progression [20].
It is of interest to investigate whether E2 inﬂuenced UCPs
expression and consequently oxidative stress in prostate cancer
cells with a different ERalpha/ERbeta ratios. To tackle this aim, the
effect of E2 on oxidative stress, antioxidant enzymes and uncoupling protein expression was analysed in several prostate cancer
cell lines with different endowment levels of ERalpha and ERbeta
which were concretely: VCaP cancer cell lines with a high ERalpha/ERbeta ratio, DU145 cell lines that only express ERbeta, and
PC3 cell lines with an average of ERalpha/ERbeta ratio.

2.3. Measurement of carbonyl content

2. Materials and methods

2.5. Western blotting

2.1. Materials and reagents

For Western blot analysis, 40 g of protein from cell lysate was
fractioned by SDS-PAGE (12% polyacrylamide gel) and electrotransferred onto nitrocellulose ﬁlters. Membranes were incubated in a
blocking solution of 5% nonfat powdered milk in 20 mM Tris–HCl,
0.13 mM NaCl, and 0.1% Tween 20. Antisera against UCP2 (32 kDa,
Primary Ab 1:500), UCP5 (36 kDa, Primary Ab 1:500), Catalase
(60 kDa, Primary Ab 1:1000), glutathione peroxidase (22.5 kDa,
Primary Ab 1:500), ERalpha (66 kDa, Primary Ab 1:1000), ERbeta
(54 kDa, Primary Ab 1:200) and actin (45 kDa, Primary Ab 1:1000)
(such as housekeeping) were used as primary antibodies. A negative control without primary antibody template was run in each
assay. Protein bands were visualized by the Immun-Star Western C kit reagent (Bio-Rad) Western blotting detection system.
The chemiluminescence signal was captured with a Chemidoc XRS
densitometer (Bio-Rad) and analysed with Quantity One software
(Bio-Rad).

17␤-Estradiol (E2), genistein and testosterone were
purchased from Sigma–Aldrich (St. Louis, MO, USA). 1,3Bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-piperidiniylethoxy)
phenol]-1H-pyrazole dihydrochloride (MPP) and (R,R)-5,11diethyl-5,6,11,12-tetrahydro-2,8-chrysenediol (R,R-THC) were
purchased from Tocris (Ellisville, MO, USA). Antisera against
uncoupling protein 2 (UCP2) and uncoupling protein 5 (UCP5)
were purchased from Alpha Diagnostic International (San Antonio, TX, USA); catalase and glutathione peroxidase (GPx) from
Calbiochem (San Diego, CA, USA); ERalpha, ERbeta and actin from
Santa Cruz Biotechnology (Santa Cruz, CA, USA) and antisera
against 4-hydroxy-2-nonenal (HNE) were purchased from Alpha
Diagnostic International (San Antonio, TX, USA). Routine chemicals
were supplied by Roche (Barcelona, Spain), Sigma–Aldrich, Panreac
(Barcelona, Spain), and Bio-Rad Laboratories (Hercules, CA, USA).

Carbonyl groups were quantiﬁed using the Oxyblot protein oxidation detection kit (Chemicon, Chandlers Ford, UK). Derivatization
by 2,4-dinitrophenylhydrazine (DNPH) was carried out for 15 min
on 5 g of total cell lysate protein following the manufacturer’s
instructions. Proteins were transferred onto nitrocellulose membrane by means of a slot-blot system (Bio-Rad). After incubation
with anti-DNP antibody, bands were visualized using Immun-Star
Western C Kit reagent (Bio-Rad). The chemiluminescence signal
was captured with a Chemidoc XRS densitometer (Bio-Rad) and
analysed with Quantity One software (Bio-Rad). To ensure speciﬁcity, the oxidized proteins provided by the kit were included as a
positive control. Treatment of sample with a control solution served
as a negative control for DNPH derivatization.
2.4. Measurement of 4-hydroxy-2-nonenal
For 4-hydroxy-2-nonenal (HNE) analysis, 5 g of protein from
cell lysate was transferred onto nitrocellulose membrane by means
of a slot-blot system (Bio-Rad). Membrane was incubated in a
blocking solution of 5% nonfat powdered milk in 20 mM Tris–HCl,
0.13 mM NaCl, and 0.1% Tween 20. Antisera against 4-HNE were
used as primary antibody. Bands were visualized using the ImmunStar Western C Kit reagent (Bio-Rad). The chemiluminescence
signal was captured with a Chemidoc XRS densitometer (Bio-Rad)
and analysed with Quantity One software (Bio-Rad).

2.6. Real-time RT-PCR analysis
2.2. Cell culture and treatments
Prostate cancer cell lines VCaP, PC3 and DU145 were purchased
from the ATCC and maintained in Dulbecco’s modiﬁed Eagle’s
medium (DMEM) supplemented with 10% foetal bovine serum
(FBS), 1% antibiotics (penicillin and streptomycin) in 5% CO2 in air
at 37 ◦ C. To evaluate the effects of E2, testosterone, genistein, MPP
and R,R-THC cells were grown in phenol red-free DMEM containing 10% charcoal-stripped FBS 24 h before treatment. Experiments
were performed when cell cultures reached conﬂuence by providing fresh medium supplemented with 1 nmol/L testosterone or
1 M genistein or 0.1 nmol/L E2 with or without MPP (1 M) and
R,R-THC (1 M) for 48 h. Cell lysates were obtained by scraping cells
in lysis buffer (20 mM Tris–HCl, 1.5 mM MgCl2 , 140 mmol/L NaCl,
0.5%, Nonidet P-40, 10% glycerol, 1 mmol/L EGTA, 1 mmol/L NaVO3 ,
1 mmol/L phenylmethylsulfonyl ﬂuoride, 10 g/ml leupeptin, and
10 g/ml pepstatin; pH 7.4). Protein content was measured with a
BCA protein assay kit (Pierce, Bonn, Germany).

Total RNA was isolated from cultured cells using TriPure isolation reagent and quantiﬁed using a spectrophotometer set at
260 nm. One microgram of the total RNA was reverse transcribed
to cDNA at 42 ◦ C for 60 min with 25 U MuLV reverse transcriptase
in a 10-l volume of retrotranscription reaction mixture containing 10 mM Tris–HCl (pH 9.0), 50 mM KCl, 0.1% Triton X-100,
2.5 mM MgCl2 , 2.5 M random hexamers, 10 U RNase inhibitor, and
500 M each dNTP. Each cDNA was diluted to 1/10 and aliquots
were frozen (−70 ◦ C) until the PCRs were carried out.
Real-time PCR was done for seven target genes, UCP1, UCP2,
UCP3, UCP4, UCP5, catalase and GPx; and one housekeeping gene:
18S ribosomal RNA (18S).
PCR was carried out using SYBR green technology, purchased
by Sigma–Aldrich, on a LightCycler rapid thermal cycler (Roche
Diagnostics, Basel, Switzerland). Total reaction volume was 10 l,
containing 5 l SYBR Green JumpStart Taq ReadyMix (containing
20 mM Tris–HCl, pH 8.3, 100 mM KCl, 0.4 mM each dATP, dCTP,
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dGTP, TTP, glass passivator, stabilizers, 0.05 U/l Taq DNA Polymerase, JumpStart Taq antibody, and SYBR Green I dye), 0.5 M
of the sense and antisense primers, 2 mM MgCl2 , and 3 l of the
cDNA template. The ampliﬁcation program consisted of a preincubation step for denaturation of the template cDNA (2 min, 94 ◦ C),
followed by 40 cycles consisting of a denaturation step (15 s, 94 ◦ C),
and annealing, extension and read ﬂuorescence step (1 min, 60 ◦ C
for UCP2, UCP5 and catalase; 61 ◦ C for UCP1, UCP3, UCP4 and 18S;
and 66 ◦ C for GPx). A negative control without cDNA template was
run in each assay.
The primers used were forward 5 -CTTGGTGTCGGCTCTTATCG
3 and reverse 5 -CCGTTGGTCCTTCGTTAGTG-3 for UCP1, forward
5 -GGTGGTCGGAGATACCAAAG-3 and reverse 5 -CTCGGGCAATGGTCTTGTAG-3 for UCP2, forward 5 -GGGATTCTGGTCTTCACTGC-3 and reverse 5 -TCCAACCTTCCATTTTGTCC-3 for
UCP3, forward 5 -GCGACAAGGAGTGCGTTATC-3 and reverse
5 -ATCCAGGGGAAAGGTTGCTA-3 for UCP4, and forward 5 CAAGCCGTTGGTCTCCTAAG-3 and reverse 5 -CGTTTTCAATGTCACCCATC-3 for UCP5, forward 5 -CATCGCCACATGAATGGATA3 and reverse 5 -CCAACTGGGATGAGAGGGTA-3 for CAT, forward
5 -GCGGCGGCCCAGTCGGTGTA-3 and reverse 5 -GAGCTTGGGGTCGGTCATAA-3 for GPx, and forward 5 -GGACACGGACAGGATTGACA-3 and reverse 5 -ACCCACGGAATCGAGAAAGA-3 for 18S.
The Ct values of the real-time PCR were analysed, taking into
account the efﬁciency of the reaction and referring the results to
the total DNA amount, using the GenEx Standard Software (MultiDAnalises, Sweden).
2.7. Cell proliferation assay
Cells were plated at 5000 cells per well in 96-well plates in phenol red-free DMEM supplemented with 10% FBS and 1% antibiotics
(penicillin and streptomycin) in 5% CO2 in air at 37 ◦ C and shifted to
phenol red-free DMEM 10% charcoal-FBS 1% antibiotics (penicillin
and streptomycin) 24 h before treatment with E2 or testosterone
during 48 h. After treatment, 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT; 0.5 mg/ml) was added and
plates were incubated for 1 h at 37 ◦ C. The medium was removed
and formazan crystals were dissolved by adding 100 l dimethyl
sulfoxide (DMSO). Absorbance of the converted dye was measured at 570 nm with background subtraction at 620 nm using a
microplate reader (Power Wave XS, BIO-TEK).
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Table 1
Effect of E2 on VCaP, PC3 and DU145 cell proliferation.
VCaP
Control
E2
T
E2 + T

100
112
113
117

±
±
±
±

1.7
3.1*
3.8*
2.5*

PC3

DU145

100 ± 3.1
96 ± 1.9

100 ± 8.3
100 ± 2.2

Data represent the means ± SEM (n = 6). Values of control (vehicle-treated) cells
were set at 100. E2, 17␤-estradiol 0,1 nM; T, testosterone 1 nM.
*
Signiﬁcant difference between treated and vehicle-treated cells (Student’s ttest; P < 0.05, n = 6).

2.9. Measurement of ROS levels by ﬂow cytometry
Cells were stained with 10 M 2 ,7 -dichloroﬂuorescein diacetate (DCFDA) for 15 min, washed with PBS containing 10 mM
glucose, and analysed immediately using an Epics XL ﬂow cytometer (Beckman–Coulter, Miami, FL, USA). The green ﬂuorescence was
measured using the FL-1 setting (log mode) after the cell debris was
electronically gated out. 10,000 events were acquired and analysis was performed with Expo32 ADC analysis software (Beckman
Coulter, Miami, FL).
2.10. Analysis of mitochondrial membrane potential (MMP) by
ﬂow cytometry
Cells were stained with 250 nM tetramethylrhodamine methyl
(TMRM) ester for 15 min, washed with PBS containing 10 mM glucose, and analysed by ﬂow cytometry as described above. TMRM
is a lipophilic cationic dye that accumulates within mitochondria
according to the MMP. The red ﬂuorescence was measured using
the FL-2 setting (log mode) after the cell debris was electronically
gated out. In each analysis, 10,000 events were recorded and analysed with Expo32 ADC analysis software (Beckman Coulter, Miami,
FL).
2.11. Statistical analysis
All data were expressed as means ± SEM from at least three independent experiments performed in duplicate. Statistical analysis
was carried out using the Statistical Program package (SPSS 18.0
for Windows, Inc., Chicago, IL, USA). Statistical differences between
experimental groups were analysed with unpaired Student’s t-test.
A level of P < 0.05 was accepted as signiﬁcant.

2.8. Measurement of ROS production
3. Results
Cells were plated at 5000 cells per well in 96-well plates in phenol red-free DMEM supplemented with 10% FBS and 1% antibiotics
(penicillin and streptomycin) in 5% CO2 in air at 37 ◦ C and shifted
to phenol red-free DMEM 10% charcoal-FBS 1% antibiotics (penicillin and streptomycin) 24 h before treatment with E2, genistein
or E2 with MPP or R,R-THC during 48 h. After treatment, 10 M
2 ,7 -dichloroﬂuorescein diacetate (DCFDA) was added and plates
were incubated for 90 min at 37 ◦ C. Assay was performed at 37 ◦ C
in a 96-well microplate ﬂuorimeter FLx800 (BIO-TEK instruments,
Winooski, VT, USA). Hydrogen peroxide production was assayed by
measuring the increase in ﬂuorescence (485 nm excitation, 530 nm
emission).
To correct the effect of treatment in the proliferation 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT;
0.5 mg/ml) was added and plates were incubated for 1 h at 37 ◦ C.
The medium was removed and formazan crystals were dissolved
by adding 100 l dimethyl sulfoxide (DMSO). Absorbance of
the converted dye was measured at 570 nm with background
subtraction at 620 nm using a microplate reader (Power Wave XS,
BIO-TEK).

3.1. Effect of E2 on VCaP PC3 and DU145 cell proliferation
E2 treatment (0.1 M) increased the proliferation of VCaP and
had no effect on the proliferation of other prostate cancer cell lines
studied (Table 1). Due to the presence of androgen receptor in VCaP
cells, the effect of testosterone (1 nM) alone and in combination
with E2 also had been evaluated in this cell line with no difference
between treatments.
3.2. VCaP, PC3 and DU145 prostate cell lines characterization
The protein levels of estrogen receptor isoforms ERalpha and
ERbeta were determined to characterize the prostate cancer cell
lines used in this study: VCaP, PC3 and DU145 (Table 2 and Fig. 1).
No differences between VCaP and PC3 cancer cell lines were found
in ERalpha. In DU145 the levels of ERalpha were undetected (see
Fig. 1). ERbeta protein levels were statistically different between all
cell lines, with VCaP cells presented the lower levels, PC3 the higher
levels (206% considering VCaP as 100%) and DU145 intermediate
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Table 2
VCaP, PC3 and DU145 prostate cell lines characterization.

ER␣
ER␤
Ratio ER␣/ER␤
ROS levels
TMRM ﬂuorescence
Carbonil content
4-HNE

Table 3
Antioxidant enzymes and UCPs expression in VCaP, PC3 and DU145 cell lines.

VCaP

PC3

DU145

100 ± 9
100 ± 14
1.00
100 ± 3
100 ± 2
100 ± 7
100 ± 9

110 ± 19
206 ± 18*
0.48
88 ± 2*
124 ± 3*
63 ± 9*
72 ± 14*

UD
151 ± 22* ,§
0
87 ± 5*
180 ± 10* ,§
75 ± 13*
65 ± 16*

Data represent the means ± SEM (n = 6). Values of VCaP cell line were set at 100.
ER␣, estrogen receptor alpha; ER␤, estrogen receptor beta, ROS, reactive oxygen
species; TMRM, tetramethylrhodamine methyl ester; 4-HNE, 4-hydroxy-2-nonenal;
UD, undetected.
*
Signiﬁcant difference between VCaP cell line and PC3 or DU145 cell lines (Student’s t-test; P < 0.05, n = 6).
§
Signiﬁcant difference between PC3 cell line and DU145 cell line (Student’s t-test;
P < 0.05, n = 6).

VCaP
UCP1
UCP2
UCP3
UCP4
UCP5
Catalase
GPx

28.3
20.6
25.1
26.5
21.3
19.1
17.4

PC3
±
±
±
±
±
±
±

0.7
0.1
0.4
0.2
0.1
0.2
0.2

28.7
23.4
26.2
26.4
21.1
18.6
18.1

8.2 ± 0.1

18S

Fig. 1. Representative bands of Western blot are shown. ERalpha, estrogen receptor
alpha; ERbeta, estrogen receptor beta.

0.2
0.1
0.2
0.3
0.1
0.2
0.2

27.6
21.7
22.3
26.2
23.3
21.0
18.7

8.3 ± 0.1

±
±
±
±
±
±
±

0.5
0.4
0.4
0.5
0.4
0.4
0.3

9.4 ± 0.3

Data represent the means of Ct values ± SEM (n = 6). UCP, uncoupling protein; GPx,
glutathione peroxidase.

Table 4
Protein levels of UCPs and antioxidant enzymes in VCap, PC3 and DU145 cancer
prostate cell lines.
VCaP

levels (151%). Considering both receptors, ERalpha/ERbeta ratio has
also been calculated and VCaP presented the higher range, PC3 the
mid-range and DU145 the lower value of this ratio, which was 0, as
a result of undetected levels of ERalpha.
Table 2 shows the indicators of mitochondrial function and
oxidative stress balance in prostate cancer cell lines: VCaP, PC3
and DU145. Speciﬁcally, we measured ROS levels by DCFDA (as
an oxidative stress indicator), TMRM ﬂuorescence (as an indicator
of mitochondrial membrane potential), and carbonyl and 4-HNE
content (as an indicator of protein and lipids oxidative damage,
respectively). The highest mitochondrial membrane potential was
found in DU145 cells followed by those of PC3, with the VCaP cells
presenting the lowest value.
To complete the oxidative stress balance characterization in
cancer prostate cell lines, we studied the expression of antioxidant
enzymes and UCPs by real time PCR and the protein levels by Western blot. The crossing points (Cp) of catalase, GPx and UCP1–UCP5 of
VCaP, PC3 and DU145 cell lines in culture basal conditions are summarized in Table 3, as well as 18S (such as housekeeping). Catalase
and GPx were expressed in signiﬁcant levels in all cell lines studied
(Cp < 21), only UCP2 and UCP5 presented a Cp high enough to be
considered as a signiﬁcant gene expression (Cp < 24) in VCaP, PC3
and DU145 cells, while the other UCPs (UCP1, UCP3 and UCP4) presented, in most cases, had a Cp higher than 25, and therefore the
expression of these genes may be considered as basal. Only UCP3
in the DU145 cell line presents a Cp value of 22.3.
Table 4 shows protein levels of antioxidant enzymes (GPx and
catalase) and main uncoupling proteins (UCP2 and UCP5), in the
VCaP, PC3 and DU145 cancer prostate cell lines. Despite of no differences in GPx between the cell lines analysed, the protein catalase
levels presented the highest values in PC3 lines and the lowest values of the DU145 cell line, both levels were statistically signiﬁcant.
UCP2 shows no statistically signiﬁcant differences between lines,
although UCP5 protein levels were lower in VCaP with respect to
PC3 and DU145.

DU145
±
±
±
±
±
±
±

UCP2
UCP5
GPx
CAT

100
100
100
100

±
±
±
±

PC3
10
8
12
11

81
148
90
343

DU145
±
±
±
±

8
11*
13
31*

92
175
90
79

±
±
±
±

9
45*
2
4* ,§

Data represent the means ± SEM (n = 6). Values of VCaP cells were set at 100. UCP,
uncoupling protein; GPx, glutathione peroxidase.
*
Signiﬁcant difference between VCaP cell line and PC3 or DU145 cell lines (Student’s t-test; P < 0.05, n = 6).
§
Signiﬁcant difference between PC3 cell line and DU145 cell line (Student’s t-test;
P < 0.05, n = 6).

3.3. Effect of E2 on antioxidant enzymes and UCPs mRNA levels in
VCap PC3 and DU145
The effect of a 48 h E2-treatment on antioxidant enzymes catalase and GPx, and UCP2 and UCP5 mRNA levels was evaluated in
order to establish the inﬂuence of this hormone on the antioxidant
capacity of prostate VCaP, PC3 and DU145 cancer cell lines (Table 5).
In Table 5, the fold change for hormone treatment is shown to better elucidate whether E2 treatment has a positive or negative effect
on the mRNA expression of these genes. In VCaP cells, E2 treatment had no effect on GPx, but there was a decrease in catalase,
UCP2 and UCP5 mRNA levels. Given that an androgen receptor is
expressed in the VCaP cell line, the effect of testosterone (1 nM)
has also been evaluated and this treatment had no effect on antioxidant enzymes and the UCPs analysed. E2 increased expression
of antioxidant enzymes and UCPs, in PC3 cells, was only statistiTable 5
Fold-change of UCPs and antioxidant enzymes ARNm in prostate cancer cell lines
after hormonal treatment.
Control

E2

T

VCaP

UCP2
UCP5
Catalase
GPx

0.00
0.00
0.00
0.00

±
±
±
±

0.09
0.08
0.08
0.09

−0.44
−0,15
−0.29
−0.08

±
±
±
±

0.09
0.02*
0.12*
0.15

PC3

UCP2
UCP5
Catalase
GPx

0.00
0.00
0.00
0.00

±
±
±
±

0.10
0.09
0.12
0.13

0,17
0.41
0.41
0.42

±
±
±
±

0.18
0.06*
0.21
0.06*

DU145 UCP2
UCP5
Catalase
GPx

0.00
0.00
0.00
0.00

±
±
±
±

0.11
0.18
0.12
0.06

0,15
0.23
0.20
0.22

±
±
±
±

0.12
0.17
0.15
0.09*

*

0.05
0.12
0.05
0.08

±
±
±
±

0.08
0.08
0.1
0.03

Data represent the means ± SEM (n = 6). Values of control (vehicle-treated) cells
were set at 0. E2, 17␤-estradiol 0,1 nM; T, testosterone 1 nM; UCP, uncoupling protein; GPx, Glutathione peroxidase.
*
Signiﬁcant difference between treated and vehicle-treated cells (Student’s ttest; P < 0.05, n = 6).
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treated cells) treatment. In PC3 cells with a lower ERalpha/ERbeta
ratio, ERalpha antagonist and genistein also statistically decreased
ROS production, although this inhibition was lower than in VCaP
(−7% MPP with respect to E2-treated cells). Moreover, the ERbeta
antagonist increased ROS production (R,R-THC, 8% with respect
to vehicle-treated cells). ROS production in DU145 cells, which
only expresses ERbeta, was affected by E2 (−27% with respect to
vehicle-treated cells) and was not affected by ERalpha antagonist
or genistein (with respect to vehicle-treated cells), while the ERbeta
antagonist statistically signiﬁcant increased oxidative stress (+33%
with respect to E2-treated cells).

3.5. Effect of E2 with and without ER antagonists on antioxidant
enzyme and UCPs protein levels in VCaP and PC3
At this point of the experiment it was of interest to check if the E2
effects in VCaP cell line were caused by ERalpha and in PC3 cell line
by ERbeta. For this reason we used MPP (antagonist of ERalpha) in
VCaP cell lines, and R,R-THC (antagonist of ERbeta) in PC3 cell line.
Fig. 3 shows effect of E2 with and without MPP in the VCaP cell line
and the effect of E2 with and without R,R-THC in PC3 cell line on
protein levels of antioxidant enzymes, GPx and catalase, and UCP2
and UCP5. E2 treatment in VCaP line decreased the expression of
GPx, catalase and UCP5, although it was only statistically signiﬁcant
in GPx and UCP5. These effects were prevented by ERalpha antagonist addition in all the cases. Moreover, in PC3 line E2 treatment
increased statistically expression of GPx, catalase and UCP2, effects
that were reversed by the ERbeta antagonist reversed.

4. Discussion

Fig. 2. Effects of 17␤-estradiol, genistein and antagonists from estrogen receptors
on ROS production. E2, 17␤-estradiol 1 nM; MPP1 M, 1,3-bis(4-hydroxyphenyl)-4methyl-5-[4-(2-piperidiniylethoxy)phenol]-1H-pyrazole dihydrochloride; R,R-THC
1 M, (R,R)-5,11-diethyl-5,6,11,12-tetrahydro-2,8-chrysenediol; G, genistein. *Signiﬁcant difference between treated and vehicle-treated cells (Student’s t-test;
P < 0.05, n = 6).  Signiﬁcant difference between antagonists or genistein-treated cells
versus E2-treated. cells (Student’s t-test; P < 0.05, n = 6).

cally signiﬁcant for GPx and UCP5 and showed a high tendency in
catalase levels (p = 0.083). In DU145 cells, the E2 treatment only
increases the expression of GPx and had no effect on the catalase,
UCP2 and UCP5 mRNA levels.
3.4. Effect of ERalpha and ERbeta antagonists on E2 stimulation
of ROS production in VCaP, PC3 and DU145
ROS production of vehicle-treated cells was used as a reference
(100%). The effect of estrogen with and without estrogen receptor
antagonists (MPP and R,R-THC), and genistein was also determined
in all prostate cancer cell lines studied (Fig. 2). Treatment effects
were more evident in the VCaP cell line, which showed a higher
ERalpha/ERbeta ratio with the statistically signiﬁcant increase in
the ROS production of E2-treated cells (+15% with respect to
vehicle-treated cells), while experiencing a decrease in cell ROS
production with the ERalpha antagonist (MPP −41% with respect
to E2-treated cells) or the genistein (−7% with respect to vehicle-

Cell lines with a lower ERalpha/ERbeta ratio and higher levels
of ERbeta have less oxidative stress than cell lines with a predominance of ERalpha. This state may be explained, at least in part, by
the greater levels of antioxidant systems as well as UCP5 protein
levels. UCPs are a family of inner mitochondrial membrane proteins
whose function is to allow the re-entry of protons into the mitochondrial matrix, dissipate the proton gradient and, subsequently,
decrease membrane potential and ROS production [20]. Taking into
account the genotoxic effect of ROS, it can be speculated that one
of the predictable consequences of UCPs function may be in cancer prevention [21,22] and may offer a clinical beneﬁts for cancer
treatment studies [22].
Additionally, the action of E2 on antioxidant enzymes and UCPs
expression was dual and dependent on the ERalpha/ERbeta ratio
and ERbeta amounts. Thus, treatment with 0.1 nM E2 (physiological
concentrations on obese men plasma [23]) in cell lines with a high
ERalpha/ERbeta ratio (VCaP) produced a reduction of antioxidant
enzymes and UCPs levels, and an increase in ROS production. These
effects disappeared when treatment was done in the presence of an
ERalpha antagonist. In the cell lines which had high levels of ERbeta
and a lower ERalpha/ERbeta ratio (PC3), E2 treatment caused an
increase in antioxidant enzymes and UCPs, with a concomitant
decrease in ROS production. These effects were reversed when cells
were treated with E2 in the presence of an ERbeta antagonist.
These results would agree with those of several authors who
have shown in different tissues and cell lines that UCPs and antioxidant enzymes are under the control of sex hormones [24–28].
Moreover, similar results have been described in breast cancer
cell lines. In MCF-7 cell lines with a higher expression of ERalpha E2 down-regulates UCPs and antioxidant enzymes, increases
oxidative stress, while in MDA-MB-231, which only expresses
ERbeta, estrogen cannot down-regulate these proteins and does
not increase oxidative stress [19].
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Fig. 3. Effect of 17␤-estradiol on GPx, catalase and UCPs protein levels. E2, 17␤-estradiol 0.1 nM; MPP 1 M, 1,3-bis(4-hydroxyphenyl)-4-methyl-5-[4-(2piperidiniylethoxy)phenol]-1H-pyrazole dihydrochloride; R,R-THC 1 M, (R,R)-5,11-diethyl-5,6,11,12-tetrahydro-2,8-chrysenediol. GPx, glutathione peroxidase; UCP,
uncoupling protein. Representative bands of Western blot are shown. *Signiﬁcant difference between E2-treated cells and vehicle-treated cells (Student’s t-test; P < 0.05,
n = 6).  Signiﬁcant difference between antagonists-treated cells and E2-treated cells (Student’s t-test; P < 0.05, n = 6).

The results of this paper would be consistent with the knowledge that in different cancers the effects that E2 exerts through
ERalpha bring about greater oxidative stress and proliferation,
whereas the effects through ERbeta have a protective nature
when faced with oxidative stress. Thus, in tissues where ERalpha is abundant, E2 is considered a cancer risk, whereas in those
tissues in which the predominant isoform receptor is ERbeta,
protective effects of E2 when facing oxidative stress have been

described [19,29–31]. Moreover, these results agree with the fact
that abundance of ERalpha is positively correlated with the malignant prostate cancer and that ERbeta is strongly expressed in low
grade prostate carcinoma, while it is markedly diminished in high
grade tumors [6]. Several authors have been suggested that ERbeta
may protect against abnormal prostate cell growth. Even the use of
ERbeta agonists has been suggested as a therapy to prevent grade
progression in prostate tumors [6].
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Likewise, the antioxidant effects caused by genistein agree with
the beneﬁcial effects of phytoestrogens in cancer, as phytoestrogens have reported a 70-fold higher binding afﬁnity for ERbeta than
for ERalpha [32], and its difference in afﬁnity for estrogen receptors
could explain the protective effects of phytoestrogen.
Another aspect to consider is that some studies have demonstrated that PC3 cancer cells are more aggressive than other
prostate cancer cells. These authors believe in the possibility that
the aggressive nature of PC3 cells is caused by the lower sensitivity to ROS [33], which could explain why these cells have a greater
number of antioxidant systems in response to the higher ERbeta
levels.

[11]

[12]

[13]

[14]

5. Conclusion
On the whole, our results suggest a dual E2 effect; that an
increase or decrease in oxidative stress is regulated by modulating
the UCPs and antioxidant enzymes according to the abundance of
ERbeta and the ERalpha/ERbeta ratio. Thus, it would be interesting
to study these two estrogen receptor isoforms for prostate cancer
diagnosis in order to establish possible future treatments. Likewise,
the continuation of the study of the role of UCPs in the development
of prostate cancer, which could provide valuable information for
diagnosis and treatment, since the expression of these proteins has
been shown to decrease prostate cancer risk, yet at the same time
can have non-desirable effects in neoplastic development, as they
confer to these cancer cells a higher resistance to oxidative stress,
facilitating their malignancy and chemoresistance.
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Abstract
Background/Aims: 17β-estradiol (E2) is a risk factor
for the development of breast cancer, and cause
tumorigenesis in epithelial breast cells. Moreover, E2
has distinct effects on different tissues that are
attributed to the presence of two estrogen receptor
isoforms, ERα and ERβ. Methods: The effect of E2
on mitochondrial biogenesis and function was
investigated in two breast cancer cell lines with
different estrogen receptor ratios, MCF-7 (high ERα/
ERβ ratio) and T47D (low ERα/ERβ ratio) cell lines
treated with physiological concentrations of E2 (1
nM). Results: Mitochondria of the MCF-7 cell line
showed an increase in proliferation but a decrease
in functionality, while the T47D cell line, with low ERα/
ERβ ratio, maintained functionality with fewer
mitochondria. Conclusion: Our results suggest that
ERs endowment and its subtypes relation have an
effect on treatment response and could contribute
new ideas about mitochondria and ERs in breast
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cancer, as well as new indicators to the disease
progression.
Copyright © 2012 S. Karger AG, Basel

Introduction
Estrogens are hormones that have different roles in
a number of physiological processes and pathologic
conditions such as cancer [1, 2]. It is well known that
estrogens, and particularly 17β-estradiol (E2), are risk
factors for the development of breast cancer, and cause
tumorigenesis in epithelial breast cells [3]. In the last
decades, the focus on estrogen effects has been on the
action of these hormones by their binding to estrogen
receptors [4, 5]. There are two estrogen receptors: the
classical receptor called estrogen receptor alpha (ERα)
and the second receptor estrogen receptor beta (ERβ)
[6]. ERβ may have different biological effects than ERα
and display different intracellular and tissue distribution
patterns [7-9], whilst ERα mediates the proliferative
actions of E2 and these effects can be opposed by ERβ
[10]. In the last few years, researchers have studied the
pathways of these receptors with the aim to understand
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the importance of these signals in breast cancer.
Moreover, it is known that in mtDNA there are
estrogen response elements (ERE) as well as estrogen
receptors that can localize in mitochondria in response to
several signals [11-13]. On the other hand, mitochondrial
biogenesis and reactive oxygen species (ROS) production
are under estrogen influence [14, 15]. Similarly, it is
demonstrated that mitochondria can modulate the
expression of nuclear cell cycle genes and human breast
tumor growth [16-18]. For this reason, some authors have
given estrogens a new role in the breast carcinogenesis
process through the modulation of mitochondrial function
and ROS production [14, 19-21].
Additionally, although it is well known that
mitochondrial function is altered in cancer cells [15], the
supposed theories on the effects of estrogen on
mitochondria are controversial, as several studies have
shown an increased mitochondrial biogenesis in response
to E2 treatment while others have found a mitochondrial
dysfunction under the same conditions [12, 14, 22, 23].
The purpose of this article is to investigate whether
the influence of E2 on mitochondrial biogenesis and
function is dependent on the estrogen receptor ratio. To
tackle this aim, we used two breast cancer cell lines: the
MCF-7 cell line with a high ERα/ERβ ratio; and T47D
cell line with a low ERα/ERβ ratio.

