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Riassunto dell’attività svolta 
 

Il gruppo presso cui ho svolto il mio corso di dottorato si interessa di vari aspetti 

della funzionalità mitocondriale. I progetti che ho seguito riguardano due ambiti 

molto diversi tra loro; tuttavia in entrambi i casi si tratta di studi il cui obiettivo a 

lungo termine è l’individuazione di composti potenzialmente utili per un’azione 

antitumorale a livello mitocondriale. 

Uno di questi progetti riguarda i canali del potassio presenti nella membrana 

mitocondriale interna. Negli ultimi anni ne sono stati individuati diversi. Oltre ad 

aver un ruolo nella regolazione di processi e parametri mitocondriali questi canali 

son risultati interessanti per il loro coinvolgimento in altri aspetti della fisiologia 

cellulare. Due di questi sembrano aver un ruolo nella protezione dal danno 

ischemico (precondizionamento), mentre un recente studio svolto dal nostro 

gruppo in collaborazione con un gruppo tedesco ha messo in evidenza come un 

terzo, il mtKV1.3, svolga un ruolo importante nell’apoptosi mediata da Bax in 

linfociti. Da qui l’interesse da parte nostra verso quest’ultimo canale.  

Ho verificato se il mtKV1.3 fosse presente nei mitocondri non solo dei linfociti T, 

dove è stato individuato inizialmente, ma anche in alcune altre linee tumorali. 

Sono riuscito finora ad individuarlo in due linee umane (PC3 e MCF7) (Gulbins et 

al., 2010 - Cap. 1). Ho successivamente indagato se l’inibizione del canale potesse 

indurre morte cellulare in tali linee. Ciò sarebbe di notevole interesse nello 

sviluppo di nuovi chemioterapici. Tuttavia dai risultati ottenuti l’utilizzo di 

inibitori specifici del canale nelle differenti linee non ha mostrato effetti rilevanti 

di induzione di morte cellulare (Cap. 2).  

Sempre nell’ambito di questo progetto abbiamo individuato un altro canale 

mitocondriale: il mtKCa3.1 che abbiamo osservato nei mitocondri di una linea 

tumorale del colon umana (HCT116) sia mediante patch-clamp che Western blot. 

(De Marchi et al., 2009 - Cap. 3).  Ho poi verificato se la sua inibizione potesse 

essere citotossica o almeno citostatica, tuttavia anche in questo caso non abbiamo 

ottenuto una risposta positiva. Ho verificato la presenza o meno del canale anche 

in due altre linee tumorali del colon (C26 e Caco2) per comprendere se fosse un 

canale espresso in modo tumore-specifico procedendo successivamente a 
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confronti con cellule non tumorali, tuttavia in ambedue i casi il canale è risultato 

presente solo nella plasma membrana (Sassi et al., 2009 - Cap 4). 

L’altro progetto da me intrapreso riguarda lo sfruttamento farmacologico dei 

polifenoli vegetali presenti in molti cibi e bevande. Una notevole letteratura 

mostra come tali composti possiedano interessanti proprietà biologiche che 

potrebbero esser utili in diversi ambiti, come la protezione cardiovascolare o dalla 

neurodegenerazione, oppure nel prevenire l’insorgere e nell’inibire la crescita di 

molti tipi di cancro. Questi composti dalle interessanti potenzialità trovano una 

notevole difficoltà d’utilizzo a causa della loro scarsa biodisponibilità. A priori, 

un modo per ovviare a questo problema è accumulare tali composti in 

un’opportuna sede d’azione. Una scelta ovvia è il mitocondrio, dato che i 

polifenoli sono molecole redox-attive (la cui attività può essere anti- o pro-

ossidante in base a differenti condizioni come pH, presenza di Fe2+/3+ o Cu+/2+ e 

concentrazione del composto) e che i mitocondri son il principale sito di 

produzione dei radicali, oltre ad esser coinvolti nei processi di morte cellulare. 

Questi composti mitocondriotropici potrebbero aver una rilevanza biomedica sia 

che dimostrino un’attività anti-ossidante/citoprotettiva sia invece che si 

comportino da pro-ossidanti citotossici.  

Il nostro gruppo ha quindi sintetizzato alcuni derivati di quercitina e resveratrolo - 

due polifenoli particolarmente studiati presi a modello - in grado di accumularsi 

nei mitocondri. Questo grazie alla funzionalizzazione con un gruppo 

trifenilfosfonio (TPP+), un catione lipofilico che può diffondere attraverso le 

membrane biologiche e accumularsi in regioni a potenziale negativo, quali la 

matrice mitocondriale e il citoplasma. Abbiamo verificato che questi derivati si 

accumulassero effettivamente nei mitocondri (Mattarei et al, 2008 - Cap. 5; 

Biasutto et al, 2008 – Cap. 6). Una prima indagine sugli effetti biologici di questi 

nuovi composti è stata condotta con due derivati della quercetina (Q3BTPI, 

QTA3BTPI).  Abbiamo osservato come questi composti con mitocondri isolati 

siano potenziali co-induttori della transizione di permeabilità mitocondriale 

(MPT), nonché inibitori della respirazione e dell’ATP sintasi mitocondriale. 

Osservazioni a livello cellulare mostrano una depolarizzazione mitocondriale 

indipendente dalla MPT indotta da entrambi i composti e un modesto aumento 
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della produzione cellulare di ROS da parte della QTA3BTPI (Biasutto et al., 2010 

– Cap. 7).  

Ho ampliato lo studio per valutare la possibile azione citotossica/citostatica su 

linee cellulari tumorali (C26) e non (MEF) dei vari composti mitocondriotropici. 

Ho anche indagato come tali composti influiscano sull’attività mitocondriale di  

un’altra linea cellulare tumorale (Jurkat). I risultati di esperimenti di vitalità 

cellulare mostrano come diversi composti mitocondriotropici, somministrati a 

concentrazioni in ambito micromolare, possano aver un’ attività 

citotossica/citostatica su cellule a crescita veloce, mentre il loro effetto su cellule 

non tumorali è molto modesto se esse hanno crescita lenta. I risultati iniziali di 

uno studio meccanicistico hanno evidenziato come concentrazioni relativamente 

elevate (nell’ambito di 10-5 M) di questi composti possano causare alterazioni 

morfologiche, depolarizzazione mitocondriale e generazione di specie radicaliche 

(Cap. 8). 
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Summary of the research activities 
 

The group I have been part of during my doctorate thesis research is interested in 

various aspects of mitochondrial function. The projects I have been involved in 

are concerned with two very different topics; both studies have however as long-

term objective the discovery and validation of compounds potentially useful for 

an anti-cancer action at the mitochondrial level. 

The first of these projects concerns the potassium-selective channels of the inner 

mitochondrial membrane. A few have been discovered over the past several years. 

Besides participating in the regulation of mitochondrial processes and parameters 

these channels have attracted attention because of their involvement in other 

aspects of cellular physiology. Two of them seem to be able to afford protection 

from ischemic damage (preconditioning), while a recent study by our group in 

collaboration with German researchers has provided evidence that a third, 

mtKV1.3, plays an important role in Bax-mediated apoptosis in lymphocytes. 

Hence our interest in this channel. 

I have verified whether mtKV1.3 might be present in the mitochondria not only of 

T lymphocytes, where it has been discovered, but also in those of a few other 

cancerous cell lines. So far I have succeeded in establishing its presence in two 

human lines (PC3 and MCF7) (Gulbins et al., 2010 – Chapt. 1). I have then 

investigated whether inhibition of the channel might cause cell death in these 

lines, a finding which would have been of considerable interest for the 

development of new chemotherapeutic drugs. Unfortunately I have not been able 

to obtain evidence of a death-inducing effect by a specific inhibitor of mtKV1.3 

(Chapt. 2). 

Within this project we have also discovered another mitochondrial channel: Ca2+-

activated mtKCa3.1, which we have observed in the mitochondria of a human 

colon tumor line (HCT116) both by patch-clamping the inner membrane and by 

Wester blotting (De Marchi et al., 2009 – Chapt. 3). I have then investigated 

whether its inhibition might be cytotoxic or at least cytostatic, but in this case also 

the answer has so far been negative. I have checked for the presence of mtKCa3.1 

in two other cell lines of colonic origin (C26 and Caco2) to try and understand 

whether this channel might be expressed in a cancer-specific manner by 
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subsequently performing a comparison with non-tumoral cells or tissue. However, 

in both cases the channel has turned out to be present only in the plasma 

membrane (Sassi et al., 2010 – Chapt. 4). 

The other project I have taken part in concerns the pharmacological exploitation 

of plant polyphenols, contained in many foods and beverages. A vast literature 

shows that these compounds have interesting biological properties which could be 

useful in health care endeavours such as protection from cardiovascular damage 

or neurodegeneration, or to prevent the onset and inhibit the growth of many types 

of cancer. Practical applications for these potentially useful compounds are made 

difficult by their low bioavailability. A priori, one way to circumvent this problem 

may be to cause their accumulation in an opportune site of action. The 

mitochondrion is an obvious choice, since polyphenols are redox-active molecules 

(whose activity may be anti- or pro-oxidant depending on conditions such as pH, 

presence of Fe2+/3+ o Cu+/2+ and concentration of the polyphenol itself) and 

mitochondria are the main cellular site of production of radicals as well as being 

mechanistically involved in cell death. Mitochondriotropic compounds might turn 

out to have biomedical relevance regardless of whether their activity may be anti-

oxidant/cytoprotective or pro-oxidant/cytotoxic. 

