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RESUM

Les cel-lules canceroses presenten caracteristiques diferencials tals com el manteniment
de senyals proliferatives, I'evasio de la resposta als supressors tumorals, la resisténcia a
I'apoptosi i la reprogramacié metabolica per sostenir una elevada proliferacio. Els primers
estudis sobre el metabolisme de les cel-lules tumorals suggerien que, degut a una
disfuncionalitat mitocondrial d’aquestes cel-lules, I'oxidacio de la glucosa a lactat era la
principal via energética per a la supervivencia tumoral. No obstant, en els darrers anys
s'ha vist que les céllules canceroses requereixen de la presencia de mitocondris
funcionals, adquirint aquest organul una major importancia en el metabolisme canceros.

La leptina, hormona secretada pel teixit adipds, s'ha considerat el nexe d'unid entre
I'obesitat i el risc incrementat de patir cancer de mama en dénes postmenopausiques. En
aquesta tesi ens vam plantejar com a objectiu estudiar els efectes de la leptina en el
cancer de mama a nivell metabolic. D'altra banda, els polifenols sén compostos consumits
a través de la dieta que actuen com a antioxidants a dosis baixes, evitant |'aparicio
d'estats cancerosos, mentre que a dosis elevades exerceixen un paper prooxidant. En
aquest sentit, un altre objectiu d’aquesta tesi va ser estudiar els efectes dels polifenols
xantohumol (XN), 8-prenilnaringenina (8-PN) i resveratrol (RSV) sobre el metabolisme del
cancer de mama i colon. Per assolir aquests objectius es va estudiar: i) els efectes de la
leptina sobre la dinamica i funcionament mitocondrials i metabolisme energetic en la linia
de cancer de mama MCF-7; ii) la influencia dels polifenols XN i 8-PN sobre I'estrés oxidatiu
i funcionament mitocondrial en la linia MCF-7; i iii) els efectes del RSV en el funcionament
mitocondrial i metabolisme energétic en la linia de cancer de colon SW62o0.

Els resultats indiquen que la leptina promou el funcionament mitocondrial en la linia de
cancer de mama MCF-7 a través d'una millora del control de qualitat. A més, incrementa
I'oxidacid dels acids grassos per mantenir la produccio d’energia, mentre que la glucosa és
destinada preferentment cap a rutes biosintetiques. D’aquesta manera, la leptina indueix
una reprogramacié metabolica que fa possible un millor aprofitament dels substrats
metabolics i una reduccio de I'estrés oxidatiu, conferint avantatges per a la supervivencia
cel-lular. D'altra banda, el XN i la 8-PN son capacos de modular I'estres oxidatiu de la linia
MCF-7 a través d'una regulacié de la funcionalitat mitocondrial. Finalment, es va veure
que el RSV estimula la biogénesi i metabolisme mitocondrials, afavorint |'oxidacid dels
acids grassos com a principal font energética, en la linia de cancer de colon SW620 i
aquest estat d'oxidacid lipidica incrementada condueix a un elevat estres oxidatiu que
resulta en apoptosi. En conclusid, els resultats de la present tesi contribueixen a explicar
I'efecte promotor de la leptina en el cancer de mama aixi com I'efecte protector d'alguns
polifenols en el cancer de mama i colon. A més, suggereixen la reprogramacio del
metabolisme tumoral com una estratégia interessant per incrementar |'efectivitat de les
terapies antitumorals.

Vi
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RESUMEN

Las células cancerosas presentan caracteristicas diferenciales tales como el
mantenimiento de sefales proliferativas, la evasion de la respuesta a los supresores
tumorales, la resistencia a la apoptosis y la reprogramacion metabdlica para sostener una
elevada proliferacion. Los primeros estudios sobre el metabolismo de las células
tumorales sugerian que, debido a una disfuncionalidad mitocondrial de estas células, la
oxidacion de la glucosa a lactato era la principal via energética para la supervivencia
tumoral. No obstante, en los Ultimos afios se ha visto que las células cancerosas requieren
de la presencia de mitocondrias funcionales, adquiriendo este organulo una mayor
importancia en el metabolismo canceroso.

La leptina, hormona secretada por el tejido adiposo, se ha considerado el nexo de uniodn
entre la obesidad y el riesgo incrementado de padecer cancer de mama en mujeres
postmenopausicas. En esta tesis nos planteamos como objetivo estudiar los efectos de la
leptina en el cancer de mama a nivel metabdlico. Por otra parte, los polifenoles son
compuestos consumidos a través de la dieta que actuan como antioxidantes a dosis bajas,
evitando la aparicion de estados cancerosos, mientras que a dosis elevadas desempenan
un papel prooxidante. En este sentido, otro objetivo de esta tesis fue estudiar los efectos
de los polifenoles xantohumol (XN), 8-prenilnaringenina (8-PN) y resveratrol (RSV) sobre
el metabolismo del cancer de mama y colon. Para alcanzar estos objetivos se estudio: i)
los efectos de la leptina sobre la dindmica y funcionamiento mitocondriales y
metabolismo energético en la linea de cancer de mama MCF-7; ii) la influencia de los
polifenoles XN y 8-PN sobre el estrés oxidativo y funcionamiento mitocondrial en la linea
MCF-7; vy iii) los efectos del RSV en el funcionamiento mitocondrial y metabolismo
energético en la linea de cancer de colon SW62o0.

Los resultados indican que la leptina promueve el funcionamiento mitocondrial en la linea
de cancer de mama MCF-7 a través de una mejora del control de calidad. Ademas,
incrementa la oxidacidon de los acidos grasos para mantener la producciéon de energia,
mientras que la glucosa es destinada preferentemente hacia rutas biosintéticas. Asi, la
leptina induce una reprogramacion metabolica que posibilita un mejor aprovechamiento
de los sustratos metabdlicos y una reduccion del estrés oxidativo, confiriendo ventajas
para la supervivencia celular. Por otra parte, el XN y la 8-PN modulan el estrés oxidativo
de la linea MCF-7 a través de una regulacion de la funcionalidad mitocondrial. Finalmente,
se vio que el RSV estimula la biogénesis y metabolismo mitocondriales, favoreciendo la
oxidacion de los acidos grasos como principal fuente energética, en la linea de cancer de
colon SW620 y este estado de oxidacidn lipidica incrementada conduce a un elevado
estrés oxidativo que resulta en apoptosis. En conclusion, los resultados de la presente
tesis contribuyen a explicar el efecto promotor de la leptina en el cancer de mama asi
como el efecto protector de algunos polifenoles en el cancer de mama y colon. Ademas,
sugieren la reprogramacion del metabolismo tumoral como una estrategia interesante
para incrementar la efectividad de las terapias antitumorales.

VI



Modulatory effect of leptin and polyphenols on mitochondrial function and
metabolism of tumoral cells

Doctoral thesis, M2 del Mar Blanquer Rossell6

Multidisciplinary Translational Oncology Group, Department of Fundamental
Universitat  Bjology and Health Sciences

de les Illes Balears

ABSTRACT

Cancer cells exhibit differential characteristics such as maintenance of proliferative
signals, evasion of tumor suppressor response, resistance to apoptosis and metabolic
reprogramming to sustain a high proliferation. First studies regarding metabolism of
tumor cells suggested that, due to mitochondrial dysfunction of these cells, the oxidation
of glucose to lactate was the main energy pathway for tumor survival. However, in the
recent years it has been found that cancer cells require the presence of functional
mitochondria, thus acquiring this organelle a greater importance in cancer metabolism.

Leptin, a hormone secreted by adipose tissue, has been considered the link between
obesity and the increased risk of breast cancer in postmenopausal women. In this thesis
we aimed to study the effects of leptin in breast cancer at the metabolic level. Moreover,
polyphenols are compounds consumed through diet that act as antioxidants at low doses,
preventing the appearance of cancerous conditions, while at high doses play a prooxidant
role. In this regard, another objective of this thesis was to study the effects of the
polyphenols xanthohumol (XN), 8-prenylnaringenin (8-PN) and resveratrol (RSV) on the
metabolism of breast and colon cancer. To achieve these objectives it was studied: i) the
effects of leptin on mitochondrial dynamics and functionality and energy metabolism in
MCF-7 breast cancer line; ii) the influence of the polyphenols XN and 8-PN on oxidative
stress and mitochondrial functionality in MCF-7 cell line; and iii) the effects of RSV on
mitochondrial functionality and energy metabolism in SW620 colon cancer line.

The results indicate that leptin promotes mitochondrial functionality in MCF-7 breast
cancer cells by improving quality control. This hormone also increases the oxidation of
fatty acids to keep the energy production, while glucose is preferably allocated to
biosynthetic pathways. Thus, leptin induces a metabolic reprogramming which makes it
possible a better utilization of metabolic substrates and a reduced oxidative stress,
conferring advantages for cell survival. Moreover, XN and 8-PN are able to modulate
oxidative stress of MCF-7 cell line through regulation of mitochondrial functionality.
Finally, it was found that RSV stimulates mitochondrial biogenesis and metabolism,
favouring fatty acid oxidation as main energy source, in SW620 colon cancer cells and this
state of increased lipid oxidation leads to a high oxidative stress which results in
apoptosis. In conclusion, the results of this thesis contribute to explain the promoter
effect of leptin in breast cancer and the protective effect of some polyphenols in breast
and colon cancer. Furthermore, they also suggest the reprogramming of tumor
metabolism as an interesting strategy to increase the effectiveness of antitumor
therapies.
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1.1. Epidemiologia i etiologia del cancer de mama

El cancer de mama és el segon tipus de cancer més comu a nivell mundial i el primer
entre la poblacié femenina. Es la causa més freqient de mort per cancer entre les
dones dels paisos menys desenvolupats i la segona en el cas dels paisos
desenvolupats, per darrere el de pulmd. Les estadistiques més recents de
GLOBOCAN, de I'Agencia Internacional per a la Investigacié del Cancer (IARC —
International Agency for Research on Cancer) indiquen que en el 2012 hi va haver 14,1
milions de nous casos de cancer en tot el mon i que a 1,7 milions de dones a nivell
mundial se’ls va diagnosticar cancer de mama. A més, esta previst que la incidencia
mundial sigui de 3,2 milions de nous casos anuals en el 2050 (1). La tendéncia actual en
els paisos en vies de desenvolupament és un augment de la incidéncia del cancer de
mama degut a una major esperanca de vida juntament amb un estil de vida més

sedentari, canvis alimentaris i retard en la maternitat.

Les causes del cancer de mama no es troben completament desxifrades pero els
estudis epidemiologics demostren que els estrogens son un dels principals factors de
risc en la iniciacio i progressio del cancer de mama (2). Coincidint amb aquesta idea, el
risc de patir cancer de mama s'incrementa en dones amb una menarquia precog, una
menopausa tardana i la nul-liparitat, és a dir, situacions associades directament amb
una major exposicid als estrogens. Nombrosos estudis associen |'obesitat en dones
postmenopausiques amb un increment del risc de patir cancer de mama, mentre que
I'obesitat en la premenopausa s’ha vist associada amb un risc menor de desenvolupar
aquest tipus de cancer (3-5). Aixi, la relacid entre obesitat i cancer de mama és
complexa i es troba condicionada per I'estatus hormonal de la dona. El mecanisme
molecular subjacent a la relacié entre obesitat i cancer de mama encara no es troba
del tot elucidat, pero una de les teories més acceptades és I'augment dels nivells
d’estrogens circulants que es produeix en una dona obesa (6, 7) degut a que, després
de la menopausa, el teixit adipds passa a ser el principal productor d'estrogens a
través de I'aromatitzacio dels androgens (8). No obstant aixo, amb el reconeixement
del teixit adipds com a organ endocri actiu i en vista de que I'obesitat incrementa el
risc tant de cancers ER-positius com ER-negatius, les hormones derivades d'aquest

teixit, les adipoquines, han estat proposades com a molécules clau en la relacio entre

3



Ma del Mar Blanguer Rossellé — Tesi doctoral

obesitat i cancer (g, 10). De les més de 5o adipoquines identificades com a reguladores
del metabolisme energetic destaca especialment la leptina, de la qual s’han descrit

efectes sobre el desenvolupament i progressio del cancer de mama (212).

El cancer de mama és molt heterogeni en quant a etiologia i caracteristiques
patologiques. A banda de les hormones, existeixen altres factors de risc tals com una
dieta rica en carn vermella i grassa animal i pobra en vegetals (12). La historia familiar
és un altre dels factors que s’associa amb un risc elevat de patir cancer de mama. Les
dones amb un familiar de primer ordre que ha desenvolupat aquest tipus de cancer
presenten el doble de risc de patir aquesta malaltia mentre que el risc és molt menor
quan el familiar afectat és de segon ordre (13). En aquest sentit, s’han identificat
polimorfismes i mutacions en gens clau en la regulacio de la proliferacid, diferenciacid
i mort cel-lular que predisposen al desenvolupament de cancer de mama: BRCAz,

BRCA2, P53, PTEN, ATM, NBS1, RAD50, BRIP1, PALB2 i CHECK2 (14).

1.2. Epidemiologia i etiologia del cancer de colon

El cancer de colon és el tercer tipus de cancer més comu en els homes arreu del mon i
el segon en les dones, després del de mama, aixi com també una de les principals
causes de mort a nivell mundial (15). Segons la darrera estadistica de GLOBOCAN, de
I'lARC, en el 2012 es van diagnosticar 1,4 milions de nous casos de cancer de colon, el
que representa un g % del total de cancers diagnosticats en aquell any. El 55 % dels
casos de cancer de colon ocorren en les regions més desenvolupades (16). Segons
IlARC, la incidencia d’aquest tipus de cancer varia de forma notable al llarg de la
geografia mundial degut a que I'exposicio als factors de risc és molt variable en
diferents regions, aixi com també ho son |'existéncia de mesures preventives i
I'evolucio dels tractaments. Les taxes d'incidéncia més elevades es donen a Australia i
Nova Zelanda mentre que |’Africa occidental és la regié mundial on es detecten menys
casos. Encara que el cancer de colon és una malaltia del mon desenvolupat, les taxes
d’incidéncia en els paisos en via de desenvolupament segueixen una tendéncia
ascendent a mesura que augmenta |'edat de la poblacid i s'adopten estils de vida

occidentals.
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Les causes del cancer de colon son diverses, sent l'estil de vida un factor molt
determinant. Un consum elevat de carn vermella o processada i aliments amb alt
contingut de greixos ifo sucre incrementa el risc de patir aquesta malaltia. Per contra,
una dieta rica en fruita i verdures, cereals integrals, peix i derivats de soja en
disminueix el risc (17). De fet, el consum d’aliments amb fibra exerceix un paper
especialment protector front aquesta malaltia (18). D'altra banda, s’ha vist que
mantenir un pes corporal saludable i la practica regular d’exercici fisic redueix
substancialment el risc de patir cancer de colon (19) i que existeix una associacio entre

el consum d’alcohol i el risc de desenvolupar aquest tipus de cancer (20).

S’han identificat alteracions genétiques frequents en aquest tipus de cancer. Com a
exemple, 'activacio de I'oncogen KRAS i la inactivacid de supressors tumorals tals
com APC, p53 i LOH, a banda de mutacions en els gens TGFBR i PI3KCA. Certes

alteracions epigenétiques també es troben implicades en aquest tipus de cancer (21).

1.3. Funcié mitocondrial

Els mitocondris son organuls de les cél-lules eucariotes que desenvolupen un paper
central en el metabolisme energetic. Es troben formats per una doble membrana
(membrana mitocondrial externa i membrana mitocondrial interna), que separa dos
espais amb funcions clarament diferenciades: I'espai intermembrana i la matriu
mitocondrial. Aquests organuls sén responsables de generar el go % dels
requeriments energeétics de la cel-lula en forma d’ATP a través del procés d’oxidacié de
substrats i de consum d’oxigen conegut com fosforilacié oxidativa (OXPHQOS) (22). En
el metabolisme cel-lular, els combustibles metabolics (carbohidrats, lipids i proteines)
son oxidats i es dona una reduccié acoblada dels coenzims NAD" i FAD, generant-se
NADH i FADH,, respectivament. Les etapes finals d’aquesta oxidacio, tals com la
B-oxidacio dels acids grassos i el cicle de Krebs, tenen lloc al mitocondri i és en aquest
organul on aquests coenzims reduits cedeixen els seus electrons a una serie de
complexes proteics de la cadena de transport electronic, localitzats en la membrana
mitocondrial interna. Els electrons flueixen a través dels centres d’oxidoreduccié dels
complexes a favor del seu potencial redox i és en el complex IV on I'oxigen molecular

actua d'acceptor final d'aquests electrons donant lloc a una molécula d’aigua.
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L'energia que s'allibera en la transferencia d’electrons entre els centres redox és
acoblada a un bombeig actiu de protons en els complexes |, Il i IV des de la matriu
mitocondrial cap a |'espai intermembrana. D'aquesta forma, es genera un gradient
electroquimic de protons a través de la membrana mitocondrial interna que conserva
I'energia alliberada durant la respiracio. Els protons retornen a la matriu mitocondrial
a través de I'ATP sintasa (complex V) que acobla I'energia alliberada a la sintesi d’ATP
a partir d’ADP i Pi. D'aquesta forma, els nivells d’ADP i per tant la demanda energética

controlen el funcionament de la cadena respiratoria.

+ Citocrome H

Succinat

Fumarat ADP+P

NAD*

Figura 1. Esquema representatiu de la cadena respiratoria mitocondrial (complexes OXPHOS)
i de la proteina desacoblant (UCP).

No obstant, la funcié dels mitocondris no és simplement satisfer la demanda
energetica de la cel-lula sind que també participen en la biosintesi de precursors
anabolics, en l'activacio de programes d’apoptosi i en la regulacié de la proliferacio

cel-lular i de I'homeostasi del calci intracel-lular, entre d'altres processos (23, 24).

1.3.1. Produccid d'espécies reactives d'oxigen

Els mitocondris sén la principal font d’especies reactives d'oxigen (ROS), subproductes
toxics del metabolisme oxidatiu altament nocius a concentracions elevades (25, 26). A
concentracions baixes, els ROS es troben involucrats en multiples processos
fisiologics, actuant com a missatgers secundaris que activen gens relacionats amb el
creixement cel-lular. No obstant, quan la seva produccid sobrepassa la capacitat
antioxidant de la cél-lula passen a ser patologics (27), apareixent en aquest cas |'estres

oxidatiu. L'estrés oxidatiu és responsable de provocar alteracions en el material
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genetic, de forma que juga un paper important en l'origen i |'evolucido de la

carcinogenesi (28, 29), a la vegada que indueix I'apoptosi cel-lular (26, 30, 31).

o
o of
*n

Proliferacio

Proliferacio

Figura 2. Esquema representatiu dels efectes dels nivells de ROS sobre la proliferacio cel-lular
i I'apoptosi.

En condicions fisiologiques, un 2 % dels electrons s'escapen de la cadena de transport
electronic durant la seva transferéncia, reduint I'oxigen a anid superoxid (O,") i
conduint a la cascada de formacié de ROS (32). Els ROS son detoxificats per
mecanismes enzimatics i no enzimatics. Entre els primers, es troba la superoxid
dismutasa (SOD) que converteix rapidament I'anié O, a peroxid d’hidrogen (H,0,). A
partir d’aqui, existeixen varies vies que impliquen la conversio directa del H,0, a H,O:
mitjangant I'accio de la catalasa (CAT), la glutatio peroxidasa (GPx) o la peroxiredoxina
Il (Prx). La GPx, a diferencia de la CAT, utilitza glutatio reduit (GSH) com a acceptor
d’electrons per eliminar el H,O,. El GSH és regenerat a partir del glutatié oxidat
(GSSG) mitjancant I'accio de la glutatié reductasa (GRd) i utilitzant NADPH com a
equivalent de reduccio. S'ha descrit una altra familia d’oxidoreductases amb un
mecanisme identic al de la GRd, |a tioredoxina reductasa (TrxR). En aquest sistema, la
tioredoxina (Trx) és reduida per la TrxR a través de l'oxidacio de NADPH. La Prx
utilitza la Trx reduida com a acceptor d’electrons per eliminar el H,O,, que a la vegada
oxida la Trx convertint-la en substrat de la TrxR. Entre els mecanismes no enzimatics

es troba la vitamina C, antioxidant important en el compartiment aquos, i la
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vitamina E, més predominant en la fraccio lipidica de les membranes. Ambdues
actuen com a dianes alternatives a la reactivitat dels ROS, evitant aixi els efectes

deleteris sobre els components cel-lulars (25, 26).

4€”
02 Respiracié mitocondrial )2H2O
e2+ Fe3+
1€- -
O, =
M -SOD Reaccid Fenton
,SH
NADP* rx \SH o 2GSH NADP+
TrxR px)] | lePx GR
NADPH+H* Trx Y GSSG NADPH+H*

S
H,0

Figura 3. Mecanismes enzimatics de detoxificacio de les especies reactives d’oxigen (ROS).

La generacié de ROS en el mitocondri depén exponencialment del potencial de
membrana mitocondrial (AWm), de forma que la maxima produccié de ROS s'associa
a situacions on aquest potencial és elevat, per exemple degut a un augment de
combustibles que condueix a una elevada producci6 de NADH (33, 34). Entre els
mecanismes que prevenen la produccié de ROS es troben les proteines desacoblants o
UCPs que pertanyen a la superfamilia de transportadors anionics localitzats en la
membrana mitocondrial interna. La seva funcid és permetre el retorn dels protons a la
matriu mitocondrial dissipant el gradient protonic, amb la consegient disminucio del
potencial de membrana i de la produccié de ROS (35-37). Es coneixen cinc isoformes
d’'UCPs amb distribucid tissular especifica (35) pero la UCP2 és la que s’ha relacionat

amb la tumorigenesi i la resisténcia quimioterapéutica (38).

1.3.2. Genoma mitocondrial

Els mitocondris consten de genoma propi (mtDNA) que consisteix en una doble
cadena circular que es presenta en poliploidia, de forma que les cel-lules dels mamifers
tenen des de cents fins a mils de mitocondris i cada mitocondri presenta entre 2 i 10

copies de mtDNA. Cada una de les cadenes del mtDNA conté una composicio diferent
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de nucleodtids de guanina i de timina, de forma que convencionalment es coneixen
com a cadena pesada i cadena lleugera. EIl mtDNA consta d'uns 16.500 parells de
bases que codifiquen 37 gens, distribuits asimetricament entre les dues cadenes. La
cadena pesada codifica per 2 RNAs ribosomics, 14 RNAs de transferencia i 12 dels 13
RNAs missatgers que codifica aquest genoma. La cadena lleugera codifica per 8 RNAs
de transferéncia i un Unic RNA missatger (39). Els 13 polipéptids codificats i sintetitzats
en el mitocondri son subunitats dels complexes |, IV i V de forma que son essencials en
el funcionament del mitocondri. No obstant aix0, encara que el mitocondri disposa de
genoma propi, la majoria de proteines mitocondrials son producte de gens nuclears de
forma que I'assemblatge i la funcionalitat mitocondrials requereixen de I'expressio i la
interaccio coordinada entre els productes génics dels genomes mitocondrial i nuclear.
Entre les proteines codificades pel genoma nuclear cal destacar la majoria de les
subunitats dels complexes de la cadena respiratoria, els enzims del cicle de Krebs i de
la B-oxidacid dels acids grassos, les proteines desacoblants i els factors implicats en la

replicacid i expressio del genoma mitocondrial (40).

1.3.3. Biogenesi mitocondrial: proliferacio i diferenciacio

El correcte manteniment de l'estructura i la funcié mitocondrials depén de la
biogenesi mitocondrial, un procés que implica la proliferacio i la diferenciacié d’aquest
organul (41). La proliferacié consisteix en I'augment del nombre de mitocondris per
cel-lula, mentre que la diferenciacié és I'adquisicio de caracteristiques estructurals i
funcionals adequades pel desenvolupament de les funcions especifiques dels
mitocondris a les distintes cel-lules de l'organisme. La biogénesi mitocondrial
requereix d'una coordinacio precisa entre el genoma mitocondrial i el nuclear la qual
s'aconsegueix mitjancant una serie de proteines requladores codificades en el nucli

que coordinen I'expressio genica de proteines mitocondrials als dos genomes.

Els processos de proliferacio i diferenciacié son possibles gracies a la replicacid i a la
transcripcié del mtDNA, processos molt relacionats ja que per tal que s'inicii la
replicacio és necessari un encebador de RNA, producte de la transcripcio de la cadena
lleugera del mtDNA (42). La replicacid i la transcripcio del mtDNA es troben dirigides

per una proteina codificada pel DNA nuclear, el factor de transcripcié mitocondrial A
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(TFAM), que s'uneix a una regié promotora en les dues cadenes del mtDNA (43). A
més, per tal d'iniciar la transcripcio també és necessaria la presencia d'una RNA
polimerasa especifica (44) i dels factors de transcripcié mitocondrials B1i B2 (TFBiM i
TFB2M), també codificats pel genoma nuclear (41). La transcripcio i la replicacio del
genoma mitocondrial sédn dos processos coordinats. Quan hi ha baixos nivells de
TFAM, la RNA polimerasa finalitza de manera prematura la transcripcio, donant lloc a
un RNA que actua com un encebador necessari per a la replicaciéo del mtDNA. En
canvi, quan els nivells de TFAM son elevats, aquest es pot unir al promotor de la
cadena pesada i s'indueix la transcripcio del mtDNA. Per tant, la regulacié de la

transcripcid i la replicacié del mtDNA depén dels nivells de TFAM (41, 45).

Els factors de respiracid nuclears 1 i 2 (NRF1 i NRF2) son factors de transcripcio
nuclears implicats en la regulacio de la funcid respiratoria mitocondrial ja que d'una
banda controlen la transcripcid nuclear de subunitats dels complexes de la cadena
respiratoria (46) i d'altra banda activen I'expressio dels factors implicats en l'inici de la
transcripcio del genoma mitocondrial, tals com TFAM, TFBiM i TFB2M (47). Els
factors NRF1 i NRF2 reconeixen regions especifiques en el promotor de TFAM, fent
possible aixi la coordinacio entre el nucli i el mitocondri durant la biogenesi
mitocondrial. No obstant, hi ha una serie de gens que no pareixen trobar-se regulats
pels NRFs, com aquells que codifiquen les proteines que transporten els acids grassos
cap a l'interior del mitocondri i els que codifiquen els enzims que participen en
I'oxidacio dels acids grassos els quals pareixen ser regulats pels receptors activats per
proliferadors de peroxisomes (PPARs). Als mamifers hi ha tres isoformes, el PPARaq, el
PPARB/S i el PPARy. El PPARa fou el primer en identificar-se i s’expressa
predominantment al fetge, al cor, al muscul esqueletic i al teixit adipds marrd, i
participa en la regulacio de I'expressio de gens pel transport i 'oxidacié d'acids grassos

(48).

Uns altres factors proteics implicats en la regulacié de la biogenesi mitocondrial son
els coactivadors del receptor activat per proliferadors peroxisomals y (PGCs). Es tracta
de coactivadors i per tant no presenten domini d’'uni6 al DNA sind que interaccionen

amb altres factors i coactiven nombrosos factors de transcripcio tals com els NRFs
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sobre el promotor del TFAM. Destaca el PGC-1q, el qual s'expressa sobretot en teixits
amb una gran demanda energética i, per tant, un gran contingut en mitocondris (49).
D'aquesta manera, el PGC-1a és el principal element regulador de la biogénesi
mitocondrial ja que activa i integra les activitats dels diversos factors de transcripcio
implicats en I'expressio de les proteines mitocondrials (50). D’entre els mecanismes
reguladors del PGC-1a destaca la proteina cinasa activada per AMP (AMPK). L’AMPK
actua com a sensor energetic de la cel-lula, activant-se quan els nivells d’ATP
disminueixen i, per tant, els d’AMP augmenten. Una vegada activa, el paper de
I’AMPK és activa les rutes d'obtencio d’energia per tal de suplir el déficit energetic, de
manera que s'activa la sirtuina 1 (SIRT1), la qual desacetila i activa el PGC-1a (51).
D’aquesta manera, s'estableix una connexid entre |'estatus energetic cel-lular, |'estat

redox i la biogénesi mitocondrial.

Stimulus
(e.g., exercise)

Mitochondrion

Figura 4. Representacié esquematica de la regulacié de la biogénesi mitocondrial. Imatge
adaptada de Joseph, AM. et al. (2012) (52).
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1.3.4. Dinamica mitocondrial

Els mitocondris no es troben en forma d’organuls aillats dins la cél-lula sind que
presenten entre si una elevada interconnectivitat distribuint-se en una xarxa que
irradia des del nucli. A més, encara que anys enrere es pensava que els mitocondris
eren organuls estatics, a dia d’avui es coneix que realment son estructures molt
plastiques que alteren la seva morfologia de forma continua en resposta a senyals
cel-lulars. Aquestes alteracions suposen la unid (fusid) i la divisid (fissio) dels
mitocondris, processos que impliquen hidrolisi de GTP i son essencials per a un

correcte funcionament mitocondrial (53, 54).

Fusion

Autophagy

Fission

Figura 5. Esquema representatiu dels processos implicats en la dinamica mitocondrial. Imatge
adaptada de Joseph, AM. et al. (2012) (52).

Des d'un punt de vista fisiologic, la fusio és un mecanisme pel qual les membranes de
mitocondris veins es fusionen per tal de recuperar la funcionalitat de les membranes
danyades (55) i esta controlat per les mitofusines 1i 2 (MFN1, MFN2) i per la proteina
de I'atrofia optica (OPA1). La fusid mitocondrial implica una homogeneitzacio de la
xarxa mitocondrial de la cél-lula la qual cosa pot suposar un mecanisme de control en
front a possibles mutacions (56). Per contra, la fissid és la fragmentacio d'un
mitocondri en varis i es troba reqgulada per la proteina de fissio 1 (FIS1) i per |a proteina
relacionada amb la dinamina 1 (DRP1) (57). En condicions normals, la fusio i la fissio
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mitocondrials ocorren de forma equilibrada mantenint una morfologia tubular dels
mitocondris relativament constant (58). Una pertorbacid en el balang fusioffissid
provoca deformacions en la xarxa mitocondrial que s'ha relacionat amb certes
malalties (59, 60). EI manteniment d'una adequada morfologia mitocondrial fa
possible una produccio i distribucié d’ATP més eficients i aix0 es correlaciona amb

|'estabilitat metabolica de la cél-lula (60).

Davant una situacio d'estrés, la fissio mitocondrial es pot veure accelerada per
eliminar els mitocondris vells o danyats facilitant aixi el procés d'autofagia
mitocondrial, conegut com mitofagia. L'eliminacioé dels mitocondris disfuncionals a
través d’'aquest procés és un mecanisme clau per alliberar les cél-lules de mutacions al
mtDNA provocades pels ROS que es generen en el mitocondri (61), de forma que
funciona com un control de qualitat (62). Aixi, per mantenir un correcte funcionament
mitocondrial es dona un procés de recanvi que implica I'existencia d'un equilibri entre

la biogénesi mitocondrial, els processos de fusio i fissio i I'autofagia.

1.4. Metabolisme del cancer

Otto Warburg i col-laboradors van postular a principis del segle XX que les cél-lules
canceroses obtenen |'energia a partir de la metabolitzacid de la glucosa cap a lactat en
lloc de dirigir-la cap a la fosforilacid oxidativa, inclUs en presencia d'oxigen, degut
probablement a un mal funcionament mitocondrial propi dels estats cancerosos.
Aquest fenomen és conegut com efecte Warburg o glicolisi aerobica (63). A partir
d’'aquestes observacions i en |'Ultima decada, I'estudi del metabolisme cancerds s’ha
convertit en un tema d‘interées renovat ja que s’han elucidat nombroses connexions
entre les vies de senyalitzacio cel-lular oncogeniques i el metabolisme. A partir
d'aquests estudis s'ha fet evident que la glicolisi aerobica descrita per Warburg
representa només la punta de l'iceberg referent a la reprogramacié metabolica que
acompanya les transformacions malignes, ja que s’ha vist que el metabolisme
canceros va més enlla d’una simple interaccio entre la glicolisi i el mitocondri (64). De
fet, s’ha descrit que les alteracions metaboliques associades a la tumorigénesi abasten
totes les etapes del procés de nutricio cel-lular: les ceél-lules canceroses presenten

major capacitat per captar nutrients de I'exterior i aquests, a la vegada, son destinats
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dins la cel-lula cap a vies metaboliques que afavoreixen la proliferacio cel-lular.
Aquestes alteracions provoquen com a conseqiéncia efectes importants en

I'expressid dels gens, en la diferenciacid cel-lular i en el microambient del tumor (65).

1.4.1. Captacid de glucosa i aminoacids desregulada

En un estat cancerds, l'elevada proliferacid cel-lular representa una demanda
biosintética important i per tal de fer-hi front la importacio de glucosa i glutamina des
de 'ambient es veu notablement incrementada. L'oxidacio de la glucosa genera poder
reductor, en forma de NADH i FADH,, per a l'obtencido d’ATP en la fosforilacid
oxidativa. D'altra banda, també s’obté NADPH i intermediaris metabdlics que entren a
formar part de les rutes biosintétiques. El consum elevat de glucosa per part de les
cel-lules tumorals va ser descrit per primer cop per Otto Warburg i s’ha confirmat en
nombrosos tumors tot relacionant-se amb un mal pronostic (65). Aquesta
caracteristica de les cel-lules tumorals dona fonament a una de les técniques més
importants usades en la clinica per a la deteccid i monitoritzacio de tumors, la
tomografia per emissié de positrons (PET). En aquesta tecnica, les cél-lules tumorals
capten una major quantitat d'un analeg radioactiu de la glucosa, permetent visualitzar
la localitzacio anatomica i extensid dels tumors (66). Per una altra banda, I'elevada
demanda de glutamina de les cel-lules tumorals va ser descrita per primera vegada al
1950 per Harry Eagle (67). Aquest aminoacid aporta el nitrogen necessari per a la
biosintesi dels compostos nitrogenats tals com nucledtids, glucosamina-6-fosfat i

aminoacids no essencials, a la vegada que és una font de carboni per al cicle de Krebs.

Aquest consum vorag de nutrients per part de les cél-lules canceroses és degut a una
desregulacié dels mecanismes de captacid. Les cél-lules sanes, tot i estar envoltades
de plasma ric en nutrients, no els capten de forma constitutiva sind que aquesta
captacio es troba estrictament regulada per factors de creixement (68) aixi com també
per |'estat energetic de la cél-lula a través del sensor AMPK i per la interaccio de les
cel-lules amb la matriu extracel-lular. Les cél-lules tumorals, per la seva banda,
acumulen alteracions oncogeéniques que les fan independents a aquestes senyals
externes, de forma que consumeixen nutrients sense cap tipus de regulacio (69). De

fet, s'ha observat amb molta freqiéncia que la via de senyalitzacio PI3K/Akt, que
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actua com a reguladora del consum de glucosa i promou I|'expressio i la translocacid
cap a la superficie cel-lular del transportador de glucosa GLUTz, és una de les més

alterades en estats cancerosos (70).

1.4.2. Reprogramacio de les vies metaboliques

Quan les cel-lules sanes no es troben proliferant, converteixen la glucosa
preferentment a acetil-CoA el qual és oxidat en el cicle de Krebs i en Ultima instancia
es genera ATP en la fosforilacio oxidativa. En un estat cancerds, els nutrients son
utilitzats principalment per a la biosintesi de biomolecules tals com acids grassos,
colesterol, pentoses, nucleotids i aminoacids no essencials. Per a tal objectiu, els
nutrients captats son destinats principalment a formar part d'un pool d’intermediaris
estructurals que son redirigits cap a les rutes biosintetiques. D’aquesta manera, les
cel-lules canceroses necessiten tant la glicolisi com la via de les pentoses fosfat i el

cicle de Krebs per cobrir I'elevada biosintesi.

Otto Warburg va suggerir que les cel-lules canceroses, en lloc de conduir el piruvat al
mitocondri per a que entri en el cicle de Krebs i mantenir aixi la fosforilacid oxidativa,
el transformen a lactat (63). Actualment s’ha vist que no tot el piruvat és convertit a
lactat sind que part d'aquest entra en el cicle de Krebs per obtenir intermediaris
biosintetics. No obstant aix0, I'excés de piruvat no utilitzat en el cicle de Krebs és
preferentment convertit a lactat per tal de preservar un pool de NAD" suficient per
mantenir la glicolisi activa i per tal devitar saturar el mitocondri amb una aportacio de
NADH que inhibiria el cicle de Krebs. Per tal de controlar I'entrada de piruvat en el
cicle de Krebs, les cel-lules en proliferacié han desenvolupat mecanismes per regular el
darrer enzim de la glicolisi, la piruvat cinasa (PK) (71). Aquest enzim converteix el
fosfoenolpiruvat (PEP) a piruvat. Un altre punt de regulacié que manté la via
glucolitica activa consisteix en canalitzar el piruvat en excés que entra al mitocondri
cap a la formacio de citrat el qual es transloca al citosol on és convertit en acetil-CoA i
oxalacetat. L'oxalacetat es converteix en malat i es reimporta al mitocondri mentre
que l'acetil-CoA és usat com a precursor per a la biosintesi de lipids i acetilacié de
proteines (65). La importancia d'aquesta regulacio es basa en el fet que el

manteniment de la via glucolitica en les cél-lules canceroses és essencial ja que
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nombrosos intermediaris poden ser reconduits cap a vies biosintetiques tals com ara
la via de les pentoses fosfat on la glucosa-6-fosfat s‘oxida parcialment per generar

NADPH i ribosa-5-fosfat, component estructural de nucleotids.