Analysis of Cardiolipin content
Cardiolipin content was assayed using Nonyl Acridine
Orange (NAO) fluorescence and quantified using a microplate
fluorescence reader FLx800 (BIO-TEK Winooski, Vermont, USA)
set at 485/20 nm to excitation and 528/20 to emission. The
fluorescence was corrected by Hoescht 33342 (Sigma-Aldrich)
fluorescence with the same fluorescence reader set at 360/40
nm to excitation and 460/40 to emission.
Citrate synthase, cytochrome c oxidase and ATPase
activities
The cell lysates used for enzymatic activities were
obtained by scrapping cells in RNAase-free water. CS (citrate
synthase; EC 2.3.3.1 [previously 4.1.3.7]) activity was
determined by following the increase in absorption of the 5thio-2-nitrobenzoate ion at 412 nm and 30°C as previously
reported [24]. Complex IV or COX (cytochrome c oxidase; EC
1.9.3.1) activity was measured using a spectrophotometric
method [25]. Briefly, cell lysate was incubated in 0.1 M NaPO4H2,
pH 7.0, in the presence of 2 µg/mL catalase and 5 mM substrate
DAB (3, 3’ diaminebenzidine-tetrachloride). After 30 s, 100 µM
reduced cytochrome c was added to start the reaction, and the
absorbance variation was recorded for 15 min at 450 nm. ATPase
(ATP phosphohydrolase, Complex V, EC 3.6.1.3) activity was
measured by monitoring the oxidation of NADH at 340 nm and
37°C [26], with an extinction coefficient was 6.22 mM-1 cm-1.

Cell culture and treatments
Breast cancer cell lines MCF-7 and T47D bear a great
resemblance to one another as human breast adenocarcinoma
cell lines with a great difference in ERα/ERβ with MCF-7
possessing the highest ratio. Cell lines were purchased from
ATCC and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% foetal bovine serum (FBS),
1% antibiotics (penicillin and streptomycin) in 5% CO2 in air at
37°C. To evaluate the effects of 17β-estradiol, cells were grown
in phenol red-free DMEM containing 10% charcoal-stripped
FBS 24 hours prior to treatment. Experiments were performed
when cell cultures reached confluence by providing fresh media
supplemented with 1 nmol/l E2 (Sigma-Aldrich).

Real time PCR
Total RNA was isolated from cultured cells using TriPure®
isolation reagent and quantified using a spectrophotometer
set at 260 nm. One µg of the total RNA was reverse transcribed
to cDNA at 42°C for 60 min with 25 U MuLV reverse
transcriptase in a 10 µl volume of retrotranscription reaction
mixture containing 10 mM Tris-HCl (pH 9.0), 50 mM KCl, 0.1%
Triton X-100, 2.5 mM MgCl2, 2.5 µM random hexamers, 10 U
RNAase inhibitor and 500 µM each dNTP. Each cDNA was
diluted 1/10 and aliquots were frozen (-70°C) until the PCR
reactions were carried out.
PCR was done for seven target genes: Presenilin 2 (pS2),
peroxisome proliferator-activated receptor-gamma coactivator1alpha (PGC1α), nuclear respiratory factors 1 and 2 (NRF1 and
NRF2), mitochondrial transcription factor A (TFAM),
mitochondrial single strand DNA binding protein (mtSSB) and
18S, using specific primers (see Table 1) SYBR Green technology
on a LightCycler 480 System II (Roche Diagnostics, Basel,
Switzerland). Total reaction volume was 10 µL, containing
6,5 µl Lightcycler® 480 SYBR Green I Master, 0.5 µM of the
sense and antisense specific primers and 2,5 µl of the cDNA
template. The amplification program consisted of a
preincubation step for template cDNA denaturation (5 min,
95°C), followed by 45 cycles consisting of a denaturation step
(10 s, 95°C), an annealing step (10 s, 60°C for PGC1α, NRF1,
NRF2 and mtSSB; and 61°C for 18S, pS2 and TFAM) and an
extension step (12s, 72°C). A negative control lacking cDNA
template was run in each assay.
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Materials and Methods
Materials
17β-estradiol (E2) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Mitotracker Green (MTG) was purchased
from Molecular Probes (Eugene, OR, USA). Routine chemicals
were supplied by Roche (Barcelona, Spain), Sigma-Aldrich (St
Louis, MO, USA), Panreac (Barcelona, Spain), and Bio-Rad
Laboratories (Hercules, CA, USA).
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Table 1. Table and conditions used for RT-PCR. Tº An.: Annealing temperature; pS2:
presenilin 2; PGC1α: peroxisome proliferator-activated receptor-gamma coactivator-1alpha;
NRF1 and NRF2: nuclear respiratory factor 1 and 2; TFAM: mitochondrial transcription
factor A; mtSSB: mitochondrial single strand DNA binding protein.

The resulting PCR products were resolved on a 2%
agarose gel in 45 mM Tris-borate- EDTA 1 mM buffer (pH 8.0)
and visualized by ethidium bromide staining. Bands were
analysed with a Chemidoc XRS densitometer (Biorad).The Ct
values of the real-time PCR were analysed, taking into account
the efficiency of the reaction and referring these results to the
total DNA amount, using the GenEx Standard Software
(MultiDAnalises, Sweden).
mtDNA quantification
DNA was isolated from cultured cells using TriPure®
isolation reagent following the manufacture protocol and used
to quantify mtDNA. 5 ng of the total DNA (quantified using a
spectrophotometer set at 260 nm) was amplified using specific
primers for 18S and the NADH dehydrogenase subunit 4, with
SYBR Green technology on a LightCycler 480 System II (Roche
Diagnostics, Basel, Switzerland).
Total reaction volume was 10 µL, containing 6,5 µl
Lightcycler® 480 SYBR Green I Master, 0.5 µM of the sense
and antisense specific primers and 2,5 µl of the cDNA template.
The amplification program consisted of a preincubation step
for denaturation (5 min, 95°C) followed by 45 cycles consisting
of a denaturation step (10 s, 95°C), an annealing step (10 s, 6°C
for 18S and mtDNA), and an extension step (12 s, 72°C). A
negative control without cDNA template was run in each assay.
The primers used were forward 5’-ggA CAC ggA CAg gAT
TgA CA-3’ and reverse 5’-ACC CAC ggA ATC gAg AAA gA3’ for 18S and forward 5’-CgT gAC TCC TAC CCC TCA CA-3’
and reverse 5’-ATC ggg TgA TgA TAg CCA Ag- 3’ for the
NADH dehydrogenase subunit 4 (mtDNA).
The resulting PCR products were analysed with the same
method before described in section 2.5.

fractioned by SDS-PAGE (12% polyacrylamide gel) and
electrotransferred onto nitrocellulose filters. Membranes were
incubated in a blocking solution of 5% nonfat powdered milk
in TBS-T (20 mM Tris HCl, 0.13 mM NaCl, and 0.1% Tween 20).
Antisera against COXIV (Mitoscience, OR, USA), ATPasa,
ERα, ERβ TFAM and Tubulin (Santa Cruz Biotechnologies,
CA, USA) were used as primary antibodies. Protein bands were
visualized by Immun-Star® Western C® Kit reagent (Biorad)
western blotting detection systems. The chemiluminiscence
signal was captured with a Chemidoc XRS densitometer (Biorad)
and analysed with Quantity One Software (Biorad).
Visualization of mitochondria
Mitochondria were visualized with the mitochondriaspecific dye MitoTracker Green as previously described by
Rodriguez-Enriquez et al. [27]. The confocal images were
adquired on a Leica TCS-SP2 confocal microscope.
Statistics
The Statistical Program for the Social Sciences software
for Windows (SPSS, version 18.0; SPSS Inc, Chicago, IL) was
used for all statistical analyses. Data are presented as means ±
standard error of the mean (SEM). Statistical differences between
control and E2-treated cells were analysed by Student’s t-test.
Statistical significance was set at P < 0.05.

Results

Western blotting
Proteins were isolated from cultured cells using TriPure®
isolation reagent following the manufacture protocol. For
western blot analysis 50 µg of protein from cell lysate was

E2 had an effect over estrogen receptor alpha and
beta (ERα and ERβ), as shown in Table 2, with a
statistically significant decreases in both MCF-7 and T47D
cell lines. We used two breast cancer cell lines with
different estrogen receptor levels and ratios (Table 2). It
can be observed in Table 3 that E2 had a proliferative
effect in MCF-7 cell line but not in T47D cell line, with all
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Table 2. Estrogen receptor alpha and beta protein levels in MCF-7 and T47D breast cancer cell lines after 48
hours E2-treatment. ERα: estrogen receptor alpha; ERβ: estrogen receptor beta; A.U.: Arbitrary units. Data
represent the means ± SEM (n=6). Values of control (vehicle-treated) cells of MCF-7 were set at 100. *Significant
difference between E2-treated and non-treated cells (Student’s test; P<0.05, n=6).

Table 3. Cellular proliferation and mitochondrial proliferation and differentiation in MCF-7
and T47D breast cancer cell lines. mtDNA: mitochondrial DNA; NAO: 10-N-nonyl-acridine
orange. A.U.: Arbitrary units. Data represent the means ± SEM (n=6). Values of control
(vehicle-treated) cells were set at 100. *Significant difference between E2-treated and nontreated cells (Student’s test; P<0.05, n=6).
Fig. 1. Mitochondrial biogenesis mRNA
expression in MCF-7 and T47D breast
cancer cell lines after E2-treatment for
48h. mRNA levels were detected by RTPCR using SYBR Green technology. pS2:
presenilin 2; PGC1α: peroxisome
proliferator-activated receptor-gamma
coactivator-1alpha; NRF1 and NRF2:
nuclear respiratory factor 1 and 2; TFAM:
mitochondrial transcription factor A;
mtSSB: mitochondrial single strand DNA
binding protein. E2: 17β-estradiol. Bars
represent the means ± SEM (n=6) with
the values of control (vehicle-treated)
cells of MCF-7 were set at 1. *Significant
difference between E2-treated and nontreated cells (Student’s test; P<0.05, n=6).

results obtained by the MTT assay. The MCF-7 cell
line showed significant increases in mtDNA copy

number (14 %) and cardiolipin content (4 %). However,
T47D cell line showed a statistically significant decrease
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Table 4. TFAM, COXIV and ATPase protein levels in MCF-7 and T47D breast cancer cell lines. TFAM:
mitochondrial transcription factor A; COXIV: citochrome c oxidase subunit IV. A.U.: Arbitrary units. Data
represent the means ± SEM (n=6). Values of control (vehicle-treated) cells were set at 100. *Significant
difference between E2-treated and non-treated cells (Student’s test; P<0.05, n=6).

Table 5. Cytrate Synthase, Cytochrome c oxidase and ATPase enzymatic assay in
MCF-7 and T47D breast cancer cell lines. CS: Cytrate synthase; COX: citochrome c
oxidase. A.U.: Arbitrary units. Data represent the means ± SEM (n=6). Values of control
(vehicle-treated) cells were set at 100. *Significant difference between E2-treated and
non-treated cells (Student’s test; P<0.05, n=6).

in mtDNA copy number (25 %) but not in cardiolipin
content. For this reason, the NAO/mtDNA ratio was
higher in T47D cell line than in MCF-7 cell line (0,91
and 1,33 respect to control as 1,00) after treatment with
E2.
In an attempt to localize these differences in
mitochondrial biogenesis, we checked the effect of E2
on mRNA expression of different genes involved in this
pathway. As shown in Fig. 1, PGC1α, NRF1, NRF2,
TFAM and mtSSB had a time-dependent increase with
the E2 treatment. It is worth noting that initial mRNA
levels and the amount of the increase observed differed,
depending on the cell line. Moreover, these effects were
also monitored by the TFAM, COX and ATPase protein
levels. Table 4 shows the decrease in TFAM and COX
protein levels in MCF-7 cell line (35 % and 60 %,
respectively), while in T47D cell line there were no
changes after 48 hours of E2-treatment. Furthermore,
ATPase protein levels decreased in the T47D cell line
(22 %). All of these changes are statistically significant.
Consequently, the ATPase/COX ratio showed an increase
in MCF-7 cell line and a decrease in T47D cell line.
At this point of the experiment, it was considered of
interest to investigate the activities of the mitochondrialMitochondrial Biogenesis and Function Depends on ERα/ERβ Ratio
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Fig. 2. Changes in mitochondrial morphology in response to
E2. Breast cancer cells were cultured normally and labeled with
Mitotracker Green nad imaged, as described in Material and
Methods.

related enzymes. As shown in Table 5, citrate synthase
activity showed a statistically significant decrease in the
Cell Physiol Biochem 2012;29:261-268
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MCF-7 cell line (28 %) while the T47D cell line showed
an increase (27 %). Furthermore, COX and ATPase
activities were lower in MCF-7 E2-treated cells than in
treated controls. Moreover, as shown in Fig. 2,
morphology of mitochondria were different in E2-treated
cell line, while T47D cell line not showed differences in
mitochondrial morphology after treatment.

E2 increased mitochondrial biogenesis in MCF-7 and
T47D breast cancer cell lines. However, there is a clear
difference in the response in the mitochondrial biogenesis
of these cell lines when faced this E2 stimulation. MCF7 cell line (high ERα/ERβ ratio) has mitochondria with
lower mitochondrial function than T47D cell line (with
low ERα/ERβ ratio) although this latter line had more
functional mitochondria in response to the E2 treatment.
These results would be in agreement with the different
physiological functions of estrogens displayed once bound
to their corresponding receptors [8, 21, 28].
In the MCF-7 cell line, which has highest reported
ERα/ERβ ratio [29, 30] E2 increased mtDNA copy
number, although mitochondrial function was diminished
since Citrate Synthase, cytochrome c oxidase and ATPase activities suffered a statistically significant decreases. Moreover, cytochrome c oxidase protein levels
were also lower after E2 treatment. However, for the
T47D cell line, with lower ERα levels than the MCF-7
cell line, E2, despite a decrease in mtDNA copy number
per cell, maintained mitochondrial function, as enzymatic
activities did not decrease per cell with E2. This is noteworthy as given that even citrate synthase has a tendency to increase, the enzymatic activities indicate functional mitochondria.
These estrogen receptor isoform dependent
differences in mitochondria fit with the dual effect of E2
found in different tissues [31]. Thus, E2 has a beneficial
role in some tissues such as: heart, brain, muscle, brown
adipose tissue, and liver [32-34], where this hormone
increases mitochondrial function. This effect agrees with
studies that shown more functional mitochondria in female
rats and these findings have been associated with a lower
oxidative stress [35, 36]. However, E2 has a role in tissue
malignancy in: ovary, mammary gland and uterus; and
has been related to lifetime exposure to estradiol and other
cancer risk factors [8]. These effects could be attributed
to the difference in the predominant estrogen receptor
isoform in the tissues [9].

Expression of mitochondrial biogenesis genes was
increased in MCF-7 cell line, but to a lesser degree than
in T47D cell line. Amongst all genes studied, it should be
underscored that TFAM, had a higher expression in the
T47D cell line than in the MCF-7 in response to E2
treatment. Moreover, there was a decrease in TFAM
protein levels after a 48h E2 treatment respect to its
control in the MCF-7 cell line, while in the T47D cell line,
there was an increase in this protein. High TFAM levels
are known to stimulate differentiation, while low levels
of TFAM stimulate mitochondrial proliferation [37-40].
Thus, the resultant TFAM levels would be in agreement
with mitochondrial functionality observed in these breast
cancer cell lines. Another important mitochondria
biogenesis factor is NRF-2, which also increased with
E2, although differed in its magnitude of expression
according to cell line, showing a higher increase in the
T47D cell line than in the MCF-7cell line. NRF-2 has
been related to mitochondrial maturation, owing to the
fact that it regulates traffic and assembly related-genes
of the mitochondrial proteins [41]. Thus, the effect of E2
on mitochondrial biogenesis genes indicate different
responses in the genes involved in mitochondrial
biogenesis, as the MCF-7 cell line showed a response to
proliferation while the T47D showed a differentiation
response.
Lately, mechanisms has been proposed to modulate
mitochondrial number and the deleterious effects from
signals like ROS or UV light known as mitoptosis [42].
Mitoptosis in normal conditions removes dysfunctional
mitochondria [43]. There are studies that show that in
some cancers, mitoptosis is inhibited, and for this reason,
the damaged mitochondria accumulated in the cells would
create mitochondrial dysfunction, affecting mitochondrial
biogenesis [44]. Mitoptosis could be explained by the
increase in MCF-7 mtDNA copy number caused by an
accumulation of dysfunctional mitochondria, or as well
by the decrease observed in the T47D cell line, when
removing the damaged mitochondria accumulated in the
pretreatment with Charcoal, where the beneficial effects
of E2 in this cell line there are not present.
In fact, if we observed mitochondrial morphology,
we appreciate a several change in morphology of E2treated MCF-7 mitochondria according to all the results.
In summing up, the results suggest that E2 acts over
function, proliferation and mitochondrial differentiation,
according to the estrogen receptor ratio (ERα/ERβ), with
lesser mitochondrial activity present in the cell line with a
predominance of ERα, while in contrast, the cell line with
a lower ERα/ERβ ratio had more functional mitochondria.
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Thus, our results reinforce the idea that depending on the
estrogen receptor endowment and its subtype relation,
breast tumors could have different response to treatment
and prognosis, with ERβ clinical analyses could provide
an indicator to the disease progression and provide new
insight of the role of mitochondria and estrogen receptors
in breast cancer.
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ABSTRACT
The effects of 17beta-estradiol (E2) are mediated through activation of estrogen receptors (ER): ERalpha and ERbeta. It is known that ERalpha/
ERbeta ratio is higher in breast tumors than in normal tissue. Since antioxidant enzymes and uncoupling proteins (UCPs) are reactive oxygen
species (ROS) production and mitochondrial biogenesis regulators, our aim was to study the E2-effect on oxidative stress, antioxidant enzyme
expression, and UCPs in breast cancer cell lines with different ERalpha/ERbeta ratios. The lower ERalpha/ERbeta ratio T47D cell line showed
low ROS production and high UCP5 levels. However, the higher ERalpha/ERbeta ratio MCF-7 cell line showed an up-regulation of antioxidant
enzymes and UCPs, yet exhibited high oxidative stress. As a result, a decrease in antioxidant enzyme activities and UCP2 protein levels,
coupled with an increase in oxidative damage was found. On the whole, these results show different E2-effects on oxidative stress regulation,
modulating UCPs, and antioxidant enzymes, which were ERalpha/ERbeta ratio dependent in breast cancer cell lines. J. Cell. Biochem. 113:
3178–3185, 2012. ß 2012 Wiley Periodicals, Inc.
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B

reast cancer is the most commonly diagnosed malignancy in
women of developed countries [Siegel et al., 2011].
Estrogens, and particularly 17beta-estradiol (E2), play an important
role in physiology of the reproductive process, such as the
development of the mammary gland in menarche [Russo et al.,
1999]. However, it is known that E2 is also implicated in
pathological processes such as in breast carcinogenesis. Lifetime
exposure to estradiol is associated with an increased risk of breast
cancer development, and contributes to tumor progression [Clemons
and Goss, 2001; Nilsson et al., 2001]. Classically, it has been
described that estrogens induce cancerous transformations because
they cause growth on the epithelial cells of the mammary gland, and
this proliferation increases susceptibility to the acquirement of
mutations during DNA replication [Chen et al., 2009]. Moreover,
there are a number of reports that point out a main role of oxidative

stress in E2-induced breast cancer pathogenesis, establishing a
relation between estrogen-induced breast cancer and oxidative
stress [Roy et al., 2007; Okoh et al., 2011]. E2 action is mediated by
its binding to two estrogen receptor (ER) subtypes, ERalpha and
ERbeta [Jensen and DeSombre, 1973; Kuiper et al., 1996]. In breast
cancer, ERalpha plays an important proliferative role, increasing
tumor growth and oxidative stress [Mense et al., 2008]. However, the
role of ERbeta is not yet clear, because this receptor could mediate
effects opposed to those of ERalpha. ERbeta appears to reduce cell
proliferation induced by ERalpha and promote differentiation in the
mammary gland [Strom et al., 2004; Warner and Gustafsson, 2010].
In fact, E2 also affects non-reproductive tissues such as: skeletal
muscle, cardiovascular, brain, liver, and adipose, were it has been
shown to play a protective role [Valle et al., 2007, 2008; Colom et al.,
2007ab; Irwin et al., 2008; Guevara et al., 2009; Song et al., 2009;

Mercedes Nadal-Serrano and Jorge Sastre-Serra contributed equally to the present work.
The authors report no conﬂicts of interest. The authors alone are responsible for the content and writing of the paper.
Grant sponsor: Spanish Government; Grant number: PS09/01637; Grant sponsor: Comunitat Autònoma de les Illes
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Borras et al., 2010]. Moreover, other authors have described a
different response to E2 in prostate cancer cell lines, which is
ERalpha/ERbeta ratio dependant [Miro et al., 2011]. This different
tissue-speciﬁc effect of E2 could thus be attributed to the different
ERalpha and ERbeta ratios within these tissues.
Mitochondria are the main source of reactive oxygen species
(ROS) in the cell [Fariss et al., 2005]. The imbalance between the
oxidative damage caused by E2-induced ROS production and the
ability of cells to metabolize them, coupled with the excessive
accumulation of ROS that overwhelms cellular defenses, leads to
oxidative stress [Ziech et al., 2011]. Control mechanisms of ROS play
a crucial role in tumor development. The systems that can protect
against oxidative damages are antioxidant systems and uncoupling
proteins (UCPs) [Fariss et al., 2005; Echtay, 2007]. Mitochondrial
biogenesis and ROS production are under the inﬂuence of estrogen,
and for this reason, some authors have given estrogens a new role in
the process of carcinogenesis and in the modulation of mitochondrial function [Chen et al., 2009; Sastre-Serra et al., 2010]. The
damage exerted by ROS on mitochondria and mitochondrial DNA
may lead to a high degree of mitochondrial dysfunction, and in turn,
to a high ROS production, creating a positive feedback of ROS
ampliﬁcation [Fariss et al., 2005].
UCPs have been proposed to be involved in pathological
conditions such as cancer [Derdak et al., 2008; Azzu et al., 2010;
Sastre-Serra et al., 2010; Baffy et al., 2011]. There is abundant
evidence about UCPs, such as their important role as metabolic
regulators in attenuating free radical formation [Baffy, 2010; SastreSerra et al., 2010].
Thus, the aim of this article is to investigate the effect of E2 on the
oxidative stress parameters, and the role of UCPs in this process, in
breast cancer cell lines with different ERalpha/ERbeta ratios.

MATERIALS AND METHODS
REAGENTS AND ANTIBODIES
17b-Estradiol (E2) was purchased from Sigma–Aldrich (St. Louis,
MO). Routine chemicals used were obtained from Roche (Barcelona,
Spain), Sigma–Aldrich, Panreac (Barcelona, Spain), and Bio-Rad
Laboratories (Hercules, CA).

CELL CULTURE AND TREATMENTS
Human breast cancer cell lines MCF-7 (ERalpha and ERbeta positive,
with predominance of ERalpha), T47D (ERalpha and ERbeta positive,
with predominance of ERbeta), and MDA-MB-231 (ERalpha
negative and ERbeta positive) were purchased from American
Type Culture Collection (ATCC; Manassas, VA) and cultured in
100 mm culture dishes in Dulbecco’s modiﬁed Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotic (penicillin and streptomycin) in a 5% CO2 humidiﬁed
atmosphere at 378C. To evaluate the effects of E2, cells were grown
in a phenol red-free DMEM containing 10% charcoal-stripped FBS
for 24 h before treatment. Estrogen treatments were begun when cell
cultures reached conﬂuence and by the addition of 1 nmol/L E2 for
24 h for enzymatic activity determination and mRNA expression
assays, and for 48 h, for Western blot determination.
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CATALASE, SUPEROXIDE DISMUTASE, GLUTATHIONE PEROXIDASE,
AND GLUTATHIONE REDUCTASE ACTIVITY
Cells were harvested by scraping the culture into a PBS buffer and
then were centrifuged at 5,000 rpm for 5 min at 48C to remove cell
debris. Cell pellets were resuspended in RNAse-free water. Lysates
were kept on ice and protein content was determined with a
bicinchoninic acid protein assay kit (Pierce, Bonn, Germany).
Subsequent enzyme assays were carried out immediately.
Catalase (CAT; EC 1.11.1.6) activity was measured by the method
of Aebi based on the consumption of H2O2 at 240 nm [Aebi, 1984] in
a UV-2401 PC spectrophotometer (Shimadzu) at 378C.
Superoxide dismutase (SOD; EC 1.15.1.1) activity was determined
by following the reduction of cytochrome c by measuring the
absorbance at 550 nm on a PowerWave XS Microplate Spectrophotometer (BioTek Instruments, Inc.) at 378C, as described previously
[Quick et al., 2000].
Glutathione peroxidase (GPx; 1.11.1.9) activity was determined
by the tert-butyl-hydroperoxide/glutathione oxidized (GSSG)
recycling method that monitored the decrease in absorbance of
NADPH at 340 nm [Paglia and Valentine, 1967].
Glutathione reductase (GRd; 1.8.1.7) activity was measured by
following the oxidation of NADPH at 340 nm, according to an
adaptation of the Carlberg method [Carlberg and Mannervik, 1985].
MEASUREMENT OF CARBONYL CONTENT
The presence of carbonyl groups, a measure of protein oxidation,
was determined by an immunological method using the OxySelectTM Protein Carbonyl Immunoblot kit (Cell Biolabs, San Diego,
CA). Protein carbonyls were detected by labeling the 20 mg sample of
total protein with 2,4-dinitrophenylhydrazine (DNPH) for 5 min and
then read according to the manufacturer’s instructions. For this
assay carbonyl groups were derivitized after electrophoresis and
transblotted to avoid alterations of the electrophoretic properties of
the stained protein. After incubation with the DNP-antibody, bands
were visualized using the Immun-Starß Western Cß Chemiluminescent Kit (Bio-Rad). The chemiluminescence signal was captured
with a Chemidoc XRS densitometer (Bio-Rad Laboratories) and
analyzed with Quantity One software (Bio-Rad Laboratories).
MEASUREMENT OF 4-HYDROXY-2-NONENAL
For 4-hydroxy-2-nonenal (4-HNE) analysis, 40 mg of protein from
cell lysate was transferred onto a nitrocellulose membrane.
Antiserum against 4-HNE (HNE11-S) was used as primary antibody
(Alpha Diagnostic International, San Antonio, TX). Bands were
visualized by Immun-Starß Western Cß Chemiluminescent Kit (BioRad). The chemiluminescence signal was captured with a Chemidoc
XRS densitometer (Bio-Rad) and analyzed with Quantity One
software (Bio-Rad).
MEASUREMENT OF ROS LEVELS BY FLOW CYTOMETRY
The ROS levels in the breast cancer cell lines were measured as
described previously by Sastre-Serra et al. [2010], measuring
ﬂuorescence of DCF using an Epics XL ﬂow cytometer (BeckmanCoulter, Miami, FL). The green ﬂuorescence was measured using the
FL-1 setting (log mode) after electronically gating out the cell debris.
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Ten thousand events were acquired and analyzed with Expo32 ADC
analysis software (Beckman Coulter).

ANALYSIS OF MITOCHONDRIAL MEMBRANE POTENTIAL BY FLOW
CYTOMETRY
Cell were dyed with 250 nM tetramethylrhodamine methyl ester
(TMRM) for 15 min, washed by PBS containing 10 mM glucose, and
analyzed by ﬂow cytometry as described above. TMRM is a
lipophilic cationic dye that accumulates within the inner membrane
of functional mitochondria according to the membrane potential.
The orange-red ﬂuorescence was measured using the FL-2 setting
(log mode) after the cell debris were electronically gated out. In each
analysis, ten thousand events were recorded and analyzed with
Expo32 ADC analysis software (Beckman Coulter; n ¼ 12).

MTT ASSAY
MTT assay was performed as described before [Sastre-Serra et al.,
2010]. Absorbance of the converted dye was measured at 570 nm
with background subtraction at 610 nm using a PowerWave XS
Microplate Spectrophotometer (BioTek Instruments, Inc.; n ¼ 8).

WESTERN BLOT ANALYSIS
Cells were harvested by scraping them out with lysis buffer [Miro
et al., 2011] and disrupted by sonication. Afterwards, protein
content was determined with a bicinchoninic acid protein assay kit
(Pierce). For Western blot analysis, 40 mg of protein from cell lysate
was separated on a 12% SDS–PAGE gel and electrotransferred onto
nitrocellulose membranes. After the transfer, unspeciﬁc biding sites
on the membranes were blocked in 5% non-fat milk in Tris-buffered
saline-Tween (TBS with 0.05% Tween-20). Antisera against ERa (D12), ERb (H-150), and a-tubulina (B-7), the latter used as a
housekeeping protein, were from Santa Cruz Biotechnology (Santa
Cruz, CA); and UCP2 (UCP21-A) and UCP5 (UCP51-A) were from
Alpha Diagnostic and were used as primary antibodies. Finally,
protein bands were visualized by Immun-Starß Western Cß
Chemiluminescent Kit (Bio-Rad) Western blotting detection systems.
The chemiluminiscence signal was captured with a Chemidoc XRS
densitometer (Bio-Rad) and analyzed with Quantity One Software
(Bio-Rad).

REAL-TIME QUANTITATIVE PCR OF ANTIOXIDANT SYSTEMS
AND UCPs
Total RNA was isolated from MCF-7, T47D and MDA-MB-23I cells,
using TriPure1 isolation reagent following the manufacture’s
recommendations and quantiﬁed using a spectrophotometer set at
260 nm. One microgram of the total RNA was reverse transcribed to
cDNA at 428C for 60 min with 25 U MuLV reverse transcriptase in a
10 ml volume of retrotranscription reaction mixture containing
10 mM Tris–HCl (pH 9.0), 50 mM KCl, 0.1% Triton X-100, 2.5 mM
MgCl2, 2.5 mM random hexamers, 10 U RNase inhibitor, and 500 mM
of each dNTP. Each cDNA was diluted 1/10 and aliquots were frozen
(808C) until the PCR reactions were carried out.
PCR was done for seven target genes, Mn-SOD, CuZn-SOD, CAT,
GPx, GRd, ucp2 and ucp5, with 18S ribosomal RNA (18S) used as a
housekeeping gene. PCR was carried out using speciﬁc primers (see
Table I) and SYBR Green Technologyß on a LightCycler 480 System
II Rapid Thermal cycler (Roche Diagnostics, Basel, Switzerland).
Total reaction volume was 10 ml, containing 6.5 ml Lightcyclerß 480
SYBR Green I Master, 0.5 mM of sense and antisense speciﬁc primers,
and 2.5 ml of the cDNA template. The ampliﬁcation program
consisted of a preincubation step for denaturation of the template
cDNA (5 min, 958C), followed by 45 cycles consisting of a
denaturation step (10 s, 958C), an annealing step (10 s, 608C for
UCP2, UCP5; 618C for CAT, GPx, and 18S; 648C for GRd, Mn-SOD,
and CuZn-SOD), and an extension step (12 s, 728C min). A negative
control lacking cDNA template was run in each assay.
The resulting PCR products were resolved on a 2% agarose gel in
45 mM Tris-borate-EDTA 1 mM buffer (pH 8.0) and visualized by
ethidium bromide staining. Bands were analyzed with a Chemidoc
XRS densitometer (Biorad). The Ct values of the real-time PCR were
analyzed, taking into account the efﬁciency of the reaction and
referring these results to the total DNA amount, using the GenEx
Standard Software (Multi-DAnalises, Sweden).