Our group has therefore synthesized a few derivatives of quercetin and resveratrol 

– two much-studied model polyphenols – capable of accumulating into 

mitochondria. This property is conferred by the triphenylphosphonium group 

(TPP+), a lipophylic cation which can diffuse through biomembranes and 

accumulate in regions held at negative electrical potential, such as the 

mitochondrial matrix and the cytoplasm. We have verified that these derivatives 

indeed accumulate in mitochondria as expected (Mattarei et al., 2008 – Chapt. 5; 

Biasutto et al., 2008 – Chapt. 6). A first exploration of the biological properties of 

these new compounds has been carried out with two quercetin derivatives 

(Q3BTPI, QTA3BTPI). We have observed that these compounds supplied to 

isolated mitochondria are potential co-inducers of the mitochondrial permeability 

transition (MPT), as well as inhibitors of respiration and of the F0F1 ATPase. At 

the cellular level, both compounds induce an MPT-independent depolarization of 

mitochondria and a modest increase in the cellular production of ROS at least in 

the case of QTA3BTPI (Biasutto et al., 2010 – Chapt. 7). 
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I have extended the study to evaluate the possible cytostatic/cytotoxic action of 

the various mitochondriotropic compounds on tumoral (C26) and non-tumoral 

(MEF) cell lines. I have furthermore investigated what impact these compounds 

have on the mitochondria of another tumoral cell line (Jurkat lymphocytes). The 

results of cell vitality determinations showed that the various mitochondriotropic 

derivatives, administered at concentrations in the µM range, can have a 

cytotoxic/cytostatic activity vs. rapidly growing cells, while their effect on slowly 

dividing non-tumoral ones is much more modest. The initial findings of a 

mechanistic study have revealed that relatively high (10-5 M range) concentrations 

can elicit structural alterations, mitochondrial depolarization and generation of 

radical oxygen species (Chapt. 8). 
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Organization of the thesis 
 
As mentioned in the preceding general introduction, my thesis research work 

developed along two distinct lines. The thesis therefore comprises two sections. 

Each begins with an introductory background section, followed by chapters 

corresponding to individual research projects. This organization has been 

favoured over a more traditional, monograph-style layout mainly with the intent 

of facilitating reading. Some of the chapters (Chapt.s 1,3,4,5,6,7) correspond to 

published papers. In other cases the specific parcel of work was still unfinished as 

the thesis was due; the corresponding sections report the available data and 

comments (Chapt.s 2,8). Thus, the chapters are not homogenous in length and 

relevance. I hope the benefits of such an organization outweigh this disadvantage. 

The literature references pertaining to the introductions and to Chapts. 2 and 8 are 

collected together in a single list at the end of the thesis, for ease of consultation 

and to avoid repetitions. 
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Mitochondrial potassium channels 
 

Introduction 
A remarkable aspect of mitochondrial physiology is the control of ion fluxes 

through the inner membrane, which has a relatively low permeability to minimize 

energy dissipation and to maintain the electrochemical driving force necessary for 

the production of ATP through oxidative phosphorylation. Ion transport on a 

variety of carriers, exchangers, pumps and ion-conducting channels has roles 

under both normal and pathological conditions (see below) (Halestrap, 1989; 

Brierley et al., 1994; Bernardi, 1999; Garlid et al., 2003; O'Rourke, 2005). 

K+ is the major intracellular cation. Its influx into the matrix via leaks and 

selective K+ channels is balanced by a K+/H+ exchanger (mtKHE) which “pumps” 

K+ out of the matrix. The relative activities of the two systems play a key role in 

the regulation of matrix volume, in the efficiency of the respiratory chain, in ROS 

production and, as recently demonstrated, in apoptosis. (Szewczyk, 2006; 

O’Rourke, 2007; Nowikovsky et al., 2008; Szabò et al., 2008, 2010) 

The mtKHE is a non-selective antiporter distinct from the Na+-selective one in 

that it transports Na+, K+, Li+, Rb+ as well as Cs+. It is inhibited by quinine, 

propanolol or DCCD and it is allosterically regulated by Mg2+ (Beavis and Garlid, 

1990; Brierley et al., 1994). The existence of the mtKHE has been demonstrated 

by a number of experimental approaches  (e.g. Brierley and Jung, 1988; Li et al., 

1990; Bernardi, 1999) but its molecular nature has remained an open question.  

The K+-selective channels know to be present in the IMM so far are five, all of 

which have counterparts in the plasma membrane: mtKATP, whose presence in 

mitochondria is still debated, two types of Ca2+-activated K+ channels, KCa1.1 

(BKCa) and KCa3.1 (IKCa), twin-pore TASK-3 and Shaker-type KV1.3. 

The plasma membrane KATP channels are assembled by four inwardly-rectifying 

Kir family (Kir6.1 or Kir6.2) subunits, which form the pore region, and four 

sulfonylurea receptor subunits (SUR1 or SUR2), members of the ATP-binding 

cassette (ABC) protein family, which form the regulatory region (Nichols, 2006). 

The presence of mtKATP has been reported in liver, heart, brain, kidney, skeletal 

muscle and T lymphocyte mitochondria, but it remains a matter of controversy 
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(rev.: Zoratti et al., 2009).  Biochemical approaches have produced both 

affirmative and negative results for the presence of KATP subunits in mitochondria. 

Evidence in favor of a functional mtKATP channel comes from 

electrophysiological observations: patch-clamp experiments on mitochondria and 

planar bilayer recordings of activity after fusion of IMM vesicles or incorporation 

of isolated protein fractions. The characteristics of the channels identified, on the 

basis of pharmacological effects, as mtKATP in these experiments vary 

considerably, probably at least in part because of a recognized cooperative 

behavior of these channels, which appear to often occur in clusters (Mironova et 

al., 2004) and, also, of the redox sensitivity of the channel (Zhang et al., 2001). Its 

molecular identity is still unknown. 

The mtKATP is probably involved in the control of mitochondrial ionic 

homeostasis, but the interest for this mitochondrial channel is due mainly to its 

role in ischemic preconditioning (IP). Briefly, the IP consists of short sub-lethal 

ischemic periods that are capable of protecting against subsequent massive 

ischemia (Murry, 1986). A “chemical IP” is induced by KATP openers (diazoxide) 

(Grover et al., 1989; Garlid et al., 1996; Garlid et al., 2003), which unfortunately 

have other effects, so that the involvement of KATP in preconditioning is actually  

doubted by part of the researchers (Halestrap et al., 2004). The mechanism of 

preconditioning has also not been established yet, but it presumably involves 

different cellular pathways activated via an “hormetic” induction: KATP activation 

would result somehow in ROS production, which would start a chain of events 

leading to long-lasting protection (Zoratti et al., 2009). In any case it may be more 

appropriate to assign a role in IP not specifically to this channel but to K+ influx, 

since BKCa is also relevant for preconditioning.  

The presence in the IMM of mtBKCa is less controversial. This channel has been 

found in the mitochondria of glioma, skeletal muscle, heart and brain cells. It has 

been observed by direct patch-clamp on mitoplasts (Siemen et al., 1999; Xu et al., 

2002; Ohya et al., 2005) and by planar lipid bilayer experiments (Skalska et al., 

2008). Evidence has also been provided by Western blot, electron microscopy and 

immunofluorescence microscopy (Xu et al., 2002; Skalska et al 2008; Piwońska et 

al., 2008). The pharmacological studies confirm also the inhibition of this channel 

by specific toxins, like ChTx, activation by Ca2+ in µM concentrations and a 
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voltage-dependence (opening with depolarization of IMM). The mtBKCa has a 

conductance of 100-300pS and is composed of a tetramer of α-subunits, which 

form the pore, in association with different possible auxiliary β-subunits which 

determine the pharmacological properties (Torres et al., 2007). 

Plasma membrane BKCa channels are a very useful negative feedback tool which 

can counteract depolarization and Ca2+ entry via voltage-dependent Ca2+ channels 

by opening and promoting (re)polarization (Wellman 2003). mtBKCa is believed 

to carry out a similar feedback regulatory role linking matrix [Ca2+] to IMM K+ 

permeability and mitochondrial volume (Xu et al., 2002). As in the case of 

mtKATP, the interest for this channel is largely due to its possible role in IP 

(Sakamoto et al., 2008; Redel et al., 2008). Indeed specific activators of this 

channel, such as NS1619, produce a preconditioning-like protection in the heart 

(Park et al., 2007).  

As part of my doctorate thesis research, I have participated in the discovery of a 

second Ca2+-activated K+ channel of the IMM, namely KCa3.1 (or IKCa). The 

Reader is referred to chapts. 3 and 4 for some background information and a 

description of this work 

TASK-3 is a TWIK acid-sensitive K+ channel. It is sensitive to alterations of 

extracellular pH (closing with acidification) and it is involved in the regulation of 

aldosterone secretion, adjustment of neuronal excitability and acid sensitivity of 

peripheral chemoreceptors. It seems to participate in some other phenomena such 

as the induction of apoptotic cell death of cerebellar granule cells. The exact 

connection between the activity of this channel and cell death is still unclear. Its 

expression is very significant in malignant melanoma cells, and it is particularly 

present in cell organelles, with a relatively insignificant presence on the plasma 

membrane. Immunohistochemistry and immunofluorescence microscopy 

demonstrated the co-localization of mitochondria and TASK-3 channel subunits 

in melanoma cells and in keratinocytes (a non-malignant cell line), but not in rat 

neurons. It is reasonable to assume that TASK-3 channel is situated in the IMM 

(other experiments are necessary to confirm this localization) and is involved in 

the regulation of matrix volume and in the efficiency of oxidative functions. 