El cicle de Krebs també és una font de precursors per a la biosintesi d’'aminoacids no
essencials tals com l'aspartat i I'asparagina. Per tal de poder mantenir la sintesi
d’aquests aminoacids, la seva produccié s’ha d’equilibrar amb un flux anaplerotic de
glutamina que alimenta el cicle. La glutamina és incorporada al mitocondri per la
glutaminasa tot convertint-se en glutamat el qual a través de la glutamat
deshidrogenasa (GDH) o les transaminases és convertit en o-cetoglutarat que
s'incorpora al cicle de Krebs. La majoria de cel-lules tumorals depenen d'una aportacid
continua de glutamina per tal de mantenir la integritat dels intermediaris del cicle de
Krebs (72). La glutamina, a banda d'aportar esquelets de carboni al cicle de Krebs, és
font indispensable del nitrogen necessari per a la formacié dels aminoacids aixi com
també dels nucleotids per cobrir I'elevada sintesi de DNA de les cél-lules canceroses.
D’altra banda, I'oxidacio de l'a-cetoglutarat a oxalacetat contribueix a mantenir
I'habilitat de les cél-lules per sintetitzar citrat. L'oxalacetat resultant es pot convertir a
malat, el qual pot ser oxidat fins a piruvat per I'enzim malic en una reaccio que genera
NADPH de forma depenent de la glucosa. L'a-cetoglutarat derivat de la glutamina no
és I'Unic substrat anaplerotic que pot ser usat per les cél-lules proliferatives, sind que la
glucosa també és una font important d'intermediaris del cicle de Krebs a través de la
carboxilacio del piruvat que dona lloc a I oxalacetat, reaccio catalitzada per la piruvat

carboxilasa (PC) (73).

Tot i que Otto Warburg va assumir que la respiracié mitocondrial estava danyada en
les cel-lules tumorals, les cél-lules canceroses necessiten mitocondris funcionals per a
la biosintesi de macromolecules (74). De fet, s'ha observat que alguns tumors depenen
principalment de la fosforilacio oxidativa (75) o inclUs alternen entre la glicolisi
aerobica i un metabolisme oxidatiu en funcid del microambient presentant aixi
flexibilitat metabolica (76). Alguns estudis posen de manifest que les subpoblacions
quiescents de cél-lules tumorals, al contrari del que ocorre amb les més proliferatives,

son menys glucolitiques i més dependents de la fosforilacié oxidativa a la vegada que
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presenten una major expressio dels components respiratoris mitocondrials (77).
D’altra banda, alguns autors han descrit un fenomen que han anomenat efecte
Warburg revers en el qual la glicolisi aerobica té lloc en els fibroblasts associats al
tumor i no propiament a les cél-lules canceroses. Aixi, aquests fibroblasts produeixen
lactat i piruvat que son transferits a les cél-lules tumorals adjacents on son oxidats dins

el mitocondri (78).
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Figura 6. Esquema representatiu de la utilitzacio dels intermediaris de la glicolisi i del cicle de
Krebs per a la biosintesi i produccio de NADH. A) Diferéncies en el metabolisme central del
carboni entre una cél-lula quiescent i una en estat de proliferacid. B) Algunes de les principals
sortides biosintétiques del metabolisme central del carboni. Imatge original de Pavlova, N. et
al. (2016) (65).

D’altra banda, degut a la capacitat de les UCPs per desacoblar la sintesi d’ATP de la
respiracio cel-lular i pel fet que la UCP2 es troba sobreexpressada en cel-lules
quimioresistents, s'ha especulat amb |'existencia d’una relacid entre les UCPs i I'efecte

Warburg (79).

17



Ma del Mar Blanguer Rossellé — Tesi doctoral

1.4.3. Alteracions en la regulacio genica

L'activacidé constitutiva de les senyals de creixement i supervivencia present als
processos tumorals facilita la reprogramacio del metabolisme de les cel-lules
canceroses per aconseguir una major captacio de nutrients i una major taxa
biosintetica. No obstant, les xarxes metaboliques per si mateixes no sén simplement
receptores passives de senyals de creixement, sind més bé al contrari, ja que
transmeten de forma directa la informacid sobre I'estat metabolic de la cél-lula a tot
un conjunt d’enzims reguladors entre els quals destaquen aquells que intervenen en la

deposicid i eliminacio de les marques epigenétiques de la cromatina (80).

L'acetil-CoA és un metabolit que s'acumula en el citosol quan les cél-lules
metabolitzen més glucosa de la que necessiten per obtenir energia. Aquesta molécula
serveix de substrat als enzims que acetilen histones i altres proteines. La deposicié de
grups acetil a les histones és associada amb I'augment de I'accessibilitat del DNA
genomic per interaccionar amb els complexes de transcripcio. Aixi, I'acetilacio de les
histones és molt sensible a les alteracions de l'estat nutricional de la cel-lula (812).
D’altra banda, les histones també s’alteren per metilacid i aquesta es troba regulada
per part de certs metabolits (82). L'eliminacio dels grups acetil i metil també es troba
regulada per |'estat metabolic de la cél-lula. Per exemple, les sirtuines, proteines amb
activitat deacetilasa, utilitzen NAD" i FAD com a cofactors de forma que son sensibles
als canvis en la seva disponibilitat i orquestren canvis posttraduccionals i epigenetics

que promouen la conservacid de |'energia (83).

1.4.4. El metabolisme cancerdos com a diana terapéutica

En aquesta Ultima década, la reprogramacié metabolica de les cel-lules canceroses
s’ha contemplat com a font prometedora de noves dianes farmacologiques per tractar
el cancer. Ja s’han realitzat una serie d'intents que han conduit a la identificacid
d’alguns agents que a hores d'ara es troben proxims a I'avaluacio clinica (84), de forma
que s'obre una nova finestra terapéutica per al tractament del cancer. S’han realitzat
considerables esforcos en I'estudi de la combinacio de moduladors metabolics amb les
terapies contra el cancer convencionals. No obstant aix0, sera necessari un estudi més

profund en aquest aspecte de la biologia de les cél-lules canceroses per impulsar el
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desenvolupament d'una nova generacié d'agents antineoplasics cada vegada més

selectius i eficients (85).

1.5. Cancer de mama. Leptina i obesitat

L'obesitat i el sobrepés en dones postmenopausiques son dos factors que
incrementen el risc de patir cancer de mama i l'agressivitat del tumor alhora que
suposen una pitjor prognosis (86-88). No obstant aixo, el mecanisme molecular
subjacent que explica aquesta relacio entre obesitat i cancer encara no s’ha elucidat.
S'ha suggerit que la reaccio d’aromatitzacio d'androgens a estrogens que es dona en
el teixit adipds és responsable de 'augment de la tassa de produccio local d’estrogens
en situacions de sobrepés. D'aquesta manera, un increment d’estrogens podria
contribuir al desenvolupament i a la patogenicitat dels cancers de mama sensible a
hormones (89). No obstant, es va observar que I'obesitat incrementa el risc tant de
cancers de mama ER-positius com ER-negatius. Aquest fet, juntament amb el
reconeixement del teixit adipds com a organ endocri actiu, ha conduit a la investigacid
de les adipoquines, molécules derivades del teixit adipds que podrien explicar millor
I'increment del risc de cancer de mama en dones postmenopausiques (9, 10). De fet
s’ha vist que en condicions patologiques, tal com l'obesitat, es pot donar una
desregulacié de les adipoquines alliberades per aquest teixit desembocant en una
situacio d’estres i desordres metabolics (90, 91). Actualment, s’han identificat més de
5o adipoquines diferents com a reguladores del metabolisme energetic i, entre elles,
la leptina ha sigut proposada com la que juga el paper més important en el cancer de

mama (92).

1.5.1. Leptina

La leptina és una adipoquina codificada pel gen de la obesitat (Ob) que consisteix en
una hormona peptidica de 16 kDa sintetitzada i secretada principalment en el teixit
adipds i en menor mesura en altres teixits tals com estémac, placenta, muscul,
cel-lules immunitaries i la glandula mamaria (93, 94). Exerceix les seves accions
fisiologiques principalment a través del receptor de leptina, producte del gen de la
diabetis (db). En teixits humans s’han identificat sis isoformes del receptor sent la

isoforma més llarga (ObRy) la que presenta la maxima capacitat de senyalitzacio (95).
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La leptina és considerada un marcador clau de I'estat nutricional i del metabolisme
energetic. Un increment en |'index de massa corporal es tradueix en un augment de la
concentracid de leptina en sang la qual actua com a senyal requladora de I'homeostasi
energetica suprimint la ingesta i incrementant el gast energetic tot actuant
directament sobre I'hipotalem (94, 96). A part de la seva accid a nivell del sistema
nervios central, també s’ha descrit la preséncia de receptors de leptina en altres teixits
periféerics tals com pancrees, fetge, ronyons, pulmo, muscul esqueletic, medul-la ossia
i mama, entre d'altres (93). En aquests teixits periferics, la leptina participa en
multiples funcions com en el desenvolupament fetal, la maduracio sexual, la lactancia,

I'hematopoesi i les respostes immunes (97).

1.5.2. Leptina i cancer de mama

En el desenvolupament normal de la glandula mamaria, la leptina hi juga un paper
important (98). No obstant, també ha estat descrita com a factor mitogenic necessari
per a la tumorigénesi mamaria (97, 99). Estudis inicials en ratolins knockout pel gen de
la leptina o el seu receptor presentaren una important disfuncié del desenvolupament
de la glandula mamaria aixi com també una menor incidencia de tumors mamaris
espontanis i induits (100, 101). De fet, s'ha vist que el receptor ObR es troba en la
glandula mamaria i que tant aquest com la leptina es troben sobreexpressats en
carcinomes ductals invasius (102), considerant-se senyals de mal pronostic (103). En
concordanca amb aquests resultats, treballs in vitro també han mostrat que el
tractament amb leptina (25-100 ng/mL) estimula la proliferacio en linees de cancer de
mama ER-positives (MCF-7, T47D), ER-negatives (MDA-MB-231, SKBR3) i en la linia

epitelial de mama no transformada HBL100 (98, 104).

La leptina és una citocina que activa diverses vies de senyalitzacid que estan
fortament relacionades amb la proliferacid cel-lular i la supervivencia (incloent
JAK2/STAT3, Ras/ERK1/2, PI3K/AKT/GSK3 (95, 99, 105)), resistencia a |'apoptosi,
adhesio cel-lular, invasio i migracio en cancer de mama (121). No obstant aix0, encara
es coneix poc sobre els efectes de la leptina en el metabolisme de les cél-lules
canceroses de mama, mentre que els efectes metabolics de la leptina en teixits sans

han estat més estudiats. Un estudi realitzat en ratolins transgéenics que
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sobreexpressen aquesta hormona va mostrar que aquests presentaven un consum
més elevat d'oxigen (106), aixi com també s’ha vist que la leptina incrementa el
consum d’oxigen en fetge de rates (107). A més, en muscul esqueléetic i teixit adipds, la
leptina promou la dissipacid d’energia a través d'un increment de I'oxidacio dels acids
grassos (108). En concordanca amb aquests resultats, alguns estudis suggereixen que
la diana d’accid de la leptina en aquests teixits és I’AMPK, que juga un paper important

en la regulacio en el metabolisme energeétic de la cél-lula (109, 110).

1.6. Polifenols

Els polifenols sén compostos naturals que sintetitzen els vegetals i la principal funcio
és la de proteccio front infeccions de patogens bacterians o fungics i altres agents
nocius, com la radiacio ultraviolada (1211). Tots els polifenols deriven d'un intermediari
comu, la fenilalanina, o de I'acid shikimic. Es caracteritzen per presentar varis anells
fenolics per molécula i en funcié del nombre d'anells i de les caracteristiques dels
elements estructurals que els uneixen es classifiquen en acids fenodlics, flavonoids,

estilbens, lignans i tanins (112).

Els polifenols sdn constituents naturals de la dieta ja que es troben en abundancia en
les fruites, verdures, cereals integrals i bequdes derivades d’aquets aliments tals com
el te, el cafe, la cervesa i el vi. Aquests compostos aporten amargor, astringéncia,
color, sabor, olor i estabilitat oxidativa a I'aliment que els conté (113). Cap a finals del
segle XX, estudis epidemiologics suggerien fermament que el consum d’una dieta
rica en polifenols a llarg termini s’atribueix a un risc menor de patir problemes
cardiovasculars, inflamacid cronica, diabetis, obesitat, malalties neurodegeneratives
i altres malalties associades amb I'envelliment, aixi com el cancer (114, 115). Aixi, els
polifenols sdn objecte d'interés cientific creixent degut als seus possibles efectes

beneficiosos sobre la salut humana.

La biodisponibilitat dels polifenols depen en major mesura de la seva estructura que
de la concentracio en la que es troben en els aliments. L'estructura molecular
determina com és la seva absorcio i si té lloc a l'intesti prim o al colon. Alguns

polifenols poden ser absorbits en la forma nativa perd la majoria necessiten ser
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hidrolitzats pels enzims intestinals o la flora bacteriana, de forma que es modifiquen
de manera significativa: primer son conjugats en les cél-lules intestinals i després son
modificats en el fetge per metilacio, sulfatacio ifo glucuronidacid (116). Aixi, les
formes polifenoliques que arriben a la sang i teixits difereixen de les que es troben en
els aliments, la qual cosa dificulta la identificacid dels metabolits i I'avaluacio de

I'activitat biologica (117).

1.6.1. Polifenols i cancer

Un gran nombre d’estudis de tipus epidemiologic, preclinics i clinics posen de manifest
la capacitat dels polifenols per prevenir i tractar el cancer en diversos models cel-lulars
i animals (118, 119). Els polifenols sén capagos d‘inhibir la iniciacio, promocio i
progressid dels estats cancerosos (120), de forma que constitueixen un grup de

compostos prometedor per ser usats en tractaments anticancerigens.

Molts polifenols han estat estudiats per la seva activitat antioxidant, pero també s'ha
vist que poden actuar com a oxidants en funcié de la dosi (121). L'efecte
anticancerigen d'aquest grup de compostos s'atribueix al paper antioxidant que s’ha
vist que exerceixen a dosis fisiologiques. A dosis més elevades, dificils d'aconseguir a
través del consum diari normal, s’ha vist que exerceixen un efecte prooxidant que
podria contribuir a I'aparicié d’estats cancerosos (122). Es precisament aquest efecte
prooxidant el que converteix aquests compostos en potencials terapies coadjuvants

juntament amb els actuals farmacs prooxidants que s'usen per tractar el cancer.

S'ha vist que els polifenols exerceixen efectes anticancerigens a través de multiples
mecanismes d‘accid: eliminacié d'agents carcinogeénics, activacio dels enzims
antioxidants, regulacio del sistema immunitari, activitat antiinflamatoria, modulacio
de la senyalitzacio cel-lular, induccio de I'apoptosi i aturada del cicle cel-lular (123).
Alguns polifenols poden ser considerats fitoestrogens degut a que presenten una
estructura similar a la dels estrogens i es consideren moduladors selectius dels
receptors estrogenics (124). Especial interés ha suscitat el paper dels fitoestrogens en
el cancer de mama degut a que les propietats estrogéniques d'aquests compostos

podrien ser perjudicials en el cancer de mama sensible a estrogens (125).
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En la darrera decada, han sorgit tota una série d’estudis relacionats amb la capacitat
de certs polifenols per modular el metabolisme de la cél-lula tumoral (126). Com a
exemple, s’ha vist que els polifenols son capagos de modular la dinamica de la
cromatina i certes vies epigenetiques (127) tot afectant l|'activitat reguladora de
proteines clau en el metabolisme cancerds, tals com la SIRT1 (228). Aquests estudis
apunten cap a un futur dels polifenols com a eina per modular el metabolisme
canceros tot forcant les cél-lules cap a unes rutes metaboliques menys avantatjoses
per a la seva supervivencia, contribuint aixi en la destruccio de les ceél-lules tumorals

conjuntament amb les terapies anticancerigenes convencionals.

1.6.2. Paper de les sirtuines en el cancer. Polifenols

Les sirtuines son una familia de proteines amb activitat deacetilasa que detecten i
responen als canvis energetics cel-lulars degut a que la seva activitat depen del
cofactor NAD" (129). Juguen un paper essencial en les vies de senyalitzacid que
regulen la longevitat, a través de |'activacio de respostes per assegurar |'estabilitat
genomica, el manteniment de I'homeodstasi metabolica, la supervivéncia en
condicions d’estrés aixi com la proliferacio i diferenciacié cel-lulars (130). En mamifers
s’han descrit set tipus de sirtuines amb diferent localitzacié subcel-lular. Multiples
evidéncies estableixen que el cancer és una malaltia associada a I'envelliment, de
forma que ha estat inevitable estudiar la relacié entre les sirtuines i la carcinogénesi

sent les SIRT1i SIRT3 les que han rebut més atencio en aquesta malaltia.

Com ja s’ha comentat, el mitocondri juga un paper central en la carcinogénesi a través
de la generacié de ROS. La disfuncid mitocondrial associada a l'alteracio del
metabolisme oxidatiu s'ha observat en cél-lules tumorals i sembla contribuir a I'estres
oxidatiu cronic. Tant la SIRT1 com la SIRT3 es troben involucrades en la modulacié de
la funcid mitocondrial: la SIRT1 controla la induccid i progressio de la biogénesi
mitocondrial (231) i la SIRT3 es troba principalment en el mitocondri i regula |'estres
oxidatiu a traves de la desacetilacio de substrats involucrats en la produccid i
detoxificacio de ROS (232, 133), aixi com també en la B-oxidacié i metabolisme dels
aminoacids tot activant el metabolisme energetic (134). La hipotesi actual indica que

la SIRT3 podria conduir a les cel-lules tumorals cap a un metabolisme més oxidatiu,
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revertint parcialment I'efecte Warburg (135). En aquest sentit, en els darrers anys
alguns estudis manifesten la capacitat d'alguns tipus de polifenols per modular
I'expressid ifo activitat de les sirtuines. Especialment s’ha vist que alguns polifenols

poden activar la SIRT1 (136).

1.6.3. Xantohumol, 8-prenilnaringenina i cancer de mama

El xantohumol (XN) és el principal flavonoid prenilat de les inflorescéncies femenines
del llupol (Humulus lupulus L.). Aquesta planta també conté el flavonoid 8-
prenilnaringenina (8-PN), amb importants propietats estrogéniques. El IlUpol és
utilitzat en I'elaboracié de la cervesa per aportar sabor i amargor de forma que és la
principal font dietética d'aquests polifenols (137). EI XN s’ha descrit com a agent
anticanceros d'ampli espectre en estudis in vitro (137). L'estudi del XN com a agent
quimiopreventiu i quimioterapeutic contra el cancer ha guanyat importancia en la
darrera decada ja que s’ha vist que inhibeix la iniciacid, promocid i progressid de la
carcinogenesi (138, 139) aixi com també la metastasi (140). Especificament en la linia
de cancer de mama MCF-7 s’ha vist que el XN inhibeix el creixement cel-lular i indueix
I'apoptosi (141, 142) i un dels mecanismes que ho expliquen és que el XN causa un
efecte oxidant a través d’'un increment de ROS (143, 144). D'altra banda, també s’ha
vist que la 8-PN exerceix activitat quimiopreventiva contra el cancer (145) i inhibeix

I'activitat aromatasa (146).

1.6.4. Resveratrol i cancer de colon

El resveratrol (RSV) és un polifenol que es troba en els cacauets, en les baies i en grans
quantitats en la pell del raim vermell tot convertint el vi en una font important
d'aquest compost (147). El paper antienvelliment del RSV ha rebut especial
importancia i es basa en que actua com a un mimetic de la restriccio calorica, condicié
que allarga la vida en models animals i protegeix front malalties associades a |'edat.
D'aquesta forma, s’ha demostrat la seva funcidé protectora davant patologies
cardiovasculars, tals com I'arteriosclerosi i la hipertensid, aixi com també la diabetis,

obesitat i malalties neurodegeneratives (114).
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En els darrers anys, les propietats anticancerigenes del RSV han estat estudiades en
més profunditat. Com a resultat, s’ha descrit la seva capacitat per inhibir la iniciacid,
promocid i progressio dels estats cancerosos en linies cel-lulars i models animals (118,
119). No obstant, els estudis en humans son escassos ja que la seva biodisponibilitat
en alguns teixits és limitada degut a que després de ser consumit amb la dieta es
metabolitza rapidament en les cél-lules intestinals. Per aquest motiu, els efectes
anticancerigens en el tracte gastrointestinal son els que adquireixen més importancia,

degut a |'efecte local del RSV abans de la seva metabolitzacio (148).

El mitocondri s’ha descrit com a diana important del RSV, de forma que molts dels
seus efectes son atribuits a una modulacié de la funcid i dinamica mitocondrials (149).
En relaciéo amb aquests efectes sobre el mitocondri, alguns estudis han suggerit que el
RSV és capag de modular el metabolisme cancerds. Per exemple, en cancer d'ovari i
de mama el RSV redueix el metabolisme glucidic disminuit la viabilitat cel-lular i
induint apoptosi (150, 151). Aquests resultats suggereixen que la reprogramacio
metabolica podria ser un dels mecanismes anticancerigens del RSV. Pel que fa a les
dianes d'accié d'aquest polifenol, les sirtuines han estat suggerides com a possibles
candidates ja que s’ha vist que és capag d'activar la SIRT1 (152). La identificacié de les
dianes d'accio cel-lulars responsables dels efectes del RSV sera necessaria per

incrementar 'eficacia terapéutica d’aquest compost.

En resum, les evidéncies cientifiques que demostren que el metabolisme és un
component clau del procés carcinogenic i que pot constituir una finestra terapeutica
que permeti atacar el tumor de manera més selectiva o bé incrementar |'eficacia de
terapies ja desenvolupades, son cada vegada més nombroses. Les senyals que regulen
el metabolisme cel-lular, tant les hormones com compostos que mimetitzen o
antagonitzen la seva accio, es converteixen en una clau mestra per poder modular el
particular metabolisme de la cel-lula tumoral i comprometre la seva viabilitat. En
aquest context, la modulacié metabolica per part de la leptina i alguns polifenols

suposen un model excepcional per estudiar el metabolisme de la cél-lula tumoral.
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Els estudis d’aquesta tesi doctoral s’emmarquen dins dels objectius de tres projectes
desenvolupats en el Grup Multidisciplinar d'Oncologia Traslacional (GMOT) del
departament de Biologia Fonamental i Ciéncies de la Salut de la Universitat de les Illes
Balears (UIB). Els projectes “Metabolismo energético de la célula tumoral: una posible
diana en el tratamiento del cancer de mama (Pl12-01827)", “Accién del flavonoide 8-
prenilnaringenina (8-PN), principio estrogénico contenido en el lupulo de la cerveza, sobre
la modulacién de los niveles de produccion de ROS en linias celulares de cdncer de mama
con diferente ratio ERo/ER8", de tipus més aplicat, i el tercer “Hacia un diagndstico
personalizado en el cancer colorectal: influencia del metabolismo energético y estrés
oxidativo en la respuesta al tratamiento (Pl14/01434)" presenten com a objectiu I'estudi
de les caracteristiques del metabolisme energetic tumoral com a diana per
desenvolupar noves estrategies terapeutiques amb el denominador comu d’atacar el

cancer des del seu particular metabolisme.

Estudis previs en el nostre grup d’investigacio han posat de manifest la capacitat de la
leptina per induir la proliferacio cel-lular i disminuir I'estrés oxidatiu en la linia de
cancer de mama MCF-7 (104, 153), tot aportant propietats avantatjoses per a I'avang
de l'estat cancerds. Actualment, es coneix que aquesta adipoquina es troba
involucrada en el desenvolupament normal i tumoral del creixement mamari (94, 96-
99) i que els seus nivells en sérum s’incrementen a mesura que ho fa I'adipositat (154)
de forma que la hiperleptinémia associada a l'obesitat és un factor de risc per al
desenvolupament de cancer de mama en dones postmenopausiques obeses (86).
D’altra banda, i al contrari del que va postular inicialment Otto Warburg (63), en la
darrera década s’ha vist que el manteniment de mitocondris funcionals és un factor
important per a la supervivéncia i proliferacié de les cél-lules canceroses (155). Per
mantenir una funcionalitat adequada els mitocondris sofreixen continuament
processos de fusio i fissio (156), mentre que la biogénesi mitocondrial i la mitofagia
son dos processos coordinats que també contribueixen a aquest fi (157). Atesa la
relacié entre leptina i cancer de mama i la recent reconeguda importancia de les
funcions mitocondrials en les ceél-lules canceroses, ens vam platejar analitzar els
efectes d'aquesta hormona sobre la funcionalitat, dinamica, biogenesi i mitofagia

mitocondrials en la linia de cancer de mama MCF-7. Amb aquesta finalitat, es va
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comencar per corroborar els efectes de la leptina sobre la proliferacio cel-lular, la
produccié de ROS i el dany oxidatiu en proteines. A continuacio, per a I'estudi dels
efectes de la leptina sobre la funcionalitat mitocondrial, es van determinar els nivells
d’ATP a nivell basal i també en presencia d’un inhibidor de la glicolisi (2-DG) o de
I’ATPasa (oligomicina). A més, es va determinar el rati de consum d'oxigen (OCR)
basal, en presencia d'oligomicina i amb un inhibidor de la cadena de transport
electronic (antimicina A) de forma que es va poder conéixer el consum d’oxigen
depenent de la produccio d’ATP i del proton leak. D'altra banda, es va estudiar la
biogenesi i dinamica mitocondrials a partir de la determinacio de I'expressid dels gens
involucrats en la biogénesi mitocondrial (PGC-1a, TFAM i mtSSB), en la fusio (OPA1,
MNFz1 i MFN2) i en la fissio (FIS1 i DRP1) mitjancant RT-PCR i Western blot. Per a
I'estudi de la biomassa mitocondrial es va analitzar I'expressio dels complexes de
I'OXPHOS per Western blot aixi com les activitats maximes de I'’ATPasa i la COX. A
més, es va determinar la biomassa mitocondrial, lisosomal i autofagosomal amb
marcadors fluorescents i es va analitzar la mitofagia a partir de la colocalitzacio de
mitocondris i lisosomes per microscopia confocal i de la determinacié de la fosforilacio
de 'AMPK, principal regulador de I'autofagia. Els resultats i conclusions obtinguts es

presenten en el Manuscrit I.

A partir de I'observacié en el treball anterior de la capacitat de la leptina per estimular
el funcionament mitocondrial, vam voler estudiar els efectes d’aquesta hormona en el
metabolisme mitocondrial tumoral. Quan una cél-lula sana es transforma en tumoral,
necessita reprogramar el seu metabolisme per fer front a I'elevada proliferacid propia
de les cel-lules canceroses (64, 74). En els darrers anys, s'esta reavaluant la teoria de
I'efecte Warburg segons la qual les cél-lules tumorals obtenen I'energia de la glicolisi
degut a que els mitocondris sén disfuncionals (158). | és que el funcionament de les
vies anaboliques, tals com la via de les pentoses fosfat i el cicle de Krebs, és essencial
per mantenir una elevada sintesi de proteines, acids grassos i acids nucleics propies
d’un estat cancerds (74). D'aquesta forma, la preséncia de mitocondris funcionals es fa
necessaria i, de fet, s’ha vist que alguns tumors depenen principalment de la
fosforilacid oxidativa per a la seva supervivencia (75, 159). La importancia de I'estudi

de les caracteristiques del metabolisme energetic tumoral radica en el fet que aquest
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esta sent avaluat com a diana per al desenvolupament d’estrategies terapeutiques
que ataquen el cancer des del seu particular metabolisme. En aquesta linia, i en vista
de que en el treball anterior la leptina és capag¢ d'estimular el funcionament
mitocondrial, vam voler seqguir profunditzant en els efectes d’aquesta adipoquina
sobre el metabolisme i la bioenergetica tumorals en la linia MCF-7, especialment en
relacio al rol del mitocondri en aquets processos. Per a tal fi es va analitzar I'Us
metabolic dels distints combustibles dels que disposa la cel-lula tumoral: glucosa,
acids grassos i aminoacids. Les cel-lules van ser tractades amb leptina i es va
determinar l'efecte sobre I'OCR, la produccié d’ATP, la captacio de glucosa i la
produccid de lactat. Per a una millor comprensié dels canvis que la leptina indueix en
les distintes vies bioenergétiques, es van utilitzar inhibidors especifics de la glicolisi (2-
DG), de la B-oxidacio (etomoxir) o es va privar les cél-lules d'aminoacids. L'activacio de
determinades rutes metaboliques es va confirmar mitjancant |'analisi dels nivells de
proteines reqguladores d'aquestes vies mitjancant Western blot (CD36, CPT1, PPARq,
pAMPK, AMPK, OXPHOS, GLUT2, GAPDH, LDH i PDH) i mesurant les activitats dels
enzims metabolics CS, G6PDH, PC i PDH. Els resultats d'aquest estudi i les seves

conclusions es compilen en el Manuscrit 1.

El nostre grup d’investigacio ha comprovat, en estudis anteriors, la capacitat del
fitoestrogen genisteina per modular la viabilitat cel-lular, I'estrés oxidatiu i la
funcionalitat mitocondrial en la linia de cancer de mama MCF-7 (160, 161). En vista
d'aquests resultats i amb I'objectiu d'aprofundir en I'efecte dels fitoestrogens sobre el
funcionament mitocondrial, es va voler estudiar I'efecte dels polifenols xantohumol
(XN) i 8-prenilnaringenina (8-PN), considerat un dels fitoestrogens més potents, sobre
el metabolisme oxidatiu mitocondrial en la linia de cancer de mama MCF-7. EI XN i la
8-PN es troben de forma natural en la planta del llupol la qual és utilitzada en el procés
d’elaboracié de cervesa per aportar sabor i amargor (137). Els efectes preventius i
quimioterapeutics d'aquests compostos en relacié al cancer han estat estudiats i s’ha
vist que el XN inhibeix in vitro la iniciacid, promocio i progressio de la carcinogenesi
(138), sent la induccid de I'estres oxidatiu un dels mecanismes antiproliferatius del XN
(143). A dosis fisiologiques, la majoria de polifenols exerceixen un efecte protector

davant I'aparicio del cancer el qual és atribuit al seu paper antioxidant (121). No
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obstant, aquests compostos juguen un doble rol ja que a dosis més elevades, dificils
d'aconsequir a través del consum diari normal, provoquen un efecte prooxidant que
podria contribuir a I'aparicio d’estats cancerosos (122). Aquest paper prooxidant, a la
vegada, converteix aquests compostos en potencials terapies coadjuvants en el
tractament del cancer. A partir d’aquest paper dual que poden exercir els polifenols,
ens vam proposar estudiar els efectes d'un rang de dosis de XN i 8-PN en la viabilitat
cel-lular de la linia de cancer de mama MCF-7. A més, es va investigar el paper oxidant
d’aquests compostos determinant els nivells de ROS, I'estat de carbonilacio proteica
aixi com l'activitat dels enzims antioxidants CAT, SOD i GRd. L'efecte sobre la
funcionalitat mitocondrial es va comprovar a través de la determinacid dels nivells
proteics de SIRT1, SIRT3 i dels complexes de 'OXPHOS. El Manuscrit Il recull els

principals resultats i conclusions d’aquest treball.

En la mateixa linia d'investigacio dels efectes dels fitoestrogens en el cancer, en un
estudi previ en el nostre grup, vam observar que el resveratrol (RSV) exerceix un
efecte citotoxic en la linia de cancer de colon SW620 (162). El RSV és un fitoestrogen
que es troba en abundancia a la pell del raim vermell, convertint aixi el vi negre en la
principal font dietética d’aquest compost. La relacio existent entre el RSV i cancer es
basa en l'observacio de que aquest fitoestrogen és capag¢ d'inhibir la iniciacio,
promocid i progressié d'estats cancerosos (120). Degut a que el RSV és eficientment
absorbit en el tracte gastrointestinal abans de ser metabolitzat, els efectes
anticancerigens més notables s’han descrit en aquest teixit (148, 163). A més,
nombrosos estudis in vitro i en models animals han demostrat que el mitocondri és
una diana d’accié important del RSV pero els efectes moduladors sobre la dinamica i
funcio mitocondrials sén en certa manera controvertits (149, 164, 165). Mentre que en
algunes linies cel-lulars sanes i canceroses aixi com en models animals s’ha vist que el
RSV millora la funcionalitat i/o biogenesi mitocondrial (149, 164, 166), en altres
provoca disfuncionalitat d'aquest organul (165, 167). Tenint en compte que els
mecanismes pels quals el RSV regula la funcionalitat mitocondrial no es troben a hores
d’ara elucidats i considerant el seu potencial anticancerigen, vam decidir estudiar els
efectes d'aquest fitoestrogen en el metabolisme i bioenergética mitocondrials de la

linia de cancer de colon SW620. Per aix0, es van tractar les cél-lules amb una dosi
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fisiologica de RSV i es va analitzar la funcionalitat mitocondrial a partir de I'OCR en
presencia d'inhibidors mitocondrials (oligomicina, FCCP i antimicina A) per coneixer
I'oxigen consumit a nivell basal, en la produccié d’ATP i en el proton leak aixi com la
respiracio maxima i la capacitat respiratoria de reserva. A més, es va realitzar un
assaig MTT per conéixer I'activitat de les oxidoreductases i es va determinar I'activitat
COX. Per ampliar I'estudi de I'efecte del RSV sobre el mitocondri, es va analitzar la
biogenesi mitocondrial amb técniques de Western blot (OXPHOS, PGC-1a, NRFz,
NRF2 i TFAM) aixi com amb marcadors fluorescents (MTG i NAO) i determinant els
nivells de mtDNA. Amb I'objectiu d’analitzar possibles efectes del RSV en les vies
metaboliques, es va determinar I'Us dels diferents combustibles metabolics
mitjancant |'estudi de I'OCR, els nivells d’ATP i la produccio de lactat en presencia
d'inhibidors especifics de la glicolisi (2-DG), de la B-oxidacio (etomoxir) o en deprivacio
d’aminoacids, aixi com també es van determinar els nivells proteics de PDH i LDH.
Amb la finalitat d'identificar possibles dianes d'accio del RSV es van determinar els
nivells proteics de les SIRT1 i 3 i dels receptors estrogenics (ERa, ERB i ERRa). La
viabilitat cel-lular, la produccié de ROS, el potencial de membrana i els nivells
d'autofagia (MDC) i d'apoptosi (ruptura de la PARP, nivells d’annexina V i cicle
cel-lular) van aportar informacid sobre els efectes citotoxics del RSV en la linia SW62o0.
Per Ultim, es va analitzar l'efecte citotoxic d'una combinacio de RSV i del
quimioterapeéutic 5-fluorouracil. Els resultats obtinguts en aquest estudi i les seves

conclusions es discuteixen en el Manuscrit IV.

Els treballs recollits en aquesta tesi s’han dut a terme sota la direcci6 de la Dra. M2 del
Pilar Roca Salom i del Dr. Adamo Valle Gomez en el Grup Multidisciplinar d'Oncologia
Traslacional (GMOT) de I'Institut Universitari d’Investigacio en Ciéncies de la Salut
(IUNICS) de la Universitat de les llles Balears (UIB) i de I'Institut d’Investigacid
Sanitaria de Palma (IdISPa). Durant la realitzacid d'aquesta tesi, la doctoranda ha
gaudit d’'una beca d'investigacié de postgrau del programa Becas de Investigacion
Manuel de Oya del Centro de Informacion, Cerveza y Salud (Madrid, Espanya) i
principalment d’'una beca predoctoral del Programa Nacional de Formacion de
Profesorado Universitario (FPU) del Ministeri d’Educacio, Cultura i Deport del Govern

Espanyol. A més, gracies a l'obtencid d'una ajuda del programa Ayudas
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complementarias para beneficiarios de ayudas FPU, del mateix ministeri, la doctoranda
ha pogut realitzar una estada doctoral de tres mesos en el Research Department of
Cancer Biology del Cancer Institute a la University College London (UCL) sota la tutela
del Dr. Pablo Rodriguez Viciana. D'altra banda, el present treball ha estat possible
gracies als projectes d'investigacio finangats pel Fondo de Investigaciones Sanitarias
del Instituto de Salud Carlos Ill del Govern d’Espanya (Pl12/01827 atorgat en el 2012 i
Pl14/01434 atorgat en el 2014) aixi com a les ajudes de la Comunitat Autonoma de les
llles Balears (CAIB) cofinancades amb fons FEDER “Una manera de hacer Europa”
(31/2011 i AAEE22/2014). Finalment, s'ha comptat també amb el financament del
Centro de Investigaciones Biomédicas en Red de Fisiopatologia de la Obesidad y la

Nutricion (Ciberobn, CBo6/03) del Instituto de Salud Carlos /Il.
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3.1. Cultius cel-lulars

3.1.1. Caracteristiques de les linies cel-lulars MCF-7 i SW620

La linia cel-lular MCF-7, de I"’American Type Culture Collection, va ser obtinguda al 1970
d’un adenocarcinoma mamari metastasic d'una dona caucasica de 69 anys. Es tracta
de cel-lules epitelials adherents amb un temps de duplicacio de la poblacié de 29 h que
creixen en monocapa. Son ampliament utilitzades en estudis del cancer de mama in
vitro degut a que conserven caracteristiques particulars de I'epiteli mamari, tals com la
capacitat de resposta a estrogens a través de receptors estrogenics del citoplasma.
D'aqui que siguin un model molt emprat per a l'estudi del cancer mamari

hormonodependent.

La linia cel-lular SW620, també de I"’American Type Culture Collection, procedeix d'un
adenocarcinoma colorectal metastasic d'un home caucasic de 51 anys. Aquesta linia
es troba formada per cel-lules epitelials adherents, principalment de morfologia
petita, individual i esférica aixi com també bipolar. Son de creixement rapid i molt

tumorigéniques en ratolins immunodeprimits.

3.1.2. Procediments generals de cultius: manteniment i subcultiu

El treball amb les cel-lules es realitza en condicions estandard de cultiu cel-lular
mantenint un ambient esteril per reduir el risc de contaminacid. Les linies treballades
requereixen un nivell de bioseguretat |, de forma que s'empren cabines de seguretat
de classe I. Les cél-lules es mantenen a 37 °C en una atmosfera al 5 % de CO,. El medi
de cultiu rutinari és Dulbecco’s modified Eagle medium (DMEM) amb una elevada
concentracid de glucosa (4,5 g/l) suplementat amb un 10 % de sérum fetal bovi (FBS) i
un 1 % d‘antibidtics (penicil-lina 100 U/ml, estreptomicina 0,2 mg/ml). Pel
manteniment de les ceél-lules s’empren plaques pi10o, amb una superficie de

creixement aproximada de 55 cm®.