STATISTICS
The Statistical Program for the Social Sciences software for
Windows (SPSS, version 18.0; SPSS Inc, Chicago, IL) was used
for all statistical analyses. Data are presented as means  standard
error of the mean (SEM). Statistical differences between control and
E2-treated cells were analyzed by Student’s t-test. Statistical
signiﬁcance was set at P  0.05.

TABLE I. RT-PCR Primer Conﬁgurations and Conditions

Forward primer (50 –30 )

Forward primer (50 –30 )

Gene

Reverse primer (50 –30 )

T8 An. (8C)

18S

ggACACggACAggATTgACA
ACCCACggAATCgAgAAAgA
ggTggTCggAgATACCAAAg
CTCgggCAATggTCTTgTAg
CAAgCCgTTggTCTCCTAAg
CgTTTTCAATgTCACCCATC
CATCgCCACATgAATggATA
CCAACTgggATgAgAgggTA

61

Mn-SOD

60

CuZn-SOD

60

GPx

61

GRD

ucp2
ucp5
CAT

Gene

Reverse primer (50 –30 )

T8 An. (8C)

CgTgCTCCCACACATCAATC
TgAACgTCACCgAggAgAAg
TCAggAgACCATTgCATCATT
CgCTTTCCTgTCTTTgTACTTTCTTC
gCggCggCCCAgTCggTgTA
gAgCTTggggTCggTCATAA
TCACgCAgTTACCAAAAggAAA
CACACCCAAgTCCCCTgCATAT

64
64
61
64

T8 An, annealing temperature; CAT, catalase; CuZn-SOD, copper and zinc superoxide dismutase; GPx, glutathione peroxidase; GRd, glutathione reductase; Mn-SOD,
manganese superoxide dismutase; UCP2 and UCP5, uncoupling protein 2 and uncoupling protein 5.
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TABLE II. Effects of E2 on ERalpha and ERbeta Protein Levels in MCF-7, T47D, and MDA-MB-231 Breast Cancer Cell Lines

MCF-7
Control
ERa (AU)
ERb (AU)
ERa/ERb Ratio

100  6
100  15
1.00

T47D
E2

Control


38.5  3.7
43.7  10.1
0.88

9.00  0.49
79.2  10.3
0.11

MDA-MB-231
E2


7.48  0.60
56.6  1.1
0.13

Control

E2

UD
68.5  6.0
—

UD
63.6  17.7
—

ERa, estrogen receptor alpha; ERb, estrogen receptor beta; UD, undetected.
Data represent the means  SEM (n ¼ 6). Values of control MCF-7 cell line were set at 100.

Signiﬁcant difference between E2-treated and non-treated cell lines (Student’s t-test; P  0.05, n ¼ 6).

RESULTS
ERalpha AND ERbeta PROTEIN EXPRESSION
Table II and Figure 1 show different ERalpha and ERbeta protein
levels in the three cell lines studied. Our results showed a statistically
signiﬁcant decrease in ERs levels in E2-treated MCF-7 and T47D cell
lines (61% and 17% for ERalpha, respectively; 56% and 28% for
ERbeta, respectively). ERalpha/ERbeta ratio was calculated and, as
shown in Table II, the MCF-7 cell line showed the highest value;
while MDA-MB-231 had a zero value, because MDA-MB-231 is a
negative-ERalpha cell line, and indicates undetected values of
ERalpha.
EFFECTS OF E2 ON CELL PROLIFERATION, MITOCHONDRIAL
MEMBRANE POTENTIAL, AND OXIDATIVE STRESS
In Table III it can be observed that E2 had a proliferative effect in
MCF-7 cell line (11%) but not in T47D and MDA-MB-231 cells lines,
with the results obtained by the MTT assay. Moreover, E2-treated
MCF-7 cells showed a statistically signiﬁcant increase in mitochondrial membrane potential (10%) measured by ﬂow cytometry with
TMRM ﬂuorescence (Table III). Furthermore, the effect of 48 h
treatment of 1 nmol/L E2 on oxidative stress in the cell lines studied
is shown in Table III. Speciﬁcally, ROS levels were determined by
oxidation of DCFDA, and a statistically signiﬁcant increase (33%)
was observed in E2-treated MCF-7 cells, whereas E2-treated T47D
and MDA-MB-231 cells showed a signiﬁcant decrease of ROS levels

(35% and 11%, respectively). MCF-7 treated with E2 showed an
increase of protein carbonyl content ( P ¼ 0.059) and 4-HNE content
(indicator of lipid peroxidation), showed a signiﬁcant increase (76%)
in E2-treated MCF-7.
ANTIOXIDANT ENZYMES AND UCPs GENE EXPRESSION
To further examine the possible mechanisms involved in the control
of oxidative stress, the main antioxidant enzyme genes and the
genes encoding proteins UCP2 and UCP5 were analyzed and the
results are shown in Table IV. The cell line with the highest ERalpha/
ERbeta ratio, MCF-7, showed a signiﬁcant increase of Mn-SOD and
CuZn-SOD genes (22% and 34%, respectively), which also showed
an enhancement of ucp2 and ucp5 (21% and 16%, respectively),
after treatment with E2. T47D and MDA-MB-231 E2-treated cell
lines did not show any important changes in gene expressions.
ANTIOXIDANT ENZYMES ACTIVITIES AND UCPs PROTEIN LEVELS
To study the relevance of antioxidant activity under E2-related
oxidative stress situations, the activity of antioxidant enzymes
(Table V), as well as the UCP2 and UCP5 protein levels were
determined (Fig. 2). Representative bands are shown in Figure 1.
The enzymatic activity in the E2-treated MCF-7 cell lines was
signiﬁcantly lower for all of the antioxidant enzymes studied (CAT
(37%), SOD (37%), and GRd (54%)), than in the vehicle-treated cells;
and with no GPx activity. The lack of detected activity of this
enzyme is not surprising as it has been previously reported that

Fig. 1. Representative bands of Western blot are shown. ERa: estrogen receptor alpha; ERb: estrogen receptor beta; UCP2: uncoupling protein 2; UCP5: uncoupling protein 5
and Tubulina as a housekeeping protein.

JOURNAL OF CELLULAR BIOCHEMISTRY

244

E2-OXIDATIVE STRESS DEPENDS ON ER RATIO

3181

TABLE III. Cell Proliferation, Mitochondrial Membrane Potential, ROS Levels, and Oxidative Damage Parameters in MCF-7, T47D, and
MDA-MB-231 Cell Lines After E2 Treatment

MCF-7

T47D

Control

E2


100  4
100  3
100  11
100  13
100  9

MTT assay (AU)
TMRM ﬂuorescence (AU)
ROS levels (AU)
Carbonil content (AU)
4-HNE (AU)

111  3
110  5
133  14
125  4
176  16

MDA-MB-231

Control

E2

Control

E2

100  6
100  5
100  5
100  6
100  9

103  2
100  8
65.2  0.3
96.5  12.8
123  10

100  1
100  4
100  3
100  11
100  9

103  3
102  1
88.7  3.9
110  17
124  16

AU, arbitrary units; 4-HNE, 4-hydroxy-2-nonenal; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; ROS, reactive oxygen species; TMRM,
tetramethylrhodamine methyl ester.
Data represent the means  SEM (n ¼ 6). Values of control MCF-7, T47D, and MDA-MB-231 cell lines were set at 100.

Signiﬁcant difference between E2-treated and non-treated cell lines (Student’s t-test; P0.05, n ¼ 6).

ERalpha-positive breast cancer cell lines have very low GPx
expression, and this would explain the absence of GPx activity in
this line [Esworthy et al., 1995]. However, the cell lines with either
lower ERalpha/ERbeta ratio or those with only ERbeta (T47D and
MDA-MB-231, respectively) did not show changes in the activity of
the main antioxidant enzymes, as shown in Table V.
Moreover, in relation to the UCPs, it was observed that in cells
with high amounts of ERbeta or only with ERbeta (T47D and MDAMB-231, respectively), E2 treatment signiﬁcantly increased UCP5
protein levels (51% in the T47D cells and 81% in the MDA-MB-231
cells), whereas in the cell line with the highest ERalpha/ERbeta ratio
(MCF-7), the treatment with E2 caused a statistically signiﬁcant
decrease in UCP2 protein levels (35%) (Figs. 1 and 2).

DISCUSSION
The results obtained in these breast cancer cell lines show that the
E2-effect on oxidative stress depends on the amount of ERs, ERalpha
and ERbeta, and more importantly the ERalpha/ERbeta ratio.
Therefore, in T47D cell line, with lower ERalpha/ERbeta ratio, or in
MDA-MB-231 cell line, which only presents ERbeta, E2 treatment
decreased ROS production and oxidative stress. However, in MCF-7
cell line, with a higher ERalpha/ERbeta ratio, treatment with E2
produced an increase in both ROS production and oxidative stress.
In agreement with this, the cell line with higher ratio showed a slight
increase in mitochondrial membrane potential, that enhance

mitochondrial free radical production [Brand et al., 2004; NegreSalvayre et al., 1997; Sastre-Serra et al., 2010]. Moreover, E2
treatment increased the proliferation of the cell line with a higher
ERalpha/ERbeta ratio. These effects could be explained at least in
part to changes in antioxidant enzymes expression and/or activity,
as well as modulation of the UCPs.
The T47D cell line, with a lower ERalpha/ERbeta ratio than the
MCF-7 cell line, and the MDA-MB-231 cell line, which only
expresses ERbeta, when treated with 1 nmol/L E2 (a physiological
concentration) did not show changes in lipid and protein oxidative
damage, although the T47D cell line showed a lower signiﬁcant ROS
levels after E2 treatment, and the MDA-MB-231 showed a tendency
to reduce these levels. Regarding the antioxidant enzymes, it is
worth noting that neither gene expression nor activity showed any
change in the E2-treated T47D and MDA-MB-231 cell lines. It must
be emphasized however, that after E2-treatment, UCP5 protein
levels increased considerably in both cell lines. This fact may
explain the lower ROS production, as previous studies that indicate
an UCP decrease related to an increase in mitochondrial ROS
production [Horimoto et al., 2004; Echtay, 2007; Derdak et al., 2008;
Baffy et al., 2011].
Some of the effects of the E2 treatment in MCF-7 cells are in
agreement with the results previously described by Sastre-Serra
et al. [2010], who reported a greater oxidative damage and higher
ROS levels, and moreover showed low Mn-SOD and CAT protein
levels. In this present study we also found that E2 increased
mitochondrial membrane potential, a fact that is strongly linked to

TABLE IV. Response of Antioxidant Enzymes and UCPs Expression in MCF-7, T47D, and MDA-MB-231 Cell Lines After E2 Treatment

MCF-7
Control
Mn-SOD
CuZn-SOD
Catalase
GPx
GRd
UPC2
UCP5

1.00  0.04
1.00  0.06
1.00  0.01
1.00  0.19
1.00  0.02
1.00  0.03
1.00  0.03

T47D
E2


1.22  0.05
1.34  0.03
0.98  0.00
0.83  0.07
0.93  0.07
1.21  0.08
1.16  0.09

MDA-MB-231

Control

E2

Control

E2

1.00  0.18
1.00  0.14
1.00  0.02
1.00  0.27
1.00  0.20
1.00  0.08
1.00  0.09

1.06  0.24
1.01  0.14
1.00  0.02
0.98  0.29
0.92  0.20
1.17  0.10
0.88  0.16

1.00  0.09
1.00  0.05
1.00  0.01
1.00  0.07
1.00  0.08
1.00  0.09
1.00  0.23

1.01  0.44
1.20  0.68
1.01  0.04
0.96  0.35
0.88  0.53
0.80  0.28
0.96  0.33

CAT, catalase; CuZn-SOD, copper and zinc superoxide dismutase; GPx, glutathione peroxidase; GRd, glutathione reductase; Mn-SOD, manganese superoxide dismutase;
UCP2 and UCP5, uncoupling protein 2 and uncoupling protein 5.
Data represent the means  SEM (n ¼ 6). Values of control (non-treated) cells of MCF-7, T47D, and MDA-MB-231 were set at 1.

Signiﬁcant difference between E2-treated and non-treated cells (Student’s t-test; P  0.05, n ¼ 6).
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TABLE V. Effects of E2 on Antioxidant Enzyme Activities

MCF-7
Control
SOD (mUI/mg DNA)
CAT (mUI/mg DNA)
GPx (mUI/mg DNA)
GRd (mUI/mg DNA)

45.5  6.7
64.1  9.5
UD
25.4  3.3

T47D
E2


28.7  5.0
40.1  2.9
UD
11.5  3.0

MDA-MB-231

Control

E2

Control

E2

8.11  0.88
51.1  3.6
UD
13.1  0.9

6.95  0.83
49.7  3.5
UD
14.8  2.3

46.4  7.4
673  170
0.04  0.01
9.8  1.8

48.9  10.8
539  140
0.05  0.01
6.5  0.8

CAT, catalase; GPx, glutathione peroxidase; GRd, glutathione reductase; SOD, superoxide dismutase; UD, undetected.
Data represent the means  SEM (n ¼ 6).
Signiﬁcant difference between E2-treated and non-treated cells (Student’s t-test; P  0.05, n ¼ 6).



ROS production [Hansford et al., 1997; Korshunov et al., 1997;
Brand et al., 2004]. Moreover this paper reports that E2 increases
Mn-SOD, CuZn-SOD, and UCP2 and UCP5 mRNA levels and that
some authors have also found an up-regulation of the expression of
relation-stress antioxidant enzymes [Borras et al., 2005] and UCPs
[Brand et al., 2004; Horimoto et al., 2004; Derdak et al., 2006] which
agree with these ﬁndings, in this current experiment, the increase in
antioxidant enzyme gene expression was not followed by an
increase in enzymatic activity, and instead an important reduction
of this activity was detected. However, this increase in antioxidant
gene expression, unlike their activity, suggests that these enzymes
could be target for own oxidative stress, and this has recently been
described by Yamakura and Kawasaki [2010] for Mn-SOD, where an
increase in oxidative stress induced post-translational modiﬁcations

that caused an inactivation or down-regulation of Mn-SOD activity.
Subsequently it is quite possible that this lack of activity could be
due to inactivation of the enzyme by oxidative stress through
translational and post-translational events.
Moreover, the oxidative stress observed in MCF-7 cell line, but
not in T47D and MDA-MB-231 cell lines, is perhaps not only due to
an inadequate response of the antioxidant systems but could also be
due to a mitochondrial dysfunction, as showed recently by SastreSerra et al. [2012]. These authors report that mitochondrial function
is modulated by E2, but the effect differs according to ERalpha/
ERbeta ratio. In cell lines with a lower ERalpha/ERbeta ratio or that
only has ERbeta, which is the case for the T47D cells and MDA-MB231 cells, respectively, E2 treatment improved the mitochondrial
function.

Fig. 2. UCP2 and UCP5 protein levels in response to E2-treatment in MCF-7, T47D, and MDA-MB-231 cell lines. Levels of uncoupling proteins were measured by Western blot
as described in the Materials and Methods Section. AU: arbitrary units; UCP2 and UCP5: uncoupling protein 2 and uncoupling protein 5. Data represent the means  SEM, with
the value of vehicle-treated cells set at 100. Signiﬁcant difference between E2-treated and non-treated cells (Student’s t-test; P < 0.05, n ¼ 6).
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On the other hand, we observed that E2-treated MCF-7 cells also
showed a statistically signiﬁcant increase of ucp2 and ucp5 gene
expression. However, UCP2 protein levels were lower with the E2
treatment, which is in agreement with the ﬁndings of Sastre-Serra
et al. [2010]. Furthermore, growing evidence indicates that UCPs
decrease mitochondrial membrane potential, minimizing excessive
mitochondria-derived ROS production [Negre-Salvayre et al., 1997;
Derdak et al., 2008; Baffy, 2010]. Sastre-Serra et al. [2010] check the
importance of UCPs in breast cancer cell lines by adding a speciﬁc
inhibitor of UCP (GDP). Our results are in agreement with these
ﬁndings and the idea of UCPs may play a signiﬁcant role especially
in ERalpha-positive breast cancer cells. From a physiological point
of view, the decrease in uncoupling by E2 could be of increasing
mitochondrial efﬁciency at ATP synthesis for cell proliferation
[Santandreu et al., 2010; Sastre-Serra et al., 2010]. In fact, we
observed that E2-treated MCF-7 cells showed an increase in cellular
proliferation, which are associated with higher degree of malignancy. As described above, E2 increased mitochondrial membrane
potential in MCF-7 cell line and increased ROS production, in
concordance. Thus, some authors have suggested that oxidative
stress in itself and E2 also affect the activity of the UCPs and the
antioxidant enzymes, and thereby inﬂuence the electronic transport
chain and free radical production [Echtay et al., 2003, 2005;
Santandreu et al., 2009; Sastre-Serra et al., 2010; Yamakura and
Kawasaki, 2010]. This fact is very interesting for design of new
treatments because more increment of ROS production by inhibition
of UCPs can lead the cell to apoptosis [Samudio et al., 2008;
Santandreu et al., 2010].
Taking together, these ﬁndings reinforce the idea that E2 acts as
an antioxidant or pro-oxidant, and that is tissue dependent. One role
of E2 is proliferative for some tissues with high amounts ERalpha
such as ovary, mammary gland, and uterus; and has been related to a
lifetime exposure to estradiol [Palmieri et al., 2002]. On the other
hand, E2 has a beneﬁcial role in tissues such as heart, brain, muscle,
brown adipose tissue, and liver [Colom et al., 2007ab; Valle et al.,
2008; Guevara et al., 2009; Nadal-Casellas et al., 2010]. In fact, E2
had distinct effects in prostate cancer cell lines with different
ERalpha/ERbeta ratios [Miro et al., 2011]. Thus it would appear that
the different response to E2 could be due accounted by the different
tissues ERalpha/ERbeta ratios. Within the tissues in these abovementioned studies, more functional mitochondria were found in the
non-reproductive tissues of female rats, and were also associated
with a lower oxidative stress.
On the whole, our results suggest a dual E2 effect; as the E2response differed in the breast cancer cell lines studied: MCF-7,
T47D, and MDA-MB-231; and could be attributed to ERbeta
presence and amount. Thus, E2 protects against oxidative stress in
cell lines with either a low ERalpha/ERbeta ratio, like those of T47D
cell line, or in the MDA-MB-231 cells, were only ERbeta is present.
In contrast to these ﬁndings, in the MCF-7 cell line with a higher
ERalpha/ERbeta ratio, there is a decrease in the antioxidant enzymes
and UCPs as a result from E2 binding to ERalpha. Thus, this work
indicates the importance of ERbeta in breast cancer and its
implication from an oncological clinic point of view, with an
interest point of view for the design of new treatments, based in
UCPs inhibition, and for the understanding of cancer proliferation.
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Thus, it would be necessary to continue investigating the E2-effect
on antioxidant enzymes and UCP levels and their activities.
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Abstract. Background/Aim: Ovarian carcinoma is the main
cause of gynecological cancer related deaths. The aim of this
study was to determine the activation status of the antioxidant
response in samples of ovarian serous carcinoma from paraffinembedded biopsies and compare them with the response of
patients to carboplatin-paclitaxel treatment. Materials and
Methods: Estrogen receptor alpha (ERα), antioxidant enzymes,
and uncoupling protein (UCP) levels were analyzed by western
blotting and the presence of estrogen receptor beta (ERβ) was
investigated by immunohistochemistry (IHC). Results: Lower
levels of ERα, antioxidant enzymes and UCPs were found in
patients resistant to treatment in comparison to the
carboplatin/paclitaxel-sensitive ones; IHC revealed a greater
presence of ERβ in sensitive patients. Conclusion: These results
indicate that patients resistant to treatment have a lower level of
antioxidant response activation compared to sensitive patients,
fact which may be related to the efficacy of this treatment.
Ovarian epithelial cancer is the fifth cause of cancer-related
deaths for European women (1). Moreover, ovarian
carcinoma is the leading cause of gynecological cancerrelated death (1).
Ovarian cancer represents approximately 3% of all of
gynecological carcinomas. It is mainly a post-menopausal
disease that usually appears in patients between the ages of
65-69 years. By diagnosis, 75% of patients already have
advanced stage of the disease, and this is due to poor early
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detection techniques and the asymptomatical nature of the
early stages of the disease. The overall rate of survival at five
years for patients with advanced disease is 20-30% (1).
The current standard treatment for ovarian cancer involves
carboplatin, followed by the administration of paclitaxel.
Although more than 80% of patients respond to initial
treatment, in approximately 75% of cases, there is a relapse
within the first two years after treatment, which is very likely
to be incurable (1).
Carboplatin [cis-diamine-(1,1-cyclobutanedicarboxylate)
platinum (II)] is used as a cancer treatment for many types of
carcinomas, such as small-cell lung cancer, ovarian cancer,
head and neck carcinomas (2). The antitumor action of
carboplatin is via DNA alkylation, which causes cancer cell
death (2).
Paclitaxel is one of the best-known chemotherapeutic agents,
widely used in anticancer therapy. The site of action is located
at the microtubules. The primary effect on cells is abnormal
stabilization of the microtubule polymerization dynamics, and
this leads to mitosis failure. In addition, paclitaxel alters other
cellular functions related to microtubules, such as intracellular
signaling, and organelle transport and locomotion (3). It is
effective against several human tumors types, including ovarian
carcinomas. The efficacy of paclitaxel is limited by the
acquired or intrinsic resistance of the population of malignant
cells surviving the treatment (2).
Treatment of carboplatin with paclitaxel can cause oxygen
free radical formation and, consequently, the appearance of
oxidative stress (4-8). Reactive oxygen species (ROS) act as
potent mutagens, increasing genomic instability and
contributing to cancer progression (9). Estrogen receptors
(ERs), alpha (ERα) and beta (ERβ), may have a modulating
role in oxidative stress (9, 10). It has been described that the
presence of ER in estrogen-dependent tissues results in an
increase in ROS levels (10). In regards to the relationship
between ERs and ovarian cancer, it has been suggested that
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there is a link between ovarian cancer and gonadal receptors
(11), and this has been demonstrated by the discovery of
both mRNA and proteins of ERs in normal ovarian tissue
and malignant ovarian tumors (11).
The objective of this study was to determine the oxidative
stress status in formalin-fixed paraffin-embedded biopsies of
ovarian cancer in comparison to the sensitivity of patients for
the carboplatin-paclitaxel treatment. Specifically, the levels
of antioxidant enzymes, uncoupling proteins (UCPs), and
oxidative damage to lipids and proteins were analyzed, in
addition to assessing the ER levels.

Materials and Methods
Reagents. Routine chemicals were supplied by Roche (Barcelona,
Spain), Sigma–Aldrich (St. Louis, Missouri, USA) and Panreac
(Barcelona, Spain).
Study subjects and treatments. Tissue samples from twelve women
with papillary serous cystadenocarcinoma, the most common form
of ovarian cancer, were obtained from the Biological Specimen
Bank of Son Llàtzer Hospital. These samples were added from 2003
to 2008, and were collected, stored and analyzed in accordance to
permits from the Balearic Island Bioethics Committee. The
individuals from this sampling group had similar age, weight, height
and Body Mass Index (Table I). Any treatment or therapy was given
after the completion of the tumor biopsies that were used for
obtaining the data for this article. According to the standard
guidelines, maximal surgical effort was attempted in all patients,
resulting in complete resection in all cases. All patients received
platinum-based chemotherapy [(AUC CA125)=5 for carboplatin, per
cycle], and paclitaxel (175 mg/m2 for each cycle). Disease
recurrence was defined according to the GCIG CA125 criteria (12)
and/or radiological confirmation of tumor progression.
Chemosensitivity was defined by the common definition of platinum
resistance, and patients were designated as ‘sensitive’ when they had
experienced disease relapse 6 months or more after prior platinumcontaining chemotherapy, while ‘resistant’ referred to those patients
who had either experienced relapse in fewer than 6 months after the
end of chemotherapy, or whose disease had progressed while on
therapy (13).
Immunohistochemistry. Immunohistochemistry was performed with
the BenchMark ULTRA (Ventana Medical Systems, Inc., Tucson,
AZ, USA). Immunohistochemical staining was carried out on
formalin-fixed paraffin-embedded (FFPE) with the ERβ antibody
[Mouse monoclonal (988), Abcam, Cambridge, UK], dilution 1:50.
Sections were evaluated independently by two observers who were
unaware of clinicopathological characteristics of patients according
to staining localization (nuclear or/and cytoplasmic) and intensity.
Protein extraction. Protein extracts were obtained from formalinfixed tissues. For protein extraction, the method described by Addis
et al. (14) was used. Briefly, two replicates of 10-μm thick
microtome sections of FFPE tissue were placed in 1.5 ml Eppendorf
safe-lock tubes (Eppendorf, Hamburg, Germany) and deparaffinized by three incubations in HistoClear II (National
Diagnostics, Atlanta, GA, USA) for 10 min at room temperature.
After each incubation, the tissue was pelleted at 11,900 ×g in a

Table I. Patients’ anthropometric data.

Age (years)
Weight (kg)
Height (cm)
BMI (kg/m2)

Sensitive

Resistant

55.0±4.8
61.7±6.8
157±3
24.9±2.0

55.7±4.8
65.8±7.3
157±2
26.8±2.9

Body mass index (BMI) is the body weight (kg) divided by the square
of the height (m). Data are represented as the mean±SD and there are no
significant differences between the two groups (p>0.05; n=6).

microcentrifuge for 2 min. The de-paraffinized tissue pellets were
then rehydrated with graded series of ethanol (100%, 96% and
70%). Then, 100 μl of extraction buffer [20 mM Tris HCl (pH 8.8),
2% sodium dodecyl sulfate (SDS), 4 mM dithiothreitol (DTT),
10 μM leupeptin and 10 μM pepstatin] was well-mixed with the
samples. After that, the samples with extraction buffer were left to
incubate for 5 min on ice and were then subjected to hightemperature extraction at 100˚C for 20 min and then at 80˚C for 2 h
with shaking. Finally, samples were placed for 1 min at 4˚C and
centrifuged at 14,000 ×g for 15 min, at 4˚C. The resulting
supernatant was placed into a new tube and the protein content of
each sample quantified using the BCA kit (Pierce, Bonn, Germany).
Western blots. For western blot analysis, 40 μg of protein from protein
extracts was fractioned by SDS-polyacrylamide gel electrophoresis
(PAGE) (12% polyacrylamide gel) and electrotransferred onto
nitrocellulose filters. Membranes were incubated in a blocking
solution of 5% nonfat powdered milk in 20 mM Tris–HCl, 0.13 mM
NaCl, and 0.1% Tween 20. Antisera against ERα (66 kDa; dilution
1:200) and glutathione reductase (GRd) (53 kDa; dilution 1:500) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA);
glutathione peroxidase (GPx) (22.5 kDa; dilution 1:200) and catalase
(60 kDa; dilution 1:1000) were purchased from Calbiochem (Merck
KGaA, Darmstadt, Germany); UCP2 (32 kDa; dilution 1:500), UCP5
(36 kD; dilution 1:1000) and 4-hydroxynonenal (4-HNE), (dilution
1:200) were purchased from Alpha Diagnostic International (San
Antonio, Tx, USA); and Oxiselect (antisera against dinitrophenyl
[αDNP]; dilution 1:2000) were purchased from Cell Biolabs (San
Diego, CA, USA). All the above were used as primary antibodies.
Protein bands were visualized by the Immun-Star Western C kit
reagent western blotting detection system (Bio-Rad, Hercules,
California, USA). The chemiluminescence signal was captured with a
Chemidoc XRS densitometer and analyzed with the Quantity One
software (Bio-Rad).
Statistical analysis. All data are expressed as means±SD. Statistical
analysis was carried out using the statistical program SPSS 18.0 for
Windows (SPSS Inc., Chicago, IL, USA). Statistical differences
between experimental groups were analyzed with unpaired Student’s
t-tests. A level of p<0.05 was accepted as significant.

Results
Patients with disease resistant to treatment with carboplatin
and paclitaxel had 30% lower levels of ERα in comparison
with patients with non-resistant disease (Figure 1).
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Figure 1. Estrogen receptor alpha (ERα) protein levels in tumor samples, sensitive and resistant to treatment, as measured using western blot assays.
The ERα protein levels in resistant samples were lower than those in sensitive samples (*p<0.05; mean±SD; n=6). A.U.: Arbitrary units.

For the antioxidant enzymes, Table II shows the tumor
levels of catalase and GRd, which were significantly lower
in the resistant cases, while levels of GPx did not show any
significant variation between the two studied groups.
Likewise, Figure 2 shows that levels of UCP2 were lower
in resistant samples than in the treatment-sensitive ones,
while for UCP5, the levels in the resistant samples were
significantly lower than in the sensitive ones.
Oxidative damage in both protein and lipids was not
significantly different between the two experimental groups
(Table III), despite resistant ovarian tumors presenting lower
levels of protein carbonyl adducts.
Immunohistochemical analysis of ERβ showed more
staining and increased cytoplasmic staining of this receptor
in patients who did respond to treatment compared to those
that did not (Figure 3). From these results and those obtained
by western blotting, patients who did have a response to
treatment of carboplatin and paclitaxel had higher levels of
both ERs.

Table II. Catalase, glutathione peroxidase (GPx) and glutathione
reductase (GRd) protein levels in tumor samples, sensitive and resistant
to treatment, measured using western blot assays. Next to each
numerical value is the image of the corresponding western blot. Data
are represented as mean±SD. There was significantly less catalase and
GRd in the sensitive group than in the resistant (*p<0.05; n=6).
However, for GPx levels, there is no significant difference between the
groups (p>0.05; n=6).
Sensitive
Catalase (A.U. %)
GPx (A.U. %)
GRd (A.U. %)

100±13
100±32
100±15

Resistant
55.8±3.7*
72.8±28.7
60.1±6.9*

A.U.: Arbitrary units.

Table III. Protein carbonyl and 4-hydroxynonenal (4-HNE) content in
tumor samples, sensitive and resistant to treatment, as measured using
western blot assays. Data are presented as the mean±SD, and there are
no significant differences between groups (p>0.05; n=6).

Discussion
This study demonstrates that the initial condition of
activation of the antioxidant response in ovarian cancer could
be related to sensitivity to treatments such as carboplatin and
paclitaxel, which act by increasing oxidative stress.

Protein carbonyl (A.U. %)
4-HNE (A.U. %)

Sensitive

Resistant

100±27
100±22

68.7±24.3
104±3

A.U.: Arbitrary Units.
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Figure 2. Protein levels of uncoupling protein 2 (UCP2) and uncoupling protein 5 (UCP5) in tumor samples, sensitive and resistant to treatment, as
measured using western blot assays. Levels of both UCPs in resistant samples were lower than those in sensitive ones (*p<0.05; mean±SD; n=6).
A.U.: Arbitrary units.