(Rusznák et al., 2007). 
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KV1.3 is a member of the voltage-dependent Shaker-like family (Cahalan et al., 

2001, Sands et al., 2005). This channel is formed by a tetramer of ion-conducting 

α-subunits, generally associated with a tetramer of one of various possible β-

subunits. The main characteristic of PM KV1.3, besides K+ selectivity, is voltage-

dependence, consisting in rapid depolarization-induced opening, followed by 

inactivation. KV1.3 is expressed in different tissues and is the main potassium 

channel present in lymphocytes (Lewis et al., 1995), where it has been clearly 

demonstrated to represent a key factor for proliferation and volume regulation 

(Chandy et al., 2004; Panyi et al., 2006). 

Evidence of the presence of a mitochondrial population of KV1.3 (mtKV1.3) 

(Szabó et al., 2005) in peripheral  human blood lymphocytes and Jurkat T 

lymphocytes comes from electron microscopy, Western blots, FACS analysis and 

patch-clamp experiments on isolated mitoplasts. The latter demonstrated its 

existence in the inner membrane also by showing co-localization with the 

Mitochondrial Permeability Transition Pore (MPTP) and the “107-pS” anion-

selective channel, which are present only in the IMM.  

Our interest for mtKV1.3 derives mostly from its recently demonstrated role in 

apoptosis (Szabó et al., 2008). Various experimental approaches showed how Bax 

plus t-Bid induce hyperpolarization, followed by depolarization and cytochrome c 

release, only in isolated KV1.3-positive mitochondria, indicating apoptotic 

changes in these organelles, while KV1.3-deficient mitochondria did not respond. 

Furthermore Bax induced a KV1.3-dependent increase in reactive oxygen species 

(ROS) production. Specific inhibitors of KV1.3, the toxins Margatoxin and ShK, 

induce the same alterations as Bax. 

Immunoprecipitation and patch-clamp data show that Bax interacts directly with 

the vestibule region of KV1.3. A lysine in position 128 in Bax seems to be 

particularly important for the interaction of Bax with mtKV1.3, since its mutation 

to glutamic acid abrogated inhibition of KV1.3 by Bax and the pro-apoptotic 

activity of Bax. 

These results led to a model for the action of mtKV1.3 during apoptosis (see Fig. 

1). Bax inhibits mtKV1.3 via interaction of K128 with the channel pore vestibule 

inducing an hyperpolarization of the IMM. This hyperpolarization results in 

reduction of respiratory chain activity and in an enhanced production of ROS, 
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which promote cytochrome c release from the periplasmic space and the 

activation of the MPTP. The latter is a large pore which opens in the IMM upon 

exposure to elevated matrix Ca2+ and oxidative stress, causing mitochondrial and 

cellular dysfunction (revs.: Zoratti and Szabò, 1995; Rasola and Bernardi, 2007; 

Zoratti et al., 2010). 

 

 
Fig 1: Model for action of mitochondrial Kv1.3 during apoptotis 

 

The project 
As understandable given the findings summarized above, the interest in 

mitochondrial potassium channels is increasing, in particular because of their 

roles in apoptosis and ischemic preconditioning.  

This part of my thesis research developed along two different main themes. One 

concerned further studies on mtKV1.3 to confirm its role in apoptosis, to identify 

by a biochemical screening the presence of mtKV1.3 in other cell lines (cancerous 

or not) and to verify whether inhibition of the channel by a pharmacological agent 

might be sufficient to induce cell death. This work is presented in chapters 1 and 

2. 

The second aspect of the project had to do with the discovery of a new 

mitochondrial channel, mtKCa3.1 (or mtIK), and the search for possible effects of 

its inhibition on proliferation or apoptosis. Chapters 3 and 4 report on this. 
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1. Role of Kv1.3 mitochondrial potassium channel in apoptotic 
signalling in lymphocytes 

 
BBA – Bioenergetics in press 
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2. Inhibition of mitochondrial Kv1.3 in tumor cell lines 

 
Introduction 
Every year new lines of evidence demonstrate that ion channels can be 

preferential targets for an antitumor action, since channel inhibitors may block 

tumor growth in vitro e in vivo. In particular, plasma membrane potassium 

channels have been reported to have multiple effects on tumor physiology by their 

role in regulation of cell volume and calcium fluxes, in the control of membrane 

potential and of the cell cycle (review: Arcangeli et al., 2009). 

In addition to PM channels, also the relevance of their mitochondrial counterparts 

is growing (see the Introduction to this part of the thesis). Mitochondria, apart 

from their role in the oxidative phosphorylation, have a key function in the 

intrinsic apoptotic pathway, mediating cell death in pathological and stress 

condition via release of pro-apoptotic factors (e.g.: Hengartner, 2000; Green and 

Kroemer, 2004; Circu and Aw, 2010). The pro-apoptotic Bcl-2 family proteins, in 

particular Bax and Bak, mediate these apoptotic events, but the exact mechanism 

is still uncertain. Two recent papers (Szabò et al., 2008, Gulbins et al., 2010 –

Chapt. 1) demonstrated that in lymphocytes Bax interacts with and inhibits 

mtKV1.3. This interaction strongly facilitates apoptosis in these cell. An essential 

role is attributed to a Bax lysine residue in position 128. These data have led to a 

model for the action of mtKV1.3 during apoptosis (see Fig.1 in the introduction of 

this section). We have identified this channel in the mitochondria of prostate 

cancer PC3 and breast cancer MCF7 cell lines (Gulbins et al., 2010 - Chapt. 1) 

indicating that mtKV1.3 presence is not limited to lymphocytes. The altered 

expression level of KV1.3 found in different cancer cell lines (Arcangeli et al., 

2009), the role of mtKV1.3 in apoptosis and its presence in various cancer cell 

lines seem a good starting point for the identification of new chemotherapeutic 

compounds. Here, we performed pharmacological experiments to determine if 

specific inhibition of mtKV1.3 may induce apoptosis in the tumor cell lines which 

express it endogenously. 
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Materials and methods 
Materials and instrumentation. CsH was purchased from Sequoia Research 

Products while all others compounds were from Sigma unless otherwise specified. 

All chemicals for buffer preparations were of laboratory grade, obtained from J. T. 

Baker, Merck, or Sigma.  

 

Cells.  Human breast cancer line MCF7 and human prostate cancer line PC3 were 

grown in Dulbecco’s Modified Eagle Medium (DMEM) plus 10 mM HEPES 

buffer, 10% (v/v) fetal calf serum (Invitrogen), 100 U/mL penicillin G (Sigma), 

0.1 mg/mL streptomycin (Sigma), 2 mM glutamine (GIBCO) and 1% nonessential 

amino acids (100X solution; GIBCO), in a humidified atmosphere of 5% CO2 at 

37 °C. Jurkat T lymphocytes  were grown in RPMI-1640 supplemented as above. 

 

Vitality and apoptosis assays. For the evaluation of apoptosis we seeded MCF7 

or  PC3 cells (both 300.000 cells/well) in 6-well plates. After attachment 

overnight, cells were treated for 2 or 14 h with the desired drugs (in the example 

of Fig. 1: Psora-4 10 nM, Margatoxin 20 nM, Tamoxifen 5 µM (as inhibitor of P-

glycoprotein (P-gp)) and Staurosporine 1µM in HBSS or DMEM. After treatment, 

cells were harvested, washed with PBS, resuspended in FACS Buffer (Hepes 

10mM; NaCl 135mM, CaCl2 5mM, pH 7.4) and incubated with Propidium Iodide 

(1µg/ml) and Annexin V-Fluos (Roche) in the dark at 37°C for 15 min. Samples 

were then immediately analyzed using a Beckton Dickinson FACScan flow 

cytometer (BD Biosciences). Data were processed using CellQuest® (BD 

Biosciences) and WinMDI2.8 (freeware; http://facs.scripps.edu/software.html, by 

Joe Trotter, the Scripps Institute) software. Essentially the same procedure was 

followed also for Jurkat cells (300.000 cells/well in 1ml of medium, 6-well plate), 

except for the overnight attachment period. 

For DNA fragmentation assays (Kasibhatla et al., 1998) (treatments of 16 h for 

Jurkat and 24 h for PC3 cells), after harvesting and washing the cells were 

resuspended in PBS, an equal volume of 70% ethanol was slowly added under 

continuous stirring, and the suspension was incubated overnight at 4°C or for 30 

min at R.T. After this permeabilization step, during which fragmented DNA is 

lost, the cells were washed in PBS, resuspended in PBS with RNAse A (20 
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µg/mL, 1400 units/mL) and incubated for 30 min at R.T. 5 µg/mL of Propidium 

Iodide were then added and the incubation continued for 20 min on ice in the 

dark, after which the samples were analyzed as above. Propidium fluorescence 

intensity is proportional to the amount of (unfragmented) DNA present. 

For cell growth/viability tetrazolium reduction (MTT) assays, MCF7 cells (3000 

cells/well) were seeded in standard 96-well plates and allowed to grow in DMEM 

(200 µL) for 24 h. The growth medium was then replaced with medium that 

contained the desired compounds (from stock solutions in DMSO). The DMSO 

final concentration was ≤ 0.5% in all cases. Four wells were used for each 

condition. The solution was substituted by a fresh aliquot twice, at intervals of 24 

h. At the end of the third 24 h period, the medium was removed, cells were 

washed with PBS, and 100 µL of PBS containing 10% CellTiter 96® AQUEOUS 

One solution (Promega) were added into each well. After 1 h of color 

development at 37°C, absorbance at 490 nm was measured using a Packard 

Spectra Count 96-well plate reader. 