Quan la confluéncia cel-lular arriba al 70 — 80 % es realitzen subcultius emprant una
solucid de tripsina al 0,25 % i 0,02 % d’'EDTA, per obtenir les cél-lules en suspensio i
fer-les créixer en plaques noves. Després d’eliminar el medi de cultiu, s’eliminen les

restes de medi amb un rentat amb tampd PBS i es pipeteja 1 ml de tripsina-EDTA que
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es deixa incubar durant cinc minuts a 37 °C per desenganxar les cel-lules de la placa.
Seguidament s’inactiva la solucié de tripsina-EDTA amb 4 ml de medi complet i les
cel-lules recollides es dipositen en una placa nova. El rati de subcultiu emprat varia

entre 1:3 i 1:4 per les MCF-7 i entre 1:4 i 1:6 en el cas de les SW62o0.

3.1.3. Tractaments

Es sembren les cel-lules a una confluéncia tal que el dia del tractament sigui del 8o %.
En el Manuscrit Il i lll, 24 h abans del tractament, el medi de les cel-lules es canvia a
DMEM sense roig fenol suplementat amb un 10 % de charcoal-stripped FBS i un 1 %
d’antibiotics (penicil-lina 100 U/ml, estreptomicina 0,12 mg/ml) i el dia del tractament
aquest es subministra dissolt en aquest mateix tipus de medi. Els tractaments

realitzats en aquesta tesi son:

Manuscrit | Compost | Concentracio | Durada Vehicle Canvi previ de medi

I Leptina 50 ng/ml 24 h Medi No
I Leptina 100 ng/ml 24 h Medi Si
I xN | &00r-20uMI g 1 9% DMSO Si

0,01i5 uM
I gpN | %001m20BM I o1 1% DMSO Si

0,01i1 pM

5—160 pM
v RSV 48h | 0,03% DMSO No

10 pM

3.2. Metodologia de les determinacions realitzades

3.2.1. Analisi de la viabilitat cel-lular

L'efecte dels tractaments sobre la viabilitat cel-lular es determina sembrant les
cél-lules en plaques de 96 pouets (de fluorimetria per a la técnica del hoechst i
d’espectrofotometria per al cristall violeta), realitzant els tractaments pertinents i
determinant la densitat cel-lular mitjancant I'Us d'una de les segUents técniques:

- Hoechst 33342. S’elimina el medi dels pouets, es realitza un rentat amb PBS i
es pipetegen 100 pL d'una solucio de hoechst 0,01 mg/ml en PBS dins cada pouet. Es
deixa incubar la placa durant 5 minuts a 37 °C. A continuacio, es determina la
fluorescéncia de forma puntual amb unes longituds d’ona d’excitacié i d’emissio de
360i 460 nm, respectivament.
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- Cristall violeta. Sense eliminar el medi dels pouets, s'afegeixen 20 pl de cristall
violeta o,5 % (p/v) en acid acetic al 30 % i es deixa incubar durant 10 minuts a
temperatura ambient. A continuacio, s'elimina el medi i es realitzen varis rentats amb
aigua destil-lada. Finalment es solubilitza el cristall violeta amb metanol, s'agita la

placa uns minuts i es llegeix I'absorbancia a 570 nm.

Aquests metodes s'utilitzen també per referenciar alguns parametres determinats pel

nombre de cel-lules.

3.2.2. Determinacio dels nivells i la produccié de ROS

Una de les técniques emprades per avaluar el nivell d'estrés oxidatiu cel-lular és la
determinacio dels nivells i de la produccié de ROS. Per a tal fi, es sembren les cél-lules
en plaques de fluorimetria de 96 pouets, es realitzen els tractaments pertinents i es
procedeix amb una de les seguents técniques:

- DCFDA (diacetat de 2',7'-diclorofluoresceina), compost que s‘oxida en
presencia de ROS i emet fluorescencia. S’elimina el medi dels pouets, es realitza un
rentat amb PBS i es pipetegen dins cada pouet 100 plL d’'una solucié de DCFDA 10 pM
en PBS suplementada amb glucosa 20 mM. Es deixa incubar la placa durant 15 minuts
a 37 °C. A continuacio, es determina la fluorescéencia de forma puntual amb unes
longituds d’ona d’excitacid i d’emissio de 485 i 528 nm, respectivament.

- Amplex Red® (10-acetil-3,7-dihidrofenoxazina de Thermo Fisher Scientific),
compost que reacciona amb el H,0, i, mitjancant una reaccio catalitzada per la
peroxidasa, es forma el compost fluorescent resorufina. S’elimina el medi dels pouets,
es fa un rentat amb PBS i s’introdueixen 100 pL de tampd Krebs-Ringer fosfat (NaCl
145 mM, KCl 4,86 mM, CaCl, o,54 mM, MgSO, 1,22 mM, glucosa 5,5 mM i fosfat de
sodi 5,7 mM a pH 7,4), suplementat amb Amplex Red® 5o uM i peroxidasa de rave
(HRP) 0,2 U/ml. Es monitoritza la fluorescéncia durant una hora amb unes longituds

d’ona d’excitacid i d’emissio de 570 i 585 nm, respectivament.

Aquests parametres es normalitzen per la densitat cel-lular determinada amb els

meétodes del hoechst o cristall violeta, descrits anteriorment.
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3.2.3. Determinacio de la concentracio de proteines

La tecnica del Western blot i I'analisi de les activitats enzimatiques requereixen la
determinacio de la concentracié de proteines de la mostra per carregar en el gel la
mateixa quantitat de proteina de totes les mostres i per referenciar els valors
d'activitat per mg de proteina, respectivament. Per a tal fi, s'utilitza el metode de
I'acid bicinconinic (BCA) que es basa en la capacitat de les proteines per reduir ions
cUprics a cuprosos en condicions alcalines. Aquests ions cuprosos reaccionen amb el
BCA i aquest passa d'un color verdds a un color rosat, la intensitat del qual és
proporcional a la quantitat de proteina de la mostra. Per dur-ho a terme, s'usa un kit
comercial (BCA protein assay kit, de Thermo Fisher Scientific), seqguint les indicacions

del fabricant.

3.2.4. Determinacié semiquantitativa dels nivells de proteina per Western blot

Per quantificar de forma relativa els nivells de certes proteines individuals de les
mostres s'utilitza la tecnica del Western blot. Aquesta compreén una separacio inicial de
les proteines en funcio del seu pes en un gel, la seva transferencia a una membrana i

finalment la deteccid de la proteina desitjada mitjancant I'Us d'anticossos especifics.

3.2.4.1. Recollida de les mostres

El primer pas de la técnica del Western blot és recollir les cél-lules i obtenir-ne un lisat.
Per aixo, s'elimina en medi de les cél-lules sembrades en p1oo i es fa un rentat amb
PBS per eliminar restes de medi, a continuacio s'afegeixen 8oo pl de tampd de lisi
RIPA fred la composicié del qual és: Tris-HCl 5o mM, NaCl 150 mM, SDS o,1 %,
deoxicolat sodic 0,5 %, Trité x-100 1 %, EDTA 1 mM, Na;VO, 1 mM, PMSF 1 mM,
leupeptina 0,01 mM, pepstatina 0,010 mM i NaF 1 mM a pH 7,5. Una vegada pipetejat
el tampo, es recullen les cel-lules mitjangant I'Us de scrappers i es transfereixen a tubs.
Seguidament, es soniquen les mostres (amplitud 40 %, tres polsos de 10 segons), en
gel per evitar que s’encalenteixin. Finalment, es realitza una centrifugacio a 14.000 g
durant 10 minuts a 4 °Ci el sobrenedant és utilitzat per carregar el gel mentre que el
precipitat es descarta. Sequidament, es determina la concentracié proteica de les

mostres tal i com s’ha descrit anteriorment mitjancant el metode del BCA.
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3.2.4.2. Preparacio de les mostres

Una vegada que les proteines cel-lulars es troben ben solubilitzades i s’ha determinat
la concentracid proteica, es procedeix a preparar les mostres. En aquesta tesi s’han
carregat els gels amb una concentracid de proteina d’entre 30 i 40 pg. Es preparen les
mostres en tubs pipetejant el volum de mostra que conté la quantitat de proteina
desitjada, tampd de carrega amb una relacio 3:1 (volum final:tampo) i el volum de
tampo RIPA necessari per ajustar i carregar el mateix volum de totes les mostres. Els
components del tampo de carrega i la seva concentracio son: Tris 0,25 M pH 6,8, SDS
10 % (v/v), glicerol 40 % (v/v), blau de bromofenol 0,2 % (p/v) i s'afegeix un 10 % de
B-mercaptoetanol en el moment de la seva utilitzacio. Una vegada preparades les
mostres i abans de carregar-les en el gel, es bullen durant 5 minuts per tal de

desnaturalitzar les proteines i facilitar la unio del SDS.

3.2.4.3. Electroforesi SDS-PAGE

Per a I'electroforesi de les proteines es preparen gels de poliacrilamida formats per un
gel concentrador de menor concentracid i un gel separador de concentracio superior.
Aquesta diferencia de concentracions fa possible una major resolucio en la separacio
de proteines. Es disposen els gels en cubetes electroforetiques que s'omplen amb
tampo d’electroforesi i es carreguen les mostres preparades. Es tanca el sistema i es
connecta a una font d'electroforesi aplicant un voltatge de 8o V durant els primers 15
minuts i posteriorment de 100 V, deixant correr les mostres el temps desitjat en funcid

del pes molecular de les proteines a determinar.

3.2.4.4. Electrotransferéncia humida

S'utilitza I'electrotransferéncia humida per a que les proteines, mitjancant I'aplicacid
d'una corrent eléctrica, passin del gel a una membrana de nitrocel-lulosa. Es realitza el
muntatge del sistema de transferéncia, el qual es basa en col-locar junts el gel i la
membrana col-locant entre ells i els eléctrodes cartons i esponges banyats en tampd
de transferéncia per tal que la uni6 entre el gel i la membrana sigui compacta. Es
important submergir el sistema de transferéncia en un recipient amb gel aixi com
també usar plaques de gel dins la cubeta de transferéncia. El voltatge utilitzat per

aquest procés és de 100V durant 9o minuts.
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3.2.4.5. Immunodeteccio

Una vegada les proteines es troben sobre la membrana, es procedeix a la
immunodeteccio de la proteina d'interes. Per aixo, primer es realitza un bloqueig amb
llet, sequit de rentats per eliminar restes, incubacié amb |'anticos primari, rentats amb
TBS-T, incubacié amb I'anticos secundari i finalment rentats i revelat. La deteccio de
les bandes es realitza amb el kit comercial Inmunostar Western Chemilumeniscence Kit
de Bio-Rad laboratories. Aquest sistema es basa en el fet que I'anticos secundari té
unida una molécula de peroxidasa de rave que oxida el luminol en preséncia de
peroxid d’hidrogen i es produeix una emissio de llum que és detectada amb el

captador Chemidoc XRS (Bio-Rad laboratories) i el software Quantity one.

3.2.5. Quantificacio de les proteines carbonilades

Els ROS cel-lulars poden oxidar les proteines modificant-les de forma covalent. Una de
les modificacions que tenen lloc quan aixo ocorre és la formacio de grups carbonils,
especialment degut a la interaccio del radical hidroxil amb la cadena lateral dels
aminoacids Pro, Arg, Lys i Thr. La deteccid d'aquests grups carbonils és indicador del
dany oxidatiu en proteines i es basa en la seva reacciéo amb la 2,4-dinitrofenilhidrazina
(DNP) per formar 2,4-dinitrofenilhidrazona (DNPH), compost reconegut amb un
anticos especific. Per detectar I'oxidacio proteica de les mostres, es separen 20 pg de
proteina dels lisats cel-lulars en un gel SDS-PAGE al 12 % i es transfereixen a una
membrana de nitrocel-lulosa. Posteriorment, les proteines sobre la membrana es
derivatitzen amb el kit comercial Oxyselect Protein Carbonyl Immunoblot Kit (Cell
Biolabs), seguint les instruccions del fabricant, el qual es basa en una incubacid inicial
amb DNP i una posterior neutralitzacid. Finalment es bloqueja la membrana i s'incuba

amb un anticos especific per detectar la DNPH.

3.2.6. Analisi de les activitats enzimatiques

Per determinar les activitats enzimatiques de les mostres, el primer pas consisteix en
recollir les cél-lules de les plaques, generalment de 6 pouets (9,5 cm®). Per aixo,
s'aspira el medi de les plaques i es fa un rentat amb PBS. Sequidament, es pipeteja 1
ml de PBS fred i amb I'ajuda d'un scrapper es recull el contingut de les plaques en tubs.

A continuacid, es centrifuguen a 5.000 rpm durant 5 minuts a 4 °C i es descarta el
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sobrenedant, mentre que el precipitat es resuspén en 200 pl d'una solucié tamponada
(Tris-base 3,6 mM, Tris-HCl 16,4 mM, EDTA 2mM, KCl 40 mM, pH 7,4) i es sotmet a
sonicacio mantenint els tubs en gel (amplitud 40 %, tres polsos de 10 segons). A
continuacio, es procedeix a la determinacié de les activitats enzimatiques aixi com
també la concentracid de proteines mitjancant la tecnica del BCA, explicada

anteriorment. Per cada determinacio, es preparen les mostres i blancs per duplicat.

3.2.6.1. Determinacio de l'activitat catalasa
La catalasa (CAT, EC 1.11.1.6) és un enzim oxidoreductasa implicat en la destruccio del
peroxid d'hidrogen (H,O,) generat en el metabolisme cel-lular. La reaccié general
implica la reduccio del H,0, a través de l'acceptacio dels atoms d’hidrogen del
donador (H,R):

H.O, + H,R—> 2H,0 +R

La CAT presenta dos tipus d'activitats, la catalitica i la peroxidativa. En la funcio
catalitica, el donador és una altra molecula de H,0, i aquesta funcid només la pot

realitzar I'enzim en la seva forma tetramérica:

H,O0,+H,0,—> 2H,0+0,

En la reaccid peroxidativa, I'enzim pot utilitzar com a donadors d'hidrogen el metanol,
I'etanol, I'acid formic, el fenol i el formaldehid i aquesta funcid la pot realitzar I'enzim
en forma de monomer, dimer i tetramer. La determinacio de I'activitat de la CAT es
basa en el metode descrit per Johansson i Borg (168) en el qual s'utilitza la funcid
peroxidativa de la CAT i el metanol (CH;0H) com a donador d’hidrogens. El métode es
basa en la reaccid entre I'enzim i el metanol en presencia d'una concentracié optima
de H,0,. Com a resultat de la reaccio, es forma el formaldehid (H,CO) que es
determina colorimétricament mitjancant el cromogen Purpald® de Sigma (4-amino-3-
hydrazino-5-mercapto-1,2,4-triazole). El producte de reaccié entre el formaldehid i el

Purpald® és oxidat pel periodat de potassi donant-se un canvi de color:

H,0, + CH;OH ————>2H,0 + H,CO
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Reactius:

- Tampd d‘assaig: K,HPO,/KH,PO, 100 mM, pH 7,0

- Tampo de mostra: K,HPO,/KH,PO, 25 MM, EDTA1mMiBSA al 0,1 %, pH 7,5

- Patro de formaldehid: es prepara una dissolucid 4,25 M de formaldehid la qual
es dilueix 1/1.000 i a partir d'aquesta es realitza un patro de tubs estandards
amb les concentracions o, 5, 15, 30, 45, 60, 75, 90, 105, 120, 135 i 150 UM

- KOH1oM

- H,O,35 mM

- Purpald® 34,2 mMenHClo,5 M

- KIO, 652mMenKOHo,5M

Procediment: S'utilitzen plaques de 96 pouets d’espectrofotometria. Per preparar el
patro de formaldehid, a cada pouet del patro es pipetegen 100 pl de tampd d'assaig,
30 pl de metanol i 20 pl de cada un dels tubs estandards preparats. Per a les mostres,
es pipetegen 115 pl de tampd d'assaig, 30 pl de metanol i 5 pl de mostra per pouet. A
continuacio, s'afegeixen 20 pl de H,0, a tots els pouets per iniciar la reaccio, es
cobreix la placa i s'incuba durant 20 minuts en agitacid a temperatura ambient. Passat
aquest temps, s'afegeixen 30 pl de KOH a tots els pouets per a que finalitzi la reacciod i
seguidament 30 pl de Purpald®. Es cobreix la placa i s'incuba durant 10 minuts en
agitacio a temperatura ambient. S'afegeixen 10 pl de KIO, a cada pouet, es cobreix la
placais'incuba de nou durant 5 minuts en agitacio a temperatura ambient. Finalment,

es llegeix I'absorbancia a 540 nm.

3.2.6.2. Determinacio de l'activitat superoxid dismutasa

La superoxid dismutasa (SOD, EC 1.15.1.1) és el principal enzim antioxidant que
neutralitza 'ani6 superoxid (0,7), format principalment a nivell dels complexes de la
cadena respiratoria mitocondrial. La determinacié d'aquesta activitat es basa en el
metode descrit per Quick et al. (169) el qual es fonamenta en el fet que quan es genera
0, a través de l'acci6 de la xantina oxidasa (XOD), al ser aquest radical una espécie
molt reactiva, aleshores redueix el citocrom c. No obstant, en presencia de SOD, part

de I'anié superoxid es transforma en peroxid d’hidrogen i per tant la reduccié del
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citocrom c es veu reduida. D'aquesta forma, es detecta la reduccio del citocrom c a

550 nm la qual és inversament proporcional a I'activitat SOD de la mostra:

SOD

XOD L : catalasa

Xantina + 0, —> Acid Uric + O,” H,0,—> H,0+0,

0>

Citocromc Citocromc
oxidat reduit

Reactius:

- Tampd d'assaig: PBS, pH 7,4
- Citocromc1,95 mM

- SOD 10.200 U/ml

- XOD 335 mU/ml

- Xantinaio mM

- Catalasa 6.000 U/ml

Procediment: Es treballa amb plaques de 96 pouets d’'espectrofotometria amb un
volum final de 250 pL. En els pouets amb mostra es pipetegen 205 pl de PBS, 25 pl de
mostra, 9 pl de XOD, 2,5 pl de xantina, 2,5 pl de catalasa i 6 pl de citocrom c.
Paral-lelament hi ha un control 1 que no conté mostra (es substitueix per PBS), un
control 2 que conté 25 pl de SOD en lloc de mostra i un blanc amb 250 pl del tampd on
s’ha dissolt la mostra. Una vegada pipetejat tots els reactius, s'agita la placa i es llegeix

I'augment d’absorbancia a 550 nm degut a la reduccio del citocrom c.

3.2.6.3. Determinacio de I'activitat glutatio reductasa

La glutatio reductasa (GRd, EC 1.8.1.7) catalitza la reduccio del glutatio oxidat (GSSG)
a glutatio reduit (GSH) utilitzant NADPH com a agent reductor. L'activitat d’aquest
enzim pot ser quantificada seguint la disminucié de I'absorbancia a 340 nm degut a
I'oxidacio del NADPH a partir del metode de Carlberg i Mannervik (170):

GSSG + NADPH + H' —CSRA_ ,GSH + NADP*
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Reactius:

- Tampo d'assaig: K,HPO,/KH,PO4 50 mM, EDTA-Na* 1 mM, pH 7,6
- NADPH 1,4 mM
- GSSG3,5mM

Procediment: S'utilitzen plaques de 96 pouets d'espectrofotometria i dins cada pouet
es pipeteja en el segient ordre: 220 pl de tampo d'assaig, 10 pl de NADPH i 5o pl de
mostra. S'incuba la placa a 37 °C durant 5 minuts i a continuacio s'inicia la reaccid

afegint 20 pl de GSSG. Es llegeix la disminucio d’absorbancia a 340 nm.

3.2.6.4. Determinaciod de I'activitat ATPasa
L'ATPasa (EC 3.6.1.3) és un enzim mitocondrial encarregat de la produccié d'ATP des
del gradient protonic mitocondrial en la cadena respiratoria. La determinacio
d’'aquesta activitat es basa en un meétode espectrofotométric fonamentat en
I'acoblament de varies reaccions enzimatiques de forma que finalment s'avalua el
descens d'absorbancia a 340 nm a causa de I'oxidacié del NADH:
ATPasa
a) ATP ———* ADP+Pi
Piruvat

by  PEP+ADP —1%8 _ ATP 4 Piruvat

LDH
) Piruvat + NADH + H* — Lactat + NAD"

Reactius:
- Tampo d'assaig: sacarosa 0,333 M, MgSO, 6,3 mM, HEPES 63,33 mM, NADH
0,442 mM, pH 8
- Fosfoenolpiruvat (PEP) 0,12 M
- Piruvat cinasa (PK) 20 pg/ml
- Lactat deshidrogenasa (LDH) 10 pg/ml
- Antimicina 2 pg/ml

- Trifosfat d'adenosina (ATP) 0,2 M
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Procediment: S'utilitzen plaques de 96 pouets d'espectrofotometria i dins cada pouet
es pipeteja en el segient ordre: 150 pl de tampo d'assaig, 5 pl de PEP, 10 pl de PK, 5 pl
de LDH, 10 pl d'antimicina i 120 pl de mostra. Seguidament s’agita la placa durant 1
minut i després es deixa que el sistema s'estabilitzi durant 5 minuts. Per acabar,
s'afegeixen 10 pl d'ATP per tal que comenci tota la cadena de reaccions. S'agita la
placa durant 15 segons i es llegeix la disminucio d'absorbancia a 340 nm, que sera

deguda a la desaparicié del NADH.

3.2.6.5. Determinacio de l'activitat citocrom c oxidasa

La citocrom c oxidasa (COX, EC 1.9.3.1) és un complexe enzimatic integral de la
membrana mitocondrial interna i suposa el darrer complexe de la cadena respiratoria.
Catalitza la reduccio de I'oxigen a aigua a partir de quatre electrons que provenen del
citocrom c reduit. La seva determinacié es basa en el meétode descrit per
Chrzanowska-Lightowlers et al. (171) el qual es fonamenta en el fet que el citocrom ¢
reduit es pot tornar a oxidar en una reaccié en la qual el tetraclorur 3,3'-

diaminobenzidina (DAB) polimeritza i es detecta a 450 nm:

4Fe® +8H++0, ————» 4 Fe’ +2H,0+ 4 H'

DAB monomer + 4 Fe3* —— DAB polimer + 4 Fe*"

Reactius:
- Tampo d'assaig: NaH,PO, 0,2 M pH 7
- DABgmM
- Catalasa 2 pg/ml

- Citocrom c reduit 200 pM

Procediment: S'utilitzen plaques de 96 pouets d'espectrofotometria i dins cada pouet
es pipeteja en el seguent ordre: go pl de tampo d'assaig, 10 pl de catalasa, 40 pl de
mostra i 20 pl de DAB. S'agita la placa durant 30 segons i s'afegeixen 30 ul de citocrom
c reduit, s'agita de nou durant uns segons i es mesura I'augment d'absorbancia a 450

nm.
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3.2.6.6. Determinacio de I'activitat citrat sintasa

La citrat sintasa (CS, EC 2.3.3.1) catalitza la primera reaccio del cicle de Krebs
mitjancant la qual I'acetil-CoA es condensa amb |'oxalacetat per formar citrat. En el
meétode utilitzat per mesurar la seva activitat, la quantitat d'oxalacetat utilitzat per
unitat de temps és una mesura de I'activitat catalitica de la CS. En abséncia d‘altres
reaccions en les que intervé 'oxalacetat, la seva utilitzacié es pot monitoritzar per la
relacio d'acetilpiridina adenina dinucleotid (APAD) que s’ha reduit. Amb malat i excés
de malat deshidrogenasa (MDH), la reaccié afavoreix |'aparicié d'oxalacetat i una
reduccié concomitant d’APAD. Durant la prova, a mesura que l'oxalacetat es
consumeix per accio de la CS, la concentracid d’APAD reduit s'incrementa al mateix

temps que I'oxalacetat disminueix. Es monitoritza la reduccié de I’APAD a 365 nm:
L-malat + APAD + MDH ——— Oxalacetat + APADH + H*
. CS .
Oxalacetat + acetil-CoA + H,O —— Citrat + CoA

Reactius:
- Tampd d'assaig: TEA 0,1 M, trit6 x-100 al 0,07 %, pH 8,5
- L-malat 140 mM pH 7,5
- APAD 10 mM
- MDH 600 Ul/ml
- Acetil-CoA 8,4 mM

Procediment: S'utilitzen plaques de 96 pouets d'espectrofotometria i dins cada pouet
es pipetegen 200 pl de tampo, 10 pl de malat, 10 pl d’APAD, 10 pl de MDH i 10 pl de
mostra. Finalment, s’afegeixen 10 pl d'acetil-CoA (volum final 250 pl) i es mesura

I'absorbancia a 365 nm de forma continua.
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3.2.6.7. Determinacio de I'activitat glucosa-6P deshidrogenasa

La glucosa-6-fosfat deshidrogenasa (G6PDH, EC 1.1.1.49) és I'enzim que catalitza la
reaccio clau de la via de les pentoses fosfat, la qual permet generar el poder reductor
en forma de NADPH necessari per a la sintesi d'acids grassos i pentoses fosfat per a la
formaciéd d‘acids nucleics. La determinacio de la seva activitat es realitza

monitoritzant |'aparicio de NADPH a 340 nm:

NADP* NADPH

B-D-glucosa-6P M, D-gluconolactona-6P

Reactius:
- Tampd d'assaig: TEA 0,2 M, MgCl, 2,5 mM, pH 7,4
- NADP' 26 mM
- Glucosa-6P 66 mM

Procediment: S'utilitzen plaques de 96 pouets d'espectrofotometria i dins cada pouet
es pipetegen 200 pl de tampo, 10 pl de NADP" i 10 pl de mostra. Finalment, i per
comencar la reaccio, s'afegeixen 30 pl de glucosa-6P (volum final 250 pl), s'agita la

placaies mesura I'absorbancia a 340 nm de forma continua.

3.2.6.8. Determinacio de I'activitat piruvat carboxilasa

La piruvat carboxilasa (PC, EC 6.4.1.1) és I'enzim que catalitza la conversid del piruvat
en oxalacetat, de forma dependent d’ATP i utilitzant I'acetil-CoA com a activador
al-lostéric. Es tracta d'un enzim clau en una reaccié anaplerotica ja que intervé en
mantenir concentracio suficient dels diversos components del cicle de Krebs. La
determinacio de la seva activitat es basa en un metode adaptat de Warren i Tripton
(172) en el qual es mesura la conversio del piruvat a oxalacetat a través d'una reaccio
acoblada catalitzada per la malic deshidrogenasa (MDH) que oxida el NADH a NAD:

PC (+acetil-CoA)
Piruvat + ATP + HCO?3 » Oxalacetat + ADP + Pi

DH
Oxalacetat + NADH ——  Malat + NAD
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Reactius:
- Substrat: trietanolamina 135 mM, MgSO, 7 mM, piruvat g mM i BSA al 0,15 %
(p/v), pH 8
- Agent A: acetil-CoA 0,25 MM i MDH 15 U/ml
- Agent B: trietanolamina 100 mM, ATP 30 mM i KHCO, 450 mM, pH 8
- NADH 2,6 mM

Procediment: Es realitza una mescla del substrat, I'agent A i el NADH en una
proporcid 20:5:2,5 i s'ajusta a pH 7,8. S'utilitzen plagues de 96 pouets
d'espectrofotometria i dins cada pouet es pipetegen 235 pl de la mescla anterior i 5 pl
de mostra. S'agita la placa i sequidament s'afegeixen 10 pl de I'agent B, s'agita la placa

i es llegeix I'absorbancia a 340 nm de forma continua.

3.2.6.9. Determinacio de I'activitat piruvat deshidrogenasa

La piruvat deshidrogenasa (PDH, EC 1.2.4.1) és l|'enzim regulador clau del
metabolisme cel-lular ja que uneix el cicle de Krebs i la fosforilacié oxidativa amb la
glicolisi i la gluconeogenesi aixi com també amb el metabolisme lipidic i aminoacidic.
L'activitat d’aquest enzim es troba requlada per fosforilacid, de forma que quan es
troba fosforilat és inactiu mentre que en estat desfosforilat és actiu. La determinacio
de l'activitat PDH es realitza amb el kit comercial PDH Enzyme Activity Microplate
Assay Kit (Abcam). Consisteix aixi en un kit ELISA amb anticossos monoclonals que
immunocapturen la PDH de les mostres en estat intacte i funcional en una microplaca
abans de la determinacio de la seva activitat. Una vegada la PDH es troba
immnobilitzada en els pouets de la placa, s'afegeix el substrat i es segueix la reduccid
del NAD" a NADH, reaccio6 que es troba acoblada a la reduccié d'un colorant indicador
que déna com a resultat un producte groc la concentracio del qual es pot monitoritzar

mesurant I'increment d’absorbancia a 450 nm:
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Colorant

QU
LN

NAD* NADH

NS%

Piruvat + Coenzim A CO, + Acetil-Coenzim A

3.2.6.10. Determinacio de I'activitat glutamat deshidrogenasa

La glutamat deshidrogenasa (GDH, EC 1.4.1.3) és un enzim present a la matriu
mitocondrial que catalitza la desaminacio del glutamat per donar a-cetoglutarat. Es
troba en una posicio que connecta el metabolisme dels aminoacids, el cicle de Krebs i
el cicle de la urea. L'activitat de I'enzim es mesura amb un assaig de dues reaccions, en
les quals es consumeix oxoglutarat i es genera NAD™:

GDH (+ADP)
2-oxoglutarat + NADH + NH,” ©————* L-glutamat+ NAD" + H,0

LDH
Piruvat + NADH <«——— Lactat + NAD"

L’equilibri de la reaccio esta afavorit cap a la formacio de glutamat i la GDH necessita
2-oxoglutarat i amoni com a substrats i NADH com a coenzim. La reaccid se segueix
per la disminucié de I'absorbancia per l'oxidacié del NADH a NAD®. Per evitar la
inhibicio de Il'activitat de la GDH per un excés de NADH, 2-oxoglutarat i NHz",
s'afegeix a la reaccid ADP, que activa I'enzim. A més, s'afegeix LDH per eliminar el
piruvat abans d‘iniciar la reaccié d’interés, ja que aquest pot interferir en la lectura. Per
aixo, es fa una primera lectura i després s'afegeix el substrat de la GDH i es fa la

segona lectura.

Reactius:
- Tampd d'assaig: TEA 64, 5 mM, EDTA 3,22 mM i acetat d'amoni 129 mM, pH 8
- 2-oxoglutarat 217 mM

- NADH 6,45 mM, ADP 32,3mM i 65 kU/L LDH
51



Ma del Mar Blanguer Rossellé — Tesi doctoral

Procediment: Es realitza una mescla de 25 parts de tampo d‘assaig amb 2 parts de
NADH/ADP/LDH i s'afegeixen 200 pl d’aquesta mescla a cada pouet en plaques de 96
pouets d'espectrofotometria. A continuacid, s'afegeixen 8o pl de mostra, s'agita la
placa i s'incuba durant 5 minuts a temperatura ambient. Es fa una primera lectura a
334 nm. S'afegeixen 20 pl de 2-oxoglutarat i es fa una segona lectura a la mateixa
longitud d‘ona. Per fer els calculs, cal restar la pendent dels blancs i de la primera

lectura als valors de pendent de la segona lectura.

3.2.7. Determinacio de la produccio de lactat
El meétode es basa en la capacitat de la lactat deshidrogenasa (LDH) per convertir el
lactat en piruvat en preséncia de NAD" segons la segient reaccio:

LDH
Lactat + NAD" + H" ————> Piruvat + NADH

D’aquesta forma, els nivells de lactat es poden determinar mesurant la formacié de
NADH amb un espectrofotometre o fluorimetre. Per desplacar la reaccio cap a la
formacid de piruvat, de manera que es transformi tot el lactat present, s’afegeix hidrat
d’hidrazina que reacciona amb el piruvat i forma una hidrazona, evitant aixi
I'acumulacié de piruvat. A més, s'utilitza NAD" en excés i la isoforma cardiaca de la
LDH, ja que els seus parametres cinetics son els millors per catalitzar la reaccié en

direccid lactat = piruvat:

Piruvat + NAD" + Hidrazina— Hidrazona de piruvat + NADH

Reactius:

- Tampd A: glicina 840 mM i hidrat d’hidrazina 660 mM, pH 9
- NAD'40mM
- LDH125U/ml

- L-lactat 2,5 mM

Procediment: En plaques de fluorimetria de 96 pouets, es prepara un patro de lactat

pipetejant un volum de L-lactat 2,5 mM i aigua tal per tenir les concentracions o, 25,

52



MATERIALS | METODES

50, 75, 100 i 125 nmols lactat/pouet amb un volum final de 100 pl. A continuacio, es
pipetegen 10 pl de les mostres i se’ls hi afegeix go pl d'aigua. Tot sequit, a tots els
pouets (mostres i patro) s'afegeixen 160 pul de tampd i 20 pl de NAD*. S'agita la placa i
es llegeix la fluorescencia amb unes longituds d’ona d’excitacio i emissio de 360 nm i
460 nm, respectivament. Sequidament, es pipetegen 10 pl de I'enzim LDH i es deixa la
placa una hora a temperatura ambient protegida de la llum. Passat aquest temps, es
torna a llegir la fluorescencia. L'increment de fluorescéncia entre la primera lecturaii la

segona s'utilitza per calcular la concentracio de lactat amb I'ajuda de la recta patro.

Disseny experimental: Es sembren les cél-lules en plaques de fluorimetria de cultius de

96 pouets i es realitza el tractament pertinent. Després d'aquest, es substitueix el
medi de les cel-lules per medi fresc amb renovacio del tractament juntament amb 2-
DG, oligomicina o vehicle (DMSO) i sequidament es recol-lecten aliquotes de medi
dels pouets cada dues hores durant les proximes 6 o 8 hores. Aquestes aliquotes son
usades per determinar la concentracié de lactat i una aliquota de medi fresc
representa la concentracid de lactat a temps o. Immediatament després de recollir el
medi, es determina la densitat cel-lular pel metode del cristall violeta per poder

referenciar la concentracio de lactat al nombre de cél-lules.

3.2.8. Determinacio de la captacié de glucosa

Es realitza mitjancant |'0s del kit comercial Glucose MR Kit de Linear
Chemicals/Cromatest. Aquest kit es basa en la reaccid de Trinder (173, 174), segons la
qual la glucosa és oxidada a D-gluconat per la glucosa oxidasa (GOD), amb formacio
de peroxid d'hidrogen. En preséncia de peroxidasa (POD), el fenol i la 4-
aminoantipirina (4-AA) es condensen per accio del peroxid d’hidrogen, formant una
quinonaimina vermella proporcional a la concentracid de glucosa de la mostra:

GOD
B-D-Glucosa + H,0 + O, ———— D-Gluconat + H,0,

4-AA + Fenol %» Quinonaimina + H,0
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Disseny experimental: Es sembren les cél-lules en plaques de colorimetria de cultius de

96 pouets i es realitza el tractament pertinent. Després d'aquest, es substitueix el
medi de les cél-lules per medi fresc amb renovacié del tractament juntament amb
oligomicina o vehicle (DMSO) i es deixa incubar la placa durant 24 h més. El seguent
dia, es recol-lecta una aliquota de medi de cada pou i s'utilitza per determinar la
concentracid de glucosa, utilitzant una aliquota de medi fresc com a indicadora de la
concentracid de glucosa a temps o. Immediatament després de recollir el medi, es
determina la densitat cel-lular pel métode del cristall violeta per poder referenciar la

glucosa consumida per cél-lula.

3.2.9. Determinacio del rati de consum d’oxigen (OCR)

Per determinar el consum d‘oxigen cel-lular es treballa amb electrodes d’oxigen
polarografic de tipus Clark (Oxygraph-Hansatech Instruments). El procediment general
consisteix en incubar les céel-lules en cameres termostatitzades en contacte amb
electrodes que detecten la concentracid d'oxigen i que es troben connectats a un

ordinador amb un software adequat per aquest fi.

Disseny experimental i procediment: Es sembren les cél-lules en plaques p1oo de

cultius i es realitza el tractament desitjat. El dia de la determinacio, s'elimina el medi
de les plaques, es fa un rentat amb PBS, es tripsinitzen, es recullen en un tub adequat
per centrifuga i es realitza un recompte cel-lular. A continuacio, es centrifuga el tub a
1.600 rpm durant 5 minuts. S’elimina el medi sobrenedant i es resuspén el precipitat
de cel-lules en 1 ml de medi. En el cas de voler mesurar el consum d’oxigen en
condicions especials, com en abséncia d’aminoacids, una vegada eliminat el medi
sobrenedant del tub es realitza un rentat amb PBS i es centrifuga de nou. A
continuacio, s'elimina el PBS sobrenedant i es resuspén el precipitat de cél-lules en 1
ml de tampd Krebs-Ringer lliure d’aminoacids (NaCl 145 mM, KCl 4,86 mM, CaCl, o,54
mM, MgSO, 1,22 mM, NaH,PO, 5,7 mM, glucosa 4,5 g/l i 20 % FBS a pH 7,4). A partir
de la concentracio de cél-lules en el tub, es determina el volum necessari a introduir en
la camera de I'oxygraph per obtenir un nombre suficient de cel-lules per mesurar el
consum d’oxigen (1E® en el cas de les MCF-7 i 10E® per a les SW620). S'inoculen les

cel-lules en la camera i s'incuben durant 6 minuts per obtenir la respiracié basal.

54



MATERIALS | METODES

Seguidament, es van afegint aliquotes de les drogues que es volen usar per obtenir les
concentracions desitjades en la camera i es mesura la respiracio durant 6 minuts més
després de cada nou afegiment. En aquesta tesi, s’han utilitzat les drogues 2-DG,

oligomicina, etomoxir, antimicina A i FCCP.