Specifically, it has been observed that patients with resistant
disease have levels of oxidative damage to proteins and
lipids, similar to those of sensitive patients, but with a lower
activation of the antioxidant response. These treatmentresistant patients have lower levels of antioxidant enzymes
and UCPs (UCP2 and UCP5). This could also be related to a
lower presence of ERα and ERβ, and the oxidative stress
balance in patients with resistant disease.
Both carboplatin and paclitaxel have been associated with
oxidative stress induction (4-8). One of the effects produced
by treatment with carboplatin is free radical formation,
leading to the onset of oxidative stress (5, 7). Alexandre et
al. (4) found that treatment with paclitaxel induced the
release of ROS to the extracellular medium, increasing the
apoptosis of all cells in the vicinity of treatment
administration. Recently, Panis et al. (8) observed an
increase in lipid peroxidation in patients treated with
paclitaxel, which may indicate that this treatment also
produces oxidative stress. Moreover, treatment with
paclitaxel induced cytotoxic stress in ovarian cancer cells (6).
Furthermore, the same authors have described that cell lines
sensitive to paclitaxel treatment had a lower sensitivity when
an antioxidant was added at the same time as the treatment
(6). Accordingly, one of the mechanisms underlying
treatment with carboplatin-paclitaxel is oxidative stress
induction, which leads to apoptosis of cancer cells. Tamarit

et al. showed an implication of ROS and oxidative damage in
the induction of apoptosis (15). Other studies have
demonstrate that the apoptotic effects of ROS have been
drastically mitigated by pretreatment with intracellular ROS
scavengers, indicating that intracellular ROS generation is
responsible for apoptosis (16).
Regarding oxidative stress status, it has been shown that
fall off in the levels of reduced glutathione (GSH) are
accompanied by increased levels of ROS during apoptosis
(17), which could explain why in patients sensitive to
treatment levels of glutathione reductase increased, in an
attempt to restore the GSH level. Despite this, it has been
found in the MCF7 breast cancer cell line, which has a
characteristic overexpression of catalase, that there is a rise
in resistance to pro-oxidant treatments (18).
Recently, ERα and ERβ have been associated with a
modulatory role of oxidative stress in other types of tumor
(9, 10). Our results show that the tumor of treatment-resistant
patients had lower levels of ERα and ERβ than sensitive
ones. These results are similar to those obtained in previous
work (19), where there was a higher presence of both
receptor types in non-cancerous ovarian tissue compared to
malignant ovarian tumors. Overall, our results regarding the
presence of ERβ in ovarian cancer are in line with previous
studies, in which this receptor had a lower presence in
malignant tumors in comparison to normal tissue (20, 21).
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Figure 3. Representative photographs of estrogen receptor beta immunostaining, showing expression in resistant (A and C) and sensitive ovarian
cancer tissue samples (B and D).

Bardin et al. (20) shows that ERβ had a different
cytoplasmic localization in the two groups. Thus, sensitivity
to treatment might be related to the more positive
immunohistochemical staining of ERβ, localized in the
cytoplasm. However, other authors have linked cytoplasmic
ERβ staining with reduced patient survival (22).
There is also a controversy about the relationship between
the presence of ERs and sensitivity to treatment for other
tumor types. Thus, it has been described that ER– breast
cancer cell lines have a poorer response to treatment with
paclitaxel than do ER+ cell lines (23). However, other
authors have found that a greater presence of ERs reduces
the efficacy of paclitaxel in endometrial (24) and breast
cancer (25).
In 2003, Rousset et al. (26) discovered the presence of UCP2
in the reproductive tract of female mice. Recently, Liu et al. (27)
described the presence of UCP2 in human ovarian tissue. In this
article, UCPs show the same pattern as do the classic
antioxidant enzymes, with lower levels in patients resistant to

treatment. Further reinforcing their antioxidant role, it should
be noted that UCPs have been associated with a decrease of
oxidative stress level in breast cancer cell lines (28).
In conclusion, the results of this study indicate that
patients sensitive to treatment have higher initial levels of
antioxidant enzymes and UCPs than do patients with
resistant disease, despite tumor in both groups having a
similar carbonyl content and lipid peroxidation. For patients
with sensitive disease, treatment administration generates
oxidative stress which proves to be unbearable, and tumor
cells consequently respond to treatment. In contrast, in
resistant cases the oxidative stress generated is not enough
to remove cancer cells, because they had a lower initial
antioxidant response, giving them more leeway to respond to
stress caused by treatment.
This work highlights the importance of the study of
oxidative stress in regard to the evolution of ovarian cancer
and its relationship to standard treatment of these tumors.
Further studies are required on oxidative stress, the balance
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of free radicals and antioxidant defenses, and the supply of
ERs in both cell lines and tumor biopsy samples.

Acknowledgements
This work was supported by the Spanish Government (PS09/01637).
J. Sastre-Serra, M. Nadal-Serrano and D.G. Pons were funded by
grants of Comunidad Autónoma de las Islas Baleares and Fondo
Social Europeo.

References
1 Cannistra SA: Cancer of the ovary. N Engl J Med 351: 25192529, 2004.
2 Kelland L: The resurgence of platinum-based cancer
chemotherapy. Nat Rev Cancer 7: 573-584, 2007.
3 Honore S, Pasquier E and Braguer D: Understanding
microtubule dynamics for improved cancer therapy. Cell Mol
Life Sci 62: 3039-3056, 2005.
4 Alexandre J, Hu Y, Lu W, Pelicano H and Huang P: Novel action
of paclitaxel against cancer cells: Bystander effect mediated by
reactive oxygen species. Cancer Res 67: 3512-3517, 2007.
5 Cheng CF, Juan SH, Chen JJ, Chao YC, Chen HH, Lian WS, Lu
CY, Chang CI, Chiu TH and Lin H: Pravastatin attenuates
carboplatin-induced cardiotoxicity via inhibition of oxidative
stress associated apoptosis. Apoptosis 13: 883-894, 2008.
6 Goto T, Takano M, Hirata J and Tsuda H: The involvement of
FOXO1 in cytotoxic stress and drug-resistance induced by
paclitaxel in ovarian cancers. Br J Cancer 98: 1068-1075, 2008.
7 Husain K, Whitworth C, Hazelrigg S and Rybak L: Carboplatininduced oxidative injury in rat inferior colliculus. Int J Toxicol
22: 335-342, 2003.
8 Panis C, Herrera AC, Victorino VJ, Campos FC, Freitas LF, De
Rossi T, Colado Simao AN, Cecchini AL and Cecchini R:
Oxidative stress and hematological profiles of advanced breast
cancer patients subjected to paclitaxel or doxorubicin
chemotherapy. Breast Cancer Res Treat 133: 89-97, 2012.
9 Roca P, Oliver J, Sastre-Serra J, and Nadal-Serrano M: The
Importance of ERalfa/ERbeta Ratio in Breast Cancer:
Mitochondrial Function and Oxidative Stress. In: Breast Cancer.
Carcinogenesis, Cell Growth and Signalling Pathways. Gunduz
M, Gunduz E eds.. Rijeka: InTech, p. 732, 2011.
10 Roy D, Cai Q, Felty Q and Narayan S: Estrogen-induced
generation of reactive oxygen and nitrogen species, gene
damage, and estrogen-dependent cancers. J Toxicol Environ
Health B Crit Rev 10: 235-257, 2007.
11 Clinton GM and Hua W: Estrogen action in human ovarian
cancer. Crit Rev Oncol Hematol 25: 1-9, 1997.
12 Laurent A, Nicco C, Chereau C, Goulvestre C, Alexandre J,
Alves A, Levy E, Goldwasser F, Panis Y, Soubrane O, Weill B
and Batteux F: Controlling tumor growth by modulating
endogenous production of reactive oxygen species. Cancer Res
65: 948-956, 2005.
13 Fung-Kee-Fung M, Oliver T, Elit L, Oza A, Hirte HW and
Bryson P: Optimal chemotherapy treatment for women with
recurrent ovarian cancer. Curr Oncol 14: 195-208, 2007.
14 Addis MF, Tanca A, Pagnozzi D, Rocca S and Uzzau S: 2-D
PAGE and MS analysis of proteins from formalin-fixed, paraffinembedded tissues. Proteomics 9: 4329-4339, 2009.

15 Tamarit J, Cabiscol E and Ros J: Identification of the major
oxidatively damaged proteins in Escherichia coli cells exposed
to oxidative stress. J Biol Chem 273: 3027-3032, 1998.
16 Matsunaga T, Kamiya T, Sumi D, Kumagai Y, Kalyanaraman B
and Hara A: L-Xylulose reductase is involved in 9,10phenanthrenequinone-induced apoptosis in human T lymphoma
cells. Free Radic Biol Med 44: 1191-1202, 2008.
17 Risch HA: Hormonal etiology of epithelial ovarian cancer, with
a hypothesis concerning the role of androgens and progesterone.
J Natl Cancer Inst 90: 1774-1786, 1998.
18 Glorieux C, Dejeans N, Sid B, Beck R, Calderon PB and Verrax
J: Catalase overexpression in mammary cancer cells leads to a
less aggressive phenotype and an altered response to
chemotherapy. Biochem Pharmacol 82: 1384-1390, 2011.
19 Lindgren PR, Cajander S, Backstrom T, Gustafsson JA, Makela
S, and Olofsson JI: Estrogen and progesterone receptors in
ovarian epithelial tumors. Mol Cell Endocrinol 221: 97-104,
2004.
20 Bardin A, Boulle N, Lazennec G, Vignon F and Pujol P: Loss of
ERbeta expression as a common step in estrogen-dependent
tumor progression. Endocr Relat Cancer 11: 537-551, 2004.
21 Chan KK, Wei N, Liu SS, Xiao-Yun L, Cheung AN and Ngan
HY: Estrogen receptor subtypes in ovarian cancer: a clinical
correlation. Obstet Gynecol 111: 144-151, 2008.
22 De Stefano I, Zannoni GF, Prisco MG, Fagotti A, Tortorella L,
Vizzielli G, Mencaglia L, Scambia G and Gallo D: Cytoplasmic
expression of estrogen receptor beta (ERbeta) predicts poor
clinical outcome in advanced serous ovarian cancer. Gynecol
Oncol 122: 573-579, 2011.
23 Ciucci A, Gianferretti P, Piva R, Guyot T, Snape TJ, Roberts SM
and Santoro MG: Induction of apoptosis in estrogen receptornegative breast cancer cells by natural and synthetic
cyclopentenones: role of the IkappaB kinase/nuclear factorkappaB pathway. Mol Pharmacol 70: 1812-1821, 2006.
24 Won YS, Lee SJ, Yeo SG and Park DC: Effects of female sex
hormones on clusterin expression and paclitaxel resistance in
endometrial cancer cell lines. Int J Med Sci 9: 86-92, 2012.
25 Tokuda E, Seino Y, Arakawa A, Saito M, Kasumi F, Hayashi SI
and Yamaguchi Y: Estrogen receptor-alpha directly regulates
sensitivity to paclitaxel in neoadjuvant chemotherapy for breast
cancer. Breast Cancer Res Treat 2011.
26 Rousset S, Alves-Guerra MC, Ouadghiri-Bencherif S, Kozak LP,
Miroux B, Richard D, Bouillaud F, Ricquier D and CassardDoulcier AM: Uncoupling protein 2, but not uncoupling protein
1, is expressed in the female mouse reproductive tract. J Biol
Chem 278: 45843-45847, 2003.
27 Liu Y, Jiang H, He LY, Huang WJ, He XY and Xing FQ:
Abnormal expression of uncoupling protein-2 correlates with
CYP11A1 expression in polycystic ovary syndrome. Reprod
Fertil Dev 23: 520-526, 2011.
28 Sastre-Serra J, Valle A, Company MM, Garau I, Oliver J and
Roca P: Estrogen down-regulates uncoupling proteins and
increases oxidative stress in breast cancer. Free Radic Biol Med
48: 506-512, 2010.

Received July 10, 2012
Revised September 17, 2012
Accepted September 21, 2012

4728

256

Manuscript 10
The oxidative stress in breast tumors of postmenopausal women is ERα/ERβ ratio
dependent
Sastre-Serra J, Nadal-Serrano M, Pons DG, Valle A, Garau I, García-Bonafé M, Oliver J,
Roca P
Free Radic Biol Med. 2013 Aug;61:11-7

Free Radical Biology and Medicine 61 (2013) 11–17

Contents lists available at SciVerse ScienceDirect

Free Radical Biology and Medicine
journal homepage: www.elsevier.com/locate/freeradbiomed

Original Contribution

The oxidative stress in breast tumors of postmenopausal women
is ERα/ERβ ratio dependent
Jorge Sastre-Serra a,1, Mercedes Nadal-Serrano a,1, Daniel Gabriel Pons a, Adamo Valle a,
Isabel Garau b, Magdalena García-Bonafé b, Jordi Oliver a, Pilar Roca a,n
a
Grupo Multidisciplinar de Oncología Traslacional, Institut Universitari d’Investigació en Ciències de la Salut, Universitat de les Illes Balears, E07122 Palma de
Mallorca, Illes Balears, Spain
b
Grupo Multidisciplinar de Oncología Traslacional, Institut Universitari d’Investigació en Ciències de la Salut, Hospital Son Llàtzer, E07198 Palma de
Mallorca, Illes Balears, Spain

ar t ic l e i nf o

a b s t r a c t

Article history:
Received 31 October 2012
Received in revised form
27 February 2013
Accepted 4 March 2013
Available online 14 March 2013

Estrogen receptor status is a diagnostic parameter in breast cancer treatment. Estrogen receptor presence
is related to a better prognosis because the principal treatments attacking breast cancer tumors have
their action site directed at the estrogen receptor. However, the two different subtypes of estrogen
receptor, ERα and ERβ, have different functions. In this work an alternative point of view focusing on
oxidative stress is shown, given that estrogen receptors regulate several proteins related to this oxidative
stress, such as antioxidant enzymes, sirtuins, and uncoupling proteins. Postmenopausal human breast
tumors with different ERα/ERβ ratios were analyzed to characterize the amount of oxidative stress,
mitochondrial function, and proliferation-related and oxidative stress-activated signaling pathways.
Results showed that tumors with a low ERα/ERβ ratio have greater oxidative damage and higher
antioxidant enzyme protein levels, as well as uncoupling protein (UCP) and sirtuin 3 (SIRT3), and have
high studied signaling pathway activation. Glutathione peroxidase, Complex V, Complex III, Complex II,
Complex IV, AKT, SAPK, and ERα were signiﬁcantly and positively correlated with ERα/ERβ ratio. However,
carbonyl groups, catalase, CuZn-superoxide dismutase, UCP5, SIRT3, and ERβ were signiﬁcantly and
negatively correlated with ERα/ERβ ratio. From the independent variables included in the step-by-step
stepwise multiple linear regression analysis, only the ERα/ERβ ratio was independently associated with
carbonyl groups. Surprisingly, these low ERα/ERβ ratio tumors have poor prognosis for the patient, and
these results and those of other authors suggest that these tumors are adapted to conditions of increased
oxidative stress.
& 2013 Elsevier Inc. All rights reserved.
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Breast cancer is one of the most common female malignancies
and a leading cause of death among women [1]. Breast cancer
occurs more frequently among postmenopausal women in comparison to premenopausal women [2], and it is known to be an
estrogen-dependent malignancy. Based on this ﬁnding, the current
strategy for treatment of hormone-dependent breast cancer is to
block estrogen binding to the estrogen receptor (ER) by using
antiestrogen agents [3] or aromatase inhibitors to diminish the
conversion of testosterone into estradiol [4].
However, there is a controversy in relation to the positive/negative
effects of these antiestrogen agents, which could be due to the
modulatory action of the two isoforms of estrogen receptor [5,6]. In
1995, 10 years after the discovery of ERα, Gustafsson's laboratory
discovered a second estrogen receptor, ERβ [7]. Much has been
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reported about the differences between the function and the distribution of these two receptors [8–10]. Furthermore, several studies have
been published with different conclusions about the correlation of ERβ,
prognostic markers, and clinical outcome [11,12].
Estrogens affect many pathways of various mechanisms
involved in cancer. One of these pathways is the AKT signaling
pathway, which is involved in the regulation of many cell functions, including cell proliferation, cell survival, and cell cycle
progression [13,14]. Another site of regulation is the JNK/SAPK
signaling pathway. This pathway becomes phosphorylated when
levels of reactive oxygen species (ROS) are high and can affect
several important transcription factors in breast cancer, such as
c-jun, STAT3, and p53, all of which promote the growth, survival,
or apoptosis of the tumor cells [15,16].
Uncoupling proteins (UCPs) are a family of proteins that can
prevent ROS formation of the modulating mitochondrial transmembrane proton gradient [17,18]. In relation to these facts, the
importance of these proteins in cancer development, treatment,
and progression has recently been described [11,19–21].

0891-5849/$ - see front matter & 2013 Elsevier Inc. All rights reserved.
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Another point of possible interest is the role of sirtuins (SIRTs).
Sirtuins are proteins with histone deacetylase activity that have an
important and well-established function in aging, but in the past
few years have also been shown to play a role in cancer and in the
control of oxidative stress [22,23]. Humans possess eight different
types of sirtuins, but SIRT3 is of special importance because of its
inner mitochondrial location, where it controls, at least in part,
mitochondrial biogenesis and oxidative stress [24,25]. In fact,
SIRT3 is called the guardian of mitochondria, because its multiple
functions suggest that it functions as a tumor suppressor [24,26].
Taking this evidence together, this study was designed to
compare various breast tumors according to their ERα/ERβ ratio
under the criteria of oxidative stress, mitochondrial functionality,
and signaling pathway activation status by focusing in on those
factors that can provide new clues to a better understanding of this
malignancy, such as uncoupling proteins and/or sirtuin 3, which
are key proteins in mitochondrial dysfunction and oxidative stress
status.

Materials and methods
Materials
Routine chemicals were supplied by Sigma–Aldrich (St. Louis,
MO, USA), Panreac (Barcelona, Spain), and Bio-Rad Laboratories
(Hercules, CA, USA).
Tissue specimens
Tissue samples were obtained from 13 women who underwent
a partial or total mastectomy because of primary breast cancer
during 2005–2007. All the patients presented with invasive ductal
carcinoma with a postmenopausal hormonal status, with patient
age ranging from 50 to 70 years. Samples of these patients were
obtained from the Biological Specimen Bank of Son Llàtzer
Hospital and as speciﬁed by and with the necessary permission
granted from the Balearic Island Bioethics Committee. Tumor
samples were collected immediately after tumor removal and
were frozen in isopentane for analysis. Written informed consent
was obtained from the patients before surgery.
Sample preparation
Twenty-ﬁve milligrams of frozen tissue was homogenized in
STE buffer (250 nM sucrose, 5 mM Tris–HCl, and 2 mM EGTA, pH
7.4) supplemented with protease and phosphatase inhibitors:
10 mg/ml leupeptin, 10 mg/ml pepstatin, 1 mmol/ml phenylmethylsulfonyl ﬂuoride, and 1 mmol/ml NaVO3. Total sample protein was
quantiﬁed with a BCA kit (Pierce).

C chemiluminescence kit (Bio-Rad). The chemiluminescent signal
was captured with a Chemidoc XRS densitometer (Bio-Rad) and
analyzed with Quantity One software (Bio-Rad).
Western blotting
For Western blotting, 40 mg of total protein, prepared as
described above, was fractioned by SDS–PAGE and electrotransferred onto nitrocellulose ﬁlters using the Trans-Blot Turbo transfer
system (Bio-Rad). Membranes were incubated in a blocking solution
of 5% nonfat powdered milk in 20 mM Tris–HCl, 0.13 mM NaCl, and
0.1% Tween 20. Antisera against UCP5 (Alpha Diagnostics); Mnsuperoxide dismutase (SOD), CuZn-SOD, catalase, glutathione peroxidase (Calbiochem, San Diego, CA, USA); pAKT, AKT, pSAPK, SAPK
(Cell Signaling, Danvers, MA, USA); SIRT3 (Millipore, Billerica, MA,
USA); glutathione reductase (GRd), ERα, ERβ, UCP2, and tubulin
(Santa Cruz Biotechnologies, Santa Cruz, CA, USA) and MitoProﬁle
Total OXPHOS Human WB Antibody Cocktail (Mitoscience, Eugene,
OR, USA) were used as primary antibodies. Protein bands were
visualized using the Immun-Star Western C kit reagent (Bio-Rad)
Western blotting detection system. The chemiluminescent signal
was captured with a Chemidoc XRS densitometer (Bio-Rad) and
analyzed with Quantity One Software (Bio-Rad).
Statistics
All data are expressed as means 7 standard error of the
mean (SEM).
Statistical differences between tumors with different ERα/ERβ
ratios were assessed by one-way ANOVA to analyze the ratio
effect. Subsequently, the LSD test was used as a post hoc comparison. A p value of less than 0.05 was considered statistically
signiﬁcant. A statistical software package (SPSS 18.0 for Windows,
Chicago, IL, USA) was used to perform all statistical analyses. In the
search for correlations between variables, Pearson's correlation
test was used. To assess the inﬂuence of tested parameters,
step-by-step stepwise multiple linear regression analysis was
used. The F value was set at 4.0 at each step.

Results
All the tumors were characterized by Western blotting of ERα
and ERβ and then classiﬁed according to the amounts of these
proteins (Table 1), creating three categories: high, medium, and
low ERα/ERβ ratio (HER, MER, and LER ratios, respectively). Clinical
characteristics of tumors are shown in Table 2.
Table 1
Sample distribution in groups depending on estrogen receptor ratio.

Measurement of oxidative damage
Forty micrograms of protein was transferred onto a nitrocellulose
membrane using the Trans-Blot Turbo transfer system (Bio-Rad).
Antiserum against 4-hydroxynonenal (4-HNE; HNE11-S), as an index
of lipid peroxides, was used as primary antibody (Alpha Diagnostic
International, San Antonio, TX, USA). Protein carbonyl groups, as an
index of protein oxidation, were measured in tissue homogenates
(20 μg of total protein was used for each sample tumor) by
immunoblot detection using the OxyBlot protein oxidation detection
kit (Cell Biolabs, San Diego, CA, USA) according to the manufacturer's
protocol with minor modiﬁcations.
After incubation with the 4-HNE antibody or dinitrophenol
antibody for analysis of oxidative damage in lipids and proteins,
respectively, bands were visualized using the Immun-Star Western

n
High ERα/ERβ
Medium ERα/ERβ
Low ERα/ERβ
ANOVA

4
5
4

ERα
***

1.30 7 0.15
1.00 7 0.09*
0.79 7 0.05*
R

ERβ

ERα/ERβ ratio

0.81 7 0.13
1.00 7 0.09
1.33 7 0.16
R

1.60**,***
1.00*,***
0.59*,**
R

ER, estrogen receptor. All parameters are expressed as arbitrary units; data
represent the means 7 SEM, with the value of tumors with medium ERα/ERβ
ratio set at 1.00. The ratio effect was analyzed by one-way ANOVA (p o 0.05): R
indicates ratio effect. Least signiﬁcant difference (LSD) was applied as a post hoc
analysis of ratio effect.
n
Signiﬁcant difference from tumors with high ERα/ERβ ratio (p o 0.05)
determined by LSD post hoc.
nn
Signiﬁcant difference from tumors with medium ERα/ERβ ratio (p o 0.05)
determined by LSD post hoc.
nnn
Signiﬁcant difference from tumors with low ERα/ERβ ratio (p o 0.05)
determined by LSD post hoc.
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As shown in Table 3, breast tumors with a LER ratio had higher
oxidative damage, measured as carbonyl group content in proteins, than tumors with a HER or a MER ratio, and MER ratio
tumors also had higher oxidative damage in proteins than HER
ratio tumors. On the other hand, tumors with a LER ratio showed
the highest levels of catalase (CAT), Mn-SOD and CuZn-SOD, and
GRd protein. However, glutathione peroxidase (GPx) protein levels
were lower in tumors with MER and LER ratios than in tumors
with a HER ratio, as shown in Table 3.
The results of the analyses of the ﬁve mitochondrial respiratory
chain complexes are shown in Fig. 1. All complexes, except
Complex I (NADH:ubiquinone oxidoreductase), had a tendency to
decrease when the ERα/ERβ ratio decreased. Complexes II and V
(succinate dehydrogenase and ATP synthase, respectively) showed
statistically signiﬁcant lower levels between HER ratio tumors
with respect to both MER and LER tumors.

Table 2
Clinical characteristics of tumors.
Age (years) Height
(cm)

Weight
(kg)

BMI

Menopause PR

HER 68.5 7 5.3 155 7 4 66.7 7 6.9 27.6 7 1.8 4/4
MER 62.5 7 3.8 154 7 2 65.8 7 5.2 27.6 7 2.0 5/5
LER 68.0 7 3.9 154 7 3 63.0 7 8.4 26.2 7 2.6 4/4

HER2

2/4
4/5
0/4

0/4
0/5
0/4

High, medium, and low ERα/ERβ ratio (HER, MER, and LER, respectively). BMI, body
mass index; PR, progesterone receptor.

Table 3
Oxidative damage and antioxidant enzymes in breast tumors.
High ERα/ERβ
4-HNE
Carbonyl groups
GPx levels
GRd levels
CAT levels
Mn-SOD levels
CuZn-SOD levels

100
100
100
100
100
100
100

7
7
7
7
7
7
7

7
11
10
18
23
59
32

Medium ERα/ERβ
104
136
71.1
180
160
32.7
201

7
7
7
7
7
7
7

7
9
7.4
28
7
3.7
29

Low ERα/ERβ
101
168
75.1
145
266
286
237

7
7
7
7
7
7
7

9
10
14.5
17
57*, **
51*, **
24

ANOVA
NS
R
NS
NS
R
R
R

4-HNE, 4-hydroxynonenal; GPx, glutathione peroxidase; GRd, glutathione reductase; CAT, catalase; Mn-SOD, manganese superoxide dismutase; CuZn-SOD, copper–zinc superoxide dismutase. All parameters are expressed as arbitrary units;
data represent the means 7 SEM, with the value of tumors with high ERα/ERβ ratio
set at 100. High ERα/ERβ n ¼ 4, medium ERα/ERβ n ¼ 5, low ERα/ERβ n ¼ 4. The
ratio effect was analyzed by one-way ANOVA (p o 0.05): R indicates ratio effect
and NS stands for nonsigniﬁcant. Least signiﬁcant difference (LSD) was applied as a
post hoc analysis of ratio effect.
n
Signiﬁcant difference from tumors with high ERα/ERβ ratio (p o 0.05)
determined by LSD post hoc.
nn
Signiﬁcant difference from tumors with medium ERα/ERβ ratio (p o 0.05)
determined by LSD post hoc.
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Fig. 2 shows protein levels of UCP2 and UCP5. UCP2 protein
levels did not change, although UCP5 levels did increase with a
lower ERα/ERβ ratio (increase in ERβ protein levels). Furthermore,
as shown in Table 4, the proliferation-related and oxidative stressactivated signaling pathways AKT and JNK/SAPK, respectively,
were studied. Thus, AKT and JNK/SAPK were more phosphorylated
than total protein in tumors with a LER ratio. Moreover, it can be
appreciated from Fig. 3 that the protein levels of SIRT3 in tumors
with a LER ratio were twice as high as those with a HER ratio.
Table 5 shows the correlation matrix of variables. GPx, Complex
V, Complex III, Complex II, Complex IV, AKT, SAPK, and ERα were
signiﬁcantly and positively correlated with ERα/ERβ ratio. However, carbonyl groups, CAT, CuZn-SOD, UCP5, SIRT3, and ERβ were
signiﬁcantly and negatively correlated with ERα/ERβ ratio.
Step-by-step stepwise multiple linear regression analysis was
performed using carbonyl groups (as a marker of oxidative stress)
as the dependent variable and 4-HNE, GPx, GRd, CAT, Mn-SOD,
CuZn-SOD, Complex V, Complex III, Complex II, Complex IV,
Complex I, pAKT, AKT, pSAPK, SAPK, UCP2, UCP5, SIRT3, ERα,
ERβ, and ERα/ERβ ratio as independent variables. Of the many
independent variables included in the analysis, the ERα/ERβ ratio
was independently associated with carbonyl groups (Table 6),
showing a standardized regression coefﬁcient of 0.887.

Discussion
In breast tumors, oxidative damage has been strongly and
inversely correlated with ERα/ERβ ratio. This fact may be
explained, at least in part, by the decrease observed in OXPHOS
protein levels, which would indicate a mitochondrial dysfunction.
During the evolution of cancer, the tumoral cells acquire
mutations that modify the cell cycle and other characteristics of
cells. One of the modiﬁed points is cell metabolism, and for this
reason tumoral cells change their metabolism from oxidative to
glycolytic. It is for this reason that tumoral cells need to adapt to
the oxidative stress created by metabolism changes, a process that
seems to be a clonal selection. As shown in our results, breast
cancer tumors with a LER have a dysfunction in the mitochondrial
OXPHOS system, which could be responsible for the high oxidative
stress presented by these tumors. On the other hand, antioxidant
enzymes increased in response to this oxidative damage, as well as
uncoupling proteins, although these two responses were not
sufﬁcient to avoid this damage.
Moreover, breast tumors with a LER ratio had an increase in the
activation of proliferation-related (AKT) and oxidative stressactivated (SAPK) signaling pathways. These results are in agreement with the ﬁndings of Cadenas et al. regarding thioredoxin
reductase 1 protein, which is associated with prognosis in breast
cancer [27]. Another protein of interest is SIRT3, a guardian of the
mitochondria, as its multiple functions (with effects on oxidative

Fig. 1. Mitochondrial respiratory chain complex protein levels according to ERα/ERβ ratio. Protein levels were measured by Western blot as described under Materials and
methods. Representative bands of the captured images are shown in (b). A.u., arbitrary units. Data represent the means 7 SEM, with the value of tumors with high ERα/ERβ
ratio set at 100. HER n ¼ 5, MER n ¼ 3, and LER n ¼ 5. Ratio effect was analyzed by one-way ANOVA (p o 0.05): only variables with ratio effect are indicated. Least
signiﬁcant difference was applied as a post hoc analysis of ratio effect. ap o 0.05, HER versus MER. bp o 0.05, HER versus LER. cp o 0.05, MER versus LER.
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stress and proliferation) suggest that this protein acts as a tumor
suppressor, and the ﬁndings in this experiment that SIRT3 was
increased in breast tumors with a LER ratio support this function.
All mitochondrial respiratory chain complexes were decreased
in breast tumors and were concurrent with a drop in ERα/ERβ
ratio, with the exception of Complex I. Complex I is the entryway
for electrons into the respiratory chain, and if the other complexes
are lacking, Complex I will be converted in an electron burst and
cause an increase in ROS levels, which would result in oxidative
damage [28,29]. In fact, oxidative damage was higher in breast
tumors with a LER ratio than in those with a HER ratio.
A decrease in OXPHOS proteins indicates that mitochondria are not
functioning properly and this could be one of the reasons for the
higher ROS levels. ROS can contribute to an increase in cell proliferation in the beginning of tumor initiation [11,17,30]. However, a ROS
excess can participate in the events that lead the cells to apoptosis and
consequently in a decrease in tumor size [31].
Additionally, in tumors with high ERβ levels, we observed a
strong antioxidant response, which led to the diminishment of
ROS levels, even though this response was also insufﬁcient.
Catalase and superoxide dismutase (both manganese and

Fig. 2. Uncoupling proteins 2 and 5 in breast tumors with different ERα/ERβ ratios.
Protein levels were measured by Western blot as described under Materials and
methods. A.u., arbitrary units. Data represent the means 7 SEM, with the value of
tumors with high ERα/ERβ ratio set at 100. HER n ¼ 5, MER n ¼ 3, and LER n ¼ 5.
Ratio effect was analyzed by one-way ANOVA (p o 0.05): NS indicates nonsigniﬁcant effect.

copper–zinc isoforms) increased according to decreasing ERα/ERβ
ratios; however, only glutathione peroxidase decreased. The SOD/
GPx index is vital to the duration of ROS, and logically, an increase
in this is harmful to the cell [21], and in this case, hydrogen
peroxide can attack proteins, lipids, and DNA, causing damage to
cell structure and function [32,33]. As a response to this decrease
in glutathione peroxidase, glutathione reductase undergoes an
important increase with the aim to reduce all the glutathione that
would act as a cosubstrate for glutathione peroxidase [32,34].
ROS have various roles in the functioning of the cell and may
act also as secondary messengers in the proliferative response
through MAPK pathways [35], which in turn can inﬂuence key
proteins in oxidative stress control. This fact agrees with our
results, as the pathways studied showed an increase in tumors
with a LER ratio, which also had a higher oxidative stress than
tumors with low ERβ protein levels.
All of these changes in oxidative stress and mitochondrial
function could be mediated by SIRT3. Recently, some authors have
given sirtuins a new role in carcinogenesis and oxidative stress, in
addition to its currently accepted one in the aging process [24,26].
In fact, some authors have recently demonstrated that SIRT3
knockout mice exhibited a deterioration in liver mitochondrial

Fig. 3. SIRT3 protein levels increase when ERα/ERβ ratio diminishes. Protein levels
were measured by Western blot as described under Materials and methods. A.u.
arbitrary units. Data represent the means 7 SEM, with the value of tumors with
high ERα/ERβ ratio set at 100. HER n ¼ 5, MER n ¼ 3, and LER n ¼ 5. Ratio effect
was analyzed by one-way ANOVA (p o 0.05): NS indicates nonsigniﬁcant effect.