 

Preparation of mitochondria and cytochrome c release from isolated 

mitochondria. To isolate mitochondria, 1x107 Jurkat cells or 1x106 MCF7 cells 

were incubated for 30 min at 4°C in TES buffer (0.3 M sucrose, 10 mM TES at 

pH 7.4 and 0.5 mM EGTA) and homogenized. Nuclei and unbroken cells were 

pelleted by centrifugation for 10 min at 600 x g and 4°C. Supernatants were 

centrifuged for 10 min at 6,000 x g and 4°C. The pellet, which contains 

mitochondria, was resuspended in incubation buffer (50 mM Pipes-KOH (pH 

7.4), 50 mM KCl, 2 mM MgCl2, 2 mM EGTA, 2 mM ATP, 10 mM 

phosphocreatine, 5 mM succinate, 50 µg/ml creatine kinase and protease inhibitor 

cocktail (Roche) at the recommended concentration). To assess Cytochrome c 

release, after a washing step mitochondria were incubated for 30 min on ice in 

incubation buffer with the desired compounds to allow binding. The temperature 

was then raised to 37°C to permit release of cytochrome c. The reaction was 

terminated by addition of 1 vol ice-cold incubation buffer, followed by 

centrifugation at 14,000 rpm and 4°C for 10 min and separation of the supernatant 

(cytochrome c released) and pellet (mitochondria). The samples were analyzed by 

Western blot. 
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Assessment of cytochrome c release from in situ mitochondria. To evaluate 

cytochrome c release in cells, Jurkat (3x106 cells) were treated for 6 or 24 h with 

the desired drugs (in the example of Fig.5A: probenecid 100µM and CsH 4µM as 

inhibitors of  Pgp, Psora-4 200nM or staurosporine 1µM) in RPMI under standard 

cell growth conditions. Cells were then pelleted by centrifugation for 10 min at 

500 x g. The pellet was resuspended in permeabilization buffer (Mannitol 

140mM, Sucrose 46mM, KCl 50mM, KH2PO4 1mM, MgCl2 5mM, Succinate 

5mM, EGTA 1mM, Tris pH 7.4 and protease inhibitor cocktail (Roche) at the 

recommended concentration) and incubated for 10 min on ice with 60ng/µl 

digitonin. The suspension was then centrifuged for 10 min at 12000 x g and 4°C, 

and pellet (permeabilized cells) and supernatant (cytochrome C released) were 

collected and analyzed by Western blot. In other experiments the desired drugs 

were added together with digitonin (same concentration). In this case incubation 

was at 22°C for 15min.  

 

Western blotting for Cytochrome c. Samples, dissolved in sample buffer, were 

allowed to stand for 15 min at R.T., subjected to SDS-PAGE in 10% acrylamide 

minigels and transferred to a polyvinylidenfluoride (Pall Corporation, Pensacola, 

FLA, USA) sheet. The primary antibody used was anti-Cytochrome C mouse 

monoclonal (BD Biosciences cat. n. 556433); the secondary antibody 

(Calbiochem) was horseradish peroxidase-conjugated and it was used with 

chemiluminescence detection (Pierce) using film or digital imaging by a Bio-Rad 

ChemiDoc XRS apparatus. 

 

Results 
Cytotoxicity/cytostaticity assays 

Using the cell lines in which we had identified the mtKv1.3 (MCF7, PC3 and 

Jurkat), we verified whether inhibition of the channel induced apoptosis or had a 

cytostatic effect. Psora-4 (5-(4-Phenylbutoxy)psoralen)) is a membrane permeable 

specific inhibitor of KV1.3, which it blocks with an EC50 of 3 nM (Vennekamp et 

al., 2004). We used it at 10 or 100 nM by itself or together with inhibitors of 

MDR efflux pumps (Cyclosporine H between 1 and 4µM or Verapamil 30µM or 
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Tamoxifen 5µM for P-gp; Probenecid 100µM for MRP1 and MRP2; Chrysin 

2.5µM for BCRP). We also used Margatoxin as membrane-impermeable blocker 

of PM KV1.3 (Garcia-Calvo et al., 1993) and staurosporine as a positive control 

for apoptosis induction. Evaluation was carried out using cell counting, 

annexin/propidium staining, DNA fragmentation assays and MTT assays.  

I initially tested for apoptosis induction by the annexin/propidium staining 

method, using all three cell lines and exposing them to the agents mentioned 

above for 12 hours (N = 2-3). The results, exemplified for MCF7 cells in Fig.1A, 

did not provide any evidence supporting an apoptotic effect of the inhibition of 

mtKV1.3. 

For confirmation, I used also the DNA fragmentation assay. This type of 

experiment allows one to observe not only apoptosis (an increase of the sub-G1 

population), but also variations or blocks in the cell cycle, because it is possible to 

observe quantitative variations in the portion of cells in the different stages of the 

cell. Fig 1B shows an experiment with PC3 cells; no effects were visible, except 

that the positive control (staurosporine) exhibited an increase of the sub-G1 

population and variation of cell cycle. Similar results were obtained also with 

Jurkats (data not shown). For MCF7 cells it was impossible to proceed with this 

technique, because this cell line has lost caspase-3 and as a consequence apoptotic 

DNA fragmentation cannot be readily observed (Janicke et al., 1998). For these 

cells an alternative method to observe cytotoxic/cytostatic effect is the MTT 

assay. Fig. 2 presents the results of one such experiment. No difference in vitality 

between the sample with 100 nM Psora-4 plus MDR pumps inhibitors and the one 

with only the inhibitors was detectable after 72h of treatment.  

The results of these various assays were in agreement with those of the 

microscopic observation of cell cultures, exemplified by the images in Fig. 3 for 

PC3 cells. 
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Fig.1 Psora- 4 does not induce cell death or cytostatic effects on MCF7, PC3 and Jurkat cells. A) 
A representative apoptosis assay using Flow Cytometry (FACS) with MCF7 cells. Cells were 
incubated in DMEM in the presence of the specified substances for twelve hours, then treated with 
Propidium and Annexin as described in Materials and Methods. B) A DNA fragmentation assay 
using FACS with PC3 cells. Cells were incubated in DMEM in the presence of the specified 
substances for twenty-four hours, then permeabilized and treated with Propidium Iodide as 
described in Materials and Methods. Peaks labeled G1, S and G2/M correspond to the different 
phases of the cell cycle. Sub-G1 is fragmented DNA typical of apoptotic cells. 

 
Fig. 2. Effect of Psora-4 and Psora-4 plus MDR pumps inhibitors on the readout of tetrazolium 
reduction cell proliferation assays. MCF7 cells were allowed to grow for 3 days in the presence of 
the compounds. The panels show the results of an individual representative experiment. All 
measurements were performed in quadruplicate. Averages ± s.d. are given. Abbreviations: INHIB: 
a mix of MDR pump inhibitors: CsH 1µM, Probenecid 100µM and Chrysin 2.5µM. 
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Fig.3. PC3 cell culture images after 48 h incubation with: A: Control; B: Psora-4 100nM; C: 
Psora-4 100nM + Tamoxifen 5µM + Probenecid 100µM; D: Tamoxifen 5µM + Probenecid 
100µM. 
 

Cytochrome c release.  

In analogy to what done with CTLL-2/Kv1.3 cells, we tried to observe 

cytochrome c (cyt c) release upon inhibition of mtKV1.3 in mitochondria isolated 

from Jurkat and MCF7 cells. Isolated mitochondria were treated with specific 

channel inhibitors (Psora-4 or Margatoxin) and as positive controls t-Bid 50nM or 

CaCl2 plus KH2PO4 (respectively 3mM (free) and 1mM). Several attempts (N>10 

for Jurkat and N=3 for MCF7), did not lead to a demonstration of a release of cyt 

c caused by the inhibition of mtKV1.3 only. Fig.4 presents an example of these 

results with Jurkat mitochondria. Please note that t-Bid induces a strong release, 

absent with Psora-4 or Margatoxin. 

We attempted also to observe cyt c release by treating Jurkats with different 

compounds before or after permeabilization (in both cases N=2, see Materials and 

Methods for details).  As illustrated in Fig.5A-B only the positive controls 

(staurosporine and t-Bid) produced an evident effect of release. 

 
 
Fig.4. Effects on isolated Jurkat mitochondria. The Kv1.3 inhibitors Psora-4 and Margatoxin did 
not induce cytochrome c release. Rel: released cytochrome c (supernatant); Mit: mitochondria. A: 
Control; B: t-Bid 50nM; C: Psora-4 100nM; D: Margatoxin 200nM.  
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Fig.5. Cytochrome c release in cells. Rel: cytochrome c released; Cells: permeabilized cells. A) 
Jurkat cells treated for 6 h with compounds and successively permeabilized. A: Control; B: 
Staurosporine 1µM; C: Psora-4 200nM + Probenecid 100µM + CsH 4µM; D: Psora-4 1µM + 
Probenecid 100µM + CsH 4µM; E: Probenecid 100µM + CsH 4µM.  The presence of MDR 
pumps inhibitors was meant to prevent the export of Psora-4 from cells. B) Jurkat cell 
permeabilized and then treated with KV1.3 inhibitors. F: Control; G: t-Bid 250nM; H: Psora-4 
10nM; I: Psora-4 100nM; L: Psora-4 200nM. 
 

Discussion 
The data presented by Szabò et al. (2008) and Gulbins et al. (2010) (Chapt. 1) 

show that Bax interacts directly with mtKV1.3 after inserting into the OMM, 

inhibiting this channel and leading to IMM hyperpolarization, ROS release, a late 

depolarization and finally to cytochrome c release in Jurkat cells. Our data above, 

instead, didn’t show any release using specific inhibitors of the channel such as 

Psora-4 or Margatoxin.  