3.2.10. Determinacio dels nivells d’ATP intracel-lulars

Per determinar els nivells d’ATP intracel-lulars s'usa el kit comercial ApoSENSOR™ Cell
Viability Assay Kit (BioVision). Aquest fa possible detectar els nivells d’ATP per
bioluminescéncia, mitjancant un luminometre, utilitzant la luciferasa per catalitzar la

formacio de llum a partir d’'ATP i luciferina:

Mg2+

Luciferina + ATP + O, -
Luciferasa

Oxiluciferina + AMP + pirofosfat + CO, + llum

Disseny experimental i procediment: Es sembren les céllules en plaques de

luminometria de cultius de 96 pouets i s'aplica el tractament desitjat. En paral-lel, es
sembra i es tracta una placa de colorimetria de cultius de 96 pouets en les mateixes
condicions exactes que la de la luminometria. El dia de la determinacio, es pipetegen
les drogues de les quals es vol testar I'efecte sobre la bioenergetica cel-lular en les
plaques de luminometria i es deixen el temps desitjat dins I'incubador. En aquesta tesi,
s'han utilitzat les drogues 2-DG, oligomicina, etomoxir i vehicle (DMSO) com a
control, en combinacié o per separat i durant 15 — 30 minuts. En el cas dels
experiments en deprivacio d’aminoacids, 30 minuts abans de pipetejar les drogues es
realitza un canvi de medi per tampd Krebs-Ringer lliure d’aminoacids. Després dels
tractaments, s’elimina el medi de les cel-lules i es pipeteja una solucié preparada
d’ATP a alguns pous sense cel-lules (control positiu). A continuacio, es pipetegen 100
pl de Nuclear Releasing Buffer a tots els pous (mostres, controls positius i a pous on no
hi ha cel-lules (blanc)) i s'agita la placa durant 5 minuts. Tot sequit, es pipetegen 10 pl
de I'ATP Monitoring Enzyme a tots els pous i es llegeix la placa dins dels segients dos
minuts en un lumindmetre. La placa de colorimetria sembrada en paral-lel s'utilitza
per determinar la densitat cel-lular pel metode del cristall violeta per poder referenciar

els nivells d’ATP al nombre de cél-lules.
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3.2.11. Determinacio de I'expressio genica i dels nivells de mtDNA

La PCR a temps real és una variant de la PCR convencional que permet amplificar i
quantificar simultaniament el producte d'amplificaciéo. Empra els components
convencionals de la PCR (tampd, DNA mostra, encebadors, dNTPs, Mg*" i DNA
polimerasa) i, a la vegada, incorpora una sonda que permet la deteccid. En aquesta
tesi s'ha fet servir el SYBR Green I, un agent intercalant que quan s'introdueix a la

doble hélix de DNA incrementa la seva emissio fluorescent.

Disseny experimental i procediment: Es sembren les cél-lules en plaques de cultius de

6 pouets i s'aplica el tractament durant el temps desitjat. El dia de la determinacio,
s'elimina el medi de les plaques i s'ailla el RNA utilitzant 1 ml/pou de TriPure Isolation
Reagent® (Roche Diagnostics) seguint les instruccions del fabricant. El procediment
implica una extraccio amb fenol:cloroform basada en una separacié de fases per
centrifugacié d'una mostra que conté fenol, cloroform i un agent caotropic. Després
de I'extraccio, es quantifica el RNA amb un espectrofotometre mesurant I'absorbancia
a 260 nm i s'analitza la qualitat de I'extraccié amb el rati A260/A280, indicador de la
puresa del RNA i la presencia de proteines. A continuacio es realitza la
retrotranscripcio, que consisteix en que a partir d'una molécula de RNA s'obté la
complementaria de DNA (cDNA). Per a tal fi, s'utilitza el termociclador GeneAmp 9700
(Applied Biosystems). Per una altra banda, per a I'obtencio del mtDNA, s’elimina el
medi de les plaques i s'ailla el DNA utilitzant 1 ml/pou de TriPure Isolation Reagent®
seguint les instruccions del fabricant. Una vegada obtingut el DNA, aquest es

quantifica mitjancant la mesura de I'absorbancia a 260 nm.

La PCR a temps real es realitza a partir de 2,5 pl de mostra de cDNA. El medi de
reaccid conté 3,74 UM de cada un dels dos encebadors i 5 pl de SYBR Green Master
(Roche Diagnostics) el qual duu incorporat la resta de components de la reaccid. La
PCR a temps real es realitza amb el termociclador LightCycler® 480 System Il (Roche
Diagnostics). El programa d’amplificacio es basa en una desnaturalitzacid inicial del
DNA (95°C, 10 segons), seguit per 40-45 cicles que consisteixen en una
desnaturalitzacid (94°C, 2 minuts), alineament (temperatura depenent dels

encebadors, 10 segons), extensid (72°C, 12 segons) i un pas de captacid de la
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fluorescencia. Per a la determinacio dels nivells de mtDNA, s'amplifiquen 5 ng de DNA
obtingut a partir de I'extraccié amb Tripure® i s’'empra un parell d’encebadors per un
gen mitocondrial (subunitat 4 de la NADH deshidrogenasa) i un per un gen nuclear

(rRNA 188S).

Els valors de crossing point (Cp) de la PCR a temps real s'‘obtenen utilitzant el
programari LightCycler Software 3.5.3 mitjancant el métode de la segona derivada
maxima. Els valors de Cp s'analitzen considerant I'eficiencia de la reaccid i referenciant

aquests resultats al 18S utilitzant el GenEx Standard Software (Multi-DAnalises).

3.2.12. Determinacié de la massa mitocondrial
En aquesta tesi s'utilitzen dos marcadors fluorescents per quantificar la biomassa
mitocondrial de les cél-lules:

- MitoTracker® Green (MTG) (Thermo Fisher Scientific). Es basa en un clorometil
que difon passivament a través de la membrana plasmatica i s'acumula en els
mitocondris actius on és segrestrat i oxidat i en aquesta forma reacciona amb tiols de

proteines i péptids per formar un conjugat aldehid fluorescent.

Disseny experimental i procediment: Es sembren les cellules en plaques de

fluorimetria de cultius de 96 pouets, s'aplica el tractament i es deixen incubar les
plaques durant el temps desitjat. El dia de la determinacid, s'afegeix directament al
medi de les cel-lules una concentracio final de 100 nM de MTG, es deixa a l'incubador
de cultius durant 40 minuts, s'aspira el medi i es pipetegen 100 pl de medi fresc i es
deixa incubar durant 10 minuts més. Finalment, s'aspira el medi i es fa un rentat amb
PBS. Per determinar la fluorescencia, s'afegeixen 100 pl de PBS i es llegeix amb unes
longituds d’ona d'excitacio i d’emissio de 490 i 516 nm, respectivament. En paral-lel i
de la mateixa manera es tracten alguns pouets sense cél-lules que serviran de blanc.
Tot sequit, es determina la densitat cel-lular pel metode del cristall violeta per poder

referenciar pel nombre de cel-lules.

- Taronja de 10-nonil acridina (NAO) (Thermo Fisher Scientific). Es tracta d'un

marcador de la membrana mitocondrial interna que s'uneix a fosfolipids carregats
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negativament tals com cardiolipina, fosfatidilinositol i fosfatidilserina i és retingut en

el mitocondri de forma independent al potencial de membrana.

Disseny experimental i procediment: Es sembren les cél-lules en plaques de

fluorimetria de cultius de 96 pouets, s'aplica el tractament i es deixen incubar les
plaques durant el temps desitjat. El dia de la determinacio, s'aspira el medi dels pous i
s'afegeixen 100 pl de PBS-glucosa 20 mM amb NAO 250 nM i es deixen les plaques a
I'incubador durant 30 minuts. Passat aquest temps, es mesura la fluorescéncia amb
unes longituds d’ona d’excitacio i d'emissio de 485 i 528 nm, respectivament. En
paral-lel i de la mateixa manera, es tracten alguns pouets sense cél-lules que serviran
de blanc. Tot sequit, es determina la densitat cel-lular pel metode del cristall violeta

per poder referenciar pel nombre de cel-lules.

3.2.13. Determinacié de la massa lisosomal

La massa lisosomal es determina utilitzant el compost LysoTracker® Red (LTR)
(Thermo Fisher Scientific). Es tracta d'un fluorofor unit a una base débil que a pH neutre
es troba només debilment protonada, la qual cosa permet entrar a través de la
membrana cel-lular. Una vegada dintre, s'acumula de forma selectiva en els organuls

amb pH baix.

Disseny experimental i procediment: Es sembren les cel-lules en plaques de

fluorimetria de cultius de 96 pouets, s'aplica el tractament i es deixen incubar les
plaques durant el temps desitjat. El dia de la determinacid, s'afegeix directament al
medi de les cel-lules una concentracio final de 77 nM de LTR, es deixa a I'incubador de
cultius durant 20 minuts, s'aspira el medi i es pipetegen 100 pl de medi fresc i es deixa
incubar durant 10 minuts més. Finalment, s’aspira el medi i es fa un rentat amb PBS.
Per determinar la fluorescencia, s'afegeixen 100 pl de PBS i es llegeix amb unes
longituds d’ona d'excitacio i d’emissio de 530 i 590 nm, respectivament. En paral-lel i
de la mateixa manera es tracten alguns pouets sense cél-lules que serviran de blanc.
Tot sequit, es determina la densitat cel-lular pel metode del cristall violeta per poder

referenciar pel nombre de cél-lules.
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3.2.14. Determinacio de I'autofagia
Per determinar la massa fagosomal s'utilitza la monodansilcadaverina (MDC) (Sigma).
Es tracta d'un compost fluorescent que marca selectivament els vacuols autofagics tot

interaccionat amb els lipids de membrana que s'hi troben altament concentrats.

Disseny experimental i procediment: Es sembren les céllules en plaques de

fluorimetria de cultius de 96 pouets, s'aplica el tractament i es deixen incubar les
plaques durant el temps desitjat. El dia de la determinacid, s'afegeix directament en el
medi una concentracié de MDC 5o uM i es deixen les plaques dins I'incubador durant
15 minuts. Passat aquest temps, s'aspira el medi i s'afegeixen 100 pl de medi fresc i es
deixen incubar les plaques de nou durant 10 minuts. A continuacid, s'aspira el medi i es
fa un rentat amb PBS. Per determinar la fluorescéncia, s'afegeixen 100 pul de PBS i es
llegeix amb unes longituds d'ona d'excitacié i d'emissio de 340 i 535 nm,
respectivament. En paral-lel i de la mateixa manera es tracten alguns pouets sense
cel-lules que serviran de blanc. Tot sequit, es determina la densitat cel-lular pel

metode del cristall violeta per poder referenciar pel nombre de cel-lules.

3.2.15. Determinacio del potencial de membrana

Per determinar el potencial de membrana dels mitocondris funcionals s’ha utilitzat la
tetrametil rodamina metil ester (TMRM) (Thermo Fisher Scientific). Es tracta d'un
compost carregat positivament que s’acumula en la matriu mitocondrial en funcié de
la carrega d'aquest compartiment. D’aquesta forma, els mitocondris polaritzats
acumulen més TMRM ja que la matriu mitocondrial es torna negativa, mentre que els
mitocondris despolaritzats presenten un interior menys negatiu i acumulen menys

quantitat d'aquest compost.

Disseny experimental i procediment: Es sembren les cel-lules en plaques de

fluorimetria de cultius de 96 pouets, s'aplica el tractament i es deixen incubar durant
el temps desitjat. El dia de la determinacio, s'afegeix directament en el medi una
concentracid de TMRM 100 nM i es deixen les plaques dins l'incubador durant 15
minuts. Passat aquest temps, s'aspira el medi i s'afegeixen 100 pl de medi fresc i es

deixen incubar les plaques de nou durant 10 minuts. A continuacio, s'aspira el mediies
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fa un rentat amb PBS. Per determinar la fluorescéncia, s'afegeixen 100 pl de PBS i es
llegeix amb unes longituds d'ona d'excitacid i d'emissio de 552 i 576 nm,
respectivament. En paral-lel i de la mateixa manera es tracten alguns pouets sense
cel-lules que serviran de blanc. Tot sequit, es determina la densitat cel-lular pel

metode del cristall violeta per poder referenciar pel nombre de cel-lules.

3.2.16. Determinacio de l'activitat metabolica

El compost thiazolyl blue tetrazolium bromide (MTT) (Sigma) pot ser utilitzat per
determinar I'activitat metabolica cel-lular. Aquest compost passa de groc a purpura
quan es veu reduit per part de les oxidoreductases cel-lulars depenents de NADH o
NADPH. El nivell d'activitat de les oxidoreductases cel-lulars és un reflex de I'activitat

metabodlica.

Disseny experimental i procediment: Es sembren les cel-lules en plaques de

colorimetria de cultius de 96 pouets, s'aplica el tractament i es deixen incubar les
plaques durant el temps desitjat. El dia de la determinacid, s'afegeix directament en el
medi una concentracio de MTT de o,5 mg/ml i es deixen les plaques dins I'incubador
durant 1 hora. Passat aquest temps, s'aspira el medi i s'afegeixen 100 pl de DMSO a
cada pouet i a continuacié es determina |'absorbancia a 570 nm amb sostraccio de
blanc a 650 nm. En paral-lel, es sembren cél-lules i es tracten de la mateixa manera en
altres pouets que s'utilitzaran per determinar la densitat cel-lular pel métode del

cristall violeta i poder referenciar els valors de MTT pel nombre de cél-lules.

3.2.17. Determinacio de I'apoptosi
En aquesta tesi s'utilitzen dues técniques diferents per determinar el grau d'apoptosi
de les cel-lules:

- Annexin V, Alexa Fluor® 350 conjugate (Thermo Fisher Scientific). En les cél-lules
viables, la fosfatidilserina es localitza a la cara citoplasmatica de la membrana
plasmatica, mentre que en el procés d'apoptosi es transloca cap a la superficie externa
d'aquesta membrana i s'exposa al medi extracel-lular. La proteina anexina V
conjugada amb un fluordfor es pot unir a les molécules de fosfatidilserina exposades a

|'exterior.
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Disseny experimental i procediment: Es sembren les céllules en plaques de

fluorimetria de cultius de 96 pouets, s'aplica el tractament i es deixen incubar les
plaques durant el temps desitjat. El dia de la determinacio, s'aspira el medi dels pous i
es fixen les cel-lules afegint 5o pl de paraformaldehid al 2 % durant 30 minuts. Passat
aquest temps, s'aspira i es fan dos rentats amb PBS. A continuacid, es tenyeixen les
cél-lules durant 10 minuts dins I'incubador amb el fluorofor dissolt en tampo format
per Hepes/NAOH 10 mM, NaCl 140 mM i CaCl2 2,5 mM i pH 7,4 (39 pl de tampo + 1 pl
de fluorofor per pouet). Després de la tincio, s'utilitza aquest mateix tampo pero sense
fluorofor per realitzar un rentat i per llegir la fluorescéncia amb unes longituds d'ona
d’excitacid i d’emissio de 346 i 442 nm, respectivament. En paral-lel i de la mateixa
manera es tracten alguns pouets sense cel-lules que serviran de blanc. Tot sequit, es
determina la densitat cel-lular pel métode del cristall violeta per poder referenciar pel

nombre de cél-lules.

- Tincio del DNA amb iodur de propidi i analisi del cicle cel-lular per citometria de
flux. El iodur de propidi s'intercala entre els parells de bases dels acids nucleics de
forma que quan aquest compost s’excita a 480 nm, les cel-lules emeten fluorescéncia
vermella al voltant dels 620 nm de forma proporcional al contingut de DNA. La
mesura del contingut de DNA per citometria de flux proporciona informacio sobre el

percentatge de cel-lules en cada fase del cicle cel-lular aixi com també en apoptosi.

Disseny experimental i procediment: Es sembren les cél-lules en plaques p100, s'aplica

el tractament i es deixen incubar durant el temps desitjat. El dia de la determinacio, es
recull el medi de les plaques en tubs i es tripsinitzen les cél-lules tot inhibint la tripsina
amb el medi recollit inicialment (les cél-lules mortes es troben en aquest medi). Es
recullen les cél-lules en tubs de citometria i es centrifuguen a 1.600 rpm durant 5
minuts. A continuacid, es descarta el sobrenedant i es fixen les cél-lules amb 1 ml de
metanol fred al 100 % i es deixa durant 1 hora a 4 °C. A continuacid, es centrifuga de
nou amb les mateixes condicions i s’elimina el sobrenedant, es fa un rentant amb PBS,
es torna a centrifugar i finalment s’elimina el sobrenedant. S’afegeixen 5oo pl de la
solucio de tincio de DNA formada per RNasa i iodur de propidi a 50 pg/ml ambdds

compostos. A continuacid, s'incuben els tubs durant 30 minuts en |'obscuritat i es
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realitza la determinacido en un citometre de flux Coulter Epics XLMCL (Beckman

Coulter).

3.2.18. Microscopia confocal

Una de les técniques usades en aquesta tesi per determinar el nivell d’autofagia és la
microscopia confocal. Aquesta técnica permet tenyir els mitocondris i lisosomes d'una
mateixa mostra amb fluordfors diferents i observar-los en el microscopi, de forma que
es pot determinar i quantificar cada senyal per separat aixi com també el grau de
solapament entre elles. El grau de colocalitzacié dels mitocondris i lisosomes dona

una idea del nivell d'autofagia present en la mostra.

Disseny experimental i procediment: Es sembren les cél-lules en plaques on s’hi ha
col-locat un cobreobjectes, s'aplica el tractament i es deixen incubar durant el temps
desitjat. El dia de la determinacio, les cél-lules es tenyeixen amb MitoTracker® Green
0,5 UM durant 60 minuts, en el darrers 20 minuts de tincio s'afegeix LysoTracker® Red
77 NM i en els darrers 5 minuts Hoechst 33342. Passat el temps de tincio, es col-loca el
cobreobjectes sobre un portaobjectes i es detecta la fluorescencia amb el microscopi
confocal Leica TCS-SP2, analitzant tres camps diferents de cada mostra amb el
programari Leica LAS AF. Per excitar el MTG s'utilitza un laser d’argo a 488 nm i es
recull I'emissid entre els 5oo i 550 nm. En el cas del LTR, s’excita amb un laser

d’heli/ned a 532 nm i es recull I'emissid entre 560 i 700 nm.

3.2.19. Analisi estadistic

Per a I'analisi estadistic s'ha fet Us del programa SPSS 21.0 per a Windows (Chicago,
EUA). Les dades es presenten com a mitjana * error estandard de la mitjana (SEM).
Les diferéncies estadistiques entre els tractaments i controls o entre diferents
tractaments s’han analitzat mitjancant una prova t-Student i es consideren

significatives quan el p-value és inferior a o,05.

62



4. RESULTATS | DISCUSSIO | RESULTS AND DISCUSSION






Manuscrit |
Blanquer-Rossell6 MM, Santandreu FM, Oliver J, Roca P, Valle A.
Leptin modulates mitochondrial function, dynamics and biogenesis in MCF-7 cells

J Cell Biochem. 2015 Sep; 116(9):2039-48. doi: 10.1002/jcb.25158


http://www.ncbi.nlm.nih.gov/pubmed/25752935




Journal of Cellular Biochemistry 116:2039-2048 (2015)

Leptin Modulates Mitochondrial Function, Dynamics and
Biogenesis in MCF-7 Cells

M Mar Blanquer-Rosselld, "> Francisca M. Santandreu,"? Jordi Oliver,
Pilar Roca,** and Adamo Valle'?

'Grupo Multidisciplinar de Oncologia Traslacional, Institut Universitari d' Investigacio en Ciencies de la Salut
(IUNICS), Palma de Mallorca, Illes Balears, Spain

2Ciber Fisiopatologia Obesidad y Nutricion (CB06/03), Instituto Salud Carlos III, Madrid, Spain

ABSTRACT

The adipokine leptin, known for its key role in the control of energy metabolism, has been shown to be involved in both normal and tumoral
mammary growth. One of the hallmarks of cancer is an alteration of tumor metabolism since cancerous cells must rewire metabolism to satisfy
the demands of growth and proliferation. Considering the sensibility of breast cancer cells to leptin, the objective of this study was to explore
the effects of this adipokine on their metabolism. To this aim, we treated the MCF-7 breast cancer cell line with 50 ng/mL leptin and analyzed
several features related to cellular and mitochondrial metabolism. As a result, leptin increased cell proliferation, shifted ATP production from
glycolysis to mitochondria and decreased the levels of the glycolytic end-product lactate. We observed an improvement in ADP-dependent
oxygen consumption and an amelioration of oxidative stress without changes in total mitochondrial mass or specific oxidative
phosphorylation (OXPHOS) complexes. Furthermore, RT-PCR and western blot showed an up-regulation for genes and proteins related to
biogenesis and mitochondrial dynamics. This expression signature, together with an increased mitophagy observed by confocal microscopy
suggests that leptin may improve mitochondrial quality and function. Taken together, our results propose that leptin may improve bioenergetic
efficiency by avoiding the production of reactive oxygen species (ROS) and conferring benefits for growth and survival of MCF-7 breast cancer
cells. J. Cell. Biochem. 116: 2039-2048, 2015. © 2015 Wiley Periodicals, Inc.

KEY WORDS: BREAST CANCER; LEPTIN; MITOCHONDRIA; BIOENERGETIC; BIOGENESIS; FISSION; FUSION; MITOPHAGY

L eptinis a 167-aminoacid peptide hormone (16 kDa) product of Ob
gene, mainly synthesized by adipocytes and to a lesser extent by
other tissues such as stomach, placenta, muscle, immune cells, and
mammary gland [Schubring et al., 1999; Ahima and Flier, 2000]. Leptin
concentration in blood rises as body weight and fat mass increase
[Sweeney, 2002] and regulates energy homeostasis by suppressing food
intake and increasing energy expenditure by acting on transmembrane

Ob-R receptors located in hypothalamic nuclei [Cohen, 2006]. From
studies performed to date, it is known that Ob-R receptors are
expressed, in addition to central nervous system, in many other tissues
including islet cells, liver, kidney, lung, skeletal muscle, bone marrow,
and breast, among others [Margetic et al., 2002; Bjorbaek and Kahn,
2004]. In these peripheral tissues, leptin has been shown to influence
multiple functions including fetal development, sex maturation,
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protein 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LTR, lysotracker red; MDC, monodansylcadaverine;
MEFN1, mitofusin-1; MEN2, mitofusin-2; MTG, mitotrackergreen; MTSSB, mitochondrial single strand DNA binding
protein; OCR, oxygen consumption rate; OPA1, optic atrophy-1; OXPHOS, oxidative phosphorylation; PGC-1c,
peroxisome proliferator-activated receptor gamma coactivator 1-alpha; ROS, reactive oxygen species; TFAM,
mitochondrial transcription factor.
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lactation, hematopoiesis, and immune responses [Grossmann and
Cleary, 2012]. In mammary gland, leptin has been shown to be a
mitogenic factor necessary for normal development [Hu et al., 2002].

In previous studies, it has been reported that leptin increases cell
proliferation and inhibits apoptosis in several human cell lines,
including breast [Nakao et al., 1998; Konopleva et al., 1999; Saxena
etal., 2007; Liu et al., 2011; Han et al., 2012]. In fact, it has been found
that Ob-R receptor is present in human breast cancer cells [Grossmann
and Cleary, 2012], and both leptin and its receptor are overexpressed in
invasive ductal carcinomas [[shikawa et al., 2004]. High levels of serum
leptin, together with a high Ob-R expression in the tumor, have been
pointed to be a poor prognosis predictor in patients with breast cancer
[Miyoshi et al., 2006]. Hence, the hyperleptinemia associated with
obesity is currently a subject of intense investigation since obesity is a
known risk factor for breast cancer in postmenopausal women [Cleary
and Maihle, 1997; Willett, 1997; Calle and Thun, 2004].

Cancer cells must rewire cellular metabolism to satisfy the demands of
growth and proliferation. As commonly accepted, most tumor cells rely
on their ATP synthesis by glycolysis rather than on oxidative
phosphorylation, a phenomenon known as the Warburg effect [Warburg,
1956]. Despite this fact was initially attributed to mitochondrial
dysfunction, this hypothesis is now being re-evaluated due to the
important role of this organelle in cancer. In fact, in cancerous states,
anaplerotic and cataplerotic mitochondrial reactions work together to
provide enough biosynthetic precursors to sustain growth and
proliferation. Thus, in contrast to Warburg's first observations,
maintaining functional mitochondria appears to be key for cancer cell
survival and proliferation [Wallace, 2012]. Mitochondria are dynamic
organelles that continually undergo fusion and fission. These apparently
opposite processes, termed mitochondrial dynamics, work in concert to
maintain the shape, size, number, and function of mitochondrion [Chan,
2012]. Furthermore, mitochondrial biogenesis and mitophagy represent
two co-ordinated processes that also determine mitochondrial content,
structure, and function [Zhu et al., 2013].

To date, little effort has been made to study the link between leptin
and metabolism in breast cancer cells. There is one previous report
in the literature showing that mice deficient in the peripheral leptin
receptor have an ATP production less reliant on glycolysis and an
increased capacity for B-oxidation [Park et al., 2010]. In contrast to
this observation in breast, other authors have found that leptin
stimulates fatty acid oxidation, glucose uptake and ROS production
in muscle, endothelial cells and adipocytes [Yamagishi et al., 2001;
Minokoshi et al., 2002; Luo et al., 2008], thus activating
mitochondrial function [Henry et al., 2011].

Taking into account the sensibility of breast cancer to leptin and
the lack of studies exploring its metabolic effects in this tissue, our
goal was to analyze the effects of a physiological dose of this
hormone in several features of cellular and mitochondrial
metabolism in the widely used MCF-7 breast cancer cell line.

REAGENTS
Dulbecco’s modified Eagle’s medium (DMEM) high glucose was from
GIBCO (Paisley, UK). Fetal bovine serum (FBS) and penicillin-

streptomycin were from Biological Industries (Kibbutz Beit Haemek,
Israel). Hoechst 33342, 2/, 7’-dichlorofluorescein diacetate (DCFDA),
2-deoxyglucose (2-DG), oligomycin, antimycin A, monodansylca-
daverine (MDC), and leptin were from Sigma-Aldrich (St. Louis, MO).
ApoSensor™ Cell Viability Assay Kit was purchased from BioVision
(Milpitas, CA), TriPure®™ isolation reagent from Roche (Barcelona,
Spain), primers used were from Metabion (Germany), BCA protein
assay from Pierce (Bonn, Germany), and Total 0OXPHOS human WB
antibody cocktail (#MS601) from MitoSciences (Eugene, OR). TFAM
(SC-30962), MFN2 (SC-50331), DRP1 (SC-32898), total AMPK« (SC-
25792), phospho-AMPKa (SC-33524), and GAPDH (sc-25778)
human WB antibodies were from Santa Cruz Biotechnology (Texas),
Immun-Star’ Western C° Chemiluminescent Kit from Bio Rad
Laboratories (Hercules, CA), and OxySelectTM Protein Carbonyl
Immunoblot kit was from Cell Biolabs (San Diego, CA). Finally,
Lysotracker Red DND-99 (LTR) and Mitotracker Green (MTG) were
from Invitrogen-Molecular Probes.

CELL CULTURE AND PROLIFERATION ASSAY

MCF-7 breast cancer cell line was purchased from American Type
Culture Collection (ATCC; Manassas, VA) and cultured in DMEM
supplemented with 10% FBS and 1% antibiotic (penicillin and
streptomycin) at 37°C in 5% CO,. Cells were treated when cultures
reached 80% confluence by providing fresh medium supplemented
with 50 ng/mL leptin or without (control cells). For proliferation assay,
cells were seeded in 96-well plates (7,500 per well) and leptin-treated
for 24 h; next, cell proliferation was determined by staining DNA with
Hoechst 33342 ata concentration 0f0.01 mg/mL for 5 min at 37°C. Cell
culture medium was shifted to PBS and fluorescence was measured in
a FLx800 microplate fluorescence reader (BIO-TEK Winooski, VT) set
at 360 nm excitation and 460 nm emission wavelengths.

INTRACELLULAR ATP LEVELS

For measurement of ATP levels after glycolysis or ATP synthase
inhibition, cells were seeded in 96-well plates and cultured for 24 h
with leptin. Next, 10 mM 2-DG, 1 pM oligomycin (glycolysis and
mitochondrial ATP synthase inhibitors, respectively) or vehicle were
added and incubated for 30 min and ATP levels were measured using
the ApoSensor™ Cell Viability Assay Kit. Cell number was
determined by the crystal violet method [Nagamine et al., 2009],
in parallel-treated wells, in order to normalize ATP levels. Briefly,
20 p.L of Violet Crystal solution (0.5% of Violet Crystal in 30% acetic
acid) were added to each well and incubated for 10 min at room
temperature. The medium was removed and the plate was washed
twice with water. Finally, to solubilize the dye, 100 nL of methanol
were added and plate was shaken for 1min. Absorbance
was measured at 570 nm using a microplate reader (Power Wave
XS, BIO-TEK).

LACTATE PRODUCTION

Cells were seeded in a 96-well plates and treated with leptin
50 ng/mL for 24 and 48 h. After treatment, media was replaced by
fresh media supplemented or not with leptin and 10 mM 2-DG, 1 pM
oligomycin or vehicle. Within the next 8 h, aliquots of media were
collected to determine lactate production by an enzymatic assay.
Briefly, lactate was converted into pyruvate in presence of NAD* by
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lactate dehydrogenase and NADH formation measured by monitor-
ing the fluorescence in a microplate fluorescence reader (BIO-TEK
Winooski, VT) set at 360nm excitation and 460nm emission.
Immediately after collecting media, cell density was determined by
the crystal violet method as described previously.

REAL-TIME QUANTITATIVE PCR

After 6 h of treatment with leptin 50 ng/mL, cell culture medium was
removed and total RNA was isolated using TriPure® isolation
reagent following the manufacturer’s protocol and quantified using a
spectrophotometer (BioSpec-nano Shimadzu-Biotech) set at 260 nm.
One microgram of the total RNA was reverse transcribed to cDNA,
and PCR was done for target genes: dynamin-related protein-1
(DRP1), mitochondrial fission protein 1 (FISI), mitofusin-1 (MFN1),
mitofusin-2 (MFN2), mitochondrial single strand DNA binding
protein (MTSSB), optic atrophy-1 (OPA1), peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1a), mitochon-
drial transcription factor (TFAM), and 18S (such as housekeeping),
using specific primers (see Table 1) with SYBR Green technology on a
LightCycler 480 System II rapid thermal cycler (Roche Diagnostics,
Basel, Switzerland). The amplification program consisted of a
preincubation step for denaturation of the template cDNA (5 min,
95°C), followed by 45 cycles consisting of denaturation (10s, 95°C),
annealing (10s, T is detailed in Table 1), and extension steps (12,
72°Cmin). Ct values of the real-time PCR were calculated using the
LightCycler Software 3.5.3 by the Second Derivative Maximum
method. Ct values were analyzed taking into account the efficiency of
the reaction and referring these results to the 18S using the GenEx
Standard Software (Multi-DAnalises, Sweden).

WESTERN BLOT

MCF-7 cells were treated with leptin and lysates were prepared by
scraping cells in lysis buffer (20mM Tris-HCl, 1.5mM MgCl,,
140 mM NacCl, 0.5% Nonidet P-40, 10% glycerol, 1 mM EGTA, 1 mM
Na;V0,, 1 mM phenylmethylsulfonyl fluoride, 10 w.g/mL leupeptin,

TABLE 1. Primers and Temperature Used for RT-PCR.

and 10 pg/mL pepstatin; pH 7.4) and disrupted by sonication.
Protein content was determined with a BCA protein assay kit. For
Western blot analysis, 35ug of protein from cell lysates were
separated on a 15% 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-20 (TBS with 0.05% Tween-20). Total OXPHOS antibody
cocktail, TFAM, MFN2, DRP1, total AMPKa, phospho-AMPKa, and
GAPDH (housekeeping) antibodies were used as primary antibodies.
Protein bands were visualized by Immun-Star” Western C°
Chemiluminescent Kit Western blotting detection systems. The
chemiluminescence signal was acquired with a Chemidoc XRS
densitometer (Bio-Rad Laboratories) and results were analyzed with
Quantity One Software (Bio-Rad).

ENZYMATIC ACTIVITIES

Cells treated with leptin for 24 h were harvested by scraping them
out with PBS buffer and then were centrifuged at 2,500 g for 5 min
at 4°C to remove cell debris. The resultant cell pellet was
resuspended in sterile water and the lysates were kept on ice
and protein measured as previously described. ATP synthase
(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] and
the extinction coefficient used was 6.22 M/cm. Cytochrome c
oxidase (COX) (complex IV or COX; EC 1.9.3.1) was measured
using a spectrophotometric method [Chrzanowska-Lightowlers
et al., 1993]. Briefly, cell lysate was incubated in 0.1 M NaPO,H,,
pH 7, in the presence of 2 pg/mL catalase and 5 mM substrate DAB
(3, 3’-diaminebenzidine tetrachloride). After 30s, 100 wM reduced
cytochrome ¢ was added to start the reaction, and absorbance
variation was followed over 15 min at 450 nm.

OXYGEN CONSUMPTION RATE (OCR)
After 24h with leptin 50 ng/ml, 10° cells were harvested and
incubated in 1mL DMEM-FBS in a water-thermostatically

Forward primer (5'-3')

Gene Reverse primer (5'-3’) T An. (°Q)
DRPI AAgAACCAACCACAggCAAC 51
gTTCACggCATgACCTTTTT
FISI CTTgCTgTgTCCAAGTCCAA 53
gCTgAAgEACEAATCTCAES
MFN1 TTggAgCggAgACTTAGCAT 51
TTCgATCAAETTCCggATTC
MFN2 AgAggCATCAGTgAgETECT 56
gCAgAACTTTgTCCCAgAEC
MTSSB TeTgAAAAAggggTCTCEAA 60
TggCCAAAAATCATCC
OPA1 ggCCAgCAAZATTAGCTACY 51
ACAATTCAggCACAATCCA
PGC-1a TCATgCCgTggTAAGTACCA 60
gTgCAAATTCCCTCTCTgC
TFAM AgATTggggTCgggTCACT 61
CAAgACAGATEAAAACCACCTC
18S ggACACggACAggATTgACA 61
ACCCACggAATCgAgAAAgA

18S, 18S ribosomal RNA; DRPI, dynamin-related protein-1; FIS1, mitochondrial fission protein 1; MFNI, mitofusin-1; MFN2, mitofusin-2; MTSSB, mitochondrial
single strand DNA binding protein; OPA1I, optic atrophy-1; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; T An., annealing
temperature; TFAM, mitochondrial transcription factor.
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regulated chamber with a computer-controlled Clark-type O,
electrode (Oxygraph; Hansatech, Norfolk, UK). Cells were pre-
incubated for 5min at 37°C and basal respiration rate was
measured three times during the following 5min. Next, com-
pounds modulating mitochondrial function were added sequen-
tially into the assay medium: oligomycinl wM was added to reveal
ATP synthase-dependent oxygen consumption and antimycin A
1 wM was added to inhibit electron transport chain (ETC) and stop
mitochondrial oxygen consumption. Difference between ATP
synthase- and ETC-inhibited oxygen consumption was attributed
to proton leak.

ROS PRODUCTION ASSAY

ROS production was determined by DCFDA method. Eight-
thousand cells were seeded per well in 96-well plates and treated
with leptin for 24 h. Plates were incubated for 15 min with 10 pM
DCFDA and fluorescence measured in a FLx800 96-well microplate
reader (BIO-TEK Winooski, VT) set at excitation and emission
wavelengths of 485 and 528 nm, respectively. To normalize ROS
production to cell number, culture medium was removed and cell
number was measured by staining with Hoechst 33342 as
described below.
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Fig. 1.

CARBONYL CONTENT

MCE-7 cells were treated with leptin for 24 h and the presence of
carbonyl groups, a measure of protein oxidation, was determined
by an immunological method using the OxySelect™ Protein
Carbonyl Immunoblot kit. For this purpose, 10 pg of protein from
cell lysate were separated on a 12% SDS-PAGE gel and
electrotransferred onto nitrocellulose membranes. Protein carbon-
yls were detected by incubating the membrane with 2, 4-
dinitrophenylhydrazine (DNPH) for 5 min. Unspecific binding sites
on the membranes were blocked in 5% non-fat milk in Tris-
buffered saline-Tween (TBS with 0.05% Tween-20). After in-
cubation with the DNP-antibody, bands were visualized using the
Immun-Star” Western C° Chemiluminescent Kit (Bio-Rad) Western
blotting detection systems. The chemiluminescence signal was
captured with a Chemidoc XRS densitometer (Bio-Rad Laborato-
ries) and results were analyzed with Quantity One software (Bio-
Rad Laboratories).

MITOCHONDRIAL, LYSOSOMAL, AND AUTOPHAGOSOMAL MASS

Cells were seeded in 96-well plates and treated with leptin for 24 h.
After treatment and in order to determine mitochondrial mass, cells
were stained with 0.5 uM mitochondrial specific probe mitotracker
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Cell growth, ATP levels, and released lactate. A) Leptin for 24 h increased cell growth compared to control cells. B) ATP levels were similar between leptin and control cells

but leptin increased sensibility to oligomycin (1 uM) and resistance to 2-DG inhibitor (10 mM). C) Leptin-treated cells for 24 h and 48 h presented a lower release of lactate than
control cells. Differences between leptin and control cells were annulated after 2-DG or oligomycin addition. Data are expressed in arbitrary units and represent means + SEM.
*Significant difference between leptin-treated and untreated cells (Student’s t-test; P< 0.05). # Significant difference between 2-DG or oligomycin-treated and untreated cells

(Student’s t-test; P< 0.05). 2-DG, 2-deoxyglucose; AU, arbitrary units.
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green (MTG) for 60 min. Lysosomes specific probe lysotracker red
(LTR) at 77 nM was added for 20 min to evaluate lysosomal mass. To
further evaluate the autophagosome formation, after 6 h of leptin
treatment cells were incubated with the fluorescent probe mono-
dansylcadaverine (MDC) at 50 uM for 15 min as described by Dando
et al. [2013] with modifications. After incubation with the specific
probes, culture medium was replaced by PBS and fluorescence was
measured in a microplate fluorescence reader (BIO-TEK Winooski,
VT) (Ex 485 nm and Em528 nm for MTG, Ex 530 nm and Em590 nm
for LTR, Ex 340nm and Em535 for MDC). The values were
normalized per cell density measured by Crystal Violet assay, as
described above.