Table 4
Proliferation-related and oxidative stress-activated signaling pathways in breast tumors.

High ERα/ERβ
Medium ERα/ERβ
Low ERα/ERβ
ANOVA

High ERα/ERβ
Medium ERα/ERβ
Low ERα/ERβ
ANOVA

pAKT level

AKT level

AKT ratio

100 7 19
183 7 42
187 7 76
NS

100 7 37
61.7 7 10.1
38.7 7 9.8
NS

1.00
2.97*
4.83*, **

pSAPK level

SAPK level

SAPK ratio

100 7 53
98.1 7 25.6
78.3 7 16.4
NS

100 7 26
95.1 7 10.6
44.0 7 7.5
NS

1.00
1.03
1.78*, **

All parameters are expressed as arbitrary units; data represent the means 7 SEM, with
the value of tumors with high ERα/ERβ ratio set at 100 for protein levels and 1.00 for ratio.
Ratio was calculated from the means. HER n ¼ 4, MER n ¼ 5, and LER n ¼ 4. Ratio effect
was analyzed by one-way ANOVA (p o 0.05): NS stands for nonsigniﬁcant. Least
signiﬁcant difference (LSD) was applied as a post hoc analysis of ratio effect.
n
Signiﬁcant difference from tumors with high ERα/ERβ ratio (p o 0.05) determined
by LSD post hoc.
nn
Signiﬁcant difference from tumors with medium ERα/ERβ ratio (p o 0.05)
determined by LSD post hoc.
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PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.
PC
Sig.

−0.158
0.304
−0.782**
0.001
0.572*
0.021
−0.365
0.122
−0.634*
0.013
−0.335
0.144
−0.641*
0.012
0.850**
0.001
0.706*
0.011
0.902**
0.000
0.623*
0.027
−0.104
0.388
−0.312
0.175
0.672*
0.012
−0.086
0.390
0.630*
0.011
0.218
0.237
−0.617*
0.022
−0.526*
0.039
0.681**
0.005
−0.755**
0.001

1

0.342
0.138
−0.058
0.425
0.529*
0.038
0.080
0.402
−0.110
0.367
−0.035
0.457
−0.215
0.275
−0.204
0.286
−0.211
0.279
−0.080
0.413
0.283
0.214
0.399
0.112
0.092
0.394
0.251
0.204
−0.091
0.383
0.199
0.257
0.243
0.236
0.190
0.277
0.364
0.111
0.434
0.069

1

−0.402
0.098
0.410
0.093
0.715**
0.007
0.381
0.124
0.357
0.141
−0.822**
0.002
−0.650*
0.021
−0.571*
0.042
−0.479
0.081
0.355
0.157
0.526*
0.048
−0.441
0.087
0.106
0.371
−0.626*
0.015
−0.452
0.070
0.458
0.092
0.518*
0.042
−0.362
0.123
0.732**
0.003

1

4-HNE Carbonyl
groups

−0.406
0.095
−0.100
0.379
0.014
0.483
−0.410
0.093
0.636*
0.024
0.736**
0.008
0.792**
0.003
0.747**
0.007
−0.022
0.476
−0.386
0.121
0.274
0.207
0.220
0.235
0.123
0.344
0.110
0.360
−0.724**
0.006
−0.162
0.307
0.442
0.065
−0.423
0.075

1

GPx

0.103
0.382
−0.164
0.315
0.127
0.355
−0.368
0.148
−0.316
0.186
−0.477
0.082
−0.114
0.376
−0.154
0.336
0.248
0.231
−0.226
0.252
0.308
0.165
0.028
0.465
−0.096
0.384
0.314
0.188
0.054
0.434
0.013
0.484
0.350
0.132

1

GRd

The correlation is signiﬁcant at p o 0.05 (unilateral).
The correlation is signiﬁcant at p o 0.01 (unilateral).

nn

n

PC, Pearson correlation. Sig., signiﬁcance (unilateral).

ERβ

ERα

SIRT3

UCP5

UCP2

SAPK

pSAPK

AKT

CuZnSOD
Complex
V
Complex
III
Complex
II
Complex
IV
Complex
I
pAKT

Mn-SOD

CAT

GRd

Carbonyl
groups
GPx

ERα/ERβ
ratio
4-HNE

ERα/ERβ
ratio

Table 5
Correlation matrix of mammary carcinoma data.

0.387
0.120
0.536*
0.045
−0.454
0.110
−0.351
0.177
−0.320
0.200
−0.250
0.259
−0.173
0.328
−0.155
0.335
−0.590*
0.036
−0.298
0.174
−0.530*
0.038
−0.143
0.328
0.588*
0.037
0.690**
0.009
−0.518*
0.042
0.573*
0.026

1

CAT

0.396
0.114
−0.294
0.205
−0.230
0.262
−0.178
0.311
0.017
0.482
0.109
0.382
0.313
0.189
−0.483
0.079
−0.088
0.393
−0.587*
0.022
0.147
0.325
0.321
0.183
0.410
0.105
−0.486
0.054
0.255
0.212

1

MnSOD

−0.634*
0.033
−0.347
0.180
−0.761**
0.009
−0.566
0.056
−0.036
0.463
0.111
0.380
−0.465
0.088
−0.460
0.066
−0.303
0.169
−0.345
0.136
0.684*
0.015
0.137
0.344
−0.741**
0.003
0.351
0.132

1

CuZnSOD

0.462
0.089
0.814**
0.002
0.469
0.086
−0.342
0.167
−0.572
0.054
0.621*
0.037
−0.338
0.169
0.732**
0.008
0.522
0.061
−0.594*
0.046
−0.341
0.167
0.592*
0.036
−0.594*
0.035

1

Complex
V

0.599*
0.034
0.869**
0.001
−0.265
0.230
−0.493
0.089
0.035
0.464
0.245
0.248
0.149
0.340
0.141
0.349
−0.491
0.090
−0.574*
0.041
0.410
0.119
−0.651*
0.021

1

Complex
III

0.578*
0.040
−0.201
0.289
−0.504
0.083
0.583*
0.050
−0.350
0.161
0.514
0.064
0.199
0.291
−0.692*
0.019
−0.266
0.229
0.805**
0.002
−0.491
0.075

1

Complex
II

−0.213
0.277
−0.309
0.209
−0.064
0.435
0.447
0.098
0.036
0.460
0.369
0.147
−0.390
0.150
−0.375
0.143
0.327
0.178
−0.574*
0.041

1

Complex
IV

0.904**
0.000
0.250
0.258
−0.071
0.423
−0.047
0.448
−0.235
0.257
0.098
0.401
0.049
0.447
−0.075
0.419
−0.104
0.388

1

Complex
I

0.009
0.490
−0.041
0.453
−0.170
0.309
−0.151
0.329
0.365
0.167
0.093
0.393
−0.275
0.207
0.069
0.420

1

pAKT

−0.381
0.124
0.851**
0.000
0.021
0.475
−0.573
0.053
−0.373
0.129
0.771**
0.003
−0.396
0.114

1

AKT

−0.167
0.292
0.223
0.232
−0.270
0.211
0.339
0.140
0.221
0.234
0.107
0.364

1

0.213
0.242
−0.384
0.122
−0.312
0.162
0.541*
0.028
−0.462
0.056

1

pSAPK SAPK

0.144
0.336
0.288
0.182
0.098
0.375
−0.041
0.447

1

UCP2

0.642*
0.023
−0.646*
0.016
0.446
0.085

1

UCP5

ERα

ERβ

−0.258 1
0.209
0.666** −0.138 1
0.009
0.326

1

SIRT3
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Table 6
Stepwise multiple linear regression analysis by step-by-step selection procedure for
carbonyl groups as a dependent variable.
Independent
variable

Unstandardized coefﬁcient

Standard coefﬁcient

Unstandardized
regression
coefﬁcient

Standardized
regression
coefﬁcient

ERα/ERβ ratio −1,310,352.852

SE

341,091.197 −0.887

F value p
value

−3.842 0.018

used as a biomarker to predict the effect of chemical agents, chieﬂy
those that affect oxidative stress and/or estrogen signaling.
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a b s t r a c t
Genistein is a biologically active isoﬂavone with estrogenic activity and can be found in a variety of
soy products. This natural compound displays a wide array of biological activities, but it is best known
for its ability to inhibit cancer progression, especially for hormone-related ones such as breast cancer.
Genistein has been shown to bind both the estrogen receptor alpha (ER␣) and the estrogen receptor
beta (ER␤), although it has a higher afﬁnity for the ER␤. The ER␣/ER␤ ratio is a prognostic marker for
breast tumors, and ER␤ expression could indicate the presence of tumors more benign in state, whereas
ER␣ indicates malignant tumors. The objective of the present study was to investigate the effects of
genistein on oxidative stress and mitochondrial functionality through its interaction with the estrogen
receptor in breast cancer cell lines with different ER␣/ER␤ ratios. The lower ER␣/ER␤ ratio T47D cell line
showed lower oxidative stress and greater mitochondrial functionality, along with an up-regulation of
uncoupling protein 2 and sirtuins. On the other hand, genistein-treated MCF-7 cell line, with the highest
ER␣/ER␤ ratio, reported no changes for the control situation. On the whole, our results show different
genistein effects depending on ER␣/ER␤ ratio for oxidative stress regulation, mitochondrial functionality,
and modulation of UCPs, antioxidant enzymes and sirtuins in breast cancer cell lines. Effects of genistein
on oxidative stress and mitochondria could be due at least in part, to a higher ER␤ presence, but could
also be due to up-regulation of ER␤ caused by the genistein treatment.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Oxidative stress leads to lipid, carbohydrate, protein and DNA
damage in biological systems and affects cell structure and function. Reactive oxygen species (ROS) have a key role in oxidative
stress, which are generated primarily in the mitochondria (Pelicano
et al., 2004). It has been postulated that oxidative stress is one of
the mechanisms triggering the carcinogenic effect, especially in

Abbreviations: CAT, catalase; DCFDA, 2 ,7 -dichloroﬂuorescein diacetate; ER␣,
estrogen receptor alpha; ER␤, estrogen receptor beta; GEN, genistein; 4-HNE,
4-hydroxy-2-nonenal; MnSOD, manganese superoxide dismutase; m, mitochondrial membrane potential; NAO, Nonyl Acridine Orange; ROS, reactive oxygen
species; OXPHOS, oxidative phosphorylation; SIRT, sirtuin; TMRM, tetramethylrhodamine methyl ester; UCP, uncoupling protein.
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breast cancer, as the accumulation of cellular damage could play
a role in the development and progression of this disease (Behrend
et al., 2003; Pelicano et al., 2004). To survive, cancer cells must
acquire adaptive mechanisms that counteract the harmful effects
of exposure to free radicals (Ozben, 2007; Pelicano et al., 2004).
Previous papers have highlighted that lifetime exposure to
estrogens is associated with increased breast cancer risk, and may
contribute to tumor growth (Nadal-Serrano et al., 2012; SastreSerra et al., 2010; Yager and Davidson, 2006). Phytoestrogens are
a class of plant-derived compounds that are structurally similar to
the principal mammalian estrogen, 17␤-estradiol (E2), and they
have a weak estrogen activity. One of the best-studied is genistein
(GEN), and epidemiological studies have shown an inverse correlation between the intake of GEN and the incidence of breast cancer
(Adlercreutz, 2002). In fact, in Asia, where women consume significantly higher amounts of phytoestrogens, the incidence of breast
cancer is much lower than for Western women. (Adlercreutz, 2002).
As mentioned, GEN structurally mimics E2 and could modulate the
effects of estrogen in breast cancer cells through the estrogen receptor (ER). GEN selectively binds to ER␤ with a stronger afﬁnity than
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ER␣ (Kuiper et al., 1997, 1998) and thereby could be a potential
point of modulation for breast cancer development in cells with different ER␣/ER␤ ratios. Indeed, some data suggest that when ER␤ is
activated by certain ligands, this activated complex inhibits mammary cancer cell growth as well as the stimulatory effects of ER␣
(McCarty, 2006; Strom et al., 2004), and thus the preferential binding of isoﬂavone to ER␤ may have implications in reducing breast
cancer risk. Some reported possible mechanisms by which GEN may
reduce the risk of breast cancer are through its antioxidant properties, achieved by free radical scavenging, or by the inhibition of the
expression of stress-response related genes which induce cell cycle
arrest, as well as inhibiting angiogenesis, invasion and metastasis
of cancer cells (Ouyang et al., 2009; Pavese et al., 2010; Ruiz-Larrea
et al., 1997).
Sirtuins (SIRTs) and uncoupling proteins (UCPs) are key protein
regulators of stress responses and metabolism, and their biological
functions could be involved in pathological conditions such as cancer (Derdak et al., 2008; Martinez-Pastor and Mostoslavsky, 2012).
Sirtuins are a highly conserved family of NAD+ -dependent deacetylases involved in stress response, metabolism and longevity (Milne
and Denu, 2008). In humans, seven sirtuins have been identiﬁed
(Michishita et al., 2005), although SIRT1 (localized mainly in the
nucleus) and SIRT3 (localized mainly in the mitochondria) are of the
particular interest, since they regulate both cell death and survival,
and therefore a controversy has emerged in the literature about
their role as a tumor promoter and/or tumor suppressor (Alhazzazi
et al., 2011; Martinez-Pastor and Mostoslavsky, 2012). On the other
hand, UCPs belong to the mitochondrial anion transporter superfamily and are located in the inner mitochondrial membrane, where
they cause a mild uncoupling, which results in a decrease of the
mitochondrial membrane potential, (m) (Derdak et al., 2008).
Consequently, UCPs decrease the mitochondrial ROS production,
protecting the cell from oxidative stress (Derdak et al., 2008; NadalSerrano et al., 2012; Sastre-Serra et al., 2010). Moreover, the UCP2
isoform has been detected in some chemoresistant cancer cells and
is one of the many adaptive mechanisms used by drug-resistant
cells to maintain ROS homeostasis, and thereby reinforces the
activation of signaling cascades that contribute to tumor growth,
angiogenesis and metastasis (Ayyasamy et al., 2011; Baffy et al.,
2011; Derdak et al., 2008).
The aim of present study, taking into account the current knowledge about free radical biology and its inﬂuence in the development
and progression of breast cancer, was to investigate the effect
of GEN on mitochondrial ROS production, m and oxidative
damage, as well as the response of the antioxidant enzymes and
mitochondrial functionality and its relationship to sirtuins and
UCP2, in breast cancer cell lines with different ER␣/ER␤ ratios.
2. Materials and methods
2.1. Materials
Genistein (GEN) was purchased from Sigma–Aldrich (St.
Louis, MO, USA). Routine chemicals used were obtained from
Sigma–Aldrich, Roche (Barcelona, Spain), Panreac (Barcelona,
Spain) and Bio-Rad Laboratories (Hercules, CA, USA).
2.2. Cell culture and treatments
Human breast cancer cell lines T47D (ER␣ and ER␤ positive, with
predominance of ER␤) and MCF-7 (ER␣ and ER␤ positive, with predominance of ER␣) were purchased from American Type Culture
Collection (ATCC; Manassas, VA, USA). Both cell lines are characterized by an important difference in ER␣/ER␤ ratio, with MCF-7
cell line possessing the highest ratio (Nadal-Serrano et al., 2012).

Cell lines were maintained in Dulbecco’s modiﬁed Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS)
and 1% (v/v) antibiotics (penicillin and streptomycin) in a humidiﬁed atmosphere of 5% CO2 at 37 ◦ C. To evaluate the effects of GEN,
cells were grown in phenol red-free DMEM containing 10% (v/v)
charcoal-stripped FBS 24 h before treatment. Experiments were
carried out when cell cultured reached conﬂuence by providing
fresh medium supplemented with 1 mol/L GEN.
2.3. Measurement of ROS production by ﬂow cytometry
ROS (reactive oxygen species) levels were measured as
described previously by Sastre-Serra et al. (2010), measuring ﬂuorescence of 2 ,7 -dichloroﬂuorescein diacetate (DCFDA) using an
Epics XL ﬂow cytometer (Beckman-Coulter, Miami, FL, USA). The
green ﬂuorescence was measured using the FL-1 setting (log mode)
after the cell debris was electronically gated out. 10 000 events were
acquired and analysis was performed with Expo32 ADC analysis
software (Beckman Coulter, Miami, FL, USA).
2.4. Analysis of m by ﬂow cytometry
Cells were dyed with 250 nmol/L tetramethylrhodamine methyl
ester (TMRM) for 15 min, washed by PBS containing 20 mmol/L glucose, and analyzed by ﬂow cytometry (Sastre-Serra et al., 2010). The
orange–red ﬂuorescence was measured using the FL-2 setting (log
mode) after the cell debris were electronically gated out. In each
analysis, 10 000 events were recorded and analyzed with Expo32
ADC analysis software (Beckman Coulter, Miami, FL, USA).
2.5. Measurement of 4-HNE adducts content
For 4-hydroxy-2-nonenal (4-HNE) analysis, 40 g of protein
from cell lysate was transferred onto nitrocellulose membrane.
Antiserum against 4-HNE (HNE11-S) was used as primary antibody
(Alpha Diagnostic International, San Antonio, TX, USA). Bands were
visualized using the by Immun-Star® Western C® Kit reagent (BioRad). The chemiluminescence signal was captured with a Chemidoc
XRS densitometer (Bio-Rad) and analyzed with Quantity One software (Bio-Rad).
2.6. Analysis of cardiolipin content
Cardiolipin content was assayed using Nonyl Acridine Orange
(NAO) ﬂuorescent and quantiﬁed using a microplate ﬂuorescent
reader FLx800 (BIO-TEK Winooski, Vermont, USA) set at 485/20 nm
to excitation and 528/20 to emission. The ﬂuorescence was corrected by Hoescht 33342 (1 g/well) ﬂuorescence with the same
ﬂuorescence reader set at 360/40 nm to excitation and 460/40 to
emission.
2.7. Mitochondrial DNA quantiﬁcation
DNA was isolated from cultured cells using TriPure® isolation
reagent (Roche, Barcelona, Spain) following the manufacturer’s
protocol and used to quantify mtDNA (Sastre-Serra et al., 2012b).
5 ng of the total DNA (quantiﬁed using a spectrophotometer set
at 260 nm) was ampliﬁed using speciﬁc primers for 18S and the
NADH dehydrogenase subunit 4, with SYBR Green technology on a
LightCycler 480 System II (Roche Diagnostics, Basel, Switzerland).
The primers used were forward 5 -ggACACggACAggATTgACA3 and reverse 5 -ACCCACggAATCgAgAAAgA-3 for 18S and
forward 5 -CgTgACTCCTACCCCTCACA-3 and reverse 5 -ATCgggTgATgATAgCCAAg- 3 for the NADH dehydrogenase subunit 4
(mtDNA).
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Table 1
Table and conditions used for RT-PCR.

2.9. Western blot analysis

Gene

Forward primer (5 –3 )
Reverse primer (5 –3 )

T◦ An. (◦ C)

18S

ggACACggACAggATTgACA
ACCCACggAATCgAgAAAgA
ggTggTCggAgATACCAAAg
CTCgggCAATggTCTTgTAg
CggCTCTACACgCAgAACATC
CAgAggCTCCCCAAAgAACAC
CATCgCCACATgAATggATA
CCAACTgggATgAgAgggTA
CgTgCTCCCACACATCAATC
TgAACgTCACCgAggAgAAg
TCAggAgACCATTgCATCATT
CgCTTTCCTgTCTTTgTACTTTCTTC
AATTCAgATAATCgACgCCAg
gTgTTTCAACATTCTCCCTCCTC
TAgTggTCCATCgCCAgTTAT
gggAgCCACACTTCACCAT
ggTCAgAgATgTgCTTgCAA
AAggATTCCTgggAAggAgA
gCgACggAAAgAgTATgAgC
gTTggCAgATCCACTggTTT
TCATgCCgTggTAAgTACCA
gTgCAAAgTTCCCTCTCTgC
TTgTggTTTTCCTggTgTCA
gCAgATCCCTgCAgAAgTgT

61

UCP2
SIRT3
CAT
Mn-SOD
CuZn-SOD
ER␣
ER␤
NRF1
NRF2
PGC1␣
pS2

2047

60
56
61
64
64
61
64
60

Cells were harvested by scraping in lysis buffer (20 mM Tris–HCl,
1.5 mM MgCl2 , 140 mM NaCl, 0.5% Nonidet P-40, 10% glycerol,
1 mM EGTA, 1 mM Na3 VO4 , 1 mM phenylmethylsulfonyl ﬂuoride,
10 g/mL leupeptin and 10 g/mL pepstatin; pH 7.4) and disrupted
by sonication. Afterwards, protein content was determined with
a bicinchoninic acid protein assay kit (Pierce, Bonn, Germany).
Western blot analysis of 40 g of protein from cell lysate was
done as previously described (Nadal-Serrano et al., 2012). Antisera against UCP2 and ␣-Tubulin, the latter used as housekeeping
protein, (Santa Cruz Biotechnology, CA, USA), OXPHOS Complex
(MitoSciences, OR, USA), CuZnSOD and MnSOD (Calbiochem, CA,
USA), and SIRT3 (Millipore, CA, USA) were used as primary antibodies. Protein bands were visualized by Immun-Star® Western
C® Kit reagent (Bio-Rad) Western blotting detection systems. The
chemiluminiscence signal was captured with a Chemidoc XRS densitometer (Bio-Rad) and analyzed with Quantity One Software
(Bio-Rad).

60
60
61

T◦ An., Annealing temperature; CAT, catalase; CuZn-SOD, copper and zinc superoxide dismutase; ER␣, estrogen receptor alpha; ER␤, estrogen receptor beta; Mn-SOD,
manganese superoxide dismutase; NRF1, nuclear respiratory factor 1; NRF2, nuclear
respiratory factor 2; PGC1␣, peroxisome proliferator-activated receptor gamma
coactivator 1-alpha; pS2, presenilin 2; SIRT3, sirtuin 3; and UCP2, uncoupling protein
2.

2.8. Real-time quantitative PCR
Total RNA was isolated from T47D and MCF-7 cultured
cells using TriPure® isolation reagent (Roche, Barcelona, Spain)
following the manufacturer’s protocol and quantiﬁed using a spectrophotometer set at 260 nm. One microgram of the total RNA was
reverse transcribed to cDNA at 42 ◦ C for 60 min with 25 U MuLV
reverse transcriptase in a 10 l volume of retrotranscription reaction mixture containing 10 mM Tris–HCl (pH 9.0), 50 mM KCl, 0.1%
Triton X-100, 2.5 mM MgCl2 , 2.5 M random hexamers, 10 U RNase
inhibitor, and 500 M each dNTP. Each cDNA was diluted 1/10 and
aliquots were frozen (−80 ◦ C) until the PCR reactions were carried
out.
PCR was done for ten target genes: ER␣, ER␤, PGC1␣, NRF1,
NRF2, Mn-SOD, CuZn-SOD, CAT, pS2, UCP2, SIRT3 and 18S ribosomal RNA (18S), like one housekeeping gene. PCR was carried out
using speciﬁc primers (see Table 1) SYBR Green technology on a
LightCycler 480 System II rapid thermal cycler (Roche Diagnostics,
Basel, Switzerland). Total reaction volume was 10 L, containing
6.5 L Lightcycler® 480 SYBR Green I Master, 0.5 M of the sense
and antisense speciﬁc primers and 2.5 L of the cDNA template. The
ampliﬁcation program consisted of a preincubation step for denaturation of the template cDNA (5 min, 95 ◦ C), followed by 45 cycles
consisting of a denaturation step (10 s, 95 ◦ C), an annealing step
(10 s, 56 ◦ C for SIRT3; 60 ◦ C for UCP2, PGC1␣, NRF1 and NRF2; 61 ◦ C
for ER␣, CAT, pS2 and 18S, and 64 ◦ C for ER␤, Mn-SOD and CuZnSOD), and an extension step (12 s, 72 ◦ C min). A negative control
lacking cDNA template was run in each assay.
The resulting PCR products were resolved on a 2% (w/v) agarose
gel in 45 mM Tris-borate-EDTA 1 mM buffer (pH 8.0) and visualized
by ethidium bromide staining. Bands were analyzed with a Chemidoc XRS densitometer (Biorad). The Ct values of the real-time PCR
were analyzed, taking into account the efﬁciency of the reaction and
referring these results to the total DNA amount, using the GenEx
Standard Software (Multi-DAnalises, Sweden).

2.10. Statistics
The Statistical Program for the Social Sciences software for Windows (SPSS, version 18.0; SPSS Inc., Chicago, IL) was used for all
statistical analyses. Data are presented as means ± standard error
of the mean (SEM). Statistical differences between control and
GEN-treated cells were analyzed by Student’s t-test. Statistical signiﬁcance was set at P < 0.05.

3. Results
3.1. Determination of ROS levels, m and 4-HNE adducts in
T47D and MCF-7 breast cancer cell lines after 48 h GEN-treatment
As shown in Table 2, the GEN-treated T47D cell line had a
decrease in ROS levels (30%), whereas for the MCF-7 cell line, no
changes were found for this same treatment. Moreover, the T47D
cell line treated with GEN showed a signiﬁcant decrease in m
(23%). The 4-HNE adducts content, as marker of oxidative damage,
showed a tendency to decrease in T47D cell line after treatment
(p = 0.08), while the MCF-7 GEN-treated cell line showed no change
in the 4-HNE adducts.

3.2. Mitochondrial proliferation and differentiation
Table 3 reports a tendency to increase the cardiolipin content
(p = 0.07), measured by NAO, in the T47D cell line after GENtreatment for 48 h, whereas this cell line did not show changes in
mtDNA copy number. For this reason, the NAO/mtDNA ratio was
lower in T47D cell line respect to control, while the MCF-7 cell line
did not show changes in these parameters.

3.3. Protein levels of mitochondrial respiratory chain complexes
(OXPHOS) after treatment with 1 mol/L GEN for 48 h
The protein levels of OXPHOS complexes were determined by
Western blot method (Section 2.9), as shown in Table 4. Interestingly, in the T47D cell line complexes I and complex II had
signiﬁcantly higher protein level contents (32% and 19%, respectively) after GEN treatment. Moreover, it can be observed that
complex IV showed a tendency to increase slightly (p = 0.09). However, the GEN-treated MCF-7 cell line did not present signiﬁcant
changes when compared to vehicle-treated cells.
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Table 2
The ROS levels, m and 4-HNE adducts content in T47D and MCF-7 breast cancer cell lines after 48 h GEN-treatment.
T47D

MCF-7

ROS levels (AU)
TMRM ﬂuorescence (AU)
4-HNE adducts content (AU)

Control

GEN

Control

GEN

100 ± 11
100 ± 6
100 ± 18

99.3 ± 11.0
90.2 ± 4.2
104 ± 22

100 ± 4
100 ± 7
100 ± 17

70.4 ± 3.7*
76.9 ± 1.7*
69.1 ± 8.8**

Data represent the means ± SEM (n = 6). Values of control (vehicle-treated) T47D and MCF-7 cell lines were set at 100. AU, arbitrary units; 4-HNE, 4-hydroxy-2-nonenal; ROS,
reactive oxygen species; TMRM, tetramethylrhodamine methyl ester.
*
Signiﬁcant difference between GEN-treated and vehicle-treated cell lines (Student’s t-test; P < 0.05).
**
Signiﬁcant difference between GEN-treated and vehicle-treated cell lines (Student’s t-test; P < 0.1).
Table 3
Effects of GEN for 48 h treatment on mitochondrial proliferation and differentiation
in T47D and MCF-7 cell lines.
MCF-7

mtDNA (AU)
NAO(AU)
mtDNA/NAO Ratio

Table 5
mRNA expression in T47D and MCF-7 breast cancer cell lines after GEN-treatment
for 4 h.

T47D

MCF-7

Control

GEN

Control

GEN

100 ± 9
100 ± 3
1.00

109 ± 8
105 ± 4
1.04

100 ± 8
100 ± 8
1.00

86.9 ± 7.9
121 ± 11*
0.72

UCP2
SIRT 3
CAT
Mn-SOD
CuZn-SOD
ER␣
ER␤
PGC1␣
NRF1
NRF2
pS2

Data represent the means ± SEM (n = 6). Values of control (vehicle-treated) T47D and
MCF-7 cell lines were set at 100. AU, arbitrary units; mtDNA, mitochondrial DNA;
NAO, 10-N-nonyl-acridine orange.
*
Signiﬁcant difference between GEN-treated and vehicle-treated cell lines (Student’s t-test; P < 0.1).

3.4. Effects of GEN on mRNA expression levels of main genes
involved in response to oxidative stress and mitochondrial
biogenesis and function. Expression levels of ER˛ and ERˇ
The 4 h GEN treatment for the T47D breast cancer cell line
increased mRNA expression levels of UCP2, SIRT3, ER␤ and NRF2,
as can be observed in Table 5. However, mRNA expression levels of
CuZn-SOD decreased with the treatment. In the MCF-7 breast cancer cell line, gene expression of UCP2, CAT and PGC1␣ diminished,
while gene expression of ER␤ and pS2 increased.

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

±
±
±
±
±
±
±
±
±
±
±

GEN

0.22
0.17
0.13
0.22
0.15
0.20
0.51
0.40
0.33
0.22
0.09

0.55
0.70
0.73
1.04
0.85
0.72
1.64
0.23
0.41
1.06
1.26

Control
±
±
±
±
±
±
±
±
±
±
±

*

0.02
0.04
0.06*
0.07
0.08
0.09
0.20*
0.05*
0.05
0.08
0.04*

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

±
±
±
±
±
±
±
±
±
±
±

GEN
0.04
0.03
0.06
0.19
0.06
0.13
0.28
0.14
0.28
0.04
0.03

1.60
1.24
1.00
0.90
0.80
1.17
3.81
0.89
1.04
1.30
1.01

±
±
±
±
±
±
±
±
±
±
±

0.06*
0.08*
0.06
0.14
0.03*
0.14
0.93*
0.09
0.26
0.14*
0.05

Data represent the means ± SEM (n = 6). Values of control (vehicle-treated) T47D and
MCF-7 cell lines were set at 1.00. CAT, catalase; CuZn-SOD, copper and zinc superoxide dismutase; ER␣, estrogen receptor alpha; ER␤, estrogen receptor beta; Mn-SOD,
manganese superoxide dismutase; NRF1, nuclear respiratory factor 1; NRF2, nuclear
respiratory factor 2; PGC1␣, peroxisome proliferator-activated receptor gamma
coactivator 1-alpha; pS2, presenilin 2; SIRT3, sirtuin 3; and UCP2, uncoupling protein
2.
*
Signiﬁcant difference between GEN-treated and vehicle-treated cell lines cells
(Student’s t-test; P < 0.05).