This substantial difference can be explained considering the diversity between 

Bax and the channel inhibitors. The former is widely accepted to form, alone or in 

cooperation with other components of the OMM, the permeation pathway through 

which cytochrome c can be discharged to the cytosol. Psora-4 obviously cannot 

by itself do the same, and we had hypothesised that activation of the MPTP might 

have the same effect. Several papers have in fact proposed that MPT induction 

may either be sufficient, or act in a cooperative manner with Bax to allow this 

phenomenon (recent examples: Kumarswamy and Chandna, 2009; Mullauer et al., 
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2009; Petrosillo et al., 2009; Gogvadze et al., 2010). Another possibility was that 

inhibition of mtKV1.3 in situ might generate ROS in sufficient amounts to initiate 

a full-fledged apoptotic cascade. So far, neither seems to be the case, but we plan 

to use, with appropriate controls, higher concentrations. Another possible 

explanation for the negative results may be the presence of other potassium 

channels in the inner mitochondrial membrane of our cells. The CTLL2 cells used 

for most of the experiments by Szabò et al. (2008), do not express endogenous 

mitochondrial potassium channels. If some, besides mtKV1.3, were instead present 

in our cell lines the effect of mtKV1.3 inhibition may be reduced because of the 

compensating activity of these other channels.  In summary, our study provides no 

evidence of a possible cytotoxic effect of inhibiting specifically the mtKV1.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

44 

 



 

45 

3. Intermediate conductance Ca2+-activated potassium channel 
(KCa3.1) in the inner mitochondrial membrane of human colon 

cancer cells 
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4. An investigation of the occurrence and properties of the 
mitochondrial intermediate-conductance Ca2+-activated K+ channel 

mtKCa3.1 
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Mitochondriotropic Polyphenols 
 
Introduction 
ROS 
Treatments that selectively reach cancer cells, avoiding damage to normal cells, 

are the cornerstone of the fight against cancer. Understanding the molecular basis 

of alterations that distinguish cancerous from normal cells allows one to 

accurately identify sensitive targets and may lead to effective therapies to 

selectively eliminate tumors. 

Over the last several years, mitochondria have emerged as the target of various 

chemotherapeutic compounds, because of differences in properties of 

mitochondria between cancer and normal cells. Indeed cancer cells generally  

exhibit metabolic alterations: increased aerobic glycolysis and oxidative stress, 

while respiration is reduced. These diversities result in metabolic modifications 

that include changes in signaling pathways and in the activity of transcription 

factors that lead to significant alterations in gene expression (Ralph et al., 2009).  

One aspect of these alterations concerns the dysregulation in the supply of oxygen 

available to a tumor. This phenomenon occurs during the emergence of cancer, 

shifting cells from a normal state with sufficient nutrients and oxygen to a 

condition of starvation and hypoxia (Knowles et al., 2001). In response to hypoxic 

stress, cancer cells activate the transcription factor HIF-1 (hypoxia-inducible 

factor-1). This complex induces expression of vascular endothelial growth factor 

(VEGF), which in turn provokes the formation of new blood vessels within the 

tumor, and of various genes including key enzymes that increase the glycolytic 

pathway (Brahimi-Horn et al., 2007). 

Among the genes activated by HIF-1, some are particularly important for the 

altered metabolic state of cancer cells. One is hexokinase II (HK), which is 

overexpressed and, binding to the porin-like voltage-dependent anion channel 

(VDAC) of the mitochondrial outer membrane, stabilizes tumor cells 

mitochondria, suppressing apoptosis and promoting cell survival (Mathupala et 

al., 2006). Two others are a lactate dehydrogenase isoform (LDH-M) and 

pyruvate dehydrogenase kinase (PDK-1). After activation of HIF-1, their 
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expression and activity become elevated, which modifies pyruvate metabolism, 

promoting pyruvate conversion to lactic acid in the cytosol, and reduces the 

production and availability of substrates required for the respiratory pathway, 

such as NADH and succinate (Koukourakis et al., 2005; Roche et al., 2007). 

Another observed and interesting difference concerns the mitochondrial inner 

transmembrane potential (∆Ψm,i) which is higher in cancer cells (Modica-

Napolitano et al., 2001). The possible reasons for this difference may be 

variations in the activity of mitochondrial respiratory complexes, electron carriers, 

ATP synthase, Adenine Nucleotide Translocase and/or changes in membrane 

lipids.  

A difference of major interest concerns the production of reactive oxygen species 

(ROS) (Pelicano et al., 2004; Trachootham et al., 2008). ROS are defined as 

highly reactive oxygen-containing chemical species including free radicals, such 

as superoxide and hydroxyl radicals, and non-radical molecules such hydrogen 

peroxide. In biological systems, ROS are constantly generated through a variety 

of pathways, including both enzyme-catalyzed and non-enzymatic reactions. An 

important biochemical event associated with oxidative phosphorylation is the 

production of superoxide. Single electrons may escape from the mitochondrial 

electron transport chain, particularly when coping with overloads or blockages, 

and can react with molecular oxygen producing superoxide (Murphy, 2009). 

Superoxide radicals are constantly generated during respiration, and are mostly 

converted to H2O2 and O2 by mitochondrial SuperOxide Dismutase (SOD).  

Mitochondria are considered to be the major source of cellular ROS (Halliwell 

and Gutteridge, 1999). 

Much evidence indicates that many types of cancer cells have increased levels of 

ROS. The higher production of ROS may play an important role in the initiation 

and progress of cancer because of its relevant role for various aspects of cancer 

such as: immortalization and transformation; cell proliferation; survival; 

disruption of cell death signaling; metastasis; angiogenesis and chemoresistance. 

Several potential mechanisms are thought to contribute to the increased ROS in 

cancer cells. Oncogenic signals have been shown to cause amplified ROS 

generation. For example the expression of genes associated with tumorigenic 

transformation, such as Ras, Bcr-Abl and c-Myc, was found to induce ROS 
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production, generate DNA damage, and repress p53 function (Vafa et al., 2002; 

Behrend et al., 2003). Another possible mechanism of ROS production 

enhancement may involve malfunction of the mitochondrial respiratory chain. 

Mitochondrial DNA mutations have been shown to be correlated with increased 

ROS levels in certain types of cancer cells. Because the mitochondrial respiratory 

chain is the major site of ROS generation, its malfunction is likely to result in 

more free radical production due to increased “leakage” of electrons. P53 also 

regulates the expression of many pro-oxidant and antioxidant genes (Sablina et 

al., 2005). Loss of function of p53 provokes redox imbalance, ROS stress, high 

mutagenesis and aggressive tumor growth. In addition extrinsic factors, such as 

inflammatory cytokines, imbalance of nutrients and hypoxic stress, may influence 

intracellular redox homeostasis as well (Cook et al., 2004; Azad et al., 2008). 

An excessive level of ROS stress can on the other hand be toxic, because this 

overload can cause oxidative damage to lipids, protein and DNA or activate the 

cell apoptotic signaling pathway (Perry et al., 2000).  Thus cancer cells have 

acquired mechanisms to avoid the potential toxic effects of elevated ROS and to 

promote cell-survival pathways. This redox adaptation may consist in the 

activation of redox-sensitive transcription factors which increase the expression of 

ROS-scavenging systems such as superoxide dismutase, glutathione peroxidase 

and catalase (Hileman et al., 2003), and may promote the expression of cell-

survival molecules, such as Bcl-2 family proteins. Alterations of the function of 

cell death factors, such as caspases, may also be involved in redox adaptation 

(Chen et al., 2007). 

Since cancer cells have elevated generation of ROS, which means an increased 

intrinsic oxidative stress, and are dependent on antioxidants for cell survival, they 

are more vulnerable to damage by further ROS insults induced by exogenous 

agents (Pelicano et al., 2004). However the redox adaptation of cancer cells may 

also be fundamental for drug resistance, in particular conferring an enhanced 

capacity to tolerate exogenous stress and insults, decreasing apoptosis and 

elevating the DNA repair capability (Tilgada 2006).  

A noteworthy aspect of ROS is their role in the induction of apoptosis. The 

general mechanism whereby ROS stimulate the mitochondrial apoptotic pathway 

has not yet been resolved, but probably consists of effects on mobilization of 
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cytochrome c, activation of MPTP and, still in discussion, the translocation of  

Bax to mitochondria. In healthy cell, monomeric Bax is located predominantly in 

the cytoplasm. When an apoptotic stimulus arrives, Bax changes conformation, 

exposing the mitochondrial-docking motif, and migrates to the mitochondrial 

outer membrane where it aggregates into oligomers and stimulates apoptosis. 

Various lines of evidence have indicated that ROS are inducers of Bax migration 

(Tomiyama et al., 2006; Nie et al., 2008). A report suggests that an excess in ROS 

production causes dimerization of Bax in the cytosol by generating disulphide 

bridges between critical Cys residues and changing its conformation as a 

preliminary step to translocation to the OMM (D'Alessio et al., 2005). However 

other research (e.g. Annis et al., 2005) suggests the Bax traslocates and inserts as 

a monomer.  

 Another very important player of apoptosis is cytochrome c. This mitochondrial  

protein is present in the inter-membrane space where it is anchored to the inner 

membrane due to its affinity for the mitochondria-specific phospholipid 

cardiolipin. Various studies have shown that an elevated production of ROS can 

oxidize cardiolipin and disrupt its interaction with cytochrome c (Kagan et al., 

2009). Subsequently cytochrome c can be relocalized to the cytosol via Bax 

oligomers and/or activation of the mitochondrial permeability transition pore 

(MPTP) channel. 

The MPTP is a nonspecific pore, permeable to all molecules of less than approx. 

1.5 kDa, which opens in the inner mitochondrial membrane in the presence of 

elevated Ca2+ concentrations and co-inducers such as phosphate, and plays an 

important role in cell death. Its molecular identity remains uncertain and it is 

modulated by a variety of pathophysiological effectors. Oxidative stress is the 

most relevant co-inducer, greatly sensitizing the MPTP to Ca2+ concentration 

(Halestrap, 2009).  