CONFOCAL MICROSCOPY

Cells were co-stained with LTR, MTG, and Hoechst 33342 as
described previously by Rodriguez-Enriquez et al. [2009] with some
modifications. MCF-7 cells grown in coverslips were stained with
0.5 puM MTG for 60 min at 37°C in culture medium, 20 and 5 min
prior to image acquisition 77 nM LTR and 1 wg/mL Hoechst 33342
were added, respectively, to the media. The fluorescence was
monitored with a Leica TCS-SP2 confocal microscope and three
different fields for each sample were analyzed with Leica LAS AF
software.

STATISTICAL ANALYSIS

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 or as linear fold change (in the
case of mRNA levels) =+ standard error of the mean (SEM). Statistical
differences between treated and non-treated cells were analyzed by
Student’s t-test and statistical significance was set at P < 0.05. For
confocal microscopy images measurements, the tools comprised in
the software Leica LAS AF were used.

Previous studies have clearly demonstrated that leptin stimulates
proliferation of normal and cancerous mammary epithelial cells
[Hu et al., 2002; Artac and Altundag, 2012; Grossmann and Cleary,
2012; Guo et al., 2012]. In accordance, 24h leptin treatment
increased cell growth by 18% with respect to untreated MCF-7 cells
(Fig. 1A). Considering that cell metabolism reprogramming is needed
to sustain this enhanced cell growth in cancerous states, we decided
to explore the effects of leptin on MCF-7 metabolism. Cancer cells
rely mainly on aerobic glycolysis for ATP production in detriment of
oxidative phosphorylation, phenomenon known as Warburg effect

TABLE 2. Parameters Related to Mitochondrial Biogenesis and Bioenergetics. (A) An increased expression of mRNA biogenesis-related
markers was observed after 6 h leptin treatment. Data are expressed as linear fold change (leptin vs. control) and positive values indicate up-
regulation. The increase in TFAM protein levels also points towards an enhanced biogenesis. No differences were observed in OXPHOS protein
levels (48 h leptin) or in maximal ATP synthase or COX activities (24 h leptin), which suggests that mitochondrial mass was not affected.
Control values were set at 100, data are expressed in arbitrary units and represent means + SEM (n = 6). (B) Immunoblots showing
representative bands of OXPHOS complexes, TFAM, and GADPH as housekeeping.

A B

mRNA (Linear fold change)
Leptin vs. control

PGC-1a 1.69 £0.22*
TFAM 1.11 £0.10
MTSSB 1.31 £0.06*
Protein levels (AU)
Control Leptin
ComplexV 100 +2.22 102 +8.14
Complex Il 100 +4.02 98.8 £4.24
Complex Il 100 £9.53 104 £10.9
ComplexIV 100 £11.7 125 +33.9
Complex | 100 £16.7 86.9 £16.1
TFAM 100 +8.15 151 £20.5*
Maximum activity (AU)
Control Leptin
ATPase 100 +£3.55 104 +4.50
coX 100 £16.5 104 +8.16

Control Leptin

Complex V (53 kDa)

Complex lll (47 kDa)

Complex Il (30 kDa)
Complex IV (24kDa)
Complex | (20 kDa)

Control Leptin
“- TFAM (25 kDa)

GAPDH (37 kDa)

AU, arbitrary units; complex I, subunit NDUFB8-“CI-20"-20kDa; complex II, FeS subunit 30 kDa-“CII-30”-30 kDa; complex III, subunit core 2-“CIII-core2”-47 kDa;
complex IV, subunit II-“CIV-11"-24 kDa; Complex V, ATP synthase subunit alpha-“CV-a”-53 kDa; COX, cytochrome C oxidase; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; MTSSB, mitochondrial single strand DNA binding protein; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; TFAM,

mitochondrial transcription factor.

*Significant difference between leptin-treated and untreated cells (Student’s t-test; P < 0.05).
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Fig. 2.

ATP production Proton leak

Oxygen consumption rate. (A) Leptin-treated cells exhibited a higher basal respiration rate than control cells. Respiration rate dropped to similar levels in control and

leptin-treated cells after ATP synthase inhibition (oligomycin) and no differences were found after inhibition of electron transport chain (antimycin A). (B) Histograms show ATP
synthase- or proton leak-dependent oxygen consumption. Leptin increased the oxygen consumed for ATP production in basal conditions whereas the oxygen consumed for
proton leak was unaltered. Data represent means &= SEM (n = 3). *Significant difference between leptin-treated and untreated cells (Student’s t-test; P< 0.05). 2-DG, 2-

deoxyglucose; OCR, oxygen consumption rate.

[Soga, 2013; Wu and Zhao, 2013]. To test whether leptin may shift
the source of ATP production, we measured ATP levels after the
addition of 2-DG and oligomycin (glycolysis and mitochondrial ATP
synthase inhibitors, respectively). As shown in Figure 1B, after 24 h
of leptin exposure, cellular ATP levels were more reliant on
mitochondria in leptin-treated cells compared to the more
glycolysis-dependent metabolism of control cells. In accordance,
the rate of glycolysis measured by the release of lactate was

OControl
120 -

u Lepfin
100 -

AU (%)

ROS Carbonyls

Fig. 3. Oxidative stress status. Histograms show the ROS production and
carbonyls levels in control and leptin-treated cells. MCF-7 cells decreased H,0,
production and total protein carbonyl levels, thus ameliorating oxidative stress
status. Control values were set at 100, data are expressed in arbitrary units and
represent means + SEM (n = 6). *Significant difference between leptin-treated
and untreated cells (Student’s t-test; P< 0.05). AU, arbitrary units; ROS,
reactive oxygen species.

decreased after 24 h of leptin treatment in MCF-7 cells (Fig. 1C).
Nevertheless, as shown in the figure, the ability to activate glycolysis
after mitochondrial respiration inhibition with oligomycin was
preserved in both leptin and control cells.

To explore how leptin increases mitochondrial metabolism we
measured the expression of key markers of mitochondrial biogenesis
and function. As shown in Table 2, leptin increased the expression of
PGC-1a (P < 0.05), the master regulator of mitochondrial biogenesis
[Jager et al., 2007; Rohas et al., 2007]. In agreement, it has been
reported an enhanced expression of PGC-la with leptin in
adipocytes [Luo et al., 2008]. One of the roles of PGC-1a is to
promote the expression of TFAM, the transcription factor involved in
the expression of mitochondrial genome codified genes. We did not
find statistical differences in mRNA expression of TFAM, but we
observed higher protein levels by western blot (Table 2). This
apparent discrepancy between mRNA and protein TFAM levels may
be explained by regulation at translational level. In fact, Jiang et al.
[2013] have recently found that TFAM expression may be regulated
by miRNAs in glioma cells. These authors showed that TFAM protein
levels were increased by down-regulation of miRNA-23b, which
represses TFAM mRNA translation. MTSSB, another important
factor necessary for mtDNA replication and thus for novel
mitochondria formation, was also increased by leptin (Table 2).
Increased expression of these biogenesis-related markers depicts a
according to the
accelerated cell proliferation induced by leptin. Surprisingly, we
found no differences in OXPHOS protein levels or in maximal ATP
synthase or COX activities after leptin treatment (Table 2). These
puzzling findings could be explained if leptin increases mitochon-
drial functionality rather than mitochondrial mass. To test this
assumption, we analyzed cellular oxygen consumption in live cells.

scenario of new mitochondria formation,

Oxygen consumed by mitochondria can be divided into: (i) oxygen
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Fig. 4. Expression of mitochondrial fusion and fission related-genes and protein levels. A) Six hours of leptin-treatment elevated mRNA levels of fusion (OPA1, MNF1, MFN2)
and fission (FIS1, DRP1) related-genes. Data are expressed as linear fold change (Leptin vs Control) and positive values indicate up-regulation. B) Histograms show an increase in
MFN2 and DRP1 protein levels in leptin-treated cells for 48 h. Control values were set at 100, data are expressed in arbitrary units and represent means & SEM (n = 6). C)
Immunoblots showing representative bands of MFN2, DRP1, and GADPH as housekeeping. * Significant difference between leptin-treated and untreated cells (Student’s t-test;
P<0.05). DRP1, dynamin-related protein-1; FIS1, mitochondrial fission protein 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MFN1, mitofusin-1; MFN2,

mitofusin-2; OPA1, optic atrophy-1.

consumed for ATP production and (ii) oxygen consumed for proton
leak [Brand and Nicholls, 2011]. These two components can be
estimated by measuring the OCR in the presence of specific
inhibitors. As shown in Figure 2A and B, basal OCR was significantly
higher in leptin-treated cells compared to untreated ones. After
oligomycin addition, OCR dropped to similar levels in both leptin
and control cells. The difference between basal- and oligomycin-
OCR is the amount of oxygen that is consumed for ATP production
[Brand and Nicholls, 2011]. As shown, leptin increases basal oxygen
consumption in an ATP synthase-dependent manner. On the other

hand, in order to assess the mitochondrial proton leak, we added
antimycin A to entirely inhibit mitochondrial oxygen consumption.
The difference between oligomycin- and antimycin A-OCR allows
the calculation of the oxygen consumed by proton leak. We did not
find differences in proton leak between leptin and control cells.
Altogether, OCR analysis suggests that leptin activates state 3
respiration, increasing ATP production, without alteration of
uncoupling.

An improvement in mitochondrial function may be revealed not
only by increased bioenergetic efficiency but also by a low
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Fig. 5. Mitochondrial and lysosomal mass and autophagy assay. A) Cells treated with leptin showed an increase in the uptake of the fluorescent probe lysotracker red (LTR) and
the specific autophagosome probe monodansylcadaverine (MDC). No differences were observed in the uptake of the mitochondrial specific probe (MTG). B) Histograms showing
an increase in the phosphorylation of the master regulator of autophagy AMPK. Control values were set at 100, data are expressed in arbitrary units and represent means - SEM
(n=#6). C) Inmunoblots showing representative bands of pAMPK, AMPK, and GADPH as housekeeping. * Significant difference between leptin-treated and untreated cells
(Student’s t-test; P< 0.05). AMPK, 5" AMP-activated protein kinase; AU, arbitrary units; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MDC, monodansylcadaverine;
MTG, mitotracker green; LTR, lysotracker red; pAMPK, phosphorylated 5° AMP-activated protein kinase.
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Fig. 6. Confocal microscopy imaging. A) Cells were co-stained with MTG for mitochondria (green), LTR for lysosomes (red) and Hoechst 33342 for nuclei (blue). B)
Cytofluorograms show that cells treated with leptin present an increased colocalization between lysosomes and mitochondria. AU, arbitrary units.

production of ROS, the toxic byproduct of oxygen metabolism. To
evaluate mitochondria from this point of view, oxidative stress
parameters such as H,0, production and carbonyl protein levels
were determined. Figure 3 shows a statistically significant decrease
in the levels of both parameters after 24 h of leptin exposure (—15%
and —200%, respectively). The amelioration of oxidative damage
along with the higher ATP production suggests that leptin improves
mitochondrial respiratory chain function.

At this point, the question about how leptin improves mitochon-
drial function on MCF-7 breast cancer cells may arise. Mitochondria
are highly dynamic organelles and undergo constant fusion and
fission, processes essential for maintaining physiological functions
of cells and help maximize the capacity for oxidative phosphor-
ylation under stressful conditions [Grandemange et al., 2009; Youle
and van der Bliek, 2012]. To determine whether leptin affects
mitochondrial dynamics, mRNA and levels of proteins involved in
fusion (OPA1, MFN1, and MFN2) and fission (FIS1 and DRP1) were
examined. Figure 4A shows that the expression of OPA1, MFN2,

FIS1and DRP1 genes was significantly increased by leptin in MCF-7
cells. Higher levels of the proteins MFN2 and DRP1 were confirmed
by western blot (Fig. 4B). Mitochondrial fusion helps to mitigate
stress by mixing and complementing the contents of partially
damaged mitochondria, whereas fission is part of the process of
mitochondrial biogenesis but also contributes to quality control by
enabling the removal of damaged mitochondria by mitophagy
[Novak, 2012; Youle and van der Bliek, 2012]. Accelerated fusion-
fission cycles, in balance with increased biogenesis and mitophagy,
allow cells to purge damaged mitochondria by its excision from the
network and their autophagy by lysosomes [Chan, 2012; Youle and
van der Bliek, 2012]. In this regard, a net increase of lysosomes
(+19%) and autophagosomes (-+30%) without net changes in
mitochondrial mass were observed in cells exposed to leptin using
the specific probes LTR, MDC, and MTG, respectively (Fig. 5A).
Furthermore, leptin induced the phosphorylation of AMPK,
considered the master regulator of autophagy (Fig. 5B) [Hoyer-
Hansen et al., 2007; Kim et al., 2011]. Confocal microscopy analysis
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of co-stained cells with LTR and MTG showed a greater colocaliza-
tion between mitochondria and lysosomes after leptin treatment,
which points towards an increased mitophagy induced by leptin
(Fig. 6). Thus, accelerated fusion-fission cycles in balance with
increased biogenesis and mitophagy may be a mechanism by which
leptin allows cells to purge a greater number of damaged
mitochondria.

Leptin is known to modulate cell metabolism through central
nervous system and directly in leptin-sensitive-tissues [Anubhuti
and Arora, 2008]. Previous work using ob/ob mice found that hepatic
basal metabolic rate was decreased with leptin as a result of a
reduction in mitochondrial volume and mitochondrial respiratory
chain components [Singh et al., 2009]. Although these findings in
liver are opposite to our findings in breast cancer cells, both studies
evidence the ability of leptin to modulate mitochondrial metabolism
in different tissues. Previous work by Park et al. [2010] using a breast
cancer model of db/db mice deficient in Ob-R in peripheral tissues
found strong evidence that leptin signaling supports the Warburg
effect by suppressing mitochondrial respiration in vivo. Here, in the
widely used MCF-7 breast cancer cells, we have found higher
mitochondrial oxygen consumption without changes in mitochon-
drial volume density or respiratory chain proteins. In agreement with
our study, other authors have reported that leptin increases
mitochondrial biogenesis through PGC-1a activation in muscle
[Jager et al., 2007; Rohas et al., 2007]. Regarding to the molecular
mechanisms involved in leptin action, previous studies have shown
that leptin selectively stimulates phosphorylation and activation of
AMPK in skeletal muscle which in turn stimulates fatty-acid
oxidation [Minokoshi et al., 2002]. It is well known that activation of
AMPK results in mitochondrial biogenesis in skeletal muscle
[Bergeron et al., 2001; Zong et al., 2002] and reduction of
intracellular ROS levels [Kukidome et al., 2006; Ouedraogo et al.,
2006]. Thus, in contrast to the study of Park et al. [2010] our results
support a role for leptin increasing oxidative metabolism in breast
cancer cells, similar as occurs in muscle cells [Minokoshi et al., 2002].
A common candidate mechanism of the action of leptin in
mitochondria of breast cancer and muscle cells could be the
activation of the energy sensor AMPK. This enzymatic complex acts
as a signaling hub orchestrating mitochondrial biogenesis, metab-
olism, and autophagy, allowing cells to set up the mitochondrial
machinery to face an energetic challenge. Future work addressing
leptin effects in breast cancer compared to normal breast cell lines
would also be of interest to determine specific features of leptin role
on cancerous metabolism. On the other hand, further studies using a
wider panel of cell lines and other animal models such as the ob/ob
mice will shed more light on the complex relationship between leptin
and breast cancer metabolism.

To sum up, our results suggest a role for leptin in mitochondrial
biogenesis and dynamics with an amelioration of oxidative stress and
higher mitochondrial ATP production. Changes in mitochondria quality
control or metabolic reprogramming may be underlying leptin action,
which probably confers benefits for the growth and survival of breast
cancer cells.
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ABSTRACT

Obesity is known to be a poorer prognosis factor for breast cancer in postmenopausal women. Among the
diverse endocrine factors associated to obesity, leptin has received special attention since it promotes
breast cancer cell growth and invasiveness, processes which force cells to adapt their metabolism to
satisfy the increased demands of energy and biosynthetic intermediates. Taking this into account, our aim
was to explore the effects of leptin in the metabolism of MCF-7 breast cancer cells. Polarographic analysis
revealed that leptin increased oxygen consumption rate and cellular ATP levels were more dependent on
mitochondrial oxidative metabolism in leptin-treated cells compared to the more glycolytic control cells.
Experiments with selective inhibitors of glycolysis (2-DG), fatty acid oxidation (etomoxir) or aminoacid
deprivation showed that ATP levels were more reliant on fatty acid oxidation. In agreement, levels of
key proteins involved in lipid catabolism (FAT/CD36, CPT1, PPAR«) and phosphorylation of the energy
sensor AMPK were increased by leptin. Regarding glucose, cellular uptake was not affected by leptin, but
lactate release was deeply repressed. Analysis of pyruvate dehydrogenase (PDH), lactate dehydrogenase
(LDH) and pyruvate carboxylase (PC) together with the pentose-phosphate pathway enzyme glucose-6
phoshate dehydrogenase (G6PDH) revealed that leptin favors the use of glucose for biosynthesis. These
results point towards a role of leptin in metabolic reprogramming, consisting of an enhanced use of
glucose for biosynthesis and lipids for energy production. This metabolic adaptations induced by leptin
may provide benefits for MCF-7 growth and give support to the reverse Warburg effect described in

breast cancer.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Altered tumor metabolism is one of the hallmarks of cancer.
The pioneer work of Warburg and colleagues in 1920s showed that
cancer cells metabolize glucose to lactate despite oxygen presence,
phenomenon known as the Warburg effect or aerobic glycolysis

Abbreviations: 2-DG, 2-deoxyglucose; AMPK, 5 AMP-activated protein kinase;
FAT/CD36, fatty acid translocase or cluster of differentiation 36; CPT1, carnitine
palmitoyltransferase I; CS, citrate synthase; G6PDH, glucose-6-phosphate dehy-
drogenase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GLUT2, glucose
transporter 2; LDH, lactate dehydrogenase; PDH, pyruvate dehydrogenase; pAMPK,
phosphorylated 5 AMP-activated protein kinase; OCR, oxygen consumption rate;
OXPHOS, oxidative phosphorylation; PC, pyruvate carboxylase; PDH, pyruvate
dehydrogenase; PPAR«, peroxisome proliferator-activated receptor alpha.

* Corresponding author at: Departamento de Biologia Fundamental y Ciencias de
la Salud, Universitat de les Illes Balears. Ed Guillem Colom Cas. Cra Valldemossa Km
7.5,07122 Palma de Mallorca, Spain. Tel.: +34 971259644; fax: +34 971 173184.

E-mail address: adamo.valle@uib.es (A. Valle).

http://dx.doi.org/10.1016/j.biocel.2016.01.002
1357-2725/© 2016 Elsevier Ltd. All rights reserved.

(Koppenol et al., 2011). Recently it has been demonstrated that
cancer cell metabolism goes beyond a simple interplay between
glycolysis and mitochondria, given that the anabolic pathways are
necessary to provide proteins, fatty acids and nucleic acids for
rapid tumor proliferation (Vander Heiden et al., 2009). Thus, can-
cer cells need the glycolytic and pentose phosphate pathway as
well as the Krebs cycle for their biosynthetic intermediates. In
spite of Warburg’s first assumption that mitochondrial respiration
is impaired in tumor cells, recent findings evidence the presence of
functional mitochondria in these cells. Indeed, some tumors either
rely mainly on oxidative phosphorylation (Moreno-Sanchez et al.,
2007; Ward and Thompson, 2012; Whitaker-Menezes et al.,2011a)
or switch between aerobic glycolysis and oxidative metabolism
depending on their microenvironment, thus giving them metabolic
flexibility (Rodriguez-Enriquez et al., 2001). Recently, Lisanti and
colleagues have described for human breast cancer that aerobic
glycolysis actually takes place in tumor-associated fibroblasts, and
not properly in the epithelial cancer cells (Pavlides et al., 2009). This
innovative idea, termed as “The Reverse Warburg effect”, proposes

79


dx.doi.org/10.1016/j.biocel.2016.01.002
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocel.2016.01.002&domain=pdf
mailto:adamo.valle@uib.es
dx.doi.org/10.1016/j.biocel.2016.01.002

80

M.M. Blanquer-Rossell6 et al. / The International Journal of Biochemistry & Cell Biology 72 (2016) 18-26 19

that aerobic glycolysis in cancer-associated fibroblasts results in
the production of high-energy metabolites (such as lactate and
pyruvate), which can then be transferred to adjacent epithelial can-
cer cells undergoing oxidative mitochondrial metabolism (Pavlides
et al.,, 2009; Bonuccelli et al.,, 2010; Whitaker-Menezes et al.,
2011b).

Obesity greatly influences risk, prognosis and progression of cer-
tain types of cancer (Wolin et al., 2010; Majed et al., 2008). The
prevalence of breast cancer in postmenopausal obese women has
been attributed to altered endocrine status, with estrogen and lep-
tin being the most prominent involved factors (Calle and Thun,
2004; Cleary and Maihle, 1997; Willett, 1997; Porter et al., 2006).
In fact, various studies have shown that leptin influences almost
all stages of tumorigenesis acting in an endocrine, paracrine and
autocrine manner (Saxena and Sharma, 2013). Leptin is a peptide
hormone principally secreted by adipocytes and to a lesser extent
by other tissues (Saxena and Sharma, 2013; Muoio and Lynis Dohm,
2002). Serum leptin levels rise with increasing adiposity (Muoio
and Lynis Dohm, 2002) and regulate energy intake and expenditure
through its receptor located in the neurons of the hypothalamic
nuclei (Schwartz et al., 1996). However, the leptin receptor (OB-
R) has a widespread expression in peripheral tissues including
liver, pancreas, adipose tissue, skeletal muscle and mammary gland
(Mercer et al., 1996; Ahima and Flier, 2000; Schubring et al., 1999).
This ubiquitous OB-R distribution in almost all tissues explains the
underlying pleiotropic roles of leptin (Fruhbeck, 2006; Anubhuti
and Sarika Arora, 2008).

A hyperactive leptin-signaling network leads to the concur-
rent activation of multiple pathways involved in proliferation,
resistance to apoptosis, cell adhesion, invasion and migration in
breast cancer cells (Saxena and Sharma, 2013; Saxena et al., 2007;
Somasundar et al., 2004). Nevertheless, little is known about the
effects of leptin in breast cancer metabolism. In other tissues such
as skeletal muscle and fat, receptor-leptin binding promotes energy
dissipation and prevents fatty acid accumulation by increasing fatty
acid oxidation (Ceddia, 2005). Several reports suggest that one of
the targets of leptin action in these tissues is the energy sensing 5'-
AMP-activated protein kinase (AMPK) which plays a major role in
the regulation of cellular lipid and protein metabolism (Minokoshi
et al, 2002; Janovska et al., 2008; Steinberg et al., 2003).

Given the ability of leptin to influence cellular metabolism and
taking into consideration the importance of energy production and
the biosynthetic processes necessary to support rapid cell growth, a
more comprehensive assessment of the influence of this adipokine
on the metabolic features of breast epithelial cancer cells may shed
new light on the association between obesity and a poor prognosis
for breast cancer. Thus, the aim of this work is to better understand
the role of leptin on MCF-7 breast cancer cells metabolism to further
elucidate how this adipokine participates in the induction of the
proliferative response in cancer cells.

2. Materials and methods
2.1. Reagents

Dulbecco’s modified Eagle’s medium (DMEM) high glucose
without phenol red was from GIBCO (Paisley, UK). Charcoal-
stripped fetal bovine serum (FBS) and penicillin-streptomycin were
from Biological Industries (Kibbutz Beit Haemek, Israel). 2-DG,
oligomycin, etomoxir and leptin were from Sigma-Aldrich (St.
Louis, MO). ApoSensor™ Cell Viability Assay Kit was purchased
from BioVision (Milpitas, CA) and BCA protein assay from Pierce
(Bonn, Germany). The Glucose MR Kit was from Bioquimica lin-
ear Chemicals/Cromatest (Barcelona, Spain). Total OXPHOS human
WB antibody cocktail (#MS601) was from MitoSciences (Eugene,

OR, USA). Human WB antibodies AMPKa (SC-25792), phospho-
AMPKa (SC-33524), FAT/CD36 (SC-9154), CPT1 (SC-20669), GAPDH
(SC-25778), PDH-E1 (SC-377092), PPARa (SC-9000) and tubu-
lin (SC-5286) were from Santa Cruz Biotechnology (Texas, USA).
Human WB antibody GLUT2 (AB-1342) was from Chemicon Inter-
national (Temecula, CA, USA) and LDH (#2012) was from Cell
Signaling (Danvers, MA, USA). Immun-Star® Western C®© Chemi-
luminescent Kit was from Bio Rad Laboratories (Hercules, CA).
Finally, PDH Enzyme Activity Microplate Assay Kit was from Abcam
(Cambridge, UK).

2.2. Cell culture

MCF-7 breast cancer cell line was purchased from American
Type Culture Collection (ATCC; Manassas, VA, USA) and cultured
in DMEM high glucose without phenol red supplemented with
10% charcoal-stripped FBS and 1% antibiotic (penicillin and strepto-
mycin)at 37 °Cin 5% CO,. Cell were treated when cultures reached
80% confluence by providing fresh medium supplemented with
100 ng/mL leptin or without (control cells) for 24 h.

2.3. Oxygen consumption rate

After leptin treatment, cells were harvested and 10°% cells
were incubated in 0.5 mL of DMEM high glucose without phenol
red supplemented with 10% charcoal-stripped FBS in a water-
thermostatically regulated chamber with a computer-controlled
Clark-type O, electrode (Oxygraph; Hansatech, Norfolk, UK). Cells
were preincubated for 5 min at 37 °C and basal respiration rate was
measured three times during the following 5 min. Next, sequential
aliquots of 2-DG were added in order to obtain concentrations of
5, 10 and 20 mM into the chamber and respiration rate was mea-
sured. The same procedure was followed for oligomycin (0.25, 0.5
and 1 pM).

2.4. Intracellular ATP levels

Cells were seed in 96-well plates and cultured for 24 h with lep-
tin. ATP levels were measured using the ApoSensor™ Cell Viability
Assay Kit, after treatment with different concentrations of 2-DG or
oligomycin for 30 min. For assessment of fatty acid oxidation cells
were preincubated with 50 WM etomoxir for 30 min prior to 2-DG
addition. For amino acid deprivation experiment, media was shifted
to Krebs-Ringer modified buffer (NaCl 145 mM, KCI 4.86 mM, CaCl,
0.54 mM, MgS0O4 1.22mM, 5.7mM NaH,POy4, glucose 4.5g/L and
10% charcoal-stripped FBS) 30 min before 20 mM 2-DG addition. For
data normalization, cell number was determined in parallel treated
wells by the Crystal Violet method (Nagamine et al., 2009). Briefly,
20 L of violet crystal solution (0.5% of violet crystal in 30% acetic
acid) were added to each well and incubated for 10 min at room
temperature. The plate was washed twice with distilled water and
dye solubilized with 100 .l of methanol shaking for 1 min. Finally,
absorbance was measured at 570 nm using a microplate reader
(Power Wave XS, Bio-Tek).

2.5. Western blot

MCF-7 cells were treated with leptin for 24 h and lysates were
prepared by scraping cells in RIPA buffer (50 mM Tris-HCI, 150 mM
Nacl, 0.1% SDS, 0.5% deoxycholate, 1% Triton x-100, 1 mM EDTA,
1 mM Na3VOyg, 2m PMSF, 0.01 mM leupeptin, 0.01 mM pepstatin
and 1 mM NaF; pH 7.5) and disrupted by sonication. Protein con-
tent was determined with a BCA protein assay kit. For Western
blot analysis, 35 j.g of protein from cell lysates were separated on
SDS-PAGE gels and electrotransferred onto nitrocellulose mem-
branes. Membranes were incubated in a blocking solution of 5%
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non-fat powdered milk in Tris-buffered saline-Tween-20 (TBS with
0.05% Tween-20). Primary antibodies were used to detect the fol-
lowing proteins: AMPK, phospho-AMPK, FAT/CD36, CPT1, GAPDH,
GLUT2, LDH, OXPHOS complexes, PDH, PPARa and tubulin as
a housekeeping. Protein bands were visualized by Immun-Star®
Western C° Chemiluminescent Kit Western blotting detection sys-
tems. The chemiluminescence signal was acquired with a Chemidoc
XRS densitometer (Bio-Rad Laboratories) and results were analyzed
with Quantity One Software (Bio-Rad).

2.6. Lactate production

Cells were seeded in 96-well plates and treated with 100 ng/mL
leptin for 24 h. After treatment, media was replaced by fresh media
with or without leptin containing 20 mM 2-DG, 1 uM oligomycin or
vehicle (0.05% DMSO) and aliquots of media were collected every
2h to determine lactate concentration. The enzymatic assay used
is based on the capacity of lactate dehydrogenase to convert lactate
into pyruvate in presence of NAD* and lactate levels were measured
following the NADH formation by monitoring the fluorescence in a
microplate fluorescence reader (BIO-TEK Winooski, Vermont, USA)
set at 360 nm excitation and 460 nm emission. Immediately after
collecting media, cell number was determined by the crystal violet
method, as described previously.

2.7. Glucose uptake

Cells were seeded in 96-well plates and leptin treatment main-
tained for 24 h. After treatment, media was replaced by fresh media
with or without leptin containing 0.5 uM oligomycin or vehicle
(0.05% DMSO) and left for further 24 h. The following day, an aliquot
of media was collected from each well and glucose concentration
was determined by using the Glucose MR Kit. Data were normal-
ized by cell density measured by crystal violet method, as described
previously.

2.8. Enzymatic activities

Cells treated with leptin for 24 h were harvested by scraping
with ice-cold PBS and then centrifuged at 5000 rpm for 5min at
4°Ctoremove cell debris. Cell pellets were suspended in a buffered
solution (20 mM Tris, 2 mM EDTA and 40 mM KCl; pH 7.4) and dis-
rupted by sonication. Protein concentration was determined with
the BCA protein assay Kkit. Cell extract was used to determine the
next enzymatic activities. Citrate synthase (CS) activity (EC 2.3.3.1.)
was measured by following APAD reduction to APADH at 365 nm
by citrate synthase-dependent malate dehydrogenase reaction (Lee
et al., 2008). Glucose-6-phosphate dehydrogenase (G6PDH) activ-
ity (EC 1.1.1.49) was determined by monitoring the reduction of

NADP* at 340 nm with glucose-6-phosphate as substrate. Pyruvate
carboxylase (PC) activity (EC 6.4.1.1.) was monitored by following
the oxidation of NADH at 340 nm by malic dehydrogenase cou-
pled reaction (adapted from (Warren and Tipton, 1974)). Pyruvate
dehydrogenase (PDH) activity (EC 1.2.4.1) was measured by using
a PDH Enzyme Activity Microplate Assay Kit in which the enzyme
is immunocaptured and activity measured by following the reduc-
tion of NAD* to NADH, coupled to the reduction of a reporter dye
monitored by following absorbance at 450 nm.

2.9. Statistical analysis

The Statistical Program for the Social Sciences software for Win-
dows (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 treated and
non-treated cells were analyzed by Student’s t-test and statistical
significance was set at P<0.05.

3. Results

The use of mitochondrial respiration, i.e. aerobic metabolism,
can be detected conveniently by measuring the oxygen consump-
tion rate (OCR). As shown in Fig. 1A, the basal OCR was increased
by leptin in intact MCF-7 cells. Inhibition of glycolysis with 2-
DG resulted in a significant drop in OCR, which was similar in
leptin and control cells (Fig. 1A and B). However, when mitochon-
drial ATP synthase was inhibited with oligomycin, the effects were
greater in cells exposed to leptin (Fig. 1A and B). Next, to test
whether the leptin-induced OCR increase was associated with a
higher mitochondrial ATP production, we analyzed ATP levels after
the addition of 2-DG and oligomycin. As shown in Fig. 2A, ATP
levels in leptin-treated cells were more resistant to glycolysis inhi-
bition by 2-DG compared to control cells. In contrast, inhibition
of oxidative phosphorylation by oligomycin showed that ATP lev-
els were more dependent on mitochondria in leptin-treated cells
compared to the more glycolytic control cells in which ATP levels
were almost insensitive to oligomycin. Considering that the impact
of glycolysis inhibition on OCR was similar in leptin and control
cells, we decided to analyze the effects of etomoxir (an inhibitor of
fatty acid oxidation) to examine the involvement of fatty acids in
mitochondrial ATP production. Etomoxir is an irreversible inhibitor
of carnitine palmitoyltransferase I (CPT-1) (Lilly et al.,, 1992) and
hence an effective inhibitor of fatty acid oxidation (Zhou et al.,2003;
Thupari et al., 2001). We repeated the measurements of ATP levels
in response to glycolysis inhibition in cells pretreated with eto-
moxir, to avoid compensatory activation of [3-oxidation. As shown
in Fig. 2B, differences in ATP levels in response to 2-DG disappeared
between leptin and control cells, which suggests that the increased
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Fig. 1. Effects of leptin on oxygen consumption rate (OCR). (A) Inhibition curve of oxygen consumption rate (OCR) in response to increasing doses of 2-deoxyglucose (2-DG)
and oligomycin. Cells exposed 24 h to leptin exhibited higher basal respiration rate than control cells. (B) Bar chart highlighting the differences in OCR drop from basal levels
after addition of 2-DG (20 mM) or oligomycin (1 wM). Data represent means & SEM (n =3). * Significant difference between leptin-treated and control cells (Student’s t-test;

P<0.05).
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with or without 50 WM etomoxir and/or aminoacid deprivation. Differences in ATP levels between leptin and control cells were dependent on fatty acid oxidation. Data
represent means & SEM (n =3). * Statistically significant differences between leptin-treated and untreated cells (Student’s t-test; P<0.05).

mitochondrial respiration of leptin cells was fueled by fatty acids.
To explore the use of other metabolic fuels able to feed Krebs cycle,
such as amino acids, we measured ATP levels in glycolysis-inhibited
cells (2-DG) with etomoxir or aminoacid deprivation (by changing
from complete media to Krebs-Ringer buffer supplemented with
glucose and FBS). As previously observed, in a complete media lep-
tin decreased the sensibility of ATP levels to glycolysis inhibition
with 2-DG (Fig. 2C). This difference in ATP levels was maintained
despite amino acid deprivation. Nevertheless, when mitochondrial
lipid uptake was inhibited, the ATP levels in leptin-treated cells
responded in a similar manner as to control cells, despite that
amino acids were available. These results indicate that the use of
fatty acids is necessary for the increased mitochondrial respiration
induced by leptin.

In order to confirm this increase in lipid catabolism, we mea-
sured the levels of key proteins involved in the use of free fatty
acids in our leptin-treated MCF-7 cells. As shown in Fig. 3, lep-
tin increased the levels of key proteins involved in cellular fatty
acid uptake (FAT/CD36) and mitochondrial entry (CPT1), the two
limiting-steps for fatty acid oxidation. From a regulatory point
of view, leptin increased the activation of AMPK and the expres-
sion of PPARq, critical regulators of short-term and long-term fatty
acid oxidation, respectively. Nevertheless, markers of mitochon-
drial mass or recruitment such as citrate synthase activity (CS)
or oxidative phosphorylation complexes (OXPHOS) protein levels
were not affected by leptin (Fig. 4A and B).

To further examine the changes that leptin may be exerting
in glucose metabolism, we measured the rate of lactate release,
the end-product of glucose fermentation. Fig. 5A shows a notice-
able release of lactate in MCF-7 control cells, which was sensitive
to inhibition of glycolysis by 2-DG, as expected. When mitochon-
drial respiration was inhibited by oligomycin, this release was
stimulated to compensate the lack of energy production. How-
ever, the release of lactate in cells exposed for 24 h to leptin was
not detectable in either basal or 2-DG conditions, and only was

significant after respiration inhibition with oligomycin. One pos-
sibility is that this lower release of lactate in leptin cells is due to
decreased use of glucose. To test this hypothesis, we measured glu-
cose uptake and protein levels of the glucose transporter 2 (GLUT2).
As shown in Fig. 5B-D, no differences were observed between lep-
tin and control cells for either glucose uptake (both in basal or
oligomycin-stimulated conditions) or GLUT2 levels. In fact, pro-
tein levels of the glycolytic enzyme glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) were quite similar in leptin and control
cells (Fig. 5C and D) which when taken together with the above
results suggests that glycolytic capacity is not affected by leptin.
Nevertheless, accordingly due to the scarce lactate production in
leptin treatment, the levels of lactate dehydrogenase (LDH) were
down-regulated, which suggests that the main effect of leptin over
glycolysis is to divert pyruvate from lactate formation.

Pyruvate is the key link between glycolysis and Krebs cycle. It
can be converted to acetyl-CoA by pyruvate dehydrogenase com-
plex (PDH) to yield energy. Leptin was found to decrease both
activity and protein levels of PDH in MCF-7 cells (Fig. 6A-C).
Thus, leptin appears to reduce both the conversion of pyruvate to
acetyl-CoA as well as to lactate. Nevertheless, pyruvate can also
be converted into oxalacetate by pyruvate carboxylase (PC). This
enzyme plays a key anaplerotic role for the Krebs cycle when
intermediates are removed for different biosynthetic purposes, and
thus, channels the carbons of glucose to biosynthesis. As shown in
Fig. 6C, leptin increased the activity of PC, suggesting a greater use
of the pyruvate derived from glucose to replenish the Krebs cycle
in order to sustain biosynthesis. Thus, the ratio between PC and
PDH enzymatic activities is higher in leptin-treated cells (Fig. 6D).
Furthermore, glucose can provide other important metabolites
for biosynthesis such as ribose-phosphate and NADPH through
the pentose-phosphate pathway and we also found that leptin
increased the activity of the glucose-6-phoshate dehydrogenase
(G6PDH), the key enzyme that channels glucose into the pentose-
phosphate pathway (Fig. 6C).
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4. Discussion

One of the hallmarks of cancer cells is their particular
metabolism. More than a century ago, Otto Warburg observed
that tumor cells rely on glycolysis oxidizing glucose to lactate,
which is contrary to normal differentiated cells which rely pri-
marily on mitochondrial oxidative phosphorylation to generate the
energy needed for cellular processes (2). As most invasive tumors
display the Warburg effect, this has proven of great clinical impor-
tance in detecting malignancies with 18-fluorine 2-deoxyglucose
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positron emission tomography (FDG-PET) scans (Jones and Price,
2012). While it can be conceived that fast-growing cancer cells
will require more energy than normal cells, paradoxically cancer
cells use a primitive inefficient reaction, aerobic glycolysis, to gen-
erate considerable amounts of their energy. Possible reasons for
this bioenergetic alteration are the requirement to produce other
metabolic end products to support their rapid growth and prolif-
eration under low oxygen tension, a possible adaptation to evade
death in toxic environments or due to the effects of cytotoxic agents
(revised in Vander Heiden et al., 2009).