Table 6
Effects of GEN on antioxidant enzymes protein levels in T47D and MCF-7 cell lines.
MCF-7

3.5. Effects of GEN on oxidative stress-related protein levels and
mitochondrial function
Table 6 shows the changes observed in GEN-treated T47D and
MCF-7 breast cancer cell lines for the main antioxidant enzymes. In
the T47D cell line, CuZn-SOD and Mn-SOD protein levels showed a
statistically signiﬁcant increase after GEN treatment. Nevertheless,
the MCF-7 GEN-treated cell line did not show signiﬁcant changes.
Fig. 1 presents the effect of the same treatment on target protein related mitochondrial biogenesis and function. The results

T47D

Control

Mn-SOD (AU)
CuZn-SOD (AU)
CAT (AU)

T47D

Control

GEN

Control

GEN

100 ± 6
100 ± 7
100 ± 7

103 ± 9
88.8 ± 5.7
99.9 ± 8.6

100 ± 8
100 ± 4
100 ± 3

159 ± 17*
127 ± 7*
95.8 ± 1.9

Data represent the means ± SEM (n = 6). Values of control (vehicle-treated) T47D
and MCF-7 cell lines were set at 100. AU, arbitrary units; CAT, catalase; CuZn-SOD,
copper and zinc superoxide dismutase; Mn-SOD, manganese superoxide dismutase.
*
Signiﬁcant difference between GEN-treated and vehicle-treated cell lines (Student’s t-test; P < 0.05).

Table 4
OXPHOS Complex protein levels in T47D and MCF -7 breast cancer cell lines after GEN treatment.
MCF-7

T47D

Control

GEN

Control

GEN

Complex V (AU)

100 ± 8

111 ± 2

100 ± 9

109 ± 7

Complex III (AU)
Complex II (AU)
Complex IV (AU)
Complex I (AU)

100
100
100
100

110 ± 4
101 ± 7
94.9 ± 11.7
91.2 ± 8.5

100
100
100
100

±
±
±
±

7
4
6
6

±
±
±
±

8
6
6
5

115
119
112
132

±
±
±
±

9
7*
6**
8*

Data represent the means ± SEM (n = 6). Values of control (vehicle-treated) T47D and MCF-7 cell lines were set at 100. Complex V: ATP synthase subunit alpha–“CValpha”–53 kDa; complex III subunit core 2–“CIII-core2”–47 kDa; complex II-FeS subunit 30 kDa–“CII-30”–30 kDa; complex IV subunit II–“CIV-II”–24 kDa; complex I subunit
NDUFB8–“CI-20”–20 kDa. AU: arbitrary units.
Representative bands of OXPHOS complex in each cell line are shown together protein levels values.
*
Signiﬁcant difference between GEN-treated and vehicle-treated cell lines (Student’s t-test; P < 0.05).
**
Signiﬁcant difference between GEN-treated and vehicle-treated cell lines (Student’s t-test; P < 0.1).
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Fig. 1. SIRT1 protein levels in response to GEN-treatment in T47D and MCF-7 breast cancer cell lines (a). Effects of GEN on SIRT3 protein levels in breast cancer cell lines
(b). Effects of GEN on UCP2 isoform protein levels (c). Levels of UCP2 and SIRT1 and SIRT3 after treatment were measured by Western blot as described in Section 2 (d). All
measurements were made after 48 h of 1 mol/L GEN or vehicle (DMSO) treatment. Bars represent means ± SEM (n = 6), with the values of vehicle-treated cell lines were
set at 1.00. *Signiﬁcant difference between GEN-treated and vehicle-treated cell lines (Student’s t-test; P < 0.05, n = 6). C, control; GEN, GEN-treated cell line, SIRT1, sirtuin 1;
SIRT3, sirtuin 3; UCP2, uncoupling protein 2.

displayed a signiﬁcant up-regulation of UCP2 and SIRT1 in GENtreated T47D cell line, while the MCF-7 line showed no effect.

4. Discussion
This present study shows that GEN treatment on T47D cell
line, characterized by a low ER␣/ER␤ ratio (Nadal-Serrano et al.,
2012), improves the antioxidant enzyme response and enhances
mitochondrial biogenesis and functionality, with the consequent
reduction of oxidative stress. Moreover, our results report changes
in the SIRT1 and UCP2, with an increase in the protein levels after
GEN treatment and these in turn diminish oxidative stress. In contrast, for the MCF-7 cell line, which has the highest ER␣/ER␤ ratio,
GEN treatment did not cause any change in either mitochondrial
functionality or antioxidant response, nor were there any changes
in the sirtuin and UCP2 levels. These data contrast with the E2effect reported in recent papers of our laboratory (Nadal-Serrano
et al., 2012; Sastre-Serra et al., 2012b, 2010). Our previous studies
suggest a dual E2 effect on oxidative stress and mitochondrial function according to the ER␣/ER␤ ratio present in breast cancer cell
lines, and thus, E2 could provide protection against oxidative stress
in the T47D cell line (Nadal-Serrano et al., 2012). Moreover, this
cell line shows more functional mitochondria after E2 treatment
(Sastre-Serra et al., 2012b), whereas, in the MCF7 cell line, with the
binding of E2 to ER␣, E2 increases mitochondrial-derived ROS production by repressing UCPs and antioxidant enzymes, which would
result in a lower mitochondrial activity (Nadal-Serrano et al., 2012;
Sastre-Serra et al., 2012b).
The GEN-treated T47D cell line, with a lower ER␣/ER␤ ratio,
showed a decrease in oxidative damage and lower ROS levels,
which is strongly linked to a decrease in m (Negre-Salvayre
et al., 1997; Sastre-Serra et al., 2010), and which is also described

in the present study (Section 3.1). This lower oxidative stress could
be explained on one hand by antioxidant enzymes and on the
other by enhanced mitochondrial functionality. Regarding antioxidant enzymes, the results showed (Section 3.5) that GEN treatment
increased Mn-SOD and CuZn-SOD protein levels, although there
were no changes in CAT protein levels. It might seem that this status could lead to a life-threatening situation for the cell, due to the
accumulation of H2 O2 in the cell; however, the GEN-treated T47D
cell line did not show higher oxidative damage than the control situation. Therefore, the lower oxidative stress observed could be due
to a better mitochondria functionality of the cell line, as reported
also by Rasbach (Rasbach and Schnellmann, 2008). It is known that
the deregulation of cellular energy metabolism has been thought to
be an emerging hallmark of cancer, hence effective control of mitochondrial biogenesis and turnover is critical for the maintenance
of energy production and the prevention of endogenous oxidative
stress (Fogg et al., 2011; Hanahan and Weinberg, 2011). It must
be emphasized that mitochondrial biogenesis is made up of two
linked processes, mitochondria proliferation and differentiation.
Proliferation involves an increase in mitochondrial number, with a
resultant increase in mtDNA copy number, whereas differentiation
affects pre-existent mitochondria, and increases both mitochondrial cristaes and protein, indicating more functional mitochondria
(Sastre-Serra et al., 2012a). As shown in the results (Section 3.2), the
GEN-treated T47D cell line had a slight increase in cardiolipin content, indicator of quantity of the inner mitochondrial membrane
(Sastre-Serra et al., 2012a), while there were no changes in the
mtDNA copy number, suggesting more differentiated mitochondria and with more functionality such as result. This result could
explain that the T47D breast cancer cell line had more functional
mitochondria, in part due to the increase in differentiation of the
pre-existent mitochondria after treatment with GEN. Furthermore,
we analyzed the mitochondrial respiratory chain complexes which
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showed an overall increase in the OXPHOS complexes of T47D cell
line after treatment, supporting the effect of GEN on improving
mitochondrial functionality.
Nowadays, there is more evidence that points toward a central
role of oxidative stress in the pathogenesis of mammary cancer
(Carew and Huang, 2002). For this reason, in the present study we
also examined the role that UCP2 could play in ROS production after
treatment of breast cancer cells with GEN. The uncoupling protein
UCP2 has been shown to be up-regulated in many human cancers
due to oxidative stress, where it reduces oxidative stress and provides a growth advantage for these cancers (Derdak et al., 2008).
Many authors have attributed an antioxidant effect to GEN due
to its ability to scavenge free radicals or by inhibiting the expression of stress-response related genes (Ruiz-Larrea et al., 1997). In
fact, our results show that GEN-treated T47D cell line presented
an increase in UCP2 protein levels, which is in agreement with
observed decreases in ROS levels and m. Indeed, UCP2 allows
the reentry of protons into the matrix, dissipating the proton gradient and, therefore increasing the respiration rate and decreasing
the m, and as a consequence minimizing mitochondria-derived
ROS production. Altogether, these results support that mitochondria are more functional and T47D cells would be more adapted or
protected against oxidative stress.
Whereas in the MCF-7 cell line, with the highest ER␣/ER␤ ratio
(Nadal-Serrano et al., 2012; Sastre-Serra et al., 2012b), the GEN
treatment had no effects on antioxidant enzymes or on mitochondrial biogenesis. The differences observed between the MCF-7 and
the T47D cell lines could be explained, in part, by their distinct
ER␣/ER␤ ratio. Our ﬁndings indicate that GEN either provides protective effects or causes no changes on oxidative stress in breast
cancer cell lines, as the GEN-treated T47D cell line, with a higher
predominance of ER␤, had a lower oxidative stress and greater
functional mitochondria than the MCF-7 cell line, with the highest ER␣/ER␤ ratio. Therefore, the beneﬁcial role of GEN could be
due to the presence of ER␤, and several studies can be found in
the literature show that GEN has more afﬁnity for ER␤, than for
ER␣, while E2 has a greater afﬁnity for ER␣, and therefore GEN
may induce antiproliferative effects (Bondesson and Gustafsson,
2010; McCarty, 2006). It should be pointed out that previous studies in our laboratory demonstrated that E2 treatment in these same
cell lines have different effects (Nadal-Serrano et al., 2012; SastreSerra et al., 2012b, 2010). Many GEN treatment effects on the
MCF-7 cells are opposite than the E2 effects previously described,
since we reported a greater oxidative damage and higher ROS levels, as well as a decrease in UCPs levels in the E2-treated MCF-7
cell line. In contrast, the T47D cell line presented a lower oxidative stress and an up-regulation of the UCPs after E2 treatment,
with the consequent decrease on ROS production (Nadal-Serrano
et al., 2012). Moreover, results of our laboratory also reported
that the T47D cell line, with a lower ER␣/ER␤, shows more functional mitochondria after E2 treatment (Sastre-Serra et al., 2012b).
Therefore, the effects of E2 and GEN on oxidative stress and mitochondrial function depend on the estrogen receptor ratio, which
gives protective effects when the ER␣/ER␤ ratio is low. Furthermore, we found that GEN has beneﬁcial effects than those of E2,
and GEN could play a favorable role in breast cancer cells by attenuating ROS production and improving mitochondrial function. In
addition, it must be underscored that the GEN treatment also
increased ER␤ levels, as shown in results, and thereby ampliﬁed
GEN effects.
All the results described above would be in agreement
with the ﬁndings with sirtuins, a conserved family of NAD+ dependent deacetylases involved in stress response, metabolism
and longevity, which have been described as critical for maintaining mitochondrial integrity and function (Milne and Denu, 2008).
Speciﬁcally in this study, we investigated the expression of SIRT1

and SIRT3 to explore their potential role in breast cancer cell lines.
SIRT1 showed an up-regulation in the GEN-treated T47D cell line,
contributing to maintain a lower oxidative stress observed, suggesting that the sirtuins could provide protection from oxidative
damage. These preliminary results in cell lines agree with recent
publications, which show that a loss of SIRT1 or SIRT3 might be a
late event in carcinogenesis, conferring proliferative advantage to
cells (Bell et al., 2011; Kim et al., 2010).
Taking together these ﬁndings, it must be emphasized that the
GEN-treated T47D breast cancer cell line with a predominance of
ER␤ shows a better mitochondrial functionality and a lower oxidative stress situation than in the MCF-7 cell line, in which ER␣ is
the predominant isoform of the estrogen receptor. Moreover, the
present study shows GEN to have a beneﬁcial role in the T47D cell
line, greater than the E2 treatment. In addition, the effect of GEN
treatment on mitochondria could be due, at least in part, to the
higher presence of ER␤, and also to its up-regulation caused by this
treatment.
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Abstract: Phytoestrogens were originally identified as compounds having a close similarity in structure to estrogens and harboring weak
estrogen activity. The interest in phytoestrogens as potential therapeutic agents has recently risen in the field of oncology, since population based studies have linked phytoestrogens consumption with a decreased risk of mortality due to several types of cancer. This review
departs from the main focus of these articles by describing recent advances in our understanding of phytoestrogen potential action on mitochondria, specifically on mitochondrial biogenesis, dynamics and functionality, as well as mitoptosis in breast cancer. Further studies
are necessary to explain the effects of individual phytoestrogens on mitochondrial biogenesis and dynamics and for designing of new
therapy targets for cancer treatment, nevertheless area promising therapeutic approach.

Keywords: Phytoestrogens, Breast Cancer, Energy Metabolism, Oxidative Stress, ERalpha/ERbeta.
INTRODUCTION
Phytoestrogens constitute a large group of natural compounds
which have been found in at least 300 plants [1]. These natural
compounds were originally identified as having a close similarity in
structure to estrogens and harboring weak estrogen activity, leading
to their classification as an estrogen-like compound derived from a
plant source [2]. Their perceived health beneficial properties extend
beyond hormone-dependent breast and prostate cancers and osteoporosis to include cognitive function, cardiovascular disease, immunity and inflammation, reproduction and fertility [3-6].
The basis for the initial focus on breast cancer can be attributed
to the historically low breast cancer incidence rates in Asia, where
soy foods comprise an important dietary component [7]. For this
reason, the interest in phytoestrogens as potential therapeutic agents
has recently risen in the field of oncology since epidemiological
studies have linked phytoestrogens consumption with a decreased
risk of mortality from several types of cancer, most notably prostate
and breast cancer [3-9]. Moreover, the popularity of soy products,
and lately of dietary supplements, is also due to their role in prevention of other chronic health disorders such as cardiovascular disease
[9] and osteoporosis [8]; as well as relieving climacteric symptoms
[10,11].
Roughly speaking, the phytoestrogens show anti-inflammatory,
antioxidant, anti-thrombotic, antineoplastic, anti-allergic and hepatoprotective activities [12]. These compounds may affect breast
cancer through both hormonally mediated and non-hormonally
related mechanisms. However, the role of phytoestrogens in breast
cancer has become controversial, in contrast to the beneficial effects discussed above. Concerns have arisen that the estrogen-like
properties of phytoestrogens may be harmful to patients with estrogen sensitive breast cancer[13]. Some reports suggest that phytoestrogens, especially the isoflavone genistein, may stimulate the
growth of estrogen-sensitive tumors. The opposite effects could be
due to the concentration of phytoestrogen intake and the period of
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lifelong exposure, suggesting that the protective effects may be
related to lifetime or early life exposure [5,14,15].
There are several excellent reviews which document the importance of mitochondria in cancer disease [16-19] and evaluate the
large and complex body of evidences which purport to demonstrate
the beneficial effects of phytoestrogens for human and laboratory
animals health [6,7,20-22]. This review departs from the main focus
of these articles by describing recent advances in our understanding
of phytoestrogen potential action on mitochondria, specifically on
mitochondrial biogenesis, dynamics and functionality, as well as
mitoptosis in breast cancer.
1. PHYTOESTROGENS: CLASSIFICATION AND STRUCTURE
Phytoestrogens are a diverse group of compounds found in
many edible plants that have, as their common denominator, a pair
of hydroxyl groups and a phenolic ring (show Fig. 1), which is
required for binding to estrogen receptors ER and ER. The position of these hydroxyl groups appears to be an important factor in
determining the abilities of phytoestrogen to bind the ERs and activate gene transcription; moreover, the excretion of the phenolic
group plays an important role in determining the estrogenic agonist/antagonistic properties of these compounds. Phytoestrogens
have been categorized according to their chemical structures as
flavonoids, lignans and stilbenes; additionally, flavonoids are subdivided into isoflavonoids, flavones, flavonols, flavanones and
chalcones [1]. Isoflavonoids have been distributed in isoflavones
and coumestans.The major classes of phytoestrogens are concentrated in soybeans, legumes, fruits, vegetables, berries, whole grains
or tea, among others [1,6].
2. PHYTOESTROGENS:SOURCE AND BIOLOGICAL
FUNCTIONS
In this section, the source, the biological function and features
of main individual phytoestrogens are reviewed and discussed.
2.1. Isoflavonoids - isoflavones
2.1.1. Genistein
The isoflavonegenistein (4,5,7-trihydroxyisoflavone) was first
isolated by Perkin and Newbury in 1899 from Dyer’s Broom (Geni© 2014 Bentham Science Publishers
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Fig. (1). Structure and classification of phytoestrogens.

statinctoria)[23]. This naturally derived compound presents a weak
estrogen activity, hence diets rich in genistein could play a potential
favorable role in the prevention of hormone related cancer as breast
cancer [24], as well as some other estrogen-related diseases such as
osteoporosis and cardiovascular diseases [22,25,26]. Genistein also
possesses non-hormonal properties such as inhibition of proteintyrosin kinase activity[24,27], antioxidant effects through scavenging free radicals or inhibiting the expression of stress-response related genes [28], induction of cell cycle arrest [29], modulation of
intracellular signaling pathways (such as Akt/NF-B family proteins)[30], inhibition of invasion and metastasis of cancer cells [31],
in addition to several possible mechanisms by which soy may reduce the risk of breast cancer. However, in contrast to the possible
beneficial effects, many reports suggest that genistein may stimulate the growth of estrogen-sensitive tumors [32]. It appears that on
the one hand, genistein would have an inhibitory effect at high concentrations and, on the other hand, a stimulatory effect at low concentrations[3]. Moreover, other studies indicate that cancer chemoprevention of certain phytoestrogens, such as genistein, depends on
lifelong exposure from childhood [15,33].
2.1.2. Daidzein
Daidzein, 7-hydroxy-3-(4-hydroxyphenyl) chromen-4-one,
along with genistein, is the most prominent isoflavone found in soy
products and the most intensely studied type of phytoestrogen.
Daidzein can be found in nuts, fruits, soybeans and soy-based products [34]. Daidzin is the 7-O-glucoside of daidzein. Daidzein can be
converted into its final metabolite S-equol in some humans, based
on the presence of certain intestinal bacteria, and many research
studies determined that equol has potential health benefits [35].
Daidzein has been garnered interest as a nontoxic compound capable of inducing tumor cell death in a variety of cancer types. In fact,
many reports have indicated that the anticancer activity of daidzein
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in breast cancer is mediated through cell cycle arrest at the G1 and
G2/M phases and apoptosis [36,37]. However, the specific apoptosis mechanisms are not yet well understood. Jin et al. suggested that
daidzein could induce breast cancer cell apoptosis through the
mitochondrial caspase-dependent cell death pathway [37].
2.1.3. Equol
Equol, 7-hydroxy-3-(4’-hydroxyphenyl)-chroman, was firstly
isolated from an estrogenic fraction of pregnant mare’s urine by
Marrian and Haslewood in 1932 [38]. Equol is a non-steroidal estrogen, but in contrast to the isoflavonesgenistein, daidzein and
glycitein, equol is not a phytoestrogen because it is not a natural
constituent of plants. In fact, equol is exclusively a product of intestinal bacterial metabolism of isoflavonedaidzein, moreover this
metabolite is not produced in all healthy adults in response to dietary challenge with soy or daidzein, only approximately 20% to
35% of the population is able to metabolize daidzein to equol, they
are called “equol-producers” [39]. The ability to produce equol
depends on the presence of equol-forming bacteria, however the
factors promoting their colonization in the human gut are still unknown [40]. The bacterial daidzein metabolite equol has a longer
half-life and exhibits biological properties that exceed those of its
precursor, which may enhance the actions of soy isoflavones, supporting the theory that equol may be advantageous to be able to
convert daidzein to equol. Among the potential health benefits of
equol are greater affinity for estrogen receptors, although it binds
preferentially to ER; prevention of estrogen- and androgenmediated conditions; and superior antioxidant activity [40,41],
therefore comprising a lower risk of breast cancer and cardiovascular disease, better bone health, and decreased menopausal symptoms. It is noteworthy that the main groups with a higher percentage of equol producers, such as the Japanese and vegetarians, do
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have lower incidences of prostate and breast cancer, and cardiovascular disease [35,40].
2.1.4. Glycitein
Glycitein, 4’,7-dihydroxy-6-methoxyisoflavone, is an Omethylated isoflavone, which has a weak estrogenic activity, comparable to that of the other soy isoflavones[42]. Glycitein is a metabolite formed by the transformation of glycitin (a  glycoside
form of glycitein) by intestinal microflora, and it has been reported
to be one of the best absorbed flavonoids [43]. This isoflavone is
distributed among Leguminosae family, such as flowers and roots
of Puerariathunbergiana, the bark of Maackiaamurensis and soybean [44]. The biological activity of this compound is less clear
compared withthe other soy isoflavones, nevertheless, many studies
have indicated that glycitein suppresses osteoclast generation and
induces osteoclast apoptosis in vitro to a similar extent as genistein,
and therefore suggests that glycitein may also exert bone beneficial
effects in vivo[45]. On the other hand, there are many reports suggesting that glycitein also shows properties associated with the
down-regulation of matrix metalloproteinases (MMP-3 and MM-9),
which play a pivotal role in proliferation, invasion and angiogenesis
[46]. Moreover, it has been described that glycitein possesses cytoprotective properties against oxidative stress and hypocholesterolemic activities, and has a neuroprotective effect against amyloid-induced toxicity [46-48].
2.1.5. Biochanin-A
Biochanin-A (4’-O-methylgenistein, i.e. a methoxy form of
genistein ) is an isoflavone isolated from red clover (Trifolium pretense) [49], but biochanin-A is also found in cabbage and alfalfa.
Recently, dietary supplements containing red clover have received a
great deal of attention for treating the symptoms of menopause, the
maintenance/improvement of bone, and cardiovascular health [50].
Moreover, many studies have also suggested biochanin-A has chemoprotective effect on breast cancer [50,51], since this compound
appears to have an inhibitory and apoptogenic effect on certain
cancer cells [52]. Biochanin-A is a major phytoestrogen that shows
an enzyme activity inhibition and suppresses the transcriptional
control of CYP19 (aromatase) in breast cancer cells [51]. In addition, this natural compound is a potent inhibitor of protein tyrosine
kinase activity, as well as serine/threonine kinase, thereby interfering with the normal cascade of signal transduction implicated in
cell growth [52,53]. Finally, it has been reported that biochanin A is
involved in anti-inflammatory processes and presents a useful
therapeutic value against activities of cells that lead to inflammation
and carcinogenesis [52].
2.2. Isoflavonoids - Coumestans
2.2.1. Coumestrol
Coumestrol (3,9-Dihydroxy-6-benzofurano[3,2-c]chromenone)
belongs to the group of coumestans which is included, in turn, in
the group of isoflavonoids. Coumestrol is derived from daidzein[6].
Althoughcoumestrol is found in several foods such as mung bean
sprouts [54], soybeans sprout [55-57], alfalfa sprouts [54-57], supplements made from kudzu [58] as well as in many foods and Chinese medicine products[59], the amount is considerably low
[54,58]. Coumestrol is an estrogen agonist that has been shown to
be effective in reducing bone loss, inhibiting -glucosidase[60],
modulating production of thymic hormones [57] and decreasing
both aromatase activity and estradiol concentrations in blood [61].
Coumestrol has also neuroprotective [55,60] and metabolic effects
whichare independent of its estrogenicity, the latter includes an
increase in lipid synthesis and glycogen catabolism[6,62]. Coumestrol induces cell apoptosis [54], exhibits a powerful antioxidant
activity by free radicalscavenging, inhibits lipid peroxidation and
increases protective enzyme activity [60].On the contrary, this
compoundstimulates growth, but not apoptosis in breast cancer cell
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line MCF-7 [57]. Moreover, some studies have demonstrated that
coumestrol has potential mutagenic effects in human cells [6,63].
2.3. Flavones
2.3.1. Luteolin
Luteolin
[2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-4chromenone] is a flavonoid which belongs to flavones group [64].
Luteolin is found abundantly in green peppers, pommel, celery, and
chamomile tea [64]. The intestinal absorption of luteolin is in the
aglycon form (intestinal microbacteria can hydrolyze glucosides
like luteolin 7-O--glucoside) and that luteolin is converted to glucuronides during passing through the intestinal mucosa [65]. Deglucuronidation of luteolin has been observed during inflammation,
which suggests that the plasma concentration of free luteolin could
increase during inflammation [66]. Luteolin has been shown to
have a wide variety of biological activities such as antioxidant, antiinflammatory, antimicrobial and anticancer activity among others
[67].
2.3.2. Apigenin
The compound 4’,5,7-trihydroxyflavone (5,7-dihydroxy-2-(4hydroxyphenyl)-4H-1-benzopyran-4-one), is commonly referred to
apigenin[68]andbelongs to the flavones group of flavonoids. Major
apigenin containing food sources include thyme, cherries, tea, olives, broccoli, celery, and legumes; with the most abundant sources
being the leafy herb parsley, Petroselinumcripspum, and dried
flowers of chamomile, Matricariachamomilla[69-73]. Apigenin is
also commonly present in red wine and in beer [74,75]. Apigenin
consumption has been related to a lower risk of several types of
cancer such as breast, colon, lung, ovarian, prostate, skin, gastric
and liver cancer, among others [68,76]. Moreover, apigenin has
been shown to exert anti-inflammatory, antiviral and purgative
effects [77].
2.4. Flavonols
2.4.1. Quercetin
Quercetin (3,30,40,5,7-pentahydroxyflavone) is a flavonoid
which belongs to flavonols group, and has a relatively high
bioavailability compared to the other phytochemicals [78]. Apples,
onions and tomatoes are the main sources containing quercetin[79]
and its bioavailability depends on the type of glycosides present in
different food sources [80]. After absorption, quercetin is metabolized in the different organs andis conjugated to 3’-Omethylquercetin (isorhamnetin), quercetin-3-O-glucuronide, 3’-Omethylquercetin-3-O-glucuronide and quercetin-3’-O-sulfate, the
major conjugates in humans [79]. Quercetin has been shown to
present antioxidant and anti-inflammatory properties associated
with the prevention and therapy of cardiovascular diseases and
cancer [78]. Some of the beneficial effects of quercetin against
cancer are senescence, apoptosis, antiangiogenic activity, antiproliferative and growth suppressive effects among others [81,82].
2.4.2. Kaempferol
Kaempferol
(3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-1benzopyran-4-one) is a flavonoid which belongs to flavonols group
[83]. Kaempferol is commonly ingested as glycoside and the main
sources of this natural compound are tea, broccoli and kale [70].
The high polarity of glycosides hinders their absorption, whereas
the intermediate polarity of aglycones facilitates it [83]. Kaempferol
can be metabolized in the small intestine to sulfoconjugates or glucuronides by intestinal conjugation enzymes [84] andis also metabolized by the colon microflora[85]. After absorption,
Kaempferol is extensively metabolized in liver to form sulfo- and
glucurono-conjugates [84,86]. Kaempferol and its derivates can
reach systemic circulation and tissues and then are excreted in urine
[87]. Kaempferol consumption may reduce the risk of developing
several types of cancer such as lung, gastric, pancreatic and ovarian
cancer and cardiovascular diseases[83]. Kaempferol intake has been
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also associated with a lower incidence of cerebrovascular disease
[88] and some kaempferol glycosides have anti-diabetic activity
[89,90].