In summary, mitochondria and mitochondrial ROS production have important 

roles both in carcinogenesis and in the elimination of cancerous cells by 

apoptosis. Furthermore, the mitochondria of cancer cells differ in some respects 

from those of normal cells, which in principle at least makes them possible 

specific therapeutic targets.  
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The production of ROS by mitochondria is also considered a factor in aging and 

in a variety of pathological situations implying that they may be counteracted by 

anti-oxidant compounds (Murphy, 2009; Koopman et al., 2009; Indran and 

Parvaiz, 2009). Given the role of ROS in cell life and death, acting on 

mitochondrial redox status is an attractive possibility. Considerable attention has 

been devoted over the past several years to the development of mitochondria-

targeted antioxidants (revs.: Subramanian et al., 2009; Kagan et al., 2009; 

Skulachev et al., 2009; Hoye et al., 2008; Murphy, 2008; Murphy and Smith, 

2007). To permit preferential accumulation into mitochondria a few strategies 

were developed, including conversion of a pro-drug to an active specie by 

specifically mitochondrial enzymes, binding to a mitochondria-specific 

component (e.g. cardiolipin), irreversible import via the mitochondrial protein 

import machinery, accumulation in response to the pH difference across the 

mitochondrial inner membrane. The most popular approach has been the 

conjugation to the membrane-permeant triphenylphosphonium cation, TPP. TPP 

can pass directly through phospholipid bilayers without requiring a specific 

uptake mechanism and accumulate substantially within mitochondria owing to the 

large membrane potential (Liberman et al., 1969; Ross et al., 2008). The best 

example of this approach is probably Mito-Q (Murphy and Smith, 2007), a 

ubiquinone derivative bearing the TPP moiety at the end of an aliphatic chain.  

 

Polyphenols 
Plant polyphenols are a huge and diversified family of natural compounds 

characterized by the presence of a few phenolic  hydroxyls. They are present in a 

great variety of foods and, on the basis of mostly in vitro studies, many of them 

display a variety of activities of biomedical relevance. Scheme 1 shows the 

structures of some of the most important polyphenol subfamilies. 
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Scheme 1. Some of the most important polyphenol subfamilies 

 

 A vast scientific literature assigns them possible functions in the protection of the 

cardiovascular system and against neurodegeneration, in contrasting chronic 

inflammation and senescence in the prevention and therapy of cancers by 

modulation of cellular proliferation, differentiation, apoptosis and metastasis 

(Ramos, 2007). These biological effects are attributed to their interaction with 

proteins and to redox properties. 
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Polyphenols are redox active compounds, which can act as anti-oxidants or pro-

oxidants depending on circumstances (Halliwell, 2008; Perron and Brumaghin, 

2009). Their possible anti-oxidant role is due to the property of their aromatic 

structure to allow delocalization of charges or unpaired electrons, making 

polyphenols more acid than alcohols and good radical scavengers. This latter 

property may results from donation to ROS of H· or, more probably, of an electron 

after deprotonation (Scheme 2). This anti-oxidant character could contrast ROS-

inflicted damages and/or radical-mediated signaling, such as is believed to be 

involved in aging and neurodegeneration. 

The ability of polyphenols to act as pro-oxidants depends on factors such as their 

concentration, pH, and presence of metallic ions. Indeed they can easily oxidized 

by Fe3+ or Cu2+ ions or by redox enzymes such as tyrosinases (which contain 

copper) and peroxidases (which contain iron). The oxidation of polyphenols by 

these ions has been studied in detail. Scheme 3 illustrates the reactions which 

generate ·OH with the intermediacy of Cu2+ (taken from Sakihama et al., 2002). 

Most easily oxidizable polyphenols contain a catecholic structure which can be 

oxidized by Cu2+ generating a semiquinone (reaction 1) that can react with O2 to 

form O2
·- (reaction 2). O2

·- can oxidize the parent compound to generate another 

semiquinone and H2O2 (reaction 3). H2O2 can also form by the disproportionation 

of O2
·- catalyzed by SOD (reaction 4). H2O2 is rapidly converted to the ·OH by 

Cu2+ in a Fenton-type reaction (reaction 5). 

 

 
Scheme 3 
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The formation of  O2
·- may involve as an intermediated step the oxidation of NADH 

to NAD·.  NAD· cedes an electron to O2 generating NAD+ and O2
·-, as shown in 

scheme 4 (Chan et al., 1999).  

 

 
Scheme 4 

 

Another possibility (scheme 5) is glutathione (GSH) oxidation. In these cases a 

catalytic redox cycle may intervene, leading to a massive oxidation of GSH and 

NADH together with oxygen reduction (Galati et al., 1999). 

 

 
Scheme 5 

 

O2
·- can be transformed to H2O2 by SOD or by a polyphenol or by extraction of a 

H· from glutathione. H2O2 can in turn react with Cu+ or Fe2+, oxidizing them and 

forming ·OH and HO-, a Fenton reaction (scheme 6) 

 

Fe2+   +   H2O2      Fe3+   +  ·OH  +   HO- 

Fe3+   +   H2O2     Fe2+   +   ·OOH   +   H+ 
Scheme 6 

 

The cytotoxic pro-oxidant mode of action is as potentially useful as the anti-

oxidant one, since it might be exploited to induce death of cancerous cells. 

The ambivalent redox characteristic of polyphenols has been recently 

demonstrated by the interaction of polyphenols (in particular quercetin) with the 

MPTP (De Marchi et al., 2009). Two in vitro experimental approaches led to 

apparently contradictory results. In patch clamp experiments, conducted with only 

a few mitoplasts bathed in a medium without metal ions, oxidizable polyphenols 
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induced MPT channel closure. In swelling experiments with suspension of 

mitochondria, high concentrations of quercetin, the best inhibitor of the channel in 

the previous type of experiments, promoted MPTP activation. The presence of 

Fe2+/3+ and Cu+/2+ chelators counteracted this activation demonstrating that these 

ions, released by the dense suspension of mitochondria, were involved in the 

generation of ROS and in the activation of MPTP.  

Aside from their redox activity the interactions of polyphenols with proteins are of 

major importance. Various polyphenols are known to modulate directly numerous 

proteins, including metalloproteinases, membrane receptors, channels (e.g. 

CFTR), cyclooxygenases, transcription factors, deacetylases (sirtuins), 

cytoskeleton components (tubulin) and many kinases (e.g. Cdk1 and Cdk4) as 

well as proteins of the blood (albumin, haemoglobin), some toxins (anthrax toxin, 

VacA) and pro- or anti-apoptotic proteins. However, the necessary concentration 

levels are often not reached in a physiological setting. 

Indeed, a major obstacle for the biomedical/pharmacological exploitation of 

polyphenols is their low bioavailability. They are rapidly sulfated, glucuronidated 

and methylated by enterocytes, then mostly re-exported to the intestinal lumen. 

The fraction entering circulation is rapidly metabolized by liver enzymes and 

subsequently eliminated by the urinary and biliary systems. Only low 

concentration of polyphenols  are present in plasma even after a polyphenol-rich 

meal and mostly in the form of conjugates (Manach et al., 2005; Iyanagi 2007).  

 

The project  
Since ROS are mostly produced in mitochondria, this organelle is the most 

appropriate target subcellular location for exerting the redox effect of 

polyphenols. Part of my thesis work has therefore dealt with the development of 

derivatives of quercetin and resveratrol incorporating the popular mitochondria-

targeting TPP group. We have verified that these compounds accumulate, as 

expected, into isolated or in situ mitochondria (Mattarei et al., 2008; Biasutto et 

al., 2008; chapts. 5 and 6). The effects of the quercetin-based mitochondriotropic 

derivatives on isolated mitochondria have been assessed as a first logical step in 

understanding/predicting their action in vivo (Biasutto et al., 2010; chapt 7). Their 

impact on cultured cells has been assessed in cytotoxicity tests (chapt. 8). 
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5. A Mitochondriotropic Derivative of Quercetin: A Strategy to 
Increase the Effectiveness of Polyphenols 
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6. Development of mitochondria-targeted 
derivatives of resveratrol 

 
 



88 

 

 

 

 



89 

 

 

 

 



90 

 

 

 

 



91 

Supporting data 

for 

 

Development of mitochondria-targeted derivatives of resveratrol 

 
Lucia Biasutto, Andrea Mattarei, Ester Marotta, Alice Bradaschia, Nicola Sassi, 

Spiridione Garbisa, Mario Zoratti,* Cristina Paradisi 

Materials and Methods 

Materials and instrumentation. Chemicals were purchased from Aldrich, Fluka, Merck-Novabiochem, 

Riedel de Haen, J.T. Baker, Cambridge Isotope Laboratories Inc., Acros Organics, Carlo Erba and 

Prolabo, and were used as received. 1H NMR spectra were recorded with a Bruker AC 250F 

spectrometer operating at 250 MHz. Chemical shifts (δ) are given in ppm relative to the solvent signal 

(δ 2.49 ppm, DMSO-d6). LC/MS analyses and mass spectra were performed with a 1100 Series 

Agilent Technologies system, equipped with MSD SL Trap mass spectrometer with ESI source. 

HPLC/UV analyses were performed with a Thermo Separation Products Inc. system with a P2000 

Spectra System pump and a UV6000LP diode array detector (190-500 nm). Accurate mass 

measurements were obtained using a Mariner ESI-TOF mass spectrometer (PerSeptive Biosystems). 