In our in vitro study with MCF-7 cells, mitochondrial respiration
as source for ATP production was increased by leptin. Hyperleptine-
mia associated with obesity has been linked to poorer prognosis
in breast cancer (Majed et al., 2008; Dutta et al., 2012). Indeed,
leptin promotes breast cancer proliferation, metastasis and inva-
siveness (Saxena and Sharma, 2013; Surmacz, 2007). Since an
elevated proliferation of tumor cells involves a high energy and
biosynthetic precursors demand, it is not surprising that, the same
factors that promote cell growth in a given cell type, coordinate
cellular metabolism to support the increased cell division (Straus,
2013). Similarly to this study, Tanaka et al. (2005) found that
transgenic mice overexpressing leptin had increased oxygen con-
sumption. Leptin also increased oxygen consumption in the liver
of rats (Huang et al., 2004) and in the white fat tissue of transgenic
mice (Marti et al., 1998). This enhanced mitochondrial respiration
and ATP production has been shown to be linked to invasiveness
of cancer cells (LeBleu et al., 2014), and thus invading cancer cells
upregulate oxidative phosphorylation in order to generate the ATP
required for relocating to distal tissues. Indeed, leptin has been
shown to promote the migration of several cancer cell lines (Saxena
et al., 2007; Sharma et al., 2006), thus an enhanced mitochondrial
functionality by this adipokine could aid cell motility.

Our results showed that ATP levels were more reliant on
mitochondrial respiration and less on glycolysis when cells were
exposed to leptin. This increased mitochondrial ATP production
with leptin was not due to a higher glucose oxidation via acetyl-
CoA conversion, since inhibition of glycolysis with 2-DG had similar
effects on OCR in leptin and control cells and pyruvate dehydroge-
nase activity (PDH) was even slightly repressed by leptin. Indeed,
our experiments showed that only etomoxir annulled the differ-
ences observed in ATP levels after glycolysis inhibition between
leptin and control cells, suggesting that fatty acids are the alter-
native fuel fostered by leptin. In support of these measurements,
the expression of key proteins involved in fatty acid metabolism
such as FAT/CD36 and CPT1 were found to be increased by lep-
tin. It is noteworthy that CPT1 represents the rate-limiting step in
mitochondrial 3-oxidation of fatty acids and that FAT/CD36 is the
transporter of fatty acids within the cell. The expression of these
key proteins is orchestrated by the transcription factor PPAR«,
whose levels were actually increased by leptin in this study. In turn,
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Fig. 4. Effects of leptin on mitochondrial oxidative capacity. (A) Histogram showing citrate synthase (CS) activity in control and leptin-treated cells. (B) Histograms and
immunoblot showing the protein levels of OXPHOS complexes. Data represent means + SEM (n=6). AU: arbitrary units; OXPHOS: oxidative phosphorylation.
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PPAR« is known to be controlled by AMPK (Lee et al., 2006), whose
phosphorylation was consistently induced by leptin. In agreement,
previous studies in muscle have demonstrated that leptin acti-
vates AMPK signaling pathway, stimulating fatty acid oxidation
(Minokoshi et al., 2002; Suzuki et al., 2007). Therefore, it seems that
the leptin-AMPK signaling pathway is conserved and activated in
breast cancer cells and it may be underlying key to the adaptations
of energy metabolism for cell growth.

Several studies have previously demonstrated increased lipol-
ysis in cancer, suggesting the use of fatty acids as fuels (Das
et al., 2011; Nieman et al., 2011). The enhanced use of fatty acids
involves functional mitochondria as the 3-oxidation pathway is
highly dependent on functional oxidative phosphorylation. To test
whether leptin increases mitochondrial recruitment, markers of
mitochondrial activity such as citrate synthase (CS) and oxida-
tive phosphorylation complexes (OXPHOS) were determined. We
failed to find differences in CS or OXPHOS between control and
leptin-treated cells, which suggests that leptin enhances fatty acid
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oxidation mainly through metabolic flux reprogramming rather
than by improving mitochondrial oxidative capacity.

Although this study shows that leptin promotes the use of fatty
acids as an energy source, it is well established that glucose is
needed for cancer cells. Thus, one question that arises from our
analysis is what is occurring with glucose metabolism. First, we
analyzed the fermentation rate of glucose, i.e. anaerobic glycol-
ysis, by measuring the lactate production rate. As expected, the
glycolytic control cells showed a noticeable release of lactate. How-
ever, lactate release in leptin-treated cells was only detectable
when mitochondrial respiration was inhibited with oligomycin. As
shown by glucose uptake assay and GLUT2 levels, this low lactate
production was not due to decreased uptake of glucose with lep-
tin. Thus, the entry of glucose to the glycolytic pathway appears
not to be depressed by leptin, although the fate of glucose may be
changed. In fact, the levels of the glycolytic enzyme glyceraldehyde
3-phosphate dehydrogenase (GAPDH) were quite similar to control
cells even though the lactate dehydrogenase (LDH) levels, enzyme
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Fig. 6. Effects of leptin on pyruvate dehydrogenase and anabolic enzymes. (A) and (B) Histogram and immunoblot showing the effect of leptin on pyruvate dehydrogenase (PDH)
protein levels. (C) Enzymatic activities of glucose-6-phosphate dehydrogenase (G6PDH) and pyruvate carboxylase (PC) were increased with 24 h leptin treatment while PDH
activity was decreased. (D) PC/PDH enzymatic activities ratio is higher in leptin-treated cells. Data represent means + SEM (n = 6). * Statistically significant difference between

leptin-treated and control cells (Student’s t-test; P<0.05). AU: arbitrary units.



24 M.M. Blanquer-Rossell6 et al. / The International Journal of Biochemistry & Cell Biology 72 (2016) 18-26

CONTROL
Glucose| | Fattyacids | | Glutamine
I |I : | - |

Input

LEPTIN
I Glucosel Fattyacids | [Glutamine
' | L || : |

Input

Fig. 7. Summary figure. Leptin rescues mitochondrial respiration as ATP source, mainly increasing the use of fatty acids as fuel. This metabolic shift enables the use of glucose

for biosynthesis.

that diverts pyruvate towards lactate, were decreased. Accordingly,
in a study with muscle of transgenic mice overexpressing leptin,
the LDH/CS ratio was significantly lower than in non transgenic
mice, thus indicating that leptin reduces the ratio of glycolytic to
oxidative capacity (Masuda et al., 2014).

Glucose can be converted to pyruvate, which is at the crossroads
of the central metabolic pathways. The fate of pyruvate in interme-
diary metabolism can be simplified in the conversions addressed
to obtain energy or anabolic precursors. Under aerobic conditions,
pyruvate undergoes oxidative decarboxylation by PDH, ultimately
yielding acetyl-CoA, which feeds directly into the Krebs cycle to
generate energy. Nevertheless, in our leptin exposed cells, PDH
protein and activity were slightly decreased; suggesting that pyru-
vate derived from glucose is not being used for this purpose. In
recent years, a “biosynthesis model” has been proposed for cancer
cells. This model is based on the fact that intermediates for protein,
fatty acids and nucleic acid biosynthesis must be supplied at suffi-
ciently high rates for rapid tumor cell proliferation (Vander Heiden
et al.,, 2009). The main pathways serving as suppliers of biosyn-
theticintermediates are glycolysis, the pentose phosphate pathway
as well as the Krebs cycle. The mitochondrial respiration chain
drives the Krebs cycle, and thus functional mitochondria in tumor
cells are necessary for their contribution to anabolic flux (Vander
Heiden et al., 2009). Moreover, the constant efflux of intermediates
for biosynthesis extracted from the Krebs cycle must be replen-
ished by anaplerotic reactions. In this manner, the most important
anaplerotic reaction is pyruvate carboxylase (PC) which converts
pyruvate into oxalacetate. This enzyme is actually increased in sev-
eral cancer cell lines (Bramwell and Humm, 1992) and in our study
leptin was found to increase its activity, which gives meaning to
the metabolic shift driven by leptin in these cells. As aforemen-
tioned, other important source of anabolic precursors is the pentose
phosphate pathway, which yields NADPH and ribose phosphates
from glucose for lipid and nucleic acid biosynthesis. Leptin was
also shown to increase the rate-limiting enzyme of this pathway
(G6PDH), which reinforces the idea that this adipokine promotes
the use of glucose in a biosynthetic mode. It is worthy to note
that anabolic enzymes, such as PC or G6PDH, are pivotal for can-
cer cell growth and are therefore good candidates for therapeutical
intervention (Hu et al., 2014; Galluzzi et al., 2013).

Here we report that leptin shifts the catabolism of glucose
towards biosynthetic pathways in order to supply the intermedi-
ate precursors necessary for cell proliferation, whereas lipids are

being used as fuel (Fig. 7). This idea contrasts with the work of
Park and colleagues, which is based on a model of mice that lacked
the peripheral leptin receptor, and it reports that leptin suppresses
mitochondrial respiration and supports the Warburg effect (Park
et al., 2010). It must be considered, however, that in vivo tumors
different cell populations may exist in metabolic cooperation in
tumors, so that the glycolytic cells would provide lactate for those
who generate ATP by oxidative phosphorylation (Sonveaux et al.,
2008). This innovate idea, termed as the Reverse Warburg effect,
has been clearly reported in human breast cancer by Lisanti et al.
(Pavlides et al., 2009). Accordingly to this model, aerobic glycolysis
takes place in tumor-associated fibroblasts and results in the pro-
duction of high-energy metabolites such as lactate and pyruvate,
which are transferred to adjacent epithelial cancer cells undergoing
oxidative mitochondrial metabolism. This would allow increased
ATP production in cancer cells, driving tumor growth and metasta-
sis (Pavlides et al., 2009; Bonuccelli et al., 2010; Whitaker-Menezes
etal.,2011b). Nevertheless, it is worth noting that the stromal cells
in a breast tumor microenvironment are mainly adipocytes, and
this can have two important implications: (i) they can supply can-
cer cells with fatty acids for mitochondrial respiration and (ii) they
can secrete leptin, which may be orchestrating this metabolic inter-
play between stromal and epithelial cancer cells. In agreement with
this hypothesis, here we report that leptin promotes the use of fatty
acids as energy source enabling the use of glucose for biosynthe-
sis. As mentioned above, the metabolic shifting towards increased
mitochondrial respiration may contribute to the progression and
malignancy of tumor cells (LeBleu et al., 2014), and leptin could be
a promoter of these features thus linking obesity with a poorer can-
cer prognosis. Further work in this direction is needed for a whole
comprehension of the role of leptin in the metabolism of breast
tumor. Moreover, a better understanding of cancer metabolism will
provide new clues about strategic targets for therapeutic interven-
tion.

5. Conclusions

In the MCF-7 breast cancer cell line, leptin rescues mitochon-
drial respiration as ATP source, mainly increasing the use of fatty
acids as fuel. This metabolic shift enables the use of glucose for
biosynthesis, as evidenced by the increased activities of pyruvate
carboxylase or glucose-6 phosphate dehydrogenase. The metabolic
reprogramming orchestrated by leptin may confer benefits for cell
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growth and contribute, together with other factors, to the worse
prognosis of breast cancer associated to obesity.
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ABSTRACT

Xanthohumol (XN) and 8-prenylnaringenin (8PN) are hop (Humulus lupulus L.) polyphenols studied for their chemopreventive effects on certain
cancer types. The breast cancer line MCF-7 was treated with doses ranging from 0.001 to 20 pM of XN or 8PN in order to assess the effects on cell
viability and oxidative stress. Hoechst 33342 was used to measure cell viability and reactive oxygen species (ROS) production was determined by
2/,7'-dichlorofluorescein diacetate. Catalase, superoxide dismutase, and glutathione reductase enzymatic activities were determined and protein
expression of sirtuin1, sirtuin3, and oxidative phosphorylation system (0XPHOS) were done by Western blot. Treatments XN 0.01, 8PN 0.01, and
8PN 1 M led to a decrease in ROS production along with an increase of OXPHOS and sirtuin expression; in contrast, XN 5 uM 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 (0.01 wM)
and 8PN at all assayed doses (0.001-20 wM) presumably improve mitochondrial function, whereas a high dose of XN (5 wM) worsens the
functionality of this organelle. J. Cell. Biochem. 114: 2785-2794, 2013. © 2013 Wiley Periodicals, Inc.

KEY WORDS: BREAST CANCER; MCE-7; 8-PRENYLNARINGENIN; XANTHOHUMOL; OXIDATIVE STRESS; OXIDATIVE PHOSPHORYLATION SYSTEM;

MITOCHONDRIA; SIRTUINS

k anthohumol (XN) is the main prenylated flavonid of the
female inflorescence of the hop plant, Humulus lupulus L.
(Cannabaceae). This plant also contains the estrogenic flavonid
8-prenylnaringenin (8PN), considered to be the most potent
phytoestrogen isolated to date. Hops are used in beer elaboration
process to add flavor and bitterness, thereby the main dietetic source of
XN and 8PN is through beer consumption [Stevens and Page, 2004].
For over a decade, studies have been performed to evaluate the
chemopreventive and chemotherapeutic potential of these and
other hop compounds against cancer. In fact, XN is the hops
compound which has been given more attention, owing to its ability
to inhibit in vitro the states of initiation, promotion, and progression
of carcinogenesis, hence XN seems to have a wide spectrum as
chemopreventive agent [Stevens and Page, 2004; Gerhauser, 2005;
Colgate et al., 2007]. Specifically, XN has been shown to inhibit

growth and to induce apoptosis in breast cancer line MCF-7, among
others [Lust et al., 2005; Vanhoecke et al., 2005; Zanoli and
Zavatti, 2008]. One of the mechanisms through which XN inhibits
cellular proliferation is by causing an oxidizing effect through
inducing an increase in reactive oxygen species (ROS) in tumor cells
[Yang et al., 2007; Strathmann et al., 2010; Festa et al., 2011].
ROS, mainly generated through the mitochondrial respiratory
chain, are necessary for proper cell function by acting as intracellular
messengers regulating proliferation and other biological processes
[Festa et al., 2011]. Nevertheless, when produced in excess, ROS
induce lipid peroxidation, protein carbonylation, and DNA damage
leading to the activation of apoptotic pathways and cell death [Festa
et al., 2011]. For this reason, enzymatic (glutathione reductase,
glutathione peroxidase, superoxide dismutase, and catalase) and
non- enzymatic detoxification systems are necessary for removing
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ROS excess and to maintain a low level of oxidative stress. A common
feature of cancer cells is that they have elevated levels of ROS and
therefore they have a higher level of oxidative stress without an
activation of the apoptotic pathways. Among the explanations
given for the high level of ROS in cancer cells are either the existence
of defects in the oxidative phosphorylation system (OXPHOS) or by
a malfunction of antioxidant systems. Because of their cancer
promoting effect, high levels of ROS are considered to be adverse
factors; however, the oxidative damage caused by these radicals can
be seen as an opportunity to exploit their cytotoxic potential by using
exogenous agents that increase intracellular ROS levels and induce
cell death [Trachootham et al., 2006]. Thus, compounds with oxidant
activity may act selectively on those cells with an increased level of
oxidative stress by inducing apoptosis.

Sirtuins are a class of proteins which have recently been given
importance in the oxidative stress response. These proteins are NAD*
dependent class III histone deacetylases and of which seven types
have been described [Hallows et al., 2008; Park et al., 2011]. Through
their deacetylase action, sirtuins are able to modify histones causing
chromatin remodeling so that they can regulate gene expression
[Shahbazian and Grunstein, 2007]. Sirtuins are involved in several
physiological processes such as stress response, metabolism regula-
tion, gene silencing, aging and carcinogenesis [Haigis and
Guarente, 2006; Finkel et al., 2009]. Two sirtuin isoforms, sirtuinl
(Sirt1) and sirtuin3 (Sirt3), have been shown to play a central role in
the regulation of mitochondrial maintenance and metabolism
[Lombard et al., 2007]. In fact, studies have shown that Sirt3 acts
as a tumor suppressor due to its ability to reduce mitochondrial ROS
production [Kong et al., 2010; Bell et al., 2011; Yu et al., 2012];
however, the mechanism that explains how Sirt3 regulates ROS
production and carcinogenesis has not been fully elucidated.
Moreover, Sirtl controls mitochondrial biogenesis induction and
progression through PGC-1a regulation [Menzies and Hood, 2012].
Interestingly, phytoestrogens have been shown to modulate sirtuin
levels and activity; for instance, genistein at 25 uM is capable of
reducing the expression of Sirt1 [Kikuno et al., 2008] while resveratrol
activates both Sirt 1 transcription and function [Tseng et al., 2011;
Shakibaei et al., 2012] promoting mitochondrial biogenesis [Rasbach
and Schnellmann, 2008]. These data suggest that phytoestrogens may
exert effects on ROS production by modulating sirtuin levels and
activity.

Taking this background information into account, the objective of
this paper was to investigate the effect of XN and 8PN on the viability
and oxidative stress levels of breast cancer cells. In tackling this aim,
ROS production, antioxidant enzyme activities as well as Sirt1, Sirt3,
and OXPHOS protein levels were determined in MCF-7 cells treated
with different doses of these phytoestrogens.

CHEMICALS

XN and 8PN were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Routine chemicals were supplied by Roche (Barcelona, Spain),
Sigma-Aldrich, Panreac (Barcelona, Spain), and Bio-Rad Laborato-
ries (Hercules, CA, USA).

CELL CULTURES AND TREATMENTS

Human breast cancer cell line MCF-7 was purchased from American
Type Culture Collection (ATCC; Manassas, VA, USA) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 1% antibiotic (penicillin and
streptomycin) in a 5% CO, humidified atmosphere at 37°C. To
evaluate the effects of XN and 8PN, cells were shifted 24 h prior to
treatment to a phenol red-free DMEM containing 10% charcoal-
stripped FBS and 1% antibiotic (penicillin and streptomycin). XN and
8PN treatments were performed when cell cultures reached conflu-
ence by providing fresh medium supplemented with XN or 8PN for
48 h. Control cells were treated with 0.1% DMSO as a vehicle. For cell
proliferation and ROS production assay, cells were plated in 96-well
plates, whereas for Western blot and enzyme assays, cells were
cultured in 100 mm culture dishes.

CELL VIABILITY ASSAY

Cells were plated at 8,000 cells per well in 96-well plates and shifted to
phenol red-free medium 24h prior to treatment as described
previously. Cells were treated with XN or 8PN at different
concentrations (0.001, 0.01, 0.1, 1, 5, 10, 15, and 20 uM) for 48 h.
After treatment, cell culture medium was removed and DNA was
stained with Hoechst 33342 (Sigma-Aldrich) at a concentration of
0.01 mg/ml. Plates were incubated for 5min at 37°C and the
fluorescence was measured using a microplate fluorescence reader
FLx800 (BIO-TEK Winooski, Vermont, USA) set at 360 nm excitation
and 460 nm emission wavelengths.

ROS PRODUCTION ASSAY

Cells were plated at 8,000 cells per well in 96-well plates and shifted
to phenol red-free medium 24h prior to treatment as described
previously. Cells were treated with XN or 8PN at the same
concentrations used in cell viability assay for 48 h. After treatment,
cell culture medium was removed and cells were treated with PBS
supplemented with glucose 20mM and 2’, 7’-dichlorofluorescein
diacetate (DCFDA) (Sigma-Aldrich) 10 pM. Plates were incubated for
15 min at 37°C and the assay was performed at the same temperature
in a 96-well microplate fluorescence reader FLx800 (BIO-TEK
Winooski) set at excitation and emission wavelengths of 485 and
528 nm, respectively. To normalize ROS production to cell number,
cell culture medium was removed, and cells were stained with Hoechst
33342 (Sigma-Aldrich) as described below.

MEASUREMENT OF ANTIOXIDANT ACTIVITY

Cells were harvested by scraping them out with PBS buffer and then
were centrifuged at 5,000 rpm for 5 min at 4°C to remove cell debris.
The resultant cell pellet was resuspended in RNAse-free water and the
lysates were kept on ice and the protein content was determined by a
bicinchoninic acid protein assay kit (Pierce, Bonn, Germany).
Catalase (CAT; EC 1.11.1.6) activity was measured according to an
adaptation of the Johansson method [Johansson and Borg, 1988]
based on the peroxidative function of the enzyme; 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 37°C, as described previously [Quick et al., 2000].
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Finally, glutathione reductase (GRd; 1.8.1.7) activity was measured
monitoring the oxidation of NADPH at 340 nm, according to an
adaptation of the Carlberg method [Carlberg and Mannervik, 1985].

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 ug of protein from cell lysates were
separated on a SDS-PAGE gel (15% for OXPHOS and 12% for the
other proteins) and electrotransferred onto nitrocellulose membranes.
After the transfer, membranes were incubated in a blocking solution
of 5% non-fat powdered milk in Tris-buffered saline-Tween (TBS with
0.05% Tween-20). Antisera against Sirt1 (H-300; Sc-15404) and «-
tubulin (B-7; Sc-5286), the latter used as a housekeeping protein,
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA); while
Sirt3 (#07-1596) was from Millipore (Billerica, MA, USA) and total
OXPHOS (#MS601) was from MItoSciences (Eugene, OR, USA).
Finally, protein bands were visualized by Immun-Star” Western C”
Chemiluminescent Kit (Bio-Rad) Western blotting detection systems.
The chemiluminescence signal was captured with a Chemidoc XRS
densitometer (Bio-Rad Laboratories) and results were analyzed with
Quantity One Software (Bio-Rad).

MEASUREMENT OF CARBONYL CONTENT
The presence of carbonyl groups, a measure of protein oxidation, was
determined by an immunological method using the OxySelect™

Protein Carbonyl Immunoblot kit (Cell Biolabs, San Diego, CA). For
this purpose, 20 ng of protein from cell lysate were separated on a
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1200 SDS-PAGE gel and electrotransferred onto nitrocellulose
membranes. Protein carbonyls were detected by incubating the
membrane with 2, 4-dinitrophenylhydrazine (DNPH) for 5min.
Unspecific biding sites on the membranes were blocked in 5% non-fat
milk in Tris-buffered saline-Tween (TBS with 0.05% Tween-20). After
incubation with the DNP-antibody, bands were visualized using the
Immun-Star. Western C° Chemiluminescent Kit (Bio-Rad) Western
blotting detection systems. The chemiluminescence signal was
captured with a Chemidoc XRS densitometer (Bio-Rad Laboratories)
and results were analyzed with Quantity One software (Bio-Rad
Laboratories).

STATISTICAL ANALYSIS

All data are expressed as means + SEM (standard error of the mean)
with n=6. Statistical analysis was carried out using the Statistical
Program for the Social Sciences software (SPSS 18.0 for Windows,
Inc., Chicago, IL, USA). Statistical differences between treated and
control cells were analyzed with the unpaired Student’s t-test for
proliferation and ROS production assays. One-way ANOVA analysis
was used for data of Western blot and enzyme assays.

EFFECTS OF XN AND 8PN ON CELL VIABILITY

To evaluate the effect of XN and 8PN on MCF-7 breast cancer cell line
viability, cells were treated with different concentrations of these
compounds and cell number was assessed using Hoechst 33342
staining (Fig. 1). Treatments with XN in a concentration range of
0.001-20 pM for 48 h had a biphasic effect on cell proliferation in a

——XN —0O-8PN

Vehicle 0.001 0.01

0.1 1 10

XN or 8PN (uM)

Fig. 1.

Influence of XN and 8PN on MCF-7 cell line viability. 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 M) for 48 h.

Cell viability was assessed by DNA staining with Hoechst 33342 and represented as percentage with respect to vehicle-treated cells (0.1% DMSO, showed as dashed line at 100%).
A.U.: arbitrary units. XN and 8PN: xanthohumol and 8-prenylnaringenin. Data are means £ SEM. *Statistically significant difference between treated and vehicle-treated cells

(Student’s t-test; P< 0.05, n=#6).

JOURNAL OF CELLULAR BIOCHEMISTRY

2787

XN AND 8PN INFLUENCES MCF7 OXIDATIVE STRESS

93



94

dose-dependent manner; low concentrations of XN (0.001-1 p.M)
significantly increased cell proliferation (+39.62% at XN 0.01 pM
with respect to vehicle-treated cells) whereas high concentrations
(10-20 pM) caused a statistically significant decrease on cell
proliferation (—57.32% at XN 15uM compared to vehicle-treated
cells). Otherwise, 8PN resulted in a slightly but statistically significant
increase of cell number at 1 and 5 pM.

EFFECTS OF XN AND 8PN ON ROS PRODUCTION

To evaluate the antioxidant properties of XN and 8PN on MCF-7 cell
line, ROS production was analyzed by the DCFDA assay (Fig. 2). Cells
treated with low XN doses resulted in a statistically significant
reduction of ROS production at 0.001 uM (—32.16% with respect to
vehicle-treated cells) and 0.01 uM (—27.65% compared to vehicle-
treated cells); otherwise, high XN doses ranging from 1 to 15pM
resulted in a marked increase of ROS production with a maximum peak
at 5 M (three times higher than vehicle-treated cells). Samples treated
with 8PN showed a significant decrease of ROS production at all tested
concentrations except at the lowest one (0.001 wM), reaching at 15 uM
dose a 26.07% decrease with respect to vehicle-treated cells.

EFFECTS OF XN AND 8PN ON ANTIOXIDANT ENZYME ACTIVITY,
PROTEIN OXIDATION LEVELS AND SIRT1, SIRT3, AND OXPHOS
EXPRESSION LEVELS

To examine the effect that phytoestrogens XN and 8PN exert on
antioxidant enzymes and different mitochondrial proteins, cells were
treated with two different concentrations of each compound
depending on the results obtained in cell viability and ROS production
assays. A XN concentration was chosen at which this compound
decreased ROS levels (0.01 wM) as well as a concentration at which
there was a maximum ROS production (5 uM). Nevertheless, 8PN
reduced ROS production at all tested doses so a low concentration

600 -

500 A

ROS production/cell (A.U.)

Vehicle

0.001 0.01 0.1

Fig. 2.

(0.01 pM) and a high one (1 wM) were chosen to detect possible
differing effects to dosage.

ANTIOXIDANT ENZYMES ACTIVITY

Figure 3 shows the activities of the antioxidant enzymes CAT, SOD, and
GR. There was a statistically significant decrease on CAT activity with
respect to vehicle-treated cells with XN 0.01 wM (—44.72%) and 5 pM
(—31.83%) as well as with 8PN 0.01 uM (—41.24%) and 1pM
(—32.249%) (Fig. 3A). In the case of SOD activity (Fig. 3B), a statistically
significant decrease on the activity with respect to vehicle-treated cells
could also be observed with XN 0.01 nM as well as with 8PN 0.01 and
1 wM (in all there was a 50% decrease); treatment with XN 5 pM resulted
in anon-statistically significant decrease of SOD activity with respect to
vehicle-treated cells. Finally, GR activity (Fig. 3C) showed a statistically
significant decrease with respect to vehicle-treated cells with XN
0.01 uM (—38.17%), 8PN 0.01 M (—45.28%), and 1 pM (—44.70%);
treatment with XN 5 uM resulted in an increase of GRd activity with
respect to treatment XN 0.01 uM (+39.72%).

PROTEIN OXIDATIVE DAMAGE LEVELS

The presence of carbonyl groups, a marker of protein oxidation, was
determined in order to evaluate the damage protein levels on treated
cells (Fig. 4). Cells treated with XN 0.01 pM and 8PN showed a non-
statistically significant downward trend in their carbonyl content
with respect to vehicle-treated cells. In contrast, cells treated with XN
5uM showed an upward trend in carbonyl content, with levels
reaching statistically significant differences compared to XN 0.01 uM
XN treated cells.

SIRT1 AND SIRT3 EXPRESSION LEVELS
Figure 5 shows the effects of XN and 8PN on Sirt1 (Fig. 5A) and Sirt3
(Fig. 5B) expression levels. Treatment with XN 0.01 uM induced a

EXN @ 8PN

XN or 8PN (pM)

Effect of XN and 8PN on MCF-7 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 M) for 48 h.ROS

production was determined by DCFDA and represented as percentage with respect to vehicle-treated cells (0.1% DMSO, showed as 100%). A.U.: arbitrary units; XN and 8PN:
xanthohumol and 8-prenylnaringenin. Data are means == SEM. *Statistically significant difference between treated and vehicle-treated cells (Student’s t-test; P< 0.05, n = 6).
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Fig. 3. Influence of XN and 8PN on MCF-7 cell line antioxidant enzymes activity CAT (A), SOD (B), and GRd (C). Cells were treated with XN (0.01 and 5 ;«M) or 8PN (0.01 and
1 M) for 48 h. Spectrophotometric methods were used and data are presented as mlU/mg protein. Vehicle-treated cells were treated with 0.1% DMSO. CAT, SOD, and GRd:
catalase, superoxide dismutase, and glutathione reductase; IU: international units; XN and 8PN: xanthohumol and 8-prenylnaringenin. Data are means + SEM. *Statistically
significant difference between treated and vehicle-treated cells (One-way ANOVA test; P < 0.05, n = 6). Statistically significant difference respect previous treatment (One-way

ANOVA test; P< 0.05, n =6).

sixfold significant increase in sirt1 expression; moreover, Sirt3 also
experimented an increase in expression with this treatment but it was
not statistically significant. Treatments with 8PN resulted in an
increase of Sirtl and Sirt3 expression with respect to vehicle-treated

cells in a dose-dependent manner, although this increase was only
significant in the case of Sirt1 with 8PN 1 uM (sixfold over vehicle-
treated cells). In contrast, treatment with XN 5uM resulted in a
statistically significant decrease of Sirt1 with respect to treatment XN
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B XN 0.01 pM

B XN 5puM

CO8PNO.O1 pM
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Effect of XN 0.01 M, XN 5 M, 8PN 0.01 M, and 8PN 1 M on carbonylated protein levels after 48 h of treatment. Levels were determined by Western blot and

represented as percentage of carbonyls with respect to vehicle-treated cells (0.1% DMSO, showed as 100%). A.U.: arbitrary units; XN and 8PN: xanthohumol and
8-prenylnaringenin. Data are means -+ SEM. *Statistically significant difference between treated and vehicle-treated cells (One-way ANOVA test; P< 0.05, n=6). ~Statistically
significant difference respect previous treatment (One-way ANOVA test; P< 0.05, n=6).

0.01 uM, equalizing vehicle-treated cells levels; XN 5uM also
decreased Sirt3 expression with respect to vehicle-treated cells but it
was not statistically significant.

OXPHOS EXPRESSION LEVELS

OXPHOS expression levels (Fig. 6A and B) were determined as a
measure of mitochondrial functionality after treatment with XN and
8PN at selected treatments. Treatment with XN 0.01 uM caused an
expression increase of all mitochondrial complexes with respect to
vehicle-treated cells, with this increase only significant in case of
complex II (+43.37%) and V (475.77%). Treatment with 8PN 0.01
and 1pM also led to an upward trend in the expression of all
mitochondrial complexes with respect to vehicle-treated cells but
only complex II (+41.48% with 8PN 1 uM), IIT (+71.66% with 8PN
0.01 uM and +77.85% with 8PN 1uM), and V (+71.23 with 8PN
1 wM) increments were statistically significant. Otherwise, treatment
with XN 5uM produced a downward trend on all mitochondrial
complexes with respect to vehicle-treated cells except on complex III
and V, where a slight increase was observed; and although these
results were not statistically significant with respect to vehicle-
treated cells they were with respect to treatment XN 0.01 uM on
complexes I, II, and IV.

The aim of the present study was to determine the effects that
phytoestrogens XN and 8PN, which are present in beer, exert on
mitochondrial oxidative metabolism of the MCF-7 breast cancer cell
line. In this study, we have observed that i) these compounds have
effects on oxidative stress by means of changes in mitochondrial
OXPHOS and sirtuins and ii) these effects are opposite in a dose-
dependent manner (see summary Table I).

Low concentrations of XN (0.001-0.01 uM) and almost all tested
doses of 8PN (0.001-20 wM) exerted an antioxidant function when

causing significant decrease of ROS levels (—32% with XN 0.001 pM
and —26% with 8PN 15 uM) along with an increase in cell viability
(+40% with XN 0.01 o.M and + 9% with 8PN 1 wM). This increase of
cell viability caused by 8PN has already been observed in previous
studies although these authors reported that this compound also
exerts cytotoxic effects on MCF-7 cell line when used at concen-
trations of 1 uM or higher [Matsumura et al., 2005; Brunelli
et al., 2009]. Otherwise, higher doses of XN (1-15 wM) resulted in a
marked increase of ROS production (near threefold vs. vehicle-treated
cells) along with a marked decrease of cell viability (—57% with XN
15 M). These results are consistent with previous works in other cell
lines treated with XN [Miranda et al., 1999; Lust et al., 2005; Pan
et al., 2005; Vanhoecke et al., 2005; Delmulle et al., 2006; Monteiro
et al., 2007; Yang et al., 2007; Ho et al., 2008; Monteiro et al., 2008;
Szliszka et al., 2009; Deeb et al., 2010; Dorn et al., 2010; Strathmann
et al., 2010; Drenzek et al., 2011; Festa et al., 2011; Zajc et al., 2012].
In fact, despite that many dietary polyphenols have been studied for
their antioxidant activity, recent publications have shown that
several polyphenols may also act as oxidants [Lee and Lee, 2006;
Antosiewicz et al., 2008; Khan et al., 2008; Trachootham et al., 2009;
Strathmann et al., 2010].

Protein carbonyl content, which is an end-marker of oxidative
damage, showed a downward trend consistent with the mild decrease
in ROS production induced by XN 0.01, 8PN 0.01, and 8PN 1 M. The
lack of statistical significance in the decrease of protein oxidation
may be in relation to its end-marker nature, since antioxidant
activities, protein turnover, and repairing systems may blunt the ROS
effects. Moreover, the low antioxidant activity observed in these same
treatments could be explained by the fact that they are not activated
precisely because ROS levels are low, and therefore, the low oxidative
stress observed in these treatments could not be due to detoxifying
activity of antioxidant enzymes. These results could indicate that XN
and 8PN exert a modulatory effect on ROS production although by a
separate path to the regulation of the antioxidant enzyme activity.
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Influence of XN 0.01 M, XN 5 M, 8PN 0.01 M, and 8PN 1 M on Sirt1 (A) and Sirt3 (B) expression levels after 48 h of treatment. Levels were determined by Western

blot and represented as percentage of expression with respect to vehicle-treated cells (0.1% DMSO, showed as 100%). Representative bands of Western blot are shown. A.U.:
arbitrary units; XN and 8PN: xanthohumol and 8-prenylnaringenin. Data are means + SEM. *Statistically significant difference between treated and vehicle-treated cells (One-way
ANOVA test; P< 0.05, n=6). Statistically significant difference respect previous treatment (One-way ANOVA test; P< 0.05, n = 6).

Furthermore, these treatments (XN 0.01, 8PN 0.01, and 8PN 1 M)
caused an increase of OXPHOS expression levels, as well as a marked
increase of Sirt1l. From these results it appears that the reduction of
ROS production observed in these treatments might be due to an
improvement in mitochondrial function.

In contrast, samples treated with XN 5 uM showed an increase of
carbonylated protein content in accordance with their higher ROS
levels. Besides, this treatment leads to a downward trend in CAT and
SOD activities; this could be due to the fact that this treatment causes
an increase of ROS production too high to be offset by antioxidant
enzymes activity or it even could be that their activity is damaged by
ROS. Another possibility to explain this decrease of the antioxidant
activities with XN 5 M could be that XN exerts a direct inhibitory

effect of antioxidant enzymes activity. Furthermore, the increase in
ROS production induced by XN 5uM may be due to decreased
OXPHOS expression observed with this treatment which would
indicate why perhaps mitochondrial functioning would be altered. In
fact, in an earlier work with mitochondrial subparticles, it was already
noted that high concentrations of XN cause a decrease of the activity
of certain OXPHOS complexes accompanied by an increase of ROS
levels [Strathmann et al., 2010]. Furthermore, this treatment also
caused a significant reduction of Sirtl and less marked Sirt3
expression.