2.5. Flavanones
2.5.1. Isoxantohumol
Isoxanthohumol is a flavanone of the group of flavonoids
whichis found in the hop plant, Humuluslupulus (Cannabaceae),
andis traditionally used to add bitterness and flavor to beer [91].
Although xanthohumol is the major prenylflavonoid in hops, its
content is rather low in beer due to the thermal isomerization during
the brewing process. The product of thermal isomerization is precisely isoxanthohumol[92] and, thus, isoxanthohumol is the most
prevalent prenylflavonoid in beers [93-95]. For this reason, human
exposure to isoxanthohumol is primarily through beer consumption
[96]. Interestingly, isoxanthohumol has been shown to act as a precursor of8-prenylnaringenin, which is main estrogenic principle
derived from hops [94,97,98]. Among the health effects of isoxanthohumol highlight anti-infective activity [99,100], human chorionic gonadotropin-activated steroidogenesis attenuation, antiangiogenic effects [101] and immortalized human microvascular
endothelial cell line and microcapillary tube formation inhibition
[75,102,103]. In addition, chemo-preventive and anti-inflammatory
properties have been described for isoxanthohumol[75]. Isoxanthohumol has anti-tumor effects by suppressing the synthesis and release of pro-inflammatory mediators providing evidences that this
compound may also influence tumor-host crosstalk [104]. Moreover,isoxanthohumol induces a caspase-independent form of cell
death, suggested to be autophagy. Therefore, isoxanthohumol appears to be promising candidate for further investigation in prostate
and breast anticancer therapy [105-107].
2.5.2. 8-Prenylnaringenin
8–Prenylnaringenin (8-dimethylallylnaringenin) is a flavanone
which belongs to the group of flavonoids. This compound has been
identified as the estrogenic principle of the hop plant (Humuluslupulus L.) which is largely used in the brewing industry as a preservative and flavoring agent to add bitterness and aroma to beer
[108,109]. During beer production, xanthohumol, the most abundand phytoestrogen in Humuluslupulus, can be converted to isoxanthohumol and to 8–prenylnaringenin. Otherwise, Eubacteriumlimosum of intestinal microbiota was identified to be capable of bioconversion process from isoxanthohumol to 8–prenylnaringenin[92,97]
and E. javanicum was found to be an optimal fungus for 8–prenylnaringenin biosynthesis [92]. Furthermore, 8–prenylnaringenin can
be synthesized in high yield from xanthohumol[107]. This compound exerts anti-aggregatory and anti-adhesive effects on human
platelets [110], enhances osteoblast differentiation and mineralization [111,112], stimulates angiogenesis [101] and exerts beneficial
effects against hot flushes [109,113], in fact, this compound is apotential drug in menopausal hormone therapy [107]. Moreover, 8–
prenylnaringenin has antiproliferative and pro-apoptotic effects
[114], possesses cancer chemopreventive activity [115], shows
ability to inhibit the aromatase activity [116] and induces a caspaseindependent form of cell death, suggested to be autophagy. Therefore, this flavanone also appears to be a promising candidate for
further investigation in prostate anticancer therapy [105].
2.5.3. Naringenin
Naringenin
[5,7-dihydroxy-2-(4-hydroxyphenyl)chroman-4one], the aglycone form of naringin, is one of the naturally occurring flavanone, belonging to the group of flavonoids, widely distributed in tomatoes, cherries, grapefruits and predominantly present in citrus fruits [117-119]. Naringenin acts as an anticarcinogenic[118,120], anti-mutagenic [118,121], anti-inflammatory
[118,119,122-124], antibacterial [119], antioxidant [118,125], aromatase inhibitor [119], carbohydrate metabolism promoter and
immune system modulator [126,127]. Naringenin enhances insulin
stimulated tyrosine phosphorylation and insulin tissue sensitivity
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[124,128,129]. Furthermore, naringenin has hepatoprotective and
nephroprotective properties [118] and can prevent apoptosis induced by high glucose levels[126]. Neuroprotection offered by
naringenin is attributed to its free radical-scavenging, antioxidant,
anti-inammatory properties and its ability to move across the
blood–brain barrier [124,130-132]. In addition, naringenin has also
been verified as an active compound responsible for the antiinvasive and anti-metastatic characteristics of dietary plants on
tumors [133].
2.6. Chalcones
2.6.1. Xantohumol
Xanthohumol (3’-[3,3-dimethyl allyl]-2’,4’,4-trihydroxy-6’methoxychalcone) is a flavanone and the principal prenylated flavonoid of the female inflorescences of the hop plant (HumuluslupulusL.), an ingredient of beer [96,134,135]. Xanthohumol is formed
in lupulin glands by a specialized branch of flavonoid biosynthetic
pathway that involves prenylation and O-methylation of the
polyketide intermediate chalconaringenin. Although a lupulin
gland-specific chalcone synthase is known, the aromatic prenyltransferase and O-methyltransferase participating in xanthohumol
have not been identified [96]. Xanthohumol might be a natural
compound able to prevent hyaluronan overproduction and subsequent reactions in osteoarthritis [136] and also manifests antiangiogenic and anti-inflammatory effects [101,137]. Moreover,
xanthohumolhas potential application in cancer prevention, in prevention or treatment of (post-) menopausal ‘hot flashes’ and osteoporosis [96]. Xanthohumol has been characterized as a ‘broadspectrum’ cancer chemopreventive agent in invitrostudies [96,134].
Among other effects, xanthohumol inhibits metastasis [138], inhibits the states of initiation, promotion and progression of carcinogenesis [75,96,139], inhibits growth and induces apoptosis in breast
cancer line MCF-7[99,140,141].
2.7. Lignans
2.7.1. Secoisolariciresinol
Secoisolariciresinol [(2R,3R)-2,3-bis[(4-hydroxy-3-methoxyphenyl)methyl]butane-1,4-diol] is a precursor for mammalian lignans[7], and exists in various whole-grain cereals, seeds, nuts, legumes and vegetables [142]. Secoisolariciresinol actions are mediated byits metabolites enterolactone and enterodiol[143], anaerobically formed via colonic bacterial fermentation [144]. As well as
matairesinol, secoisolariciresinol acts as anantiproliferative compound [145,146], showingcancer-preventive properties in some
animal models [145].
2.7.2. Matairesinol
The compound matairesinol [(R,R)- , -bis[(4-hydroxy-3methoxybenzyl)butyrolactone)] is another precursor for mammalian
lignans[7]. Matairesinol is a plant lignan occurring in a variety of
different foods, such as oilseeds, whole grains, vegetables and fruits
[147,148], and is converted directly to enterolactone by the gut
microflora in the proximal colon [149,150]. This phytoestrogen has
been shown to have a wide variety of biological activities such as
antiproliferative effects [151] or associated to lower vascular inflammation and endothelial dysfunction [146].
2.7.3. Enterodiol and Enterolactone
Enterodiol
[3,3-[2,3-Bis(hydroxymethyl)butane-1,4-diyl]diphenol] and enterolactone [trans-,-Bis(3-hydroxybenzyl)butyrolactone] are the mammalian lignans formed by microflora[149].
The human lignansenterodiol and enterolactone are more biologically active than their precursors,secoisolariciresinol and matairesinol, and both compounds may be defined as the real drugs in cancer
prevention [152]. Enterodiol and enterolactone have beneficial
health effects, including anti-tumor [152], anti-angiogenic[153],
anti-inflammatory [154]and have been associated with reduced
risks of ER- and PR-positive postmenopausal breast cancer [155].

Phytoestrogens and Mitochondrial Biogenesis in Breast Cancer

Current Pharmaceutical Design, 2014, Vol. 20, No. 00

2.8. Stilbens
2.8.1. Resveratrol
The phytoestrogen
resveratrol
(3,5,4’-trihydroxy-transstilbene), a polyphenolicstilbene first isolated from the root of
Veratumgrandiflorum[156], occurs naturally in grapes, mulberries
and peanuts [157,158]. Although it is known that in humans resveratrol is rapidly absorbed after its oral administration and is detected in both plasma and urine, data concerning the potential beneficial effects of the pure compound in humans are still very limited
[159,160]. The cardioprotective[161], anticancer [162,163], antiinflammatory and antioxidant [164] properties of resveratrol are
quite well characterized. In some studies, resveratrol was found to
reduce body weight and adiposity in obese animals, as well as
blood insulin [160]. Moreover, cells exposed to resveratrol were
characterized by an increase in release of reactive oxygen species
(ROS), which was accompanied by up-regulated biogenesis of mitochondria and collapsed mitochondrial membrane potential [165].
There is evidence that this effect may be associated with the activation of sirtuins which belong to the family of NAD+-dependent
histone deacetylases and play an important role in the regulation of
energy homeostasis, maintenance of genetic stability, and stress
response [165-167].
2.8.2. Pterostilbene
Pterostilbene (trans-3,5-dimethoxy-4’-hydroxystilbene), a dimethyl ether analogue of resveratrol, is a natural antioxidant which
belongs to stilbens, predominantly found in blueberries, grapes, and
a tree wood [168,169]. Pterostilbene has two methoxy groups and
one hydroxyl group, and this structural difference from resveratrol
may contribute to the better bioavailability of pterostilbenein vivo
when compared with resveratrol [170,171]. This phytoestrogen has
been shown to have a wide variety of biological activities such as
anti-cancer, anti-inflammatory, antioxidant and analgesic activity
[170]. It has been described that pterostilbene possesses cytoprotective properties against oxidative stress as antioxidant [172] and
activating antioxidant enzymes [173], is proapoptotic[174], inhibits
wnt pathway [175], and increases autophagy [176]. Moreover, some
authors indicated that pterostilbene is more potent than resveratrol
as inhibitor of the proliferation of some cells [177].
3. MITOCHONDRIA
3.1. Structure and Function
Mitochondria are important organelles located in the cytoplasm
of all eukaryotic cells. The structure of the mitochondrion is delimited by a double membrane. The outer membrane is wrinkled and
completely surrounds the organelle, and the inner membrane has
infoldings called cristae where the mitochondrial respiratory chain
(MRC) machinery resides.
Mitochondria are involved in a wide array of physiological
functions that are essential for cell survival and function, including
apoptosis, energy production, redox control, calcium and iron homeostasis, certain metabolic and biosynthetic pathways, and signalling pathways [178]. Mitochondria are the organelles responsible of
ATP supplying, being capable of generating more than 90% of its
energy requirements and are also the main intracellular source and
target ofROS. Moreover, mitochondria play a role in the regulation
of cellular proliferation and apoptosis [179].
As mentioned above, the main role of mitochondria is the generation of ATP through a complex controlled process known as
oxidative phosphorylation (OXPHOS) [180]. Concisely, oxidation
of reduced nutrient molecules (carbohydrates, lipids, and proteins)
through cellular metabolism yields electrons in the form of reduced
hydrogen carriers such as nicotinamide adenine dinucleotide
(NADH) or flavin adenine dinucleotide (FADH2). These reduced
cofactors donate electrons to a series of inner mitochondrial membrane embedded protein complexes known as the electron transport
chain. The ultimate destiny of electrons is the reduction of molecu-
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lar oxygen at mitochondrial complex IV. As a result of this process
a molecule of water is yielded, whereas the energy, conserved as
proton gradient between both sides of the inner mitochondrial
membrane, is used by the F0F1-ATP synthase (or complex V) to
phosphorylate ADP [181].
Conversion of metabolic fuel into ATP is not a fully efficient
process. Some of the energy of the electrochemical gradient is not
coupled to ATP production due to a phenomenon known as proton
leak, which consists of the return of protons to the mitochondrial
matrix through alternative pathways that bypass ATP synthase
[182]. Although this apparently futile cycle of protons is physiologically important, accounting for 20-25% of basal metabolic rate,
its function is still a subject of debate [183]. Although a part of the
proton leak may be attributed to biophysical properties of the inner
membrane, such as protein/lipid interfaces, the bulk of the proton
conductance is linked to the action of a family of mitochondrial
proteins termed uncoupling proteins (UCP) [184].
3.1.1. Mitochondrial Uncoupling Proteins
UCPs allow protons to re-enter into the mitochondrial matrix,
dissipate the proton gradient and decrease the membrane potential
(Fig. 2) [183].

Fig. (2). Mitochondrial structure.

Tissue specificity occurs for the different UCPs and the exact
methods how UCPs transfer H+ are not resolute. There are five
UCP homologs in mammals (UCP1-5):UCP1 is specifically expressed in brown adipose tissue and play a role in thermogenesis
[185]; UCP2 is the most ubiquitous as is present in many tissues
such as adipose tissue, muscle, heart, kidney, digestive tract, brain,
spleen and thymus; UCP3 expression is principally restricted to
skeletal muscle and heart [183]; and UCP4 and 5 are the most recently discovered UCP homologs and they are mainly expressed in
the brain. Among others, UCPs have been proposed to be involved
in the control of body weight, basal energy expenditure and fat
metabolism [186]. One of the most interesting functions attributed
to UCPs is their ability to decrease the formation of mitochondrial
ROS [187]. UCPs have also been assigned as true antioxidant defense due to their role as carriers of fatty acid peroxide in the inner
mitochondrial membrane [188,189].
Recent studies suggest that mitochondrial uncoupling is related
to and facilitate the Warburg effect in cancer cells, hence promoting
aerobic glycolysis even in the absence of oxidative capacity alterations, and facilitating a shift to the oxidative metabolism of nonglucose carbon source (glutamine and/or fatty acids), also mitochondrial uncoupling may contribute to chemoresistance increasing
the resistance to chemotherapeutic insults [190].
3.1.2. Reactive Oxygen Species
Mitochondria are the most important source of ROS production
within most mammalian cells[191-197]. The sites of ROS production along the MRC have been the subject of many studies. The two
major sites of superoxide production are at complex I to the matrix
side of the mitochondrial membrane and complex III to both the
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Fig. (3). Mitochondrial oxidative phosphorylation system and uncoupling protein.

matrix and the intermembrane space [198]. Complex IV (or cytochrome c oxidase) produces little or no superoxide, and catalyzes
the complete reduction of oxygen to water in the aerobic respiration. Nevertheless, during the transfer of electrons along the respiratory chain, 1-5% of single electrons escape and result in a single
electron reduction of molecular oxygen to form a superoxide anion
(O2•-), which is the precursor of other ROS (Fig. 3) [183,195,
197,199,200]. O2•-is rapidly transformed to hydrogen peroxide
(H2O2), either catalyzed by the enzyme superoxide dismutase
(SOD) or spontaneously. H2O2, despite the fact thatis not a free
radical, can lead to the productionof the highly reactive hydroxyl
radical (•OH). ROS production can be meaningfully intensifiedwith
a high mitochondrial potential membrane (m), situation linked
with high NADH production, high ATP levels or functional impairment of complexes I or III of MRC[191,192,195,199,200].

Fig. (4). ROS production and scavenging. SOD: superoxide dismutase;
GPx: glutathione peroxidase; GR: glutathione reductase; GSH: reduced
glutathione; GSSG: oxidized glutathione (glutathione disulfide).

ROS cause damage to cellular macromolecules such as lipids,
proteins, and nucleic acids, especially within the mitochondria.
Once mitochondrial enzymatic and non-enzymatic antioxidant systems are overwhelmed by these ROS, oxidative damage and cell
death can occur [197]. To counteract the ROS oxidant effects and to
restore redox balance, cells must have antioxidant system defences.
The natural antioxidant system can be classified into two major
groups: enzymes and low molecular weight antioxidants [187]. The
enzymes scavenging ROS include SOD, glutathione peroxidase
(GPx) and catalase. SOD converts O2•- into H2O2, which is dissipated by the action of catalase and GPx yielding H2O. Glutathione
(GSH) is regenerated from glutathione disulfide (GSSG) by the
action of glutathione reductase (GR), consuming NADPH as a re-
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ducing equivalent. The low molecular weight antioxidants include
ascorbate, GSH, phenolic compounds, and tocopherols [183, 192,
193,195,199-204].
In addition, one interesting issueaboutUCPs is their ability to
decrease the formation of mitochondrial ROS. Mitochondria production of superoxide anion is strongly enhanced under resting
(state 4) conditions when the membrane potential is high and the
rate of electron transport is limited by lack of ADP and Pi
[183,195,205-207]. Thus, there is a well-established strong positive
correlation between membrane potential and ROS production. Consistent with such proposal, the inhibition of UCPs results in increased membrane potential and ROS production [208,209]. The
hypothesis of UCPs as an antioxidant defence has been strongly
supported by two facts: UCP2 and UCP3 knockouts show increased
ROS production and elevated mitochondrial membrane potential in
those tissues normally expressing the missing protein, and UCPs
have been shown to be activated by ROS or by-products of lipid
peroxidation, showing that UCPs would form part of a negative
feed-back mechanism aimed to mitigate excessive ROS production
and oxidative damage[183,187,195,207,210]
When cellular production of ROS overwhelms the overall antioxidant defences, these oxygen species may escape and exert their
harmful effects. This situation is known as oxidative stress, and is
supposed to be responsible for the accumulation of cellular damage
during lifetime, thereby playing a role in the etiogenesis and progression of numerous pathologies, including cancer [183,191,193,
194,200-204,211-217].
3.2. Mitochondrial Biogenesis
Mitochondrial biogenesis is a highly coordinated process that
must achieve the spatiotemporally coordinated synthesis and import
of protein encoded by nuclear DNA (nDNA) and assembly of protein subunits encoded by mitochondrial DNA (mtDNA) into newly
synthesized phospholipid membrane.
Even though mitochondria have their own genome, most of the
proteins that reside in the mitochondria are nDNA encoded genes.
MRC is one of the major structural and functional parts of mitochondria, which consists of five complexes, namely complexes I, II,
III, IV and V. These complexes comprise more than 80 proteins, 30
of them are encoded by mtDNA, which is transcribed and translated
within mitochondria. The remaining MRC proteins are encoded by
nDNA, transcribed in nucleus, synthesized in cytosol and imported
into mitochondria. The mtDNA-encoded proteins play a major,
constitutive role in MRC function, whereas the nDNA-encoded
MRC proteins are thought to play a regulatory role [218].
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Each mammalian cell contains from several hundred to more
than a thousand mitochondria, and each organelle harbours 2–10
copies of mtDNA [219]. The double-strand circular mtDNA consists of 16,500 base pairs, that encodes 13 proteins (or polypeptides), 22 transfer RNA (or tRNA) and 2 ribosomal RNA (or rRNA)
necessary for the translation (Fig. 4) [220]. A single major noncoding region, referred to as the displacement loop (D-loop), contains the primary regulatory sequences for transcription and initiation of replication [221].

Fig. (5). The mitochondrial genome.

The proper function of MRC requires the coordinate assembly
of the MRC complexes of the mtDNA encoded proteins with the
nDNA-encoded proteins [221]. Replication of mtDNA, transcription and translation of mtDNA-encoded proteins require the involvements of a number of nDNA-encoded transcription factors
and accessory proteins. Thus, the proper mitochondrial biogenesis
depends on the spatiotemporal coordination of the nuclear synthesis
and mitochondrial import of near 1000 proteins encoded by the
nuclear genome [220].
Transcription and replication of mtDNA is regulated by a nuclear-encoded protein named mitochondrial transcription factor A
(TFAM), which binds to a common upstream enhancer of the promoter sites of the two mtDNA strands [222]. Additionally, mitochondrial transcription factors B1 and B2 (TFB1M and TFB2M)
are capable to interact with the mammalian mitochondrial RNA
polymerase and TFAM [223]. Nuclear respiratory factors 1 and 2
(NRF1 and NRF2) exert an important role in the regulation of mitochondrial respiratory function, modulating nuclear transcription of
the OXPHOS subunits [224]. Finally, PGC-1 (peroxisome proliferator-activated receptor- coactivator 1) operates as a master
transcriptional regulator for mitochondrial biogenesis in vertebrates
[225].
The energy demand of a cell can change dramatically during the
development, differentiation and neoplasia or due to physiologically changing circumstances. Therefore, the mitochondrial contents and MRC activities are variable and can be adjusted. Specific
cell types may adapt mitochondrial function in response to cellular
and environmental signals such as hormones, growth factors,
changes in physiological activity and developmental signals[226].
The TFAM promoter contains response elements for NRF1
and/or NRF2. However, other mitochondrial related genes do not
appear to be regulated by NRFs and need other transcription factors
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for their regulation. Above mentioned PGC-1 lacks DNA-binding
activity but is capable to co-activate numerous transcription factors
including NRFs. In fact, mitochondrial biogenesis and respiration
are stimulated by PGC-1 which induces gene expression of NRF1
and NRF2 [227].
The synthesis of 30 polypeptides within mitochondria are under
the control of hormones and other factors, including cortisol [228],
androgens[229], glucocorticoids [230], 1,25-dihydroxyvitamin D3
[231], thyroid hormone [232], estrogens[233] and PPARs [234].
Receptorsforglucocorticoids, thyroid hormone, estrogens and androgenshavebeenlocalized in mitochondria and specificsteroid hormone responsiveelementsforglucocorticoids, thyroid hormone and
estrogen are identified in the human mtDNAregulatoryregion.
3.2.1. Mitochondrial Dynamics
Mitochondria are highly dynamic and versatile organelles, and
frequently change their morphologies that undergo constant cycles
of division and fusion [235]. To ensure efficiency of functionality
and subsequent healthiness of the cell, mitochondria must be maintained in the finest condition [236]. Mitochondrial function and
regulation is a very complex process that depends on mitochondrial
biogenesis and mitochondrial dynamics [237]. Mitochondrial biogenesis is the combination of both proliferation (an increase in the
mitochondrial population) and differentiation (an improvement of
the functional capabilities of pre-existing mitochondria) processes
[238], while mitochondrial dynamics is a concept that describes the
morphology and distribution of mitochondria in the cell [239]. Degradation of dysfunctional or excess mitochondria is another mechanism to regulate the organelle, in a mechanism called mitophagy[240].
Variations in mitochondrial morphology are mainly a transition
between two extreme distribution scenarios; firstly, a reticular network of fused mitochondria and secondly a fragmented arrangement, also called “network state” and “individual state”, respectively (Fig. 5) [241]. Perturbations in this balance produce mitochondrial deformation and have been found to be associated with
numerous human diseases [239]. Since mitochondria cannot be
synthesized de novo, they must proliferate from pre-existing ones.

Fig. (6). The mitochondrial life cycle.

The mitochondrial fusion apparatus involves two proteins conserved in yeast and human: fuzzy onion (fzo)/Mitofusins (Mfn) and
the inner membrane dynamin-like Mgm1p/Optic Atrophy 1 (Opa1)
[242]. In mammals, two mitofusins, Mfn1 and Mfn2, have been
described, and are capable to make homo- or heterodimers via
coiled domain, allowing mitochondrial tethering and fusion
[243,244]. OPA1 ispresent in the inner mitochondrial membrane,
andis required for mitochondrial fusion and mtDNAand cristae
maintenance [245]. Mgm1p/Opa1 is required in two isoforms, as an
inner membrane bound protein and as a soluble intermembrane
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space protein, and its cleavage is catalyzed by Presenilin-associated
rhomboid-like (PARL) protease[246].
The key molecules of the mitochondrial fission process are
conserved in yeast and mammals: Fis1p/hFis1 and Dnm1p/ Dynamin related protein 1 (Drp1). In mammals, the hFis1 protein is
integrated in the Outer Mitochondrial Membrane(OMM) and serves
as a receptor for Drp1 which translocates from the cytosol to the
OMM where it forms a ring that drives mitochondrial fission [247].
The exact mechanism of mitochondrial fission is largely unknown.
Initially, in the fusion process, Mfn1 and Mfn2 facilitate the
contact and tethering of mitochondria and the GTPase activity,
which is important for the fusion efficiency. In a second step, OPA1
is responsible for the fusion of the inner membrane that must be
coordinated with fusion of the inner membrane but the mechanism
is still unclear [247].
As mentioned above, mitochondrial morphology is a dynamic
process between “individual state” and “network state”[241]. Overall, the mitochondrial fission followed by selective fusion segregates dysfunctional mitochondria and permits their removal by
autophagy [241,248,249]. Mitochondrial fusion requires and is
dependent on the m. Components of the ssion and fusion machinery have been shown to be regulated at the post-translational
level through phosphorylation, ubiquitination and sumoylation
[235].
Mitochondria morphological changes are a key step in the cell
responding to apoptotic stimuli, and initiation of the signalling cas-

cade. Additionally, multiple components of the mitochondrial
morphogenesis machinery are capable of regulating apoptosis
[250]. Many death stimuli are mediated by activation of proapoptotic members of the Bcl-2 family such as Bax and Bak. Mitochondrial fragmentation and apoptosis can be induced by the overexpression of Fis1 [251]. Simultaneous silencing Fis1 and OPA1
can prevent the induction of apoptosis in an independently manner
of mitochondrial fragmentation [250]. Other authors have reported
that during apoptosis, fragmented mitochondria are sensitized to
Bax insertion into the outer membrane and this can be suppressed
by mitochondrial fusion [252]. The role of Bcl-2 family members as
regulators of mitochondrial morphology are involved in the regulation of mitochondrial fusion through interactions with Mfn2 in
healthy cells [253], but requires further investigations. A number of
components of the fission and fusion machinery including OPA1,
Fis1, Drp1, Mfn1 and Mfn2 have been directly implicated in the
regulation of apoptosis [251].
In 1966, Hackenbrock reported that the ultrastructure of mitochondria varies according to their metabolic activity [254]. Briefly,
mitochondria that displayed a dense matrix and large intercristae
spaces wereassociated with sustained OXPHOS, whereas mitochondria with expanded matrix and thin cristae wereassociated with
reduced oxygen consumption. In addition, the entire morphology of
mitochondria appears to be modied depending on the functionality, suggesting that mitochondrial fusion and elongation could be
associated with increased OXPHOS [255]. A link between mitochondrial fusion and mtDNA maintenance has been suggested and

Fig. (7). Model linking a mitochondrial ssion defect, accumulation of dysfunctional mitochondria and tumorigenesis (248).
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provides a molecular mechanism for the dependence of respiratory
activity on mitochondrial fusion [255]. mtDNA mutations caused
by ROS could also lead to OXPHOS alterations and mitochondrial
ssion [255].
Apoptotic resistance is included into the hallmarks proposed to
define a cancer cell [81] which is linked to mitochondria and to
proteins involved in mitochondrial dynamics. Since mitochondrial
dynamics is essential for preserving the integrity and function of the
organelle, it has been postulated that mitochondrial dynamics alterations could participate in tumorigenesis by contributing to the
accumulation of damaged mitochondria in cells (Fig. 6) [255].
Warburg effect could correspond to a cell adaptation to environmental pressure and could be a way for cells to put mitochondria at
rest butWarburg effect could also be the consequence of mitochondrial damages[255]. Yu and colleagues have demonstrated that
reduced mtDNA copy number could be involved in breast cell
transformation or progression [256]. Interestingly, a loss of mtDNA
has also been involved in the resistance of anti-estrogen therapy in
breast cancer [257]. Mitochondrial fusion activity is necessary for
mtDNA maintenance, and an impairment of this process has been
related to the loss of mtDNA observed in some cancers. Mitochondrial ssion is also important for elimination of damaged mitochondria; it is possible that an impairment of this process may contribute
to the accumulation of damaged mitochondria.
4. ENERGETIC METABOLISM OF TUMORAL CELL
One of the first tumor-specific metabolic alteration was discovered by the Nobel Prize winner Otto Warburg in the 1920s, the
‘‘Warburg phenomenon’’[258]. Otto Warburg found that cancer
cells produce most of their ATP through glycolysis, even under
aerobic conditions, and there was a correlation between glycolytic
ATP production and aggressiveness of the tumor cells. Warburg
assumed that such ‘aerobic glycolysis’ was a universal property of
malignant cells and suggested that cancer is caused by impaired

mitochondrial metabolism, which forces the cell to depend on glycolysis for energy supply [259].
Independently of whether mitochondrial respiration is low or
not, cancer cells do exhibit high rates of glycolysis – aerobic or
anaerobic [260]. A higher yield of ATP is observed when the cell
respires via OXPHOS, whereas the rate of ATP generation becomes
greater if respiration occurs through glycolysis, this enables cancer
cells to gain competitive advantage [261]. In additionto generate
energy, glycolysis also provides the key carbon precursors needed
for the synthesis of nucleic acids, phospholipids, fatty acids, cholesterol and porphyrins [262] (see Fig. 7).
Furthermore, the pentose phosphate shunt generates cellular
reducing power in the form of NADPH necessary for lipid synthesis, thus, the switch to glycolytic metabolism in spite of oxygen
availability helps the survival and proliferation of tumor cells
[263,264]. In summary, actively dividing cells not only need great
amounts of ATP but also macromolecules such as nucleotides, lipids and proteins, synthesis of which is facilitated by metabolic reprogramming.
4.2. Sirtuins: Metabolic Regulators and Oxidative Stress Adaptors
Sirtuins are recognized as key regulators of energy metabolism
and stress adaptors (oxidative, genotoxic and metabolic stress)
likely through sensing changes in levels of intracellular NAD+, an
obligated cofactor for their enzymatic activity. Sirtuins are a highly
conserved family of proteins, homologs of the Saccharomyces cerevisiae protein Sir2 [265]. They are NAD+-dependent protein
deacetylases and/or mono-[ADP-ribosyl] transferases. In mammals
seven sirtuins have been described: SIRT1, SIRT6 and SIRT7 are
mainly nuclear, SIRT2 is primarily found in cytosol, and SIRT3,
SIRT4 and SIRT5 are mitochondrial proteins [266].
Sirtuins are important modulators of multiple metabolic processes, including energy production, the urea cycle, fatty acid me-

Fig. (8). Summary of how glycolytic intermediates are used for the synthesis of macromolecules in the cancer cell.
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tabolism, and acetate metabolism. The mitochondria provide the
hub that integrates these pathways, serving as a critical site for the
production and exchange of metabolic intermediates. As the beststudied sirtuin, SIRT1 has been implicated in particular in the regulation of glucose and lipid metabolism during fasting and caloric
restriction. SIRT3 and SIRT6 have a fundamental role in the regulation of glucose utilization [266].
Sirtuins are postulated ascontrolling the dynamics of mitochondrial protein acetylation, thus potentially influencing every aspect
of mitochondrial function. Indeed, it has been shown that mitochondrial biogenesis itself is regulated by both SIRT1 and SIRT3,
through a process involving the transcriptional coactivatorPGC1
[267]. Moreover, not only biogenesis but also mitochondrial degradation seems to be regulated by sirtuins, since mitophagy in aged
kidney has been described that is dependent to SIRT1 [268].
Deletion of SIRT6 in mice causes an upregulation of glucose
uptake that is preferentially used for glycolysis instead of mitochondrial respiration, a metabolic switch similar to the Warburg
effect in cancer cells. SIRT6 appears to function as a corepressor of
thehypoxia-inducible factor 1 (HIF-1), which is a key regulator of
nutrient stress responses. SIRT6 works as a sensor of nutrient availability and as a master regulator of glucose homeostasis [269], and
recently, a role as potent tumor suppressor has been revealed for
SIRT6 [270]. SIRT3 is the major mitochondrial protein deacetylase
and is capable to stimulate fatty acid oxidation, amino acid catabolism through urea cycle, and tricarboxylic acid (TCA) cycle, and
under low nutrient conditions stimulates alternative pathways for
energy metabolism [271]. It is noteworthy that SIRT1, SIRT3 and
SIRT6 have also been shown to protect from genomic instability
upon genotoxic and oxidative stress, protecting the genome from
mutations that can drive tumorigenesis[271]. Even it has been proposed that SIRT3 might be a tumor suppressor that protects against
carcinogenesis by maintaining mitochondrial integrity and efficient
oxidative metabolism [272].
In humans, SIRT1 expression is higher in several types of cancer, including acute myeloid leukemia, primary colon cancer, prostate cancers, and non-melanoma skin cancers [273], reinforcing the
role of SIRT1 as an oncogene. Expression of SIRT3 was found
significantly reduced in human breast cancer samples [274]. These
evidences are in accordance with the fact that SIRT3 works as a
tumor suppressor by opposing reprogramming of cancer cell metabolism [274], in other words, repressing the Warburg effect.However, higher levels of SIRT3 have been described in nodepositive breast cancer comparing with non-malignant breast tissue
[275].
4.1. Tumor Microenvironment and Stabilization of HIF-1
Tumor microenvironment favors a specific metabolic profile.
Oxygen levels within a tumor fluctuate both temporally and spatially, and are almost always insufficient to satisfy tumor cell
growth, leading to hypoxia [276]. Cancer cells are known to adapt
to the hypoxic condition via the HIF-1, which initiates a transcriptional program that provides multiple solutions to low oxygen
availability by decreasing the dependence on aerobic respiration.
When hypoxic stress is detected by HIF-1 protein, cell metabolism
is shifted toward glycolysis by the increased expression of inhibitors of mitochondrial metabolism, glucose transporters and glycolytic enzymes such as lactate dehydrogenase A (LDH-A)
[195,260,264,277-281].
HIF-1 is known to induce pyruvate dehydrogenase kinase 1
(PDK-1). The phosphorylation of the E1 subunit of pyruvate dehydrogenase (PDH) by PDK-1 inactivates PDH activity, preventing
the entry of pyruvate into the mitochondria; this leads to lactate
production via LDH and regenerating NAD+ to continue glycolysis
in the cytosol [278,279,281]. Thus, inhibition of PDK-1 impairs
mitochondrial respiration and ROS production, thereby promoting
cell proliferation[264].
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The hypoxic environment of proliferating tumor tissue also
facilitates ROS production. ROS levels can be increased by hypoxia
when electron transport complexes are in the reduced state [282].
Compelling lines of evidence have shown that ROS are also involved in the stabilization of HIF-1 by both direct and indirect
mechanisms [283,284].
Suppression of pyruvate oxidation in the mitochondria may
protect cells from the hypoxia-mediated production of cytotoxic
amounts of ROS [278]. However, HIF-1 stabilization may only
partially inhibit OXPHOS since cancer cells need to keep TCA
functional for anabolic purposes. Cancer cells have important biosynthetic requirements to sustain cell growth, which includes intense synthesis de novo of protein, DNA and lipids (Fig. 7).
4.3. Reactive Oxygen Species: Their Role in Cancer
ROS play multiple roles during tumorigenesis, eliciting cellular
responses that range from proliferation to cell death [193-195,200204,212,213,215-217,285,286]. Among others, low levels of ROS
in normal cells have been suggested to play a role in cell proliferation, induction of apoptosis, detoxification, phagocytosis and other
biochemical
processes
[193-195,200-204,212,213,216,
217,287,288]. While higher doses of ROS induce oxidative damage
in the genome of cells leading to cell apoptosis, exposure of low
levels ofROS produce genomic instability as well as transduce signals for cell growth, cell transformation and cell invasion[195,203].
ROS contribute to carcinogenesis in different ways. ROS can
directly produce single- or double-stranded DNA breaks, purine,
pyrimidine, or deoxyribose modifications and DNA crosslinks.ROS are characterized by the fact that these compounds arerapidly-produced, short-lived, and highly diffusible, features that
also perfectly fit the characteristics of a second messenger molecule. Actually, even though ROS do cause damage, low levels of
ROS are well established that participate in cell signalling processes
including cell proliferation, inflammation, apoptosis and phagocytosis [289]. Thus, it is well known that ROS may act as second
messengers in cellular signalling transduction cascade pathways,
including stress-activated protein kinases (SAPK) with both
p38MAPK and c-Jun N-terminal kinase (JNK), p53 through
PI3K/PKB and NF- pathways [183,195,197,215,217,290,291].
In this complex context, low levels of ROS activate cellular proliferation, while high levels produce apoptosis (Fig. 8).