UV-Vis spectra were recorded with a Perkin-Elmer Lambda 5 spectrophotometer. Fluorescence 

spectra were recorded with a Perkin–Elmer LS-55 spectrofluorimeter equipped with a Hamamatsu 

R928 photomultiplier. All absorption and fluorescence spectra were recorded at 25°C using 

thermostated quartz cells with an optical pathlength of 1 cm. Flash chromatographic separations were 

run on silica gel (Macherey-Nagel 60, 230-400 mesh) under air pressure. Elemental analyses were 

performed by the Microanalysis Laboratory of the Dept. of Chemical Sciences of the University of 

Padova.  
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Solubility of 4 and 6 in water. Calibration curves were built by plotting absorbance at 320 nm (a 

plateau in the UV absorption spectrum of both 4 or 6) vs concentration for seven standard solutions in 

the 10-6 - 10-4 M range, prepared from a 10-3 M mother solution in CH3CN by dilution with 

water:CH3CN/9:1. The concentration of aqueous saturated solutions of 4 and 6 was determined by 

interpolation (5 repetitions each). 

Stability 4 and 6 in water and in HBSS buffer. At time zero, a 60 µL volume of a freshly prepared 10-3 

M CH3CN solution of either 4 or 6 was added to 3 mL of the medium of interest, i.e.  water or 

HBSS:CH3CN 9:1, at 25°C. The composition of HBSS (Hank’s Balanced Saline Solution) was (in 

mM units): NaCl 136.9, KCl 5.36, CaCl2
 
1.26, MgSO4

 
0.81, KH2PO4

 
0.44, Na2HPO4

 
0.34, Glucose 

5.55, pH 7.4 (with NaOH). Aliquots were withdrawn at desired times and analyzed by HPLC/UV (at 

320 nm) and LC/MS on a reversed phase column (Gemini C18, 3 µm, 150 x 4.6 mm i.d.; 

Phenomenex). Solvents A and B were H2O containing 0.1% HCOOH and CH3CN, respectively. The 

gradient for B was as follows: 30% for 5 min, up to 60% in 15 min, up to 100% in 5 min; the flow rate 

was 0.7 mL⋅min-1. For HPLC/UV analyses the 190 - 500 nm range was considered; in the LC/MS 

analyses mass spectra were acquired in positive ion mode operating in full-scan from 100 to 1500 m/z.  

Cells. Human Colon Tumor (HCT116) cells (kindly provided by B. Vogelstein) as well as fast- and 

slow-growing SV-40 immortalized Mouse Embryo Fibroblast (MEF) cells (kindly provided by L. 

Scorrano and W.J. Craigen, respectively)  and murine colon carcinoma C-26 cells  were grown in  

Dulbecco’s Modified Eagle Medium (DMEM), plus 10 mM HEPES buffer, 10% (v/v) fetal calf serum 

(Invitrogen), 100 U/mL penicillin G (Sigma), 0.1 mg/mL streptomycin (Sigma), 2 mM glutamine 

(GIBCO) and 1% nonessential amino acids (100X solution; GIBCO), in a humidified atmosphere of 

5% CO2 at 37 °C. 

Metabolism studies. HCT116 cells were grown to ~90% of confluence in a 6-well plate, washed with 

warm HBSS, and incubated with 1 ml/well of 20 µM solution of 4, 6 or resveratrol. Medium and cells 

were collected together after 6 hours of incubation. 100 µL of 0.6 M acetic acid and of fresh 10 mM 

ascorbic acid were added and the samples stored at –20°C until treatment and HPLC and LC/MS 
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analysis. Treatment consisted in addition of acetone (1 mL), followed by sonication, filtration through 

0.45 µm Teflon® syringe filters (Chemtek Analytica) and concentration under N2. The HPLC protocol 

was the same used for stability studies.  

Mitochondria. Rat liver mitochondria were isolated by conventional differential centrifugation 

procedures from fasted male albino Wistar rats. The standard isolation medium was 250 mM 

sucrose, 5 mM HEPES (pH 7.4) and 1 mM EGTA. Protein content was measured by the biuret 

method with bovine serum albumin as standard.  

TPP+-selective electrode. The setup used to monitor the concentration of TPP+-bearing 

compounds was built in-house following published procedures  (Zoratti, M.; Favaron, M.; 

Pietrobon, D.; Petronilli, V. Biochim. Biophys. Acta 1984, 767, 231-239). A calomel 

electrode was used as reference. The suspension medium contained 200 mM sucrose, 10 mM 

Hepes, 5 mM succinate, 1 mM phosphate, 1.25 µM rotenone, pH 7.4 (with KOH). 

Fluorescence microscopy. Cells were sown onto 24 mm round coverslips and allowed to grow 

for 48 hours. The coverslips were then washed with HBSS, mounted into supports, covered 

with 1 mL of HBSS and placed onto the microscope stage. The imaging apparatus consisted of 

an Olympus IX71 microscope equipped with an MT20 light source and CellR© software. 

Excitation wavelength was 340 nm and fluorescence was collected in the 450-475 nm range. 

Sequential images were automatically recorded following a preordained protocol. 

Cell growth/viability (MTT) assays. C-26 or MEF cells were seeded in standard 96-well plates and 

allowed to grow in DMEM (200 µL) for 24 hours to insure attachment. In the experiments of Figure 3 

initial densities were 1000 (C-26, fast MEF) or 2500 (slow MEF) cells/well. The growth medium was 

then replaced with medium containing the desired compound from a mother solution in DMSO. 

DMSO final concentration was 0.1% in all cases (including controls). Four wells were used for each of 

the compounds to be tested. The solution was substituted by a fresh aliquot twice, at 24-hour intervals. 
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At the end of the third 24-hour period of incubation with the drugs the medium was removed and 

substituted, after a wash with PBS, with 100 µL of CellTiter 96® solution (Promega; for details: 

www.promega.com/tbs). After a one-hour colour development period at 37°C absorbance at 490 nm 

was measured using a Packard Spectra Count 96-well plate reader.  
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7. Impact of mitochondriotropic quercetin derivatives on 
mitochondria 
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8. Toxicology of mitochondriotropic polyphenols 
Introduction 
Polyphenols are generally seen as anti-oxidants which prevent damages from an 

excess of ROS production. However many studies demonstrate that they can act 

also as pro-oxidants, depending on circumstances (Galati et al., 1999; Shakihama 

et al., 2002;  Halliwell, 2008). Their participation in radical/oxidative processes is 

promoted by conditions such as high concentration, an alkaline pH and the 

presence of Fe2+/3+ and Cu+/2+. This production of ROS may be sufficient to result 

in a “redox catastrophe”, leading to oxidation of the GSH pool and to oxidative 

damage of DNA, proteins and lipids and finally to cell death. The probability of 

this happening is higher in cancer cells, in which ROS production is more intense 

(see the introduction of this section for details). Mitochondria, as the major 

producers of ROS in the cell, may be considered the most relevant site for either 

an anti-oxidant or a pro-oxidant effect, and this consideration prompted our work 

on the development of mitochondria-targeted polyphenol derivatives. Furthermore 

many polyphenols are well-know inhibitors of kinases, the mitochondrial 

respiratory chain and F0F1 ATPase (Dorta et al., 2005; Zheng and Ramirez, 2000; 

Sarno et al., 2005; Gledhill et al., 2007).  

Our group has chosen quercetin and resveratrol to build mitochondrial-targeted 

compounds. Both these polyphenols are much-studied representatives of the 

superfamily. Focusing on quercetin, in vitro it inhibits different tyrosine and 

serine-threonine kinases whose activities are linked to survival pathways. It down-

regulates the expression of oncogenes (as H-ras and c-myc) and anti-oncogenes 

(p53) (Ranelletti et al., 2000), or up-regulates cell-cycle control proteins 

(Casagrande and Darbon, 2001). In animal models, quercetin seem to inhibit 

cancer grow and induce apoptosis (Mouria et al., 2002). 

Also in the case of resveratrol, several in vivo studies (Ulrich et al., 2005) support 

its efficacy in inhibiting or retarding tumor growth and progression. However, 

lack of efficacy of resveratrol in vivo was reported by others; these discrepancies 

may be due in part to a low bioavailability and to a limited affinity for some of the 

targets, which can therefore be engaged at the higher concentrations used in vitro, 

but not in vivo. In vitro, resveratrol is well known to exhibit antiproliferative, 
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cytotoxic and pro-apoptotic effects in many cell models (Shakibaei et al., 2009; 

Hail and Lotan, 2009; Pervaiz et al., 2009). The mechanisms include inhibition of 

ERK1/2-mediated signal transduction pathways, inhibition of kinases such as 

Cdk1 and Cdk4 (blocking cell-cycle progression) induction of apoptosis by 

activation of caspases, p53 and Bax or by inhibition of Bcl-2 (Ulrich et al., 2005; 

Aziz et al., 2003). 

One very popular approach to produce mitochondria-targeted compounds takes 

advantage of the electrical potential difference across the IMM, using membrane-

permeable compounds with a net positive charge. Indeed the matrix-side voltage 

gradient is negative and more so in cancers cells, which makes tumors possible 

privileged targets for these compounds. Triphenylphosphonium cations are often 

used to build mitochondriotropic compounds in which they are the “engine” 

insuring import into the mitochondrial matrix (Murphy and Smith, 2007). 

Compounds of this type will also concentrate, although to a more limited extent, 

in the cytosol, due to the plasma membrane potential. 

To make quercetin and resveratrol mitochondriotropic, our group synthesized a 

few derivatives in which a TPP group is linked to one of the hydroxyls on the ring 

system (Q3BTPI, Q7BTPI, R3BTPI, and R4’BTPI). We have also produced other 

derivatives which possess not only the TPP group but also acetyl moieties which 

protect the remaining hydroxyls to avoid unspecific interactions with proteins, to 

limit formation of negative charges and to hinder metabolism (QTA3BTPI, 

QTA7BTPI, RDA3BTPI, and RDA4’BTPI). The structures of these compounds 

are shown in Scheme 1. 

 
Scheme 1. Structures of the mitochondriotropic compounds used. 