These results show that XN exerts a dual effect on ROS production
and cell viability in a dose-dependent manner and acts by reducing
ROS production at low concentrations while promoting ROS
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formation at high concentrations; this dual effect has already been
observed previously for other phytoestrogens like genistein and
resveratrol [Matsumura et al., 2005; Signorelli and Ghidoni, 2005]. In
summary, from results one could postulate that XN at low
concentrations and 8PN induce sirtuin expression and these proteins
stimulate mitochondrial biogenesis which thereby decreases mito-
chondrial ROS production; otherwise, the oxidizing doses of XN
might inhibit the expression of sirtuin proteins, which would
adversely affect mitochondrial function which in consequence lead
to an increase in ROS levels. Previous studies have found that
phytoestogens may modulate cell sirtuin levels and activity; for
instance, genistein at 50 wM is capable of reducing Sirt1 expression
[Kikuno et al., 2008]. Sirtuins have been found to be involved in the

modulation of mitochondrial function in the cell; as a matter of fact,
Sirt1 controls mitochondrial biogenesis induction and progression
[Menzies and Hood, 2012] and Sirt3 resides mainly in mitochondria
and regulates oxidative stress through the deacetylation of substrates
involved in both ROS production and detoxification, so that this
protein could maintain mitochondrial redox homeostasis [Finley
et al., 2011; Bause and Haigis, 2012; Giralt and Villarroya, 2012]. In
the present study, OXPHOS expression levels showed a pattern of
changes depending on the compound and dosage used for treatment.
From these results, a possible regulation of ROS production by XN and
8PN could be proposed; these phytoestrogens may modulate
mitochondrial function, and therefore ROS production, through
Sirt1 and Sirt3, and thus sirtuins could mediate the action between
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TABLE 1. Statistically Significant Changes (Increase T or Decrease |)
with Respect to Vehicle-Treated Cells (Student’s t-test and One-Way
ANOVA Test; P< 0.05, n=6)

XN, XN, 8PN, 8PN,
0.01 pM 5 M 0.01 pM 1M
Cell growth T 1
ROS levels ! T 1 1
Antioxidant activity
CAT 1 1 ! !
SOD 1 ! !
GRd I I I
Carbonyl levels
Sirt1 T T
Sirt3
O0XPHOS
Complex I
Complex II T 1
Complex III T 1
Complex IV
Complex V T 1

MCF-7 cells were treated with XN or 8PN for 48 h. CAT, SOD, and GRd, catalase,
superoxide dismutase, and glutathione reductase; 0XPHOS, oxidative phosphory-
lation system; ROS, reactive oxygen species; Sirt1, sirtuin 1; Sirt3, sirtuin 3; XN and
8PN, xanthohumol and 8-prenylnaringenin.

these compounds and OXPHOS expression levels. These results
suggest that XN at high concentrations share functional similarities
with “mitocans,” compounds that selectively affect and destabilize
mitochondrial function until they kill the cells by a redox imbalance;
in fact, several action targets of mitocans have been identified
amongst which one is the OXPHOS complex [Strathmann
et al.,, 2010]. Particularly, it has seen that XN precisely appears to
act specifically against cells displaying altered redox balance [Jacob
et al., 2011], so this compound may be a potential candidate as pro-
oxidative drug in cancer treatment.

Beer is the most important dietary source of XN and 8PN. The
USDA estimates that a daily average consumption of beer (225 ml)
provides an intake of 0.14 mg of prenylflavonids (including XN,
isoxanthohumol, and 8PN) [Stevens and Page, 2004]. On the other
hand, other study found that serum of women receiving a dietary
hop supplement (6.12 mg XN and 0.3 mg 8PN) during 5 days reached
a 5 and 2 nM concentration of XN and 8PN, respectively. This study
also detected these compounds in breast tissue, showing values in
the range of pmols per g tissue [Bolca et al., 2010]. The doses
observed by Bolca et al. [2010] in mammary gland of supplemented
women were in the low range of the doses tested in our study and far
from the high dose of XN (5uM) eliciting oxidative effects.
Considering the bioavailability data [Stevens and Page, 2004], it is
likely that a dietary hop supplementation may provide low XN and
8PN doses ameliorating ROS production. On the other hand, the ROS
promoting effect of high XN concentrations deserves special
attention since it could be a promising chemotherapeutic agent in
breast cancer therapy. Cancer cells have higher oxidative stress than
normal cells but their ROS threshold for apoptotic induction is
greater. Thus, high XN doses may prompt cancer cells to a higher
oxidative stress able to trigger apoptosis. Future studies are needed
to determine whether these oxidant effects of XN are specific and
relevant enough in animal models to be considered a promising tool
for breast cancer therapy.
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ARTICLE INFO ABSTRACT

Background: The polyphenol resveratrol (RSV) is found in the skin of red grapes and has been reported to exhibit
anticancer properties. The antitumor effects of RSV in the gastrointestinal tract have gained considerable interest
due to the high exposure of this tissue to this dietary compound. One of the hallmarks of cancer cells is their par-
ticular metabolism mainly relying on glycolysis for ATP production rather than mitochondrial oxidative phos-
phorylation. Although RSV has been described to act as a calorie-restriction mimetic, modulating energy
metabolism in normal tissues, little efforts have been done to study the effects of this polyphenol in the metab-
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Re}s’xratrol olism of cancer cells. Taking this into account, the aim of this study was to explore metabolic effects of this poly-
SW620 phenol in colon cancer.

Methods: Oxygen consumption, ATP levels, Western blotting and other molecular biology techniques were car-
ried out to characterize the metabolic signature of RSV in SW620 colon cancer cells.

Results: Paradoxically, the cytotoxic effects of RSV were associated with an increase in oxygen consumption support-
ed by mitochondrial biogenesis and increased fatty acid oxidation. This partial reversion of the Warburg effect was
followed by hyperpolarization of mitochondrial membrane and ROS production, leading to an increased apoptosis.
Conclusions: Our results propose that the anticancer mechanisms of RSV could reside in targeting cancer cell metab-
olism, promoting mitochondrial electron transport chain overload and, ultimately, increasing ROS production.
General significance: These results shed new light into the anticancer mechanism of RSV supporting the ability of this

Colon cancer
Mitochondria
Metabolism
Apoptosis

compound in potentiating the effects of chemotherapy.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Resveratrol (RSV) is a polyphenol found in peanuts, Japanese knot-
weed plant, some berries and in large quantities in the skin of red

Abbreviations: A¥m, mitochondrial membrane potential; 2-DG, 2-deoxyglucose; 5-
FU, 5-fluorouracil; ANT A, antimycin A; COX, cytochrome c oxidase; ERq, estrogen
receptor alpha; ERP, estrogen receptor beta; ERRc, estrogen-related receptor alpha;
ETO, etomoxir; FCCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; LDH, lac-
tate dehydrogenase; MDC, monodansylcadaverine; mtDNA, mitochondrial DNA; MTG,
MitoTracker Green®; MTT, thiazolyl blue tetrazolium bromide; NAC, N-acetyl cysteine;
NAO, 10-nonyl acridine orange bromide; NRF1, nuclear respiratory factor 1; NRF2, nuclear
respiratory factor 2; OCR, oxygen consumption rate; OLI, oligomycin; OXPHOS, oxidative
phosphorylation; PARP, poly(ADP-ribose) polymerase; PDH, pyruvate dehydrogenase;
PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; ROS, re-
active oxygen species; RSV, resveratrol; SIRT1, sirtuin1; SIRT3, sirtuin 3; TFAM, mitochon-
drial transcription factor; TMRM, tetramethylrhodamine methyl ester; UCP2, uncoupling
protein 2.
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grapes, which makes red wine the main source of RSV [1]. Within the
last 10 years, a great deal of evidence has been found indicating the can-
cer prevention and treatment properties of RSV in a plethora of cellular
and animal models [2,3]. RSV is a promising multi-target anticancer
agent since it has been shown to act on diverse mechanisms, simulta-
neously inhibiting initiation, promotion and progression of cancerous
states [4]. Furthermore, RSV has been demonstrated to have multiple
therapeutic effects against cardiovascular diseases such as atherosclero-
sis, hypertension and heart failure, as well as diabetes, obesity and neu-
rodegenerative ailments associated with aging [5].

Despite its promising anticancer and anti-aging effects, dietary RSV
is rapidly metabolized in the intestinal cells, thus limiting its bioavail-
ability to certain tissues. After oral administration in humans, intact
RSV is detectable in plasma in nanomolar range while its resulting me-
tabolites are in the micromolar, on account of the metabolic processes
occurring in the intestinal cells [6]. Despite these metabolic changes,
RSV is efficiently absorbed in the gastrointestinal tract and exerts local
effects before its metabolization, thus explaining the beneficial effects
of RSV in this system; for example, colorectal and esophageal antitumor
effects [7,8]. Clinical evidence in favor of RSV as an effective supplement
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for cancer prevention and treatment is scarce, but in one of the few
existing clinical trials it has been suggested that daily consumption of
RSV can provide a concentration in the colon sufficient to elicit anticar-
cinogenic effects [9].

RSV is considered to be a potential caloric restriction mimetic and
thereby by modulating energetic metabolism it conveys beneficial ef-
fects against numerous diseases in tissue culture and animal models
[10]. Accordingly to this, mitochondria, as the cell powerhouse, is
known to be one of the main targets of RSV. However, the modulatory
effects of RSV in mitochondrial function and dynamics are not clear
and controversial reports are found in the literature [11-13]. On one
hand, RSV has been reported to protect endothelial cells by inducing an-
tioxidant systems to prevent mitochondrial dysfunction [12]. In HepG2
cells, RSV has been shown to induce mitochondrial biogenesis [ 14]. Con-
sistent with these findings, the physiological improvements induced by
RSV in rodent models of aging and metabolic syndrome are accompa-
nied by an increase in the mitochondrial content of liver, skeletal muscle
and blood vessels [11,12]. Nonetheless, RSV has been demonstrated to
induce mitochondrial dysfunction by inhibiting oxidative phosphoryla-
tion in rat brain and liver [13,15], which in turn increases ROS levels and
induces cell death by apoptosis or necrosis. Therefore, the mechanisms
by which RSV regulates mitochondrial function and dynamics are yet
not fully understood, since there are many factors that may influence
the impact of RSV on mitochondria such as cell type, concentration, du-
ration of exposure, gender, age and cellular differentiation state [11].

Altered cellular metabolism is one of the most important hallmarks
of cancer. Cancer cells exhibit increased glucose uptake and rely on gly-
colysis for ATP production, even in aerobic conditions (Warburg effect)
[16]. In this regard, some studies have shown that in ovarian and breast
cancer, RSV is able to decrease glucose metabolism, which leads to de-
creased cell viability and apoptosis [17-19]. These recent findings sug-
gest that metabolic reprogramming may be underlying the anticancer
effects of this compound. Taking this into account along with the higher
bioavailability of this dietary compound in the digestive tract, our aim
was to gain further insight in the modulatory effects of RSV on SW620
colon cancer cell metabolism. To tackle this aim, we determined oxygen
consumption rate (OCR), ATP levels, mitochondrial enzymatic activities
and mitochondrial biogenesis-related parameters in SW620 cell culture
lines treated with 10 pM of RSV for 48 h. Furthermore, cytotoxic effects
of RSV were tested by measuring cell viability, oxidative stress and
apoptosis.

2. Materials and methods
2.1. Reagents

Dulbecco's modified Eagle's medium (DMEM) high glucose was
from GIBCO (Paisley, UK). Fetal bovine serum (FBS) and penicillin-
streptomycin were from Biological Industries (Kibbutz Beit Haemek,
Israel). 2-deoxyglucose (2-DG), 5-fluorouracil (5-FU), oligomycin
(OLI), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP),
antimycin A (ANT A), thiazolyl blue tetrazolium bromide (MTT),
etomoxir (ETO), monodansylcadaverine (MDC) and resveratrol (RSV)
were from Sigma-Aldrich (St. Louis, MO). N-acetyl cysteine (NAC) was
from Panreac AppliChem (Barcelona, Spain), ApoSensor™ Cell Viability
Assay Kit was purchased from BioVision (Milpitas, CA), TriPure® Isola-
tion Reagent from Roche (Barcelona, Spain), primers used were from
TIB MOLBIOL (Berlin, Germany) and from Metabion (Martinsried,
Germany) and BCA™ Protein Assay Kit from Pierce (Bonn, Germany).
Human Western blot antibodies SIRT1 (sc-15404), ERa (sc-542), ERB
(sc-8974), Tubulin (sc-5286), PDH (sc-377092) and UCP2 (sc-6526)
were from Santa Cruz Biotechnology (Texas, USA); NRF1 (#12381),
TFAM (#7495), SIRT 3 (#2627S), ERRa (#13826), LDH (#2012) and
PARP (#9542) were from Cell Signaling (Danvers, MA, USA); NRF2
(ab89443) and PGC-1ax (ab54481) were from Abcam (Cambridge, UK)
and Total OXPHOS human WB antibody cocktail (#MS601) from

MitoSciences (Eugene, OR, USA). Immun-Star® Western C° Chemilumi-
nescent Kit was from Bio-Rad Laboratories (Hercules, CA). Finally, 10-
nonyl acridine orange bromide (NAO), Amplex® Red Reagent, Annexin
V Alexa Fluor® 350 conjugate, MitoTracker® Green (MTG) and
tetramethylrhodamine methyl ester (TMRM) were from Invitrogen -
Molecular Probes — Thermo Fisher Scientific (Waltham, MA, USA).

2.2. Cell culture

SW620 colon cancer cell line was purchased from American Type
Culture Collection (ATCC; Manassas, VA, USA) and cultured in DMEM
supplemented with 10% FBS and 1% antibiotic (penicillin and strepto-
mycin) at 37 °Cin 5% CO,. Cells were seeded, incubated overnight and
treated the following day by providing fresh medium supplemented
with RSV or vehicle (0.03% DMSO, control cells) for 48 h. The dosage
of RSV used was 5, 10, 20, 40, 80 and 160 puM for cell viability assay
and 10 pM for the other determinations.

2.3. Cell viability

For cell viability assays, cells were seeded in 96-well plates and RSV-
treated alone or in combination with other drugs for 48 h. Next, cell pro-
liferation was determined by the crystal violet method [20]. Briefly,
20 L of violet crystal solution (0.5% of violet crystal in 30% acetic acid)
were added to each well and incubated for 10 min at room temperature.
The plate was washed twice with distilled water and dye solubilized
with 100 pL of methanol shaking for 1min. Finally, absorbance was
measured at 570 nm using a microplate reader (Power Wave XS, BIO-
TEK Winooski, Vermont, USA).

2.4. Oxygen consumption rate (OCR)

After 48 h with 10 uM of RSV, cells were incubated in 1 mL of DMEM-
FBS in a water-thermostatically regulated chamber with a computer-
controlled Clark-type O, electrode (Oxygraph; Hansatech, Norfolk,
UK). Cells were preincubated for 5 min at 37 °C and basal respiration
rate was measured three times during the following 5 min. Next, com-
pounds modulating mitochondrial function were sequentially added
to the assay medium: 1 uM OLI to inhibit ATP synthase, 5 M FCCP as un-
coupler and 1 pM ANT A to inhibit electron transport chain. Oxygen con-
sumption from adding these mitochondrial inhibitors was used to
calculate OCR associated to basal respiration (basal conditions — ANT
A); ATP production (basal - OLI); proton leak (OLI - ANT A); maximal
respiration (FCCP - ANT A) and spare respiratory capacity (FCCP -
basal conditions). To assess the influence of the main metabolic sub-
strates on OCR, cells were incubated in 1 mL of DMEM-FBS or alterna-
tively with amino acid free Krebs-Ringer modified buffer (NaCl
145 mM, KCl 4.86 mM, CaCl, 0.54 mM, MgS0O4 1.22 mM, 5.7 mM
NaH,PO,, glucose 4.5 g/L and 10% FBS) and treated with inhibitors of
glycolysis (20 mM 2-DG) and/or fatty acid oxidation (150 uM ETO).
After each addition, respiration rate was measured as afore mentioned.

2.5. Intracellular ATP levels

Cells were seed in 96-well plates and cultured for 48 h with 10 uM of
RSV. ATP levels were measured using the ApoSensor™ Cell Viability
Assay Kit in basal conditions and after 20 mM 2-DG, 150 uM ETO or 2-
DG + ETO for 15 min. For amino acid deprivation experiment, media
was shifted to Krebs-Ringer modified buffer (NaCl 145 mM, KCl
4.86 mM, CaCl, 0.54 mM, MgS0,4 1.22 mM, 5.7 mM NaH,POy, glucose
4.5 g/L and 10% FBS) 30 min before 2-DG addition. Luminescence resul-
tant from the reaction of the assay kit was measured in a microplate
reader (FLx800, BIO-TEK Winooski, Vermont, USA). For data normaliza-
tion, cell number was determined in parallel treated wells by the crystal
violet method, as described above.
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2.6. Enzyme activities

Cells treated with RSV for 48 h were harvested by scraping with ice-
cold PBS and then centrifuged at 5000 rpm for 5 min at 4 °C to remove
cell debris. Cell pellets were suspended in a buffered solution (20 mM
Tris, 2 mM EDTA and 40 mM KCl; pH 7.4) and disrupted by sonication.
Protein concentration was determined with the BCA™ Protein Assay
Kit and mitochondrial cytochrome c oxidase (COX, EC 1.9.3.1) activity
was measured using a spectrophotometric method [21]. Briefly, cell ly-
sates were incubated in 0.1 M NaPO4H, pH 7 in the presence of 2 pg/mL
catalase and 5 mM substrate DAB (3,3’-diaminebenzidine tetrachlo-
ride). After 30 s, 100 uM reduced cytochrome c was added to start the
reaction and absorbance variation was followed over 15 min at
450 nm in a microplate reader (BIO-TEK Winooski, Vermont, USA). Glu-
tamate dehydrogenase (EC 1.4.1.3) activity was determined by adding
6.45 mM NADH, 32.3 mM ADP and 65 kU/L LDH to cell lysates in
presence of ammonium acetate buffer. Next, 217 mM 2-oxoglutarate
was added to the well and NADH oxidation was followed by measuring
the absorbance at 334 nm for 20 min using the microplate reader.

2.7. Western blot

SW620 cells were scraped in RIPA buffer (50 mM Tris-HCl, 150 mM
NaCl, 0.1% SDS, 0.5% deoxycholate, 1% Triton X-100, 1 mM EDTA, 1 mM
Na3VOy4, 1 mM PMSF, 0.01 mM leupeptin, 0.01 mM pepstatin and 1 mM
NaF; pH 7.5) and disrupted by sonication. Protein content was deter-
mined with a BCA™ Protein Assay Kit. For Western blot analysis, 30 1g
of protein from cell lysates were separated on SDS-PAGE gels and
electrotransferred onto nitrocellulose membranes. Membranes were in-
cubated in a blocking solution of 5% non-fat powdered milk in Tris-
buffered saline-Tween-20 (TBS with 0.05% Tween-20). Primary anti-
bodies were used to detect the following proteins: estrogen receptor
alpha (ERav), estrogen receptor beta (ERP), estrogen-related receptor
alpha (ERRa), lactate dehydrogenase (LDH), nuclear respiratory factor
1 (NRF1), nuclear respiratory factor 2 (NRF2), oxidative phosphoryla-
tion (OXPHOS) complexes, poly(ADP-ribose) polymerase (PARP), pyru-
vate dehydrogenase (PDH), peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a), sirtuin1 (SIRT1), sirtuin 3
(SIRT3), mitochondrial transcription factor (TFAM), uncoupling protein
2 (UCP2) and tubulin as a housekeeping. Protein bands were visualized
by Immun-Star® Western C° Chemiluminescent Kit Western blotting
detection systems. The chemiluminescence signal was acquired with a
Chemidoc XRS densitometer (Bio-Rad Laboratories) and results were
analyzed with Quantity One Software (Bio-Rad).

2.8. Mitochondrial mass determination

Cells were seeded in 96-well plates and treated with RSV for 48 h.
Cells were stained with 100 nM mitochondrial specific probe MTG for
40 min at 37 °Cin 5% CO,. After incubation, culture medium was replaced
by PBS and fluorescence was measured in a microplate fluorescence read-
er (FLx800, BIO-TEK Winooski, Vermont, USA) set at excitation and emis-
sion wavelengths of 490 and 516 nm, respectively. To further evaluate
mitochondrial mass, RSV treated cells were stained with the cardiolipin
mitochondrial specific probe NAO For this purpose, culture medium
was replaced by 20 mM NAO in PBS-glucose and incubated for 30 min
at 37 °C in 5% CO,. After incubation, fluorescence was measured in a mi-
croplate fluorescence reader set at excitation and emission wavelengths
of 485 and 528 nm, respectively. MTG and NAO fluorescence values
were normalized per cell density measured by crystal violet assay, as de-
scribed above.

2.9. mtDNA quantification

Total DNA was isolated from cultured cells using TriPure® Isolation
Reagent following the manufacturer's protocol and 5 ng of DNA was

amplified using specific primers for the nuclear 18S and the mitochondri-
al encoded gene NADH dehydrogenase subunit 4, with SYBR Green tech-
nology on a LightCycler 480 System II (Roche Diagnostics, Basel,
Switzerland). 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, 60 °C), 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
CACggACAggATTgACA-3’ and reverse 5'-ACC CACggAATCgAgAAAgA-3’
for 18S and forward 5’-CgTgACTCCTACCCCTCACA-3’ and reverse 5’'-
ATCgggTgATgATAgCCAAg- 3’ for the NADH dehydrogenase subunit 4
(mtDNA). Ct values of the real-time PCR were calculated using
LightCycler Software 3.5.3 by the Second Derivative Maximum method.
Ct values were analyzed taking into account the efficiency of the reaction
and referring these results to the 18S using the GenEx Standard Software
(Multi-DAnalises, Sweden).

2.10. Real-time quantitative PCR

Total RNA was isolated from cultured cells using TriPure® Isolation
Reagent following the manufacturer's protocol and quantified using a
spectrophotometer (BioSpec-nano Shimadzu-Biotech) set at 260 nm.
One microgram of the total RNA was reverse transcribed to cDNA and
PCR was done for target genes with SYBR Green technology on a
LightCycler 480 System II rapid thermal cycler (Roche Diagnostics, Basel,
Switzerland). The amplification program consisted of a preincubation
step for denaturation of the template cDNA (5 min, 95 °C), followed by
45 cycles consisting of denaturation (10 s, 95 °C), annealing (10 s, T* de-
pends on the primer) and extension steps (12 s, 72 °C min). The primers
used were forward 5’-ggACACggACAggATTgACA-3’ and reverse 5-ACCC
ACggAATCgAgAAAgA-3’ for the 18S ribosomal RNA gene (61 °C annealing
temperature), forward 5-AATTCAgATAATCgACgCCAg-3’ and reverse 5'-
gTgTTTCAACATTCTCCCTCCTC-3' for the ERx gene (61 °C annealing tem-
perature), and forward 5’-TAgTggTCCATCgCCAETTAT-3’ and reverse 5’-
2ggAgCCACACTTCACCAT-3’ for the ERP gene (64 °C annealing tempera-
ture). The resulting PCR products were analyzed with the same method
before described for real-time quantitative PCR determinations.

2.11. Lactate production

Cells were seeded in 96-well plates and treated for 48 h with 10 uM
of RSV. After treatment, media was replaced by fresh media supple-
mented or not with RSV and 20 mM 2-DG, 1 uM OLI or vehicle (0.01%
DMSO0). Aliquots of media were collected every two hours in the next
6 h to determine lactate concentration. The enzymatic assay used is
based on the capacity of lactate dehydrogenase to convert lactate into
pyruvate in presence of NAD +. Lactate levels were measured following
the NADH formation by monitoring the fluorescence in a microplate
fluorescence reader (FLx800, BIO-TEK Winooski, Vermont, USA) set at
360 nm excitation and 460 nm emission. Immediately after collecting
media, cell number was determined by the crystal violet method as de-
scribed previously.

2.12. MTT assay, mitochondrial membrane potential (A¥m) and ROS
production

Reduction of MTT as a measure of mitochondrial metabolic activity
was evaluated by incubating RSV-treated cells with 0.5 mg/mL MTT
for 1 hat37 °Cin 5% CO,. Next, media was replaced by DMSO and absor-
bance measured using a microplate reader (BIO-TEK Winooski, Ver-
mont, USA). The resulting absorbance was the difference between 570
and 650 nm (blank) lectures. To evaluate AWm, cells seeded in 96-
well plates were incubated with 100 nM of the fluorescent probe
TMRM for 15 min at 37 °C in 5% CO,. After incubation, culture medium
was replaced by PBS and fluorescence was measured in a microplate
fluorescence reader (FLx800, BIO-TEK Winooski, Vermont, USA) set at
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excitation and emission wavelengths of 552 and 576, respectively. ROS
production was determined using Amplex Red® hydrogen peroxide
assay kit following manufacturer's protocol. After 48 h of treatment,
media was replaced by Krebs-Ringer phosphate buffer (145 mM Nadl,
4.86 mM KCl, 0.54 mM CaCl,, 1.22 mM MgS0O,4, 5.5 mM glucose,
5.7 mM sodium phosphate, pH 7.4) supplemented with 50 uM Amplex®
Red Reagent and 0.1 U/mL horseradish peroxidase. Fluorescence was
monitored during 1 h using a microplate fluorescence reader set at ex-
citation and emission wavelengths of 570 and 585 nm, respectively.
All measurements were normalized to cell density determined by crys-
tal violet method as described previously.

2.13. Autophagy and apoptosis analysis

To evaluate the effects of RSV on autophagy, cells seeded in 96-well
plates and treated with RSV for 48 h were incubated with the fluorescent
probe MDC (50 uM) for 15 min at 37 °C in 5% CO,. After incubation, cul-
ture medium was replaced by PBS and fluorescence was measured in a
microplate fluorescence reader (FLx800, BIO-TEK Winooski, Vermont,
USA) set at excitation and emission wavelengths of 340 and 535, respec-
tively. Apoptosis was measured using the Annexin V Alexa Fluor® 350
conjugate. Briefly, after RSV treatment, cells were fixed with 2% parafor-
maldehyde in PBS at room temperature for 30 min. Next, cells were
stained with the fluorescent dye in binding buffer (10 mM Hepes/
NaOH, pH 7.4, 140 mM NaCl and 2.5 mM CaCl,) for 10 min at room tem-
perature in the dark. After incubation, buffer was replaced by dye free
buffer and fluorescence measured in a microplate reader set at excitation
and emission wavelengths of 346 and 442 nm, respectively. MDC and
Annexin V fluorescence values were normalized to cell density by the
crystal violet assay, as described above.

2.14. Flow cytometry

SW620 cells treated with 10 uM of RSV or vehicle for 48 h were
trypsinized, washed with PBS and fixed in methanol for 1 h at 4 °C.
Next, cells were washed twice and incubated in the dark with
50 pg/mL of propidium iodide and 50 pg/mL of RNase A. Samples were
analyzed for DNA ploidy using a Coulter Epics XLMCL Flow Cytometer
(Beckman Coulter, Miami, FL, USA).

2.15. 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 presented as means 4+ standard error of the mean
(SEM). Statistical differences between treated and non-treated cells
and between different treatments were analyzed by Student's t-test
and statistical significance was set at p < 0.05.

3. Results

Resveratrol (RSV) effects on SW620 colon cancer cells growth were
assessed by treating them with increasing doses of this polyphenol and
then measuring cell viability. As shown in Fig. 1, a significant decrease in
cell number (20%) was achieved by a minimum dose of 10 uM of RSV.
Taking into account the low oral bioavailability of RSV in physiological
conditions [6], we decided to use this minimum effective dose to per-
form the following experiments.

Given that one of the hallmarks of cancer cells is their particular me-
tabolism and taking into consideration the great amount of studies ex-
amining the modulatory effects of RSV on mitochondria, we decided to
determine the effects of RSV on oxygen consumption in SW620 colon
cancer cells. After measuring the basal oxygen consumption rate
(OCR), specific mitochondrial inhibitors were added sequentially to
evaluate the components of mitochondrial oxygen consumption: oxy-
gen consumed for ATP production, proton leak and maximal and
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Fig. 1. Effects of RSV on cell viability of SW620 colon cancer cells. Cell viability was
measured by crystal violet staining after 48 h RSV or vehicle treatment, (n = 6). Data
represent means £ SEM. *p < 0.05, ** p < 0.01 (Student's t-test; RSV vs. vehicle). AU, arbi-
trary units.

spare respiratory capacities [22]. As shown in Fig. 2A and B, basal OCR
was significantly higher in cells treated with RSV, compared to the vehi-
cle. After addition of oligomycin (OLI), an ATP synthase inhibitor, OCR
dropped to similar levels in RSV and control cells, suggesting that the
increased basal respiration induced by RSV was ATP synthase activity
dependant. After addition of the uncoupler carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP), OCR increased above the
basal respiration levels. Finally, the addition of an electron transport
chain inhibitor (antimycin A, ANT A) allowed the calculation of the re-
sidual non-mitochondrial oxygen consumption and the calculation of
maximal capacity (FCCP-AA). By taking the difference between
uncoupled (FCCP) and basal OCR, the spare respiratory capacity was cal-
culated. As shown in Fig. 2B, RSV-treated cells presented higher values
of maximal and spare respiratory capacities, which suggest that RSV in-
creases the mitochondrial respiratory capacity of SW620 cells. On the
other hand, no differences were found in proton leak between RSV
and control cells. To further confirm the higher rate of cellular metabo-
lism induced by RSV, we performed a thiazolyl blue tetrazolium bro-
mide (MTT) reduction assay and measured cytochrome c oxidase
(COX) activity and ATP levels after 48 h of RSV treatment. Tetrazolium
dye reduction is dependent on cellular NAD(P)H-dependent oxidore-
ductase enzymes in the cytosol and mitochondria. RSV induced a 20%
increase in the reduction of MTT to formazan, suggesting a statistically
significant increase in cellular oxidoreductase enzymes. The activity of
the specific mitochondrial COX enzyme showed a 45% increase and
ATP levels were about 30% higher in RSV- compared to the vehicle-
treated cells (Fig. 2C). Altogether, these parameters suggest that RSV in-
duces a state of energized cellular metabolism with increased mito-
chondrial respiration.

Next, several markers of mitochondrial mass were used to determine
whether the increased mitochondrial functionality was matched with a
higher mitochondrial recruitment. As shown in Fig. 3A and B, protein
levels of oxidative phosphorylation (OXPHOS) complexes were signifi-
cantly increased by at least 40% in presence of RSV. Furthermore,
SW620 cells showed a higher staining with the specific mitochondrial
probes MitoTracker® Green (MTG) and 10-nonyl acridine orange bro-
mide (NAO) (Fig. 3C). To test whether this increase in mitochondrial
mass was accompanied by an increase in mitochondria number, mito-
chondrial DNA (mtDNA) levels were determined by real time PCR. De-
spite the higher mitochondrial mass of RSV-treated cells, no differences
were observed in mtDNA copy number (Fig. 3C), which suggests that
RSV promotes mitochondrial biogenesis by increasing the mass of pre-
existing mitochondria rather than increasing the cellular mitochondrial
population.

Mitochondrial biogenesis relies on the concerted and synchronized
expression of nuclear and mitochondrial genes. Nuclear respiratory fac-
tors (NRFs) regulate the expression of mitochondrial proteins whose
genes are located in the nucleus, including mitochondrial transcription
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Fig. 2. Effects of RSV on mitochondrial respiration and functionality. (A) Polarographic
analysis of oxygen consumption rate (OCR) in SW620 colon cancer cells after 48 h 10 uM
RSV or vehicle treatment under basal conditions or following the addition of oligomycin
(OLI), the uncoupler carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) or
the electron transport inhibitor antimycin A (ANT A), (n = 4). (B) Quantification of the
basal respiration (basal conditions - ANT A); ATP production (basal conditions - OLI);
proton leak (OLI - ANT A); maximal respiration (FCCP - ANT A) and spare respiratory
capacity (FCCP - basal conditions) from the polarographic analysis shown in A).
(C) Thiazolyl blue tetrazolium bromide (MTT) reduction assay, cytochrome c oxidase
(COX) activity and ATP levels in SW60 colon cancer cells after 48 h 10 uM RSV treatment
or vehicle alone, (n = 6). Data represent means 4 SEM. *p < 0.05, ** p < 0.01 (Student's t-
test; RSV vs. vehicle). AU, arbitrary units.

factor A (TFAM), which in turn regulates the expression of mitochondri-
al genome codified genes [23]. The coordination and activation of TFAM
and NRFs are in turn controlled by the peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1at). As shown in
Fig. 4, PGC-1a, NRF1 and TFAM were up-regulated by RSV, although
there were no effects on NFR2 levels. Among the known RSV targets,
sirtuins and estrogen receptors have been reported to influence energy
metabolism [24,25]. Sirtuins are NAD*-dependent deacetylases which
participate in mitochondrial biogenesis and functionality. Among the
seven isoforms described, SIRT1 and SIRT3 isoforms have shown clear
effects in energy and mitochondrial metabolism [26]. Whereas SIRT1
is located mainly in the nucleus, SIRT3 is found into the mitochondria

and activates proteins related to energy metabolism such as some of
the OXPHOS complexes. Although SIRT1 expression was not enhanced
by RSV, protein levels of SIRT 3 were increased by 50% in presence of
this polyphenol (Fig. 4A and B). In addition to sirtuins, it is well
known that RSV is a phytoestrogen compound able to bind to estrogen
receptors (ERs). To examine the expression of ERs in our SW620 colon
cancer cells, we determined the protein levels of the two ER isoforms
(ERa and ERPB) and estrogen-related receptor alpha (ERRat) by Western
blot. As shown in Fig. 4A and B, immunoblot bands for ERs and ERRa
were faint and no difference in the level of these receptors were ob-
served in relation to RSV treatment. To confirm this low expression,
mRNA levels were determined by RT-PCR (data not shown). Little am-
plification of ERB mRNA was detected (Ct = 33), with no differences
in presence of RSV, while ERa was considered non-detectable (Ct > 40).

Considering that cancer cells depend on aerobic glycolysis, to the
detriment of mitochondrial oxidative phosphorylation (Warburg ef-
fect), along with the promotion of mitochondrial recruitment and oxi-
dative phosphorylation exerted by RSV, our next objective was to test
whether the cytostatic effects of RSV were related to a reversion of the
Warburg effect, i.e., a shift from glycolysis to the Krebs cycle. To examine
the effects of RSV on glycolysis, we measured the rate of lactate release:
in basal conditions, after glycolysis stimulation by inhibition of mito-
chondrial respiration with OLI and in presence of the glycolysis inhibitor
2-deoxyglucose (2-DG). As shown in Table 1, lactate production rate
was not affected by RSV in any of the conditions assayed. Furthermore,
we analyzed the levels of the enzymes controlling pyruvate conversion
to lactate (lactate dehydrogenase, LDH) or alternatively to acetyl-CoA
(pyruvate dehydrogenase, PDH), which diverts pyruvate carbons to
the Krebs cycle. No differences were found in the protein levels of
these enzymes, supporting the finding that glycolysis was not impaired
by RSV (Table 1 A and B).

Glutamine and lipids can supply the Krebs cycle via glutaminolysis
and [>-oxidation, respectively. In order to test whether these substrates
are supporting the increased mitochondrial respiration in RSV-treated
cells, we analyzed OCR in RSV-treated cells exposed to the 3-oxidation
inhibitor etomoxir (ETO) in complete media and in absence of amino
acids. As shown in Fig. 5A, basal OCR was increased by RSV as previously
seen. Inhibition of glycolysis with 2-DG resulted in a significant drop in
OCR, which was similar for RSV and control cells, supporting the find-
ings that glucose was oxidized at the same rate in both conditions. How-
ever, in the presence of ETO, the decrease in OCR was higher in RSV-
treated cells, implicating that RSV-induced OCR was fatty acid oxidation
dependant. After ETO addition, OCR of control and RSV cells was the
same, suggesting that the increased basal respiration induced by RSV
was due to an increment of fatty acid oxidation. Next, to test the use
of amino acids as metabolic fuel, we measured OCR in an amino acid-
deprived medium (by changing from complete media to a Krebs-
Ringer buffer supplemented with glucose and FBS). As shown in
Fig. 5B, the effect of RSV on oxygen consumption was independent on
the presence of amino acids. Furthermore, no changes were observed
in the enzymatic activity of glutamate dehydrogenase (data not
shown) which supports the idea that RSV has no modulatory effects
on amino acid metabolism. To further confirm the metabolic reliance
of RSV-treated cells on fatty acid oxidation, OCR was measured in the
presence of ETO and the oxygen consumed for ATP production, proton
leak, maximal and spare respiratory capacities were determined as pre-
viously described. As shown in Fig. 5C and D, ETO abrogated differences
between control and RSV-treated cells in all these components except
for maximal respiration.

Next, we measured ATP levels after inhibition of glycolysis and/or
fatty acid oxidation in media with or without amino acids (Fig. 5E).
RSV-treated cells showed higher ATP levels compared to control cells,
even when glycolysis or fatty acid oxidation were alternatively
inhibited. These differences in ATP levels disappeared only when both
metabolic pathways were simultaneously inhibited. These data show
that RSV-treated cells are able to keep their higher ATP levels even
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Fig. 3. Effects of RSV on mitochondrial recruitment. (A) Representative subunits of each electron transport complex were detected by Western blotting using a cocktail of monoclonal
antibodies (see the Materials and methods section). The identities of the probed subunits are as follows: CI, complex I - NADH dehydrogenase 1 beta subcomplex 8 (NDUFBS); ClII,
complex II - succinate dehydrogenase subunit B (SDHB); ClII, complex III - ubiquinol-cytochrome c reductase core protein 2 (UQCRC2); CIV, complex IV - cytochrome c oxidase
subunit I (COX1); CV, complex V - ATP synthase subunit alpha (ATP5A). Cells were treated with 10 pM RSV or vehicle for 48 h. (B) Quantification of the OXPHOS complexes subunits
from immunoblots, (n = 6). (C) Quantification of MitoTracker Green® (MTG) and 10-nonyl acridine orange bromide (NAO) mitochondrial staining and mitochondrial DNA (mtDNA)
levels by qPCR in control and RSV-treated cells, (n = 6). Data represent means 4 SEM. *p < 0.05, ** p < 0.01 (Student's t-test; RSV vs. vehicle). AU, arbitrary units.

when fatty acid oxidation is inhibited. This compensatory production of
ATP seems to rely on anaerobic glycolysis, since ETO decreases oxygen
consumption but no ATP levels.