Fig. (9). Representative scheme of the effects of ROS levels on cell proliferation and apoptosis.

ROS operate as signalling molecules mainly through the oxidation of iron–sulfurcenters or the formation of cysteine oxidative
adducts (glutathionylcysteine, SSG) or disulfide bonds (S–S) on
their protein targets (Fig. 9) [203,292]. Interestingly, different cysteine-based oxidative modifications may occur on the same residue
of the same protein, with different biochemical and functional effects [203,293]. Reversible cysteine oxidation plays a pivotal role in
redox signaling cascades, major molecular targets being protein

Phytoestrogens and Mitochondrial Biogenesis in Breast Cancer

Current Pharmaceutical Design, 2014, Vol. 20, No. 00

11

Fig. (10). Molecular targets of redox signaling.

tyrosine phosphatase or lipid phosphatases (like PTEN), proteases,
signaling adaptors and transcription factors [203]. Among protein
tyrosine phosphatases, protein tyrosine phosphatase 1B (PTP1B),
SHP-2, PTEN and low molecular weight-PTP (LMW-PTP) are
transiently inactivated by hydrogen peroxide in the context of
growth factor, cytokine or integrin signaling, as a necessary step for
the propagation of tyrosine phosphorylation cascades [294].
In summary, many cellular signalling pathways are sensible to
ROS levels and the final cellular response depends on the final cell
interpretation, which is the result of balance between apoptotic
signals and proliferative and survival signals [193195,200,201,203,204,211,212,216].
5. ESTROGEN RECEPTORS IN BREAST CANCER
In the developed countries, breast cancer is the malignancy with
the highest incidence and the first leading cause of cancer deaths in
women [295].Almost 1.4 million women were diagnosed with
breast cancer worldwide in 2008 and approximately 459,000 deaths
were recorded [296].
Hormonal environment is the major cause of breast cancer,
thuselevated lifetime estrogen exposure has been shown to be a
major risk factor for this malignancy [297-302]. Epidemiological
studies show that early menarche, late menopause, and obesity in
postmenopausal women are related to an increase in breast cancer
risk[302-305].
5.1. Estrogen Signaling
Estrogensignalling pathway starts with binding the estrogens
tothe estrogen receptors (ERs)[306-315]. 17-Estradiol (E2), the
principal mammalian estrogen, exerts its activity by binding to the
two ERs normally present in the mammary gland, ER and ER.
ER is most closely linked to the increase of mammary epithelial
cell proliferation with the balance between ER and ER regulating
this activity [309,316-319]. Thus, estrogen stimulation of cell proliferation mediated via ER can be counteracted by ER recruitment [320-322].
ER (595 aa) and ER (530 aa) belong to a large superfamily of
nuclear receptors that act as ligand-activated transcription factors[323,324]. Both receptors are codified by two different
genes,which share only moderate homology in their protein sequences (58% in human and 55% in rat).DNA-binding domain is
the most conserved with a 97% of homology, this domain has two
zinc fingers and a short motif, called a P-box, which confers DNA
specificity and is also implicated in dimerization [313,325,326].
Thus, ER and ER bind to DNA in a similar manner. The ligand
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binding domain, with a 60% homology, is also involved in other
functions (receptor dimerization, nuclear localization and cofactor
interaction) [313]. Although, ER and ER are associated with
different cofactors thus they are modulated by diferential transcription genes[323,324].
The ERsalso show non-genomic actions in many tissues, this
process involves the production of secondary messenger proteins
with rapid effects, although this process is still not well characterized. Moreover, ERs have a ligand-independent activation mechanism, which is mediated by kinases that phosphorylate and activate
ERs [310].
Other regulatory proteins have an important role in the activation mechanisms of ERs.These cofactors or coregulators act as
coactivators or corepressors of the transcriptional activity of ERs.
These coregulators can be in the form of acetylases/deacetylases,
kinases/phosphatases and methylases/demethylases. It is noteworthy that the pool of coregulatorsmay differ according to the tissue,
and this fact could explain the differential tissue effects of estrogen
[313].
In additionto ER coregulator distribution, the ER and ER
distribution has also been reported to vary according to the tissue.
In ER and ER coexisting tissues, their effects appear to counteract each other. Consequently, in the immune systems, mammary
glands and the uterus, ER stimulatescell proliferation while ER
presents proapoptotic and cell differentiation functions
[313,327,328].
5.2. Breast Cancer and Estrogens
As mentioned above, estrogens represent the main risk factor
for breast cancer initiation and progression, but the cellular proliferative action of this hormone could be determined by the ER/ER
ratio. Thus, an increased ER/ER ratio comparedtonormal breast
tissue has been postulated as an important factor for the development of the cancerous phenotype [313,317,329-331]. Conversely, a
decrease in this ratio is indicative of a poor prognosis [332,333]. In
this context, the different action of estrogens and phytoestrogens
could be attributed to a variationin ER and ER levels [334].
Estrogen stimulates both ER and ER receptors, although the
affinity for ER is 10 times greater than for ER [312,335]. Additionally, ER and ER expression are under estrogen regulation in
cell lines such as MCF-7 and T47D,with an opposite pattern,
henceestrogen treatment downregulate ER and upregulate
ER[332,336].
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Recently, estrogen response elements have been identified in
mtDNA, suggesting that the action of estrogen in the mitochondria
could be related to the carcinogenic process and apoptotic pathway[179,337]. Additionally, ER and ER has been localized in the
mitochondria and has been related with the regulation of mitochondrial genes [179,233,337-340]. However, it is possible that the effect of ER and ER in the mitochondria differsas well as in different ratio tissues.
5.2.1. Estrogens, Mitochondria and Oxidative Stress
Mitochondrial biogenesis and ROS production are modulated
by estrogens. For this reason, several authors attribute to estrogens
a new role in the carcinogenesis process, due to their action in
modulating the mitochondrial function [211,337]. Impaired mitochondrial function could cause an increase in mitochondrial ROS
levels, which could altermitochondrialcontrol ofcellular processes
such as proliferation and apoptosis pathways, and this could explain
in part the effect ofestrogens in cancer development [179,211].
This E2-mediated mitochondrial pathway involves the cooperation of the ER and ER, both nuclear and mitochondrial,with their
necessary co-activators to coordinate the regulation of bothnDNA
and mtDNA-encoded genes in order tofacilitate the MRC protein
assembly[337]. Estrogen and ER upregulate TFAM and possibly
TFB1M and TFB2M through NRF-1 and NRF-2 [337]. Moreover,
it has been found that estrogen significantly increases the amounts
of mitochondrial ER and ER in a time- and concentrationdependent manner and these actionsgo along with anupregulation of
mtDNA-encoded genes [233].
The production of cathecolestrogens during the estrogen metabolism has been postulated as another mechanism that couldexplain the association between estrogens and cancer. Cathecolestrogens are genotoxic metabolites capable to produce DNA adducts
and generate ROS [301,341,342], although this mechanism has
little relevant impact at estrogen physiological concentrations.
ER and ER presence and levels can be of great importance in
the establishment of oxidative stress in mitochondria, and may explain the opposite effects of estrogens found in different tissues.
Thus, an upregulation of the expression levels of antioxidant enzymes and UCPs has been described in liver, brain, skeletal and
cardiac muscle as well as adipose tissue[233,343-348]. However, in
breast and prostate cancer cell lines estrogen induce oxidative stress
depending on the ER/ER ratio [333,349,350]. Thus, in MCF7
breast cancer cell lines with a high ratio of ER/ER estrogen induces oxidative stress either by or in combination with mitochondrial dysfunction, decrease in antioxidant enzymes and/or UCPs.
On the contrary, in T47D breast cancer cell lines, which only presents ER, estradiol reduce oxidative stress by or in combination
with improved mitochondrial function and increased expression of
antioxidant enzymes and UCPs [333,349,350]. Similar results have
been described in prostatecancer cell lines,where in those cell lines
with low ER/ER ratio, the E2treatment producedthe up-regulation
of antioxidant enzymes and UCPs with a drop in ROS production
[351].
6. PHYTOESTROGENS AND BREAST CANCER
6.1. Flavonoids
There may be a link between high flavonoid-intake from Asian
women and the low incidence of breast cancer in Asian countries
[352].
6.1.1. Isoflavonoids - Isoflavones
As described above, lifetime exposure to E2is associated with
an increased risk of breast cancer development, and contributes to
tumor progression [297,304,325,349,353]. In the 1960s, Folman
and Pope [354,355] were the first to establish the relative binding
affinity of the isoflavones for the estrogen receptors, preferentially
binding to ER[356,357]. Kuiper et al.[311,312] reported that the
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binding affinity of the isoflavone genistein for ER was 4%, and for
ER was 87%, compared to 17-estradiol. The preferential binding
of isoflavone to ER may have implications related to breast cancer
risk; some data suggest that, when activated by certain ligands, ER
inhibits mammary cancer cell growth as well as the stimulatory
effects of ER to E2[317]. However, the precise role of ER in
breast cancer is unclear [317].
The relationship between isoflavones and breast cancer is very
complex and remains enigmatic [3,32], since reports in support of
the positive and negative effects of isoflavones maybe conflictive.
These compounds, especially genistein, are involved in nonhormonal mediated mechanisms, such as inhibition of protein tyrosine kinase, inhibition of cell cycle progression, induction of apoptosis, inhibition of DNA topoisomerase, inhibition of angiogenesis
and metastasis, which might reduce the carcinogenesis [24,358].
Moreover, isoflavones are well known as antioxidants. The ability
to inhibit the generation of ROS results in the blockageofthe NF-B
activation [24]. However, a major mechanism of isoflavones action
is thought to result from their ability to interact directly with estrogen receptors [358]. In fact, despite the proposed benefits, isoflavones and soy foods are not without controversy. Concerns have
risen that estrogen-like properties of soy isoflavones may be harmful to patients with estrogen-sensitive breast cancer. This concern is
based on research that showed that genistein stimulates the growth
of ER-positive breast cancer cells, such as MCF-7 breast cancer cell
lines, which presentthehighest ER/ER ratio [350,359-361]. As
shown in (Fig.10), experimental evidences in our laboratory suggest
that 72 hours of genistein treatment in MCF7, T47D and MDAMB-231 human breast cancer cell lines has different effects depending on their ER/ER ratio. While in MCF-7 cell line, with the
highest ER/ER ratio, genistein treatment at 1M presents a proliferative effect, in T47D, with thelowest ER/ER ratio, the same
treatment exerts a potent antiproliferative function. On the other
hand, in MDA-MB-231, an ER-negative and with low levels of
ER cell line, genistein treatment has no significant effects on cell
proliferation.

Fig. (11). Effect of genistein (GEN) on MCF-7, T47D and MDA-MB-231
cell proliferation . Cells were plated in 96-well plates and treated with GEN
(1 μM) for 72h. Cell proliferation was determined by Violet Crystal staining
and represented as growth percentage with respect to vehicle-treated cells
(100%, treated with 0.001% DMSO). Data are represented as mean ± SEM.
*Statistically significant difference between treated and vehicle-treated cells
(Student’s t-test; P < 0.05, n=6).

Some authors have reported a biphasic effect of genistein on
cell growth; low concentrations (0.1-10 M) show a stimulation of
the proliferation, while high concentrations (above 10 M) inhibit
cell growth by blocking cell cycle at the G2/M phase, through a
down-regulation of cyclin B [3,358,361]. In general, it is believed
that the proliferative action of isoflavones at low concentrations can
be inhibited by antiestrogen[362] indicating that it is an estrogen
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receptor-mediated mechanism. However, the inhibition of cell
growth at high concentrations is not prevented by estrogen or antiestrogen agent indicating cell growth inhibition is not through ERmediated mechanism or it may be due to genistein cytotoxic concentrations [362]. Actually, recent experimental researches in our
laboratory agree with previous studies showing a dose-dependent
cell growth regulation. In MCF-7 cell line, while low concentrations of genistein (1 nM – 10 M) induce cell proliferation, a high
dose of this isoflavone (100 M) has a cytotoxic effect. On the
other hand, in T47D cells, with predominance of ER, it can be
observed that relative low doses of genistein (0.1 – 10 M) inhibit
cell proliferation and high doses (over 10 M) produce cytotoxic
effects in this cell line (Fig. 11).

Fig. (12). Effect of genistein (GEN) on MCF-7and T47D cell proliferation .
Cells were plated in 96-well plates and treated with GEN (0.0001, 0.001,
0.01, 0.1, 0.5, 1, 2, 10, 100 μM) for 48h. Cell proliferation was determined
by Violet Crystal staining and represented as growth percentage with respect
to vehicle-treated cells (100% solid line, treated with 0.001% DMSO). Data
are represented as mean ± SEM. *Statistically significant difference between treated and vehicle-treated cells (Student’s t-test; P < 0.05, n=6).

From another point of view, mitochondrial dysfunction has
been reportedto be both the cause and outcome of cell injury, and
have also been associated with cancer [363]. Increased mitochondrial biogenesis is related to the recovery of mitochondrial and
cellular functions [350]. Preliminary studies performed in our laboratory suggest that genistein treatment could worsen the mitochondrial functionality in MCF-7 breast cancer cell line and maynot
promote mitochondrial exchange, leading to a damaged mitochondrial pool accumulation. In contrast, genistein treatment could im-
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prove the mitochondrial functionality in T47D breast cancer cell
line accompanied by a lower activation of mitochondrial biogenesis, and doingno necessary the mitochondrial exchange (Table 1).
6.1.2. Isoflavonoids - Coumestans
Coumestans have been reported to exert several functions on
certain cancer types, some of them mutually contradictory. Some
studies suggest that coumestrol may exert chemoprotective effects
against breast cancer. For example, in a study with T47D and MCF7 breast cancer cells, coumestrol was found to inhibit serumstimulated growth [364]. Moreover, coumestrol exerts a potent
inhibitory effect on breast cancer cell line MDA-MB-231 invasion
[365]. Otherwise, coumestrol has been shown to be able toinhibit
the enzyme AKR1C3 which produces proliferative steroid hormones and prostaglandins [366,367].
On the contrary, there are several studies suggesting that
coumestrol increases breast cancer risk. This compound stimulates
MCF-7 cells growth but not apoptosis [57] and has the ability to
inhibit apoptosis of this cell line in the presence of 17-estradiol
[368]. Thus, coumestrol could have potentially adverse mitogenic
effects on tumor cells [369]. In fact, this compound shows molecular properties which are very similar to an estrogen receptor agonist
like 17-estradiol [370] and it has beenshown that coumestrol is a
potent estrogen in vitro and acts through ER mediated mechanism
[371].Therefore, itssuggested chemopreventive action in estrogenrelated cancers must be mediated through other mechanisms [371].
At any rate, the current focus on the role of coumestrol in cancer prevention must take into account the biphasic effects observed
in a study with MCF-7 cells which shows inhibition of DNA synthesis at high concentrations of coumestrol but induction at concentrations close to probable levels in humans [372].
6.1.3. Flavones
The properties of flavones, such as apigenin and luteolin, categorize them as a class of beneficial compounds which possess disease-preventing and health-promoting dietary effects [76].
Flavones have been shown to possess anti-estrogenic activity
[373] and to promote apoptosis by inhibiting PI3K and Akt pathway in MCF-7 human breast cancer cells [374,375]. Moreover,
flavones inhibit aromatase in MCF-7 cells at 1M [376,377]. Apigenin can also induce apoptosis in MDA-MB-231 human breast
cancer cells and in MDA-MB-231 xenografts through its ability to
inhibit the activity of fatty acid synthase, a key metabolic enzyme
expressed in neoplasic and malignant cells, and the activation of
caspases 3 and 7, and PARP cleavage [378,379]. In addition, flavones have been shown to modulate cell cycle inducing G2/M cell

Table 1. ATPasa/COX ratio, PGC1, TFAM, Fis1 and Mfn1 protein levels in MCF-7, T47D and MDA-MB-231 human breast cell
lines after genistein treatment for 48h.
MCF-7

T47D

MDA-MB-231

Control

Genistein

Control

Genistein

Control

Genistein

ATPasa/COX ratio (AU)

100 ± 10

117 ± 7*

100 ± 13

67.9 ± 8.2*

100 ± 17

85.2 ± 7.6

PGC1 (AU)

100 ± 11

82.5 ± 18.5

100 ± 16

22.5 ± 4.7**

100 ± 2

44.1 ± 16.0**

TFAM (AU)

100 ± 23

64.6 ± 11.9

100 ± 10

118 ± 9

100 ± 15

131 ± 14*

Fis1 (AU)

100 ± 7

83.4 ± 3.4*

100 ± 8

81.3 ± 7.0*

100 ± 12

116 ± 10

Mfn1 (AU)

100 ± 12

95.8 ± 18.2

100 ± 11

79.2 ± 6.6*

100 ± 15

75.4 ± 11.3

Data represent the means ± SEM (n=6). Values of control (vehicle-treated) MCF-7, T47D and MDA-MB-231 cell lines were set at 100. AU: arbitrary units; ATPasa, ATP synthase
subunit alpha; COX, citochrome c oxidase; Fis1, mitochondrial fission 1 protein; Mfn1, mitofusin 1; PGC1: peroxisome proliferator-activated receptor-gamma coactivator-1alpha;
TFAM, mitochondrial transcription factor A.
** Significant difference between genistein-treated and vehicle-treated cell lines (Student’s t-test; P0.05).
* Significant difference between genistein-treated and vehicle-treated cell lines (Student’s t-test; P0.1).
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cycle phase arrest in MCF-7 and MDA-MB-231 cells [380,381].
There are studies demonstrating that flavones could exert their
functions through their interaction with ERs [382,383], but other
studies have shown that flavones do not join to the ERs [384,385].
Seoet al. have demonstrated that apigenin stimulate the proliferation of ER-positive breast cancer cells, MCF-7 and T47D, but do
not stimulate the proliferation of ER-negative breast cancer cells
[361]. Regarding to invasiveness, flavones have been shown to
inhibit tumor cell invasion in a dose-dependent manner in breast
cancer cells [386,387]. Furthermore, luteolin has been shown to
reduce tumor size and number in induced mammary carcinogenesis
in rats [388].
6.1.4. Flavonols
The action of flavonols on breast cancer cells is ER dependent,
and these compounds exert potent growth inhibitory effects on
MCF-7 human breast cancer cell line [389,390]. Flavonols, both
quercetin and kaempferol, have a higher affinity and activation for
ER than ER [391,392]. Specially, quercetin, even at picomolar
concentrations, reduces proliferation of human breast cancer cells
[393]. However, other authors show that a treatment with 150M
concentration of quercetin is necessary to induce mitochondrial cell
death in MCF-7 cells [394]. The antiproliferative effects of
kaempferol in breast cancer cells may be mediated by the inhibition
of the MAPK/ERK pathway [36]. Moreover, several authors have
observed a cell cycle arrest in G2/M phase in breast cancer cells
after flavonol treatment [395,396]. Relatively low doses of quercetin (1-10M) also induce cell cycle arrest at the G0/G1 phase in
breast cancer cells but not in normal breast cancer cells, suggesting
that quercetin has a cancer-specific antiproliferative effect [397].
The biphasic effects of flavonols on cell proliferation have been
observed in breast cancer cell lines. The balance between the antioxidant and the pro-oxidant activity of flavonols is concentration
dependent. Breast cancer cells treated with different flavonol concentrations showed that low concentrations of flavonols induce cell
proliferation and flavonols might behave as powerful antioxidants.
On the other hand, a high flavonol concentration induces cell death
and may be oxidized, generating ROS which induce cytotoxicity
[392,398]. Regarding to anti-invasive effects of flavonols, it has
been shown that quercetin inhibits the in vitro invasion of MDAMB-231 cells in a concentration-dependent fashion [399]. Moreover, the invasive activity of MCF-7 cells is blocked by quercetin by
reducing the expression of MMP-9 and blocking the activation of
the protein kinase C (PKC)/ERK/AP-1 signaling cascade [400]. The
administration of quercetin suppresses tumor growth and invasion
in rat mammary carcinoma in vivo[401]. On the other hand,
kaempferol has been shown to down-regulate HIF-1 expression, a
key regulator in carcinogenesis [402].
SIRT1 activation can lead to a reduction of oxidative stress and,
consequently, to a lower risk of cancer [403]. In 2010, Chung et al.
reviewed that SIRT1 is increased by quercetin[404]. The relationship between quercetin and SIRT1 has been studied recently by
Hong et al. In this paper the authors demonstrate that quercetin can
up-regulate SIRT1 [405]. Moreover, SIRT3 is increased by
kaempferol treatment and this could have an important role in mitochondrial apoptosis [406].
6.1.5. Flavanones
Breast cancer chemopreventive activity has been attributed
toflavanones through cell proliferation inhibition [106,108,407],
apoptosis induction [106,108,408-412], aromatase activity inhibition [106,116,413], anti-angiogenic effects [108] and estrogen metabolism attenuation [106,115].
8-Prenylnaringenin (8PN) inhibits ER mediated cell growth in
MCF-7 breast cancer cells [408] and a study with the same cell line
shows that 8PN specifically inhibits proliferation by targeting
phosphatidylinositol-3-OH kinase activity [108]. On the contrary,
experimental evidences in our laboratory showed that MCF-7 cell
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line treated with 8PN from 0.001 to 20 M experiments a slightly
proliferation increase with 1 and 5 M and has no effect at the other
tested concentrations[414]. Nevertheless, 8PN treatment on T47D
cell line decreased proliferation or, in any case, had no effect (Fig.
12).

Fig. (13). Influence of xanthohumol (XN) and 8-prenylnaringenin (8PN) on
T47D cell proliferation. Cells were plated in 96-well plates and treated with
XN or 8PN (0.001, 0.01, 0.1, 1, 5, 10, 15 and 20 μM) for 48 h. Cell viability
was assessed by DNA staining with Hoechst 33342 and represented as growing percentage with respect to vehicle-treated cells (100% solid line, treated with 0.001% of DMSO). Data are represented as mean ± SEM.
*Statistically significant difference between treated and vehicle-treated cells
(Student’s t-test; P < 0.05, n=6).

Moreover, 8PN induces apoptosis in MCF-7 breast cancer cells
[108,408] and SkBR3breast cancer cell line [106]. Otherwise, 8PN
has the ability to inhibit the activity of aromatase in human placental microsomes, in human primary breast fibroblasts [116] and in
SkBR3breast cancer cell line [106,413]. Furthermore, 8PN possesses cancer chemopreventive activity through attenuation of estrogen metabolism [115] and it is able to inhibit estrogen formation
on SkBR3breast cancer cell line [106]. 8PN also exerts antiangiogenic effects on MCF-7 breast cancer cells[108]. In our laboratory, the effects of 8PN on ROS production were assessed and it
was shown that 8PN has no effect or slightly decreases ROS production in T47D cell (Fig. 13).

Fig. (14). Effect of xanthohumol (XN) and 8-prenylnaringenin (8PN) on
T47D cell line ROS production. Cells were plated in 96-well plates and
treated with XN or 8PN (0.001, 0.01, 0.1, 1, 5, 10, 15 and 20 μM) for 48 h.
ROS production was determined by DCFDA and represented as ROS production percentage with respect to vehicle-treated cells (100%, treated with
0.001% DMSO). Data are represented as mean ± SEM. *Statistically significant difference between treated and vehicle-treated cells (Student’s t-test;
P < 0.05, n=6).
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Otherwise, isoxanthohumol also has antiproliferative activity in
MCF-7 human breast cancer cell line [407] and naryngenin induces
apoptosis in different cancer types (e.g., colon, breast, and uterus
cancer cell lines) [409-412].
In a recent publication, our group studied the effect of 8PN on
MCF-7 cell line mitochondrial function. Treatments with 8PN at
0.01 and 1 M led to a decrease in ROS production along with an
increase of OXPHOS and sirtuin expression. These results suggest
that 8PN presumably improve mitochondrial functionality[414].
6.1.6. Chalcones
It has been reported several times that chalcones have potential
chemopreventive activity against breast cancer in humans. In fact,
xanthohumol (XN) decreases in vitro MCF-7 cell proliferation in a
dose-dependent manner [407,415], reduces breast cancer cell line
SkBR3 proliferation [106] and inhibits DNA synthesis [407]. Actually, recent experimental researches in our laboratory agree with
previous studies showing a dose-dependent cell growth regulation
effect of XN. We treated MCF-7 cells with different doses of XN
and significant proliferation induction was observed from 0.001 to
1 M; on the contrary, from 10 to 20 M cell number markedly
decreased[414]. Similarly, XN from 0.001 to 1 M had no effect on
T47D proliferation but doses from 5 to 20 M caused a significant
reduction of cell number (Fig. 12).
Moreover, XN has the ability to induce apoptosis in MCF-7 and
T47D cells [141] as well as in SkBR3breast cancer cell line [106].
Otherwise, XN is able to inhibit aromatase activity on SkBR3breast
cancer cell line and,therefore, estrogen formation [106,413]. XN
also shows anti-invasive activity in MCF-7 and T47D cell lines
through up-regulation of E-cadherin/catenin complex and inhibition
of invasion in vitro[141]. In a study with breast and colon cancer
cells, XN abolished cell invasion [138] and oral administration of
XN to nude mice inoculated with MCF7 cells resulted in decreased
microvessel density [415].
Furthermore, XN has antioxidant properties and is also an efficient inhibitor of lipid peroxidation and a protector against the degradation of antioxidant enzymes induced by intoxication [416].
Despite its antioxidant properties, XN is also able to trigger the
generation of superoxide radicals in mitochondria, a process that
subsequently leads to an increase in ROS levels, loss of GSH and
ultimately cancer cell death by apoptosis. In fact, the results obtained in our laboratory show that XN form 0.001 to 0.1 M has no
effect or reduces ROS production on T47D cell line, whereas XN
from 1 to 20 M causes a significant induction of ROS production
(Fig. 13). Specifically, XN seemsto act in and against mitochondria
of cells with a disturbed redox balance, such as certain cancer cells.
This fact provides promising new leads to target selectively certain
cancer cells with this disturbed redox balance [417].
We recently studied the effect of XN on MCF-7 mitochondrial
function and it was observed that this phytoestrogen exerts a dual
effect depending on the dose. Treatment with XN 0.01M led to a
decrease in ROS production along with an increase of OXPHOS
and sirtuin expression; in contrast, XN 5 M gave rise to an increase of ROS production accompanied by a decrease in OXPHOS
and sirtuin expression. These results suggest that XN in low dose
presumably improve mitochondrial function, whereas a high dose
of XN impairs mitochondrial function[414].
6.2. Lignans
Chemopreventive actions of lignans against mammary cancer
have been demonstrated in experimental models [418,419]. They
are potentially mediated through mechanisms such as modulation of
estrogen action and by possessing anti-angiogenic, pro-apoptotic
and antioxidant properties [419]. High dietary intakes of plant lignans and high exposure to enterolignans were associated with reduced risks of ER- and PR-positive postmenopausal breast cancer
in a Western population that does not consume a diet rich in soy
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[155]. McCann et al. showed no associationbetween lignans intakes
and postmenopausal breast cancer. Their results suggest that dietary
lignans may be important in the etiology of breast cancer, particularly among premenopausal woman [420]. Numerous in vitro cell
culture studies and in vivo animal experiments demonstrated that
phytoestrogens can inhibit breast tumor growth [22,152,421]. The
two mammalian lignans, especially enterolactone, are inhibitors of
several steroid metabolizing enzymes, such as aromatase, 5reductase, 7-hydrolase and 17-hydroxysteroid dehydrogenase
[142]. Moreover phytoestrogens have received considerable attention as potential cancer-preventing agents via their antiestrogenic
activity [22,422]. In fact, enterolactone inhibits E2-induced proliferation of MCF-7 breast cancer cells [142] and inhibits the growth
of human colon tumor cells through regulation of the Wnt/-catenin
signaling pathway [423].
6.3. Stilbenes
Stilbenes have been shown to inhibit the activity of ROS [424].
In vitro studies, comparing pterostilbene and resveratrol showed
that pterostilbene has more biological activity than resveratrol
[425,426]. Stilbenes can exert antiestrogenic effects[427,428].
Moreover, resveratrol presents chemopreventive and chemotherapeutic effects on some estrogen-dependent tumors [429-431], especially on breast cancer [432]. ER and ER play important and
different roles in the effects of stilbenes, which could serve as useful tools in assessing the effectiveness of stilbenes treatment as well
as in screening the anti-estrogenic drugs applied to some cancers
[175]. Pterostilbene has been shown to induce apoptosis and to
inhibit cell viability in both estrogen-receptor positive and negative
breast cancer cell lines [174,433] and has an additive effect when
combined with tamoxifen[434]. Stilbens also inhibit invasion in an
in vitro breast cancer metastasis model [435]. Wang et al. showed
that resveratrol inhibits proliferation, and induces cell cycle arrest
and apoptosis, which are associated with decreased expression of
cyclin D3 and phosphorylated retinoblastome protein [436]. Evidence that resveratrol suppresses breast carcinogenesis has also
been obtained using animal studies, showing a 60% reduction in
tumor formation when the animals were concurrently given resveratrol [437]. Resveratrol has also been claimed to be an activator of
SIRT1 [404,438], with the consequently reduction of oxidative
stress and the lower risk of cancer [403].
7. CONCLUSIONS AND PERSPECTIVES
In summary, the relationship between phytoestrogens and mitochondrial biogenesis and dynamics in breast cancer is very complex. There are some reports in support of the positive effects of
phytoestrogens on breast cancer, but also exist other evidences
showing negative effects that seems to be conflictive. Thus, some
of the positive effects of phytoestrogens in breast cancer have been
related to a greater activation of mitochondrial biogenesis and antioxidant systems. However, some authors have demonstrated that
elevated concentrations of some phytoestrogens have pro-oxidant
effects which could damage mitochondria and alter their function
and dynamics, and therefore could contribute to the cancer development.
In our studies, weobserved different effects of some phytoestrogens (genistein, xanthohumol, 8-prenylnaringenin and resveratrol) on mitochondria in different cancer cell lines (colon, breast
and prostate). Our results suggest that phytoestrogen effects depend
on the doses (acting as antioxidants and improving the mitochondrial biogenesis at low doses and as pro-oxidants and worsening
mitochondrial function at high doses) and the ER/ER ratio (in
low ratio cell lines phytoestrogens promote better mitochondrial
function and antioxidant response than in the high ratio ones).
Moreover, it is worth to note that the effects of phytoestrogens
can be different at the beginning or ending of the cancer disease.
Thus moderating phytoestrogens ingestion diminishes breast cancer
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incidence, but the same ingestion during cancer treatment could
avoid the cytotoxic effects of some of the treatments based on ROS
generation, as phytoestrogens decrease oxidative stress, improving
mitochondrial function and antioxidant response. Nevertheless,
adjuvant administration of phytoestrogens at elevated doses could
increase anticancer treatment efficacy, because of the reduction of
mitochondrial function and the antioxidant response.
Finally, it is important to highlight that the behavior of phytoestrogens in the life-cycle may depend on factors such as: a) timing of
exposure; b) digestion, absorption and individual metabolism; and
c) hormonal status (estrogen receptor ratio). For all these reasons,
more experiments are necessary to explain the effects of phytoestrogens, at least some of them, on mitochondrial biogenesis and
dynamics; and for design new therapy targets for cancer treatment.
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