I

O

O
O

O

O

O

O

O

O

O

O

PI

O

O
O

OH

HO

OH

OH

P O

OH

OH

I
P O

O

O

P

O

O

Q3BTPI QTA3BTPI R4’BTPI RDA4’BTPI

I
O

O
OH

OH

O

OH

OHP

Q7BTPI

I
O

O
O

O

O

O

OP

O

O

O
O

QTA7BTPI

HO

OH

O P

I

R3BTPI

O

O

O P

O

O

I

RDA3BTPI

I

O

O
O

O

O

O

O

O

O

O

O

PI

O

O
O

OH

HO

OH

OH

P O

OH

OH

I
P O

O

O

P

O

O

Q3BTPI QTA3BTPI R4’BTPI RDA4’BTPI

I
O

O
OH

OH

O

OH

OHP

Q7BTPI

I
O

O
O

O

O

O

OP

O

O

O
O

QTA7BTPI

HO

OH

O P

I

R3BTPI

O

O

O P

O

O

I

RDA3BTPI



105 

 

The rationale of such an approach calls for the delivery and accumulation in 

mitochondria of compounds with physico-chemical properties and bioactivities 

similar to those of the parent compound (quercetin in our case).  On the other 

hand, any modification of the chemical structure will imply a modification of the 

properties. Thus, e.g., quercetin conjugates produced in metabolism are less 

oxidation-prone than quercetin itself (Lodi et al., 2008). Isomeric compounds can 

also differ in their redox properties. Oxidation of flavonoids with a catechol group 

on the B ring involves this moiety because the resonance stabilization of the 

resulting radical is maximized (Krishnamachari et al., 2002; Firuzi et al., 2005; 

Zhou and Sadik, 2008; He et al., 2009) but the rate of the electrochemical process 

(Hendrickson et al., 1994; Montana et al., 2007) and the identity of the products 

eventually formed (Jorgensen et al., 1998) have been reported to depend on the 

presence of a free OH at position 3. A cyclic voltammetry study carried out by Dr. 

A. Mattarei of our group in collaboration with Prof. A. Gennaro’s group at the 

Dept. of Chemical Sciences has shown that, indeed, Q7BTPI is oxidized at 

potentials very close to those needed to oxidize quercetin (67 mV vs. SCE in both 

cases), while the 3-substituted isomer needs a higher anodic potential (132 mV) 

(A. Mattarei et al., personal communication; note that the absolute values depend 

to some extent on the experimental conditions chosen). The acetylated derivatives, 

as expected, are not oxidized at voltages up to 1 V. A similar difference was 

observed in the case of the resveratrol derivatives. In this case the first oxidation 

process involves the hydroxyl at position 4’, again because of resonance 

stabilization of the reaction product. Thus, compounds having this oxygen 

involved in a covalent linkage - and therefore unable either to confer an hydrogen 

radical or to form the easily oxidizable conjugated base (Resv-O-) - are expected 

to require a higher potential than the isomeric, 3-substituted derivative to undergo 

oxidation. This was confirmed by Dr. Mattarei’s experiments, which yielded 

similar anodic first oxidation potentials for resveratrol and R3BTPI (0.47 vs. 0.49 

V, respectively), while R4’BTPI underwent the first oxidation at 0.68 V. These 

results suggest that Q7BTPI and R3BTPI are the derivatives of choice for 

experiments intended to cause the accumulation into mitochondria of compounds 

with redox properties similar to those of the parent polyphenols. If the effects of 



106 

these compounds on cells are due, at least in part, to redox processes, we should 

be able to observe a difference between the isomers. I have therefore assayed their 

cytotoxic/cytostatic properties as well as mitochondrial depolarization and the 

production of superoxide elicited from cells. 

 

Materials and methods 
Materials. Quercetin was purchased from Sigma, resveratrol from Waseta Int. 

Trading Co. (Shangai, P.R.China). Q3BTPI, Q7BTPI, 4R4’BTPI and R3BTPI 

were synthesised by Dr. A. Mattarei of our group. All chemicals for buffer 

preparations were of laboratory grade, obtained from J. T. Baker, Merck, or 

Sigma. 

Cells. Fast- (doubling time approx. 16 hours) and slow (doubling time approx. 3 

days) -growing SV-40 immortalized Mouse Embryo Fibroblast (MEF) cells and 

mouse colon cancer C-26 cells (doubling time approx. 24 hours) were grown in 

Dulbecco’s Modified Eagle Medium (DMEM) plus 10 mM HEPES buffer, 10% 

(v/v) fetal calf serum (Invitrogen), 100 U/mL penicillin G (Sigma), 0.1 mg/mL 

streptomycin (Sigma), 2 mM glutamine (GIBCO) and 1% nonessential amino 

acids (100X solution; GIBCO), in a humidified atmosphere of 5% CO2 at 37 °C. 

Jurkats (doubling time approx. 24 hours) were grown in RPMI-1640 

supplemented as above. 

Cell growth/viability MTT assays. These experiments were intended to compare 

the effects of our compounds on cells exhibiting different proliferation rates. They 

pose a problem in that these effects are expected to depend not on the 

concentration of compound in the growth medium, but rather on the amount 

accumulated by the cells, which is (presumably) inversely proportional to the 

number of cells in the assay. This number, equal at the beginning of the 

experiment, changes during its time course due to the different doubling times of 

the cultures. Furthermore, in assays with slow-growing cells it was necessary to 

begin the culture with a more numerous population in order to obtain significant 

readout values.  Results can therefore be of only semi-quantitative significance.  

C-26 or MEF cells were seeded in standard 96-well plates and allowed to grow in 

DMEM (200 µL) for 16-18 hours to ensure attachment.  Initial densities were 

1000-3000 (C-26, fast-growing MEF) or 2500-3000 (slow-growing MEF) 
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cells/well in experiments with a 72 h incubation period. After this initial period 

the growth medium was replaced with medium containing the desired compound 

from a mother solution in DMSO. Three different concentrations of compounds 

were used: 1, 3 and 5 µM; DMSO final concentration was 0.1% in all cases 

(including controls). Experiments were performed in quadruplicate, i.e., four wells 

were used for each of the compounds to be tested. Cells were incubated with the 

compounds for 72 hours; the solution was substituted by a fresh aliquot twice, at 

24-hour intervals. At the end of the incubation period, the medium was removed 

and substituted with 90µl of PBS plus 10 µL of CellTiter 96® solution (Promega; 

for details: www.promega.com/tbs). After a one-hour color development period at 

37°C absorbance at 490 nm was measured using a Packard Spectra Count 96-well 

plate reader.  

Mitochondrial potential assay. Tetramethylrhodamine methyl ester (TMRM; 

Invitrogen/Molecular Probes) staining was used to monitor mitochondrial 

transmembrane potential by fluorescence microscopy of cultured HepG2 cells 

and/or by FACS (Fluorescence-Activated Cell Scanning) of Jurkat lymphocytes. 

The former method was used to study the effect of Q3BTPI and Q7BTPI, while 

FACS analysis was applied with QTA3BTPI, QTA7BTPI and with the 

resveratrol-derived compounds. 

HepG2 cells were seeded onto 24-mm coverslips in 6-well plates and grown for 

about two days, avoiding confluence. Coverslips were mounted onto holders, 

exposed to 20 nM TMRM in DMEM or HBSS for about 20min, generally in the 

presence of 4 µM Cyclosporin H or 2 µM Cyclosporin A depending on the details 

of the experimental protocol, and washed twice. Cells were then covered with 1 

mL of the desired medium and observed at room temperature. Additions were 

performed by withdrawing 0.5 mL of incubation medium, adding the desired 

solute to this aliquot, mixing, and adding back the solution into the chamber at a 

peripheral point. Images were acquired automatically at 1- or 2-min intervals, 

using an Olympus Biosystems apparatus comprising an Olympus IX71 

microscope and MT20 light source. Excitation was at 568 ± 25 nm and 

fluorescence was collected using a 585-nm longpass filter. Regions of Interest 

(ROIs) corresponding to a cell or a group comprising a few cells (or to a 

background area without cells in it) were identified manually offline, and the 
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fluorescence emitted in the area was automatically measured and plotted by the 

CellR© software. 

FACS experiments were conducted with Jurkat lymphocytes to avoid cell 

aggregations and possible membrane potential-altering damage due to 

trypsinization and other procedures associated with the detachment of adherent 

cells. Procedures were essentially as described below for superoxide production 

assays, loading the cells with 20 nM TMRM for approximately 20 min.  

Superoxide production assays. Superoxide generation in cells was assessed in 

FACS experiments using the mitochondriotropic probe MitoSOX Red® 

(Invitrogen/Molecular Probes). A Beckton Dickinson Canto II flow cytometer was 

used. Excitation was at 500-520 nm, and fluorescence was collected at 

wavelengths longer than 570 nm. The cells were washed and resuspended in 

HBSS (in mM units: NaCl 136.9, KCl 5.36, CaCl2 1.26, MgSO4 0.81, KH2PO4 

0.44, Na2HPO4 0.34, glucose 5.55, pH 7.4 with NaOH) at a density of 4 × 

105/mL and loaded with 1 or 2 µM MitoSOX Red® in HBSS (37°C, 15 min). CsA 

(5µM), or in some experiments CsH, was included as an inhibitor of MDR pumps, 

to obtain a higher accumulation ratio for the dye and to limit the rate of efflux 

during the experiment. The experimental medium was HBSS, rather than the 

previously used “FACS buffer” (Biasutto et al., 2010- Chapt. 7) to promote cell 

survival and well-being during the experiment. After loading cells were diluted 

1:5 in HBSS (plus 5µM CsA) and divided into the desired number of identical 

aliquots. At time zero the desired compound was added, and data collected after 

the desired incubation times, exciting at 545 nm and measuring fluorescence