Excessive fatty acid oxidation may overwhelm the electron transport
system, resulting in an overproduction of reactive oxygen species (ROS).
To asses this hypothesis in our RSV-treated cells, mitochondrial mem-
brane potential (AWm) and ROS production were measured. As shown
in Fig. 6A, RSV significantly increased A¥m and ROS production. This in-
creased A”m may be due to the higher amount and activity of respirato-
ry chain complexes. Furthermore, this situation was not compensated by
an increase of the mitochondrial uncoupling protein 2 (UCP2), and it is
consistent with the lack of differences in proton leak observed in
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Fig. 2B. ROS producing mitochondria may induce its own removal by au-
tophagy (mitophagy), or alternatively, induce the “removal of the whole
cell” by triggering apoptosis. Fig. 6B shows no differences in the selective
probe for autophagic vacuoles, monodansylcadaverine (MDC), whereas
analysis of cell cycle after 48 h of RSV treatment showed an increased
subGo peak, suggesting a higher rate of apoptosis (Fig. 6D). Apoptosis ac-
tivation was confirmed by increased levels of Annexin V and PARP cleav-
age RSV-treated cells (Fig. 6B and C). The effects of RSV on ROS
production and cell viability were rescued when fatty acid oxidation
was inhibited with ETO or a ROS scavenger was added (Fig. 6E and F).
These results support the link between metabolic shift to fatty acid oxida-
tion and oxidative stress as part of the cytotoxic effects of RSV.

O Control
BRSV

ERa ERB ERRa

Fig. 4. Effects of RSV on the levels of proteins associated to mitochondrial biogenesis regulation. (A) Representative immunoblots. (B) Quantification of key proteins involved in
mitochondrial biogenesis, (n = 6). Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGCla), nuclear respiratory factor 1 (NRF1), nuclear respiratory factor 2
(NRF2), mitochondrial transcription factor A (TFAM), sirtuin 1 (SIRT1), sirtuin 3 (SIRT3), estrogen receptor o (ERat), estrogen receptor (3 (ERB), estrogen-related receptor o (ERRat).
Data represent means 4+ SEM. *p < 0.05, ** p < 0.01 (Student's t-test; RSV vs. vehicle). AU, arbitrary units.
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Table 1

Effects of RSV on glucose metabolism. (A) Lactate release rate in SW620 colon cancer cells
pre-treated for 48 h with 10 pM RSV or vehicle. Lactate released by the cells to the culture
media was measured during 6 h after addition of 20 mM 2-deoxyglucose (2-DG, glycolysis
inhibitor), 1 pM oligomycin (OLI, ATP synthase inhibitor) or vehicle, (n = 3). Quantifica-
tion of protein levels of pyruvate dehydrogenase (PDH) and lactate dehydrogenase
(LDH) measured by Western blot, (n = 6). (B) Representative immunoblots. Data repre-
sent means 4+ SEM. AU, arbitrary units.

A B Control RSV
Released lactate/cell/h (AU) P ——
oH [N
Control  0.26 £0.04 0.35£0.04
2-DG 0.14 £0.03 0.15+0.02

Oligomycin 0.65 +0.02 0.63 £0.07
Protein levels (AU)

S P——————
Tubuiin [
PDH 100 £7.78 105 +7.22
LDH 100 +6.64 113+2.76

Given the ability of RSV to induce ROS production and apoptosis, we
decided to explore the adjuvant use of this polyphenol to enhance the
sensitivity of colon cancer cells to pro-oxidant antitumor therapies. As
shown in Fig. 6E and F, the combined treatment of RSV and 5-
fluorouracil (5-FU) led to a greater increase of ROS production and con-
sequently to a higher cell toxicity than RSV or 5-FU alone.

4. Discussion

The role of resveratrol (RSV) as anticancer agent in colorectal cancer
has been established in vitro and in vivo [3,7,8]. In this study, RSV has
proven to be cytotoxic for SW620 colon cancer cells at concentrations
that can be easily reached in the gastrointestinal tract [9]. Paradoxically,
this inhibitory effect on cell growth was accompanied by an increase of
mitochondrial oxygen consumption rate (OCR) associated with ATP
production. Both the functional and molecular data in this study
showed that RSV promotes mitochondrial recruitment, increasing mito-
chondrial respiratory capacity and ATP production. RSV induced higher
levels of the master transcriptional factors regulating mitochondrial bio-
genesis (PGC-1a,, NRF1 and TFAM), which resulted in increased mito-
chondrial mass, OXPHOS levels, COX and MTT activity, as well as
higher maximal and spare mitochondrial respiratory capacities. This
ability of RSV to improve mitochondrial function through induction of
mitochondrial biogenesis has been previously described for several
cell types [11]. In HepG2 cells, 1 uM RSV for 12 h increased the expres-
sion of mitochondrial biogenesis regulatory factors and mitochondrial
proteins [14] and an induction of mitochondrial mass formation is also
stimulated in endothelial cells treated with the same dose of RSV used
in the present study [27]. In our study, the RSV-induced increase in mi-
tochondrial mass was consistently assessed using probes targeting the
organelle (MTG, NAO), mitochondrial specific proteins (OXPHOS) and
mitochondrial activity (COX, MTT, OCR). The only exception was
mtDNA copy number, which suggests that RSV enhances the mitochon-
drial mass of pre-existing organelles rather than forming new mito-
chondria. In contrast, other authors have described an increase in
mtDNA copy number, together with the RSV-induced increase in mito-
chondrial biogenesis in non-cancer cells [28,29]. Nevertheless, in cancer
cells, a previous work has reported that RSV depletes mtDNA, which
leads to dysfunctional mitochondria and increased autophagy as part
of the RSV-induced apoptosis mechanism [30]. These genotoxic effects
exerted by RSV on cancer cell mtDNA may be dose-dependent, as the
low dose used in our study was not able to neither decrease mtDNA
content nor increase autophagy. Further experiments would be re-
quired to understand how RSV influences mitochondrial DNA replica-
tion and how it is integrated into the triggering of autophagy and/or
apoptosis in cancer cells.

In mice, SIRT1 activation induced by RSV leads to increased aerobic ca-
pacity associated with an induction of OXPHOS and mitochondrial bio-
genesis [28]. We did not find differences in SIRT1 levels but, in contrast,

SIRT3 levels were significantly increased in SW620 after RSV treatment.
SIRT3 is the isoform localized in mitochondria and it has been described
to deacetylate mitochondrial enzymes regulating fatty acid 3-oxidation,
amino acid metabolism and the electron transport chain, resulting in a ac-
tivation of energy metabolism [31]. Interestingly, a previous work in
HepG2 cells has shown the ability of RSV to stimulate mitochondrial com-
plex I activity, leading to an increased mitochondrial NAD*/NADH ratio,
which in turn initiates a SIRT3-dependent increase in the mitochondrial
substrate supply pathways [32]. In our work, we reported an increase of
SIRT3 protein levels, supporting the involvement of this protein in the
RSV-induced mitochondrial recruitment here described. On the other
hand, phytoestrogenic activity of RSV through binding to estrogen recep-
tors (ERs) has also been described [33]. In fact, RSV has been shown to ex-
hibit mixed estrogen agonist/antagonist activity depending on the tissue
[34]. In the current work, the presence of ERx in SW620 cancer cell line
was almost undetectable by RT-PCR, whereas ER} was detectable, al-
though at low levels. In any case, RSV-treated cells did not show modifi-
cations of ER expression pattern. From these data, it cannot be discarded
that ERB could be one possible target for RSV modulatory effects, despite
that a more comprehensive study is necessary to establish direct interac-
tions of RSV with ERp in SW620 cancer cell line.

One of the hallmarks of cancer cells is the Warburg effect, the meta-
bolic preference for glucose fermentation over oxidative phosphoryla-
tion, even in the presence of oxygen [16]. The effects of RSV on glucose
metabolism are controversial. Some studies have shown that RSV impairs
glucose metabolism in some types of cancer, which leads to decreased
cell viability [17-19]. In contrast, it has also been reported that RSV in-
creases glycolytic ATP synthesis flux in rat liver [35]. In view of the in-
creased oxidative metabolism induced by RSV in this study, we
hypothesized that the inhibitory effect of RSV on SW620 cell growth
could be associated with a metabolic shift from glycolysis to mitochondri-
al respiration. To check this point we determined glycolytic rate and ca-
pacity by measuring lactate production and the levels of the enzymes
LDH and PDH. Surprisingly, no differences were observed between con-
trol and RSV-treated cells in any of these parameters, thus suggesting
that RSV is not able to modify the glycolytic rate or pyruvate conversion
to acetyl-CoA. Our polarographic analyses revealed that the higher respi-
ration found in RSV-treated cells was targeted only by etomoxir, the fatty
acid oxidation inhibitor. In contrast, the higher ATP levels found in RSV-
treated cells were kept even in the presence of this inhibitor. This sug-
gests that anaerobic glycolysis is able to compensate for the inhibition
of fatty acid oxidation to keep the levels of ATP. These results suggest
that fatty acid oxidation is the main source fuelling RSV-induced mito-
chondrial respiration. In support, the ability of RSV to enhance fatty acid
oxidation has been previously shown in human cells [36].

Fatty acid oxidation consists of cyclical reactions that shorten fatty
acids and generate NADH and FADH,, which enter the electron trans-
port chain to produce ATP and thus yield large amounts of energy but
also promote ROS generation [37]. In adipocytes, high levels of fatty
acid oxidation increase oxidative stress, which is an important patho-
genic mechanism of obesity-associated metabolic syndrome [38]. An-
other study conducted in kidney cortical tubes of diabetic rats showed
that oxidation of fatty acids is the source of increased mitochondrial
ROS production [37]. Increased NADH generation from fatty acid oxida-
tion together with an increase in levels and activities of OXPHOS com-
plexes may boost proton translocation from the mitochondrial matrix
to the intermembrane space. If this situation is not relieved by protons
re-entering the matrix through a highly active ATP synthase or by the
mitochondrial uncoupling proteins (UCPs), hyperpolarization of mito-
chondrial membrane can occur and electron transport chain is deceler-
ated, which leads to higher chances of non-canonical electron transfer
to molecular oxygen and consequently to the onset of ROS production.
We have recapitulated here the events occurring in mitochondria of
RSV-treated cells, showing that these cells have a higher mitochondrial
membrane potential (AWm), increased hydrogen peroxide production
and elevated ATP levels.
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Fig. 5. Effects of RSV on the relative usage of metabolic fuels for mitochondrial respiration and ATP production. Inhibition curve of oxygen consumption rate (OCR) in complete media (A) or
amino acid (AAs) free buffer (B) in response to 2-deoxyglucose (2-DG), etomoxir (ETO) and oligomycin (OLI), (n = 4). (C) OCR of SW620 colon cancer cells in complete media after 48 h of
10 UM RSV or vehicle treatment under basal conditions and following the addition of ETO, oligomycin (OLI), the uncoupler carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)
or the electron transport inhibitor antimycin A (ANT A), (n = 4). (D) Quantification of the basal respiration (basal conditions — ANT A) in the absence and presence of ETO. With ETO
inhibition, ATP production (basal conditions - OLI), proton leak (OLI - ANT A), maximal respiration (FCCP - ANT A) and spare respiratory capacity (FCCP - basal conditions) are shown
in D). E) Histograms showing cellular ATP levels with or without 2-DG, ETO and/or AAs deprivation, (n = 6). Data represent means 4 SEM. *p < 0.05, **p < 0.01 (Student's t-test; RSV

vs. vehicle). AU, arbitrary units.

A previous study showed that excessive production of fatty acid
oxidation-derived ATP is detrimental to the survival of leukemia cells
[39]. Similarly, here we report that RSV stimulates an increase of ATP
levels from fatty acid oxidation together with a decrease of cell growth.
ROS production may be a reasonable mechanism for linking higher res-
piration with cell growth inhibition. In fact, here we showed that both
etomoxir and N-acetyl cysteine were able to attenuate the effects of
RSV on ROS production and cell survival in SW620 cells. The apoptotic
cell death described here and in previous studies suggests that this die-
tary polyphenol may be useful as an adjuvant candidate for cancer treat-
ment [3,40,41]. High doses of RSV in combination with 5-fluorouracil
(5-FU) have been shown to be more effective in the inhibition of cell
growth rather than 5-FU alone [43]. Here we report evidence that low

doses of RSV are able to sensitize colon cancer cells to ROS production
and improve the effectiveness of 5-FU.

5. Conclusions

Current chemotherapeutic agents are associated with serious side
effects in patients, therefore researchers are trying to find alternative
agents that are effective against cancer or able to potentiate the effec-
tiveness of chemotherapy, allowing the use of lower doses decreasing
side effects. The dietary polyphenol RSV has shown promising antican-
cer properties, despite that its low oral bioavailability limits its thera-
peutic potential. Nevertheless, intestinal epithelia may take advantage
of the beneficial effects of this dietary compound. Here we show that

Please cite this article as: M.2M. Blanquer-Rossell6, et al., Resveratrol induces mitochondrial respiration and apoptosis in SW620 colon cancer cells,
Biochim. Biophys. Acta (2016), http://dx.doi.org/10.1016/j.bbagen.2016.10.009



http://dx.doi.org/10.1016/j.bbagen.2016.10.009

M.*M. Blanquer-Rossell6 et al. / Biochimica et Biophysica Acta xxx (2016) XxXx—-XxX 9

A B
140 - o O Control 200
mRSV 180
120
* 160
100 - 140
a0 ¥ 120
] =}
=) 100
< <
60 | 80
60
401 40
20 20
0
0 : ' MDC
A¥m H202 UCP2levels
production
200 -
6 180 -
Control
Cor 5 160
< 140 -
S 120 .
2
3 100 -
T
2 2 80
3 S 60
R 2 ol
20 4
o
RSV -
ETO -
NAC -
5FU -

C

OControl
ERSV

Control RSV

* Cleaved PARP [ R
pare (I

UcP2

-

AnnexinV Cleaved

PARP/PARP

Tn

*k

Cellviabliity (AU)
-

Fig. 6. Effects of RSV on oxidative stress-related parameters and cell viability in combination with 5-FU. (A) Histograms showing mitochondrial membrane potential (AWm), hydrogen
peroxide production and levels of mitochondrial uncoupling protein 2 (UCP2) measured by Western blot, (n = 6). (B) Quantification of autophagy using the autophagosome
monodansylcadaverine (MDC) probe and apoptosis measuring annexin V levels and poly(ADP-ribose) polymerase (PARP) cleavage, (n = 6). (C) Representative immunoblots showing
PARP cleavage and UCP2 levels. (D) Flow cytometry analysis of propidium iodide-stained SW620 cells with or without 10 uM RSV treatment for 48 h. Bars represent the mean + SEM of
the difference between RSV-treated vs. untreated control cells distributed on cell cycle phases and expressed as percentage of total viable cells. Representative histograms are shown (right
panels). Hydrogen peroxide production (E) and cell viability (F) with combined treatments of RSV (10 uM), etomoxir (ETO, 15 uM), N-acetyl cysteine (NAC, 1 mM) and/or 5-fluorouracil
(5-FU, 10 uM), (n = 6). Data represent means + SEM. *p < 0.05, ** p < 0.01 (Student's t-test; RSV vs. vehicle). f p < 0.05 (Student's t-test, RSV + 5-FU vs. 5-FU). AU, arbitrary units.

RSV triggers mitochondrial recruitment and fatty acid oxidation in
SW620 colon cancer cells. This partial reversion of the Warburg effect
is associated with increased mitochondrial membrane potential and
ROS production and a concomitant increase of apoptosis and cell
growth inhibition. These results shed new light on the anticancer mech-
anism of RSV, showing the ability of this compound to target cancer cell
metabolism and enhance the effects of chemotherapy.
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Una de les caracteristiques de les cel-lules canceroses és la reprogramacio del seu
metabolisme per poder fer front a l'augment de les demandes d'energia i
d’intermediaris biosintetics necessaris per mantenir una elevada proliferacid (64, 74).
Segons les primeres observacions fetes per Otto Warburg, les cel-lules tumorals
presenten un consum de glucosa elevat i es basen principalment en la glicolisi per a
I'obtencio d’ATP, inclUs en presencia d’oxigen. Aquesta situacio, coneguda com efecte
Warburg, es va atribuir inicialment a un mal funcionament mitocondrial que relegava
I'obtencio d’energia a la conversio de glucosa a lactat (158). No obstant aix0, a hores
d'ara es sap que per poder fer front a les demandes energetiques i estructurals que
caracteritzen un estat d'elevada proliferacio és necessari un metabolisme
mitocondrial actiu i, per tant, és indispensable que les cel-lules canceroses presentin
mitocondris funcionals (74, 75, 159). En qualsevol cas, aquesta reprogramacio
metabolica que sofreixen les cel-lules tumorals els confereix caracteristiques
diferencials respecte a les cel-lules sanes, de forma que es presenta com una diana

potencial per al desenvolupament d’estrategies terapeutiques més especifiques (84,

85).

La leptina és una hormona que juga un paper essencial com a senyal indicadora de les
reserves de grassa de |'organisme i promotora del gast energetic (84, 85). D'altra
banda, participa en el desenvolupament mamari normal aixi com també és
responsable d’estimular la proliferacié tumoral en aquest teixit (98, 175). De fet, s'ha
vist que participa en l'activacié de multiples vies involucrades en la proliferacio,
resistencia a I'apoptosi, adhesid cel-lular, invasio i migracio en cél-lules canceroses de
mama (11, 176). S’ha vist que |'obesitat és un factor de mal pronodstic en dones
postmenopausiques que pateixen cancer de mama (86) i aquest fenomen s’ha associat
a l'increment dels nivells de leptina en sang (11, 177). Tenint en compte el rol que
desenvolupa la leptina en I'homeostasi energetica de I'organisme (178, 179) i amb la
finalitat de profunditzar en la relacid entre leptina i cancer, en aquesta tesi s’han
estudiat els efectes d'aquesta hormona sobre la bioenergética mitocondrial en el

cancer de mama.
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Els resultats obtinguts van corroborar les observacions realitzades en estudis previs
consistents en una promocié de la proliferacid cel-lular al mateix temps que una
disminucio de |'estres oxidatiu per part de la leptina en la linia de cancer de mama
MCF-7 (253, 180). Tenint en compte que tant la proliferacio cel-lular com I'estres
oxidatiu es troben intimament relacionats amb el metabolisme energétic, vam decidir
estudiar els efectes de la leptina sobre la respiracid cel-lular. Com a resultat, es va
veure que aquesta hormona promou una major respiracio cel-lular com a font de
produccié d’ATP. En aquesta direccio, en estudis previs s’ha vist que la leptina
estimula el consum d’oxigen en fetge de rata (107), en teixit adipds blanc de ratolins
ob/ob (281), aixi com també en ratolins transgenics que la sobreexpressen (106).
Aquesta major respiracio mitocondrial que es va observar en les cél-lules MCF-7
exposades a la leptina, no és depenent del consum de glucosa donat que es va
observar una baixada tant de |'activitat com dels nivells proteics de I'enzim clau en la
conversio del piruvat a acetil-CoA, la PDH. L'estudi dels nivells d’ATP en presencia de
diferents inhibidors de les rutes metaboliques va posar de manifest que la major
produccié d’ATP mitocondrial induida per la leptina només quedava anul-lada amb un
inhibidor de la CPT1, enzim que catalitza el transport d'acids grassos cap al
mitocondri, tot suggerint que els acids grassos son el combustible que suporta
I'elevada respiracio mitocondrial provocada per la leptina. A més, I'expressio de
proteines implicades en el metabolisme dels acids grassos (FAT/CD36 i CPT1), aixi
com del factor de transcripcié que en regula la seva expressid (PPARa), es va
incrementar en presencia de leptina. El factor de transcripcié PPARa es troba a la
vegada controlat per I'AMPK (182), la qual també es va veure activada per fosforilacio.
Aquests resultats indiquen que la leptina estimula I'Us dels acids grassos per generar
I'energia cel-lular. En concordanca, estudis previs en muscul han demostrat que la
leptina activa I'’AMPK, estimulant I'oxidacio dels acids grassos (109, 183). Per a
I'oxidacio de les grans quantitats d’'acetil-CoA generades a partir de la B-oxidacio dels
acids grassos son necessaris un cicle de Krebs i una cadena de transport electronic

actius, la qual cosa implica la preséncia de mitocondris funcionals.

En vista dels efectes de la leptina sobre el metabolisme dels acids grassos, vam voler

profunditzar en el paper de la leptina en el metabolisme glucidic. Per aixo, es va
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estudiar I'efecte d’aquesta hormona sobre del desti metabolic de la glucosa i es va
veure que |'expressio de la LDH i la produccio de lactat es trobaven disminuides en
presencia d'aquesta adipoquina, sense que la captacid de glucosa es veiés alterada.
Aquests resultats suggereixen que la leptina redirigeix el desti metabolic de la glucosa
en la cél-lula reduint la seva conversio a lactat. Per mantenir |'elevada proliferacio, la
qual suposa un increment de la biosintesi de proteines, acids grassos i acids nucleics,
les principals vies generadores d'intermediaris biosintétics (la glicolisi, la via de les
pentoses fosfat i el cicle de Krebs) han d’estar actives (74). A la vegada, per mantenir la
produccioé d'intermediaris biosintetics per part del cicle de Krebs son necessaries les
reacciones anaplerotiques que aporten estructures de carboni al cicle per mantenir-lo
en funcionament. Una font important de carboni per aquest cicle és el piruvat que en
deriva de la glucosa, el qual és convertit a oxalacetat per accio de la PC. Per una altra
banda, la via de les pentoses fosfat utilitza la glucosa per generar NADPH i riboses
fosfat per a la biosintesi lipidica i d'acids nucleics, respectivament. Els resultats
d’aquesta tesi mostren que tant I'activitat de la PC com de la G6PDH, enzim limitant
de la via de les pentoses fosfat, experimenten un augment en presencia de leptina. En
aquest sentit, s'ha vist que els enzims anabolics PC i G6GPDH son essencials per al
creixement tumoral i per tant bons candidats per ser usats com a dianes en
intervencions terapéutiques (84, 184). Aquests resultats suggereixen que la leptina
promou una reprogramacio metabolica caracteritzada per la utilitzacié de la glucosa
en les rutes biosintétiques, mentre que els acids grassos son oxidats en el mitocondri
per generar I'ATP necessari per a la supervivencia i proliferacié cel-lulars. Aquesta
situacio té bastant de sentit en la glandula mamaria, on la disponibilitat de grassa és

elevada degut al teixit adipds circumdant.

L'abséncia de canvis en les activitats COX, ATPasa i CS i en els nivells proteics dels
complexes de I'OXPHOS en presencia de leptina indica que I'estimulacido del
metabolisme mitocondrial promogut per aquesta hormona no va acompanyat d‘un
increment efectiu de la biomassa mitocondrial. No obstant, els marcadors de
biogénesi mitocondrial PGC-1a, TFAM i mtSSB van veure augmentada la seva
expressio. L'increment de PGC-1a amb aquesta adipoquina s’ha vist previament en

adipocits (285) i, en muscul, la leptina indueix la biogénesi mitocondrial a través de

117



Ma del Mar Blanguer Rossellé — Tesi doctoral

I'activacio d'aquest factor (186). D'altra banda, I'estudi de la dinamica mitocondrial va
mostrar que els factors proteics implicats en la fusié (OPA1, MFN1 i MFN2) i la fissio
(FIS1 i DRP1) experimenten un increment quan les cel-lules sén exposades a la leptina.
Aquesta activacio dels processos de fusio i fissio, pot contribuir a reduir |'estres
oxidatiu ja que mitjancant la fusié es combinen membranes mitocondrials parcialment
danyades per tal de recuperar la funcionalitat mitocondrial (55), a la vegada que la
fissio facilita I'eliminacio d'aquelles porcions danyades de la xarxa mitocondrial per
mitofagia (62). En aquest sentit, es va observar un augment de la biomassa lisosomal i
autofagosomal i de la colocalitzacio dels mitocondris i lisosomes aixi com també una
activacidé per fosforilacio de I'AMPK, principal regulador de I'autofagia (187, 188),
situacid que suggereix un increment dels processos mitofagics per part de la leptina.
Una acceleracid dels cicles de fusio i fissio juntament amb una biogéenesi mitocondrial i
mitofagia incrementats confereixen a les cél-lules un control de qualitat mitocondrial

més eficient i, en conseqiéncia, uns mitocondris més funcionals.

D’aquesta manera, la leptina indueix una millora del control de qualitat mitocondrial
acompanyada d'una reprogramacio metabolica que fa possible una millor distribucid i
aprofitament dels combustibles cel-lulars amb la finalitat d’incrementar la proliferacid
tumoral. A més, aquesta reprogramacio metabolica promoguda per la leptina es
realitza a través d'un control dels fluxos metabodlics i no amb un augment de la
biomassa mitocondrial. Aquesta millora del funcionament mitocondrial induida per la
leptina fa possible una millor eficiencia bioenergética mitocondrial i una reduccio de la
produccio de ROS, la qual cosa podria contribuir a explicar els avantatges que aquesta

adipoquina aporta per al creixement de la linia de cancer de mama MCF-7.

Els ROS generats en la cadena respiratoria mitocondrial presenten un paper dual en la
cél-lula. Per una banda, son necessaris per a un correcte funcionament de la cél-lula ja
que actuen com a missatgers secundaris regulant processos biologics importants (27).
D’altra banda, quan la seva produccio sobrepassa la capacitat antioxidant de la cél-lula
passen a ser patologics (27), apareixent en aquest cas |'estrés oxidatiu, responsable de
provocar alteracions en el material genétic que originen la carcinogénesi (28, 29) i en

Ultima instancia promouen la mort cel-lular. Les cél-lules canceroses, no obstant, es
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caracteritzen per presentar nivells elevats d’estrés oxidatiu sense que es doni una
activacio de les vies apoptotiques. Aleshores, molts tractaments anticancerigens es
basen en I'Us d’agents prooxidants amb la finalitat d’aconseguir uns nivells d’estres
suficientment elevats com per afavorir I'activacio de I'apoptosi en aquestes cél-lules

(189).

Els polifenols son compostos naturals que es troben en les plantes i s’ha lligat el seu
consum en la dieta amb un efecte protector front el cancer, paper atribuit a I'efecte
antioxidant que exerceixen a dosis fisiologiques. Malgrat aix0, a dosis elevades, s'ha
vist que actuen com a prooxidants de forma que constitueixen potencials terapies
coadjuvants per al tractament del cancer (118, 119, 121, 122, 190). Tenint en compte la
importancia del metabolisme en I'estrés oxidatiu i el paper que poden desenvolupar
els polifenols en aquest context, vam estudiar la influencia d’aquests compostos sobre

el metabolisme de la cél-lula tumoral.

En aquesta tesi s’han estudiat els efectes dels polifenols xantohumol (XN) i 8-
prenilnaringenina (8-PN), components del Ilupol utilitzat per a I'elaboracio de la
cervesa, en el metabolisme oxidatiu de la linia de cancer de mama MCF-7. Els resultats
mostren la capacitat d’aquests compostos per modular I'estres oxidatiu, involucrant
canvis en els nivells d'expressio de les sirtuines i dels complexes de 'OXPHOS.
Concentracions baixes de XN i quasi totes les dosis testades de 8-PN van exercir una
funcio antioxidant a la vegada que la viabilitat cel-lular es va veure en certa manera
promoguda. D'altra banda, dosis elevades de XN van resultar en efectes prooxidants i
citotoxics, resultats consistents amb treballs previs en altres linees cel-lulars tractades
amb XN (191, 192). Les activitats dels enzims antioxidants CAT, SOD i GRd es van
veure disminuides o no alterades amb ambdds compostos, la qual cosa apunta a que
el XN i la 8-PN podrien exercir un efecte modulador de I'estrés oxidatiu per vies
alternatives a la regulacio dels enzims antioxidants. De fet, I'estudi de I'expressio de la
SIRT1 i dels complexes de 'OXPHOS va mostrar que la dosi antioxidant de XN i la
8-PN l'incrementen, mentre que una dosi alta de XN la disminueix. Aquests resultats
suggereixen que la regulacio de |'estres oxidatiu d’aquests compostos es realitza a

través d'una modulacié de la funcionalitat mitocondrial més que dels sistemes
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antioxidants. A més, el XN exerceix un efecte dual en funcid de la dosi en la viabilitat
cel-lular i I'estres oxidatiu, paper descrit en altres fitoestrogens tals com la genisteina
o el resveratrol (193, 194). Considerant la biodisponibilitat d’aquests compostos (137),
a través de la dieta es poden aconseguir concentracions baixes de XN i 8-PN en la
circulacio sanguinia, molt allunyades de les dosis prooxidants, les quals poden exercir
un efecte antioxidant protector front a l'inici d'un estat cancerds. Per una altra part,
I'efecte prooxidant del XN converteix aquest compost en un candidat potencial per ser

usat en el tractament del cancer de mama.

El resveratrol (RSV) és un polifenol present en la pell del raim vermell considerat un
agent anticancerigen des que s’han relacionat els seus efectes locals en el sistema
gastrointestinal amb la prevencio del cancer colorectal i esofagic (148, 163). En la
present tesi vam comprovar que el RSV és un important promotor de I'estrés oxidatiu i
d’efectes citotoxics en la linia de cancer de colon SW620. Paradoxalment, les cel-lules
tractades amb RSV presentaren un increment del consum d‘oxigen mitocondrial
associat a la produccié d’ATP. A més, I'expressio dels factors proteics implicats en la
biogenesi mitocondrial (PGC-1a, NRF1 i TFAM), els nivells dels complexes de
I'OXPHQOS, les activitats COX i MTT, els nivells d’ATP basals, aixi com les capacitats
respiratories maxima i de reserva també es van veure incrementats. De fet, I'Us de
sondes especifiques per al mitocondri (MTG i NAO) va posar de manifest un augment
net de la biomassa d'aquest organul. Aquestes dades suggereixen que el RSV podria
millorar la funcionalitat mitocondrial a través d'una induccido de la biogénesi
mitocondrial en la linia cancerosa SW620. No obstant, els nivells de mtDNA no es van
veure alterats amb RSV la qual cosa suggereix que lincrement de biomassa
mitocondrial no es troba associat a la formacié de nous mitocondris. La proteina
mitocondrial SIRT3 esta implicada en l'activacio del metabolisme energetic,
desacetilant enzims mitocondrials que regulen la B-oxidacid dels acids grassos, el
metabolisme dels aminoacids i la cadena de transport electronic (234). Els resultats
d’'aquesta tesi mostren que el RSV indueix de forma significativa un increment de
I'expressié d'aquesta proteina, la qual cosa suggereix la seva implicacid en la millora

de la bioenergetica mitocondrial exercida pel RSV.
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En vista dels resultats obtinguts indicant que el RSV exerceix un increment del
metabolisme oxidatiu en la linia SW620, vam voler profunditzar en els canvis
metabolics subjacents. Existeixen evidéncies que mostren la capacitat del RSV per
reduir la viabilitat cel-lular i induir 'apoptosi en cancer d’ovari i mama a través d'una
regulacio negativa del metabolisme de la glucosa (150, 151, 195). Pel contrari, també
s’ha vist que el RSV és capag d’incrementar el flux glucolitic de sintesi d’ATP (196). En
aquesta tesi, es va veure que el RSV no modifica la produccio de lactat aixi com
tampoc |'expressio de les proteines LDH i PDH, implicades en el metabolisme de la
glucosa, la qual cosa suggereix que aquest compost no altera la taxa glucolitica.
D’altra banda, la major respiracio mitocondrial observada en les cel-lules tractades
amb RSV no es va veure afectada per la privacio d’aminoacids, mentre que si es va
veure alterada per la inhibicio del transport d'acids grassos al mitocondri, tot
suggerint que I'oxidacid dels acids grassos és la principal font d’energia que alimenta

la respiracio induida pel RSV.

Aquesta major oxidacid dels acids grassos permet explicar tant |'elevada respiracio
com els majors nivells d’ATP observats en les cél-lules tractades amb RSV. A més,
I'elevada saturacid a la que pot estar sotmesa la cadena de transport electronic
mitocondrial a causa d’'aquesta elevada oxidacio dels acids grassos podria explicar
I'increment de produccié de ROS observada en aquestes cél-lules (197). Un increment
en la taxa d’'oxidacié dels acids grassos es tradueix en una elevada translocacid
protonica cap a |'espai intermembrana que, si no es veu alleugerida per una entrada de
protons cap a la matriu, resulta en un increment de I'estrés oxidatiu i del potencial de
membrana (33, 34). De fet, l'estudi de la produccié de ROS i del potencial de
membrana va posar de manifest que el RSV provoca un increment d’ambdds
parametres. Un augment de I'estres oxidatiu pot conduir a la mort cel-lular (198), de
forma que I'augment de la produccié de ROS estimulat pel RSV podria explicar els
efectes citotoxics d'aquest compost. Els resultats de les determinacions del cicle
cel-lular, nivells d'annexina V i ruptura de la PARP dutes a terme en aquesta tesi
mostren que el RSV indueix I'apoptosi en la linia SW620. En concordanga, els efectes
del RSV sobre la viabilitat cel-lular i produccid de ROS es veuen anul-lats quan

s'inhibeix |'oxidacio dels acids grassos aixi com en preséncia d'un antioxidant. A més,
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quan el RSV és combinat amb el citotoxic 5-fluorouracil, els efectes promotors de

mort cel-lular i produccié de ROS es veuen incrementats.

Aquests resultats suggereixen, tot plegat, que el RSV indueix un increment de la
biomassa mitocondrial i de I'oxidacid dels acids grassos en la linia SW620 tot
estimulant la funcionalitat mitocondrial i promovent una reversid parcial de I'efecte
Warburg. Aquest estat es troba associat, a la vegada, amb un increment de I'estrés
oxidatiu i de I'apoptosi cel-lular. Aixi, els resultats d’aquest estudi posen de manifest la
modulacié metabolica subjacent als efectes citotoxics del RSV, aportant nova llum al

mecanisme anticancerigen d'aquest compost.

En conjunt, en aquesta tesi hem analitzat I'efecte de moduladors metabolics, tant
endogens (leptina) com exogens (polifenols) en models cel-lulars de cancer de mamai
colon. Els resultats obtinguts d’'aquests estudis mostren com la leptina i alguns
polifenols tenen la capacitat de modular el metabolisme cancerds contribuint, en
Ultima instancia, a una promocid o inhibicié del cancer. La millora de la funcionalitat
mitocondrial exercida per la leptina, la 8-PN i dosis baixes de XN en la linia de cancer
de mama MCF-7 esta associada a una disminucio de l'estrés oxidatiu i, en
conseqiencia, a una induccié de la proliferacio cel-lular. Pel contrari, dosis altes de XN
provoquen una disfuncionalitat mitocondrial acompanyada d'una estimulacié de
I'estres oxidatiu i finalment una reduccid de la viabilitat cel-lular. En el cas del RSV en
la linia de cancer de colon SW620, encara que indueix una millora significativa de la
funcionalitat mitocondrial, aquesta va acompanyada d'un augment de l|'estres
oxidatiu i efectes citotoxics. Aquests resultats aporten noves evidéncies per a
I'aprofitament de la reprogramacio metabolica de les cel-lules canceroses com a diana
terapeutica amb la finalitat de potenciar I'especificitat i I'efectivitat dels tractaments

anticancerigens.
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VI.

La leptina activa la biogénesi i dinamica mitocondrials, aixi com també la
mitofagia, en la linia de cancer de mama MCF-7. Aquest fet suposa un major
recanvi mitocondrial associat a una millora de I'eficiéncia energética i a una
reduccio de I'estres oxidatiu, situacié que ve acompanyada d'un increment de la

proliferacid cel-lular.

La leptina indueix, en la linia de cancer de mama MCF-7, una reprogramacio
metabolica a favor d'una major oxidacido dels acids grassos. Aquesta
reprogramacio del metabolisme permet destinar una major quantitat de glucosa
a les rutes biosintetiques i podria estar relacionada amb la major proliferacio

cel-lular promoguda per aquesta hormona.

El tractament amb xantohumol en la linia cel-lular MCF-7 exerceix efectes
antioxidants a dosis fisiologiques i prooxidants a dosis més elevades, mentre que
la 8-prenilnaringenina manifesta majoritariament efectes antioxidants. El paper
d’'aquests compostos sobre l'estrés oxidatiu ve mediat per canvis en la

funcionalitat mitocondrial més que en els sistemes antioxidants.

El resveratrol indueix la biogénesi mitocondrial promovent una major capacitat
respiratoria en la linia de cancer de colon SW620. Aquests efectes s'observen
juntament amb una induccio important de I'expressio de la SIRT3, proteina clau

en el control de la funcionalitat mitocondrial.

La major respiracié mitocondrial induida pel resveratrol en la linia cel-lular
SW620 s'associa a una major oxidacio dels acids grassos. A la vegada, aquesta
situacid es troba acompanyada d'una reduccid de la viabilitat cel-lular, un major

estres oxidatiu i una induccid de I'apoptosi.
Els efectes promotors sobre |'estres oxidatiu i la mort cel-lular per part del

xantohumol i del resveratrol converteixen aquests polifenols en candidats

potencials per ser usats en terapies coadjuvants en el tractament del cancer.
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Leptin activates mitochondrial biogenesis and dynamics, as well as mitophagy,
in breast cancer cell line MCF-7. This fact involves an increased mitochondrial
replacement associated with an improvement of energy efficiency and a
reduction of oxidative stress, situation that is accompanied by increased cell

proliferation.

Leptin induces, in breast cancer cell line MCF-7, a metabolic reprogramming in
favour of a greater fatty acid oxidation. This metabolic reprogramming allows a
major input of glucose to the biosynthetic pathways and it could be related to

the increased cell proliferation promoted by this hormone.

Xanthohumol treatment in MCF-7 cell line exerts antioxidant effects at
physiological doses and prooxidant at higher doses, while 8-prenylnaringenin
manifests mainly antioxidant effects. The role of these compounds on oxidative
stress is mediated by modifications on mitochondrial functionality rather than

on antioxidant systems.

Resveratrol induces mitochondrial biogenesis thus promoting a greater
respiratory capacity in colon cancer cell line SW620. These effects are observed
along with a significant induction of SIRT3 expression, a key protein in

mitochondrial functionality control.

The increased mitochondrial respiration induced by resveratrol in SW620 cell
line is associated with an increased fatty acid oxidation. In turn, this situation is
accompanied by cell viability reduction, increased oxidative stress and apoptosis

induction.
The promotional effects on oxidative stress and cell death by xanthohumol and

resveratrol turn these polyphenols into potential candidates to be used in

coadjuvant therapies in cancer treatment.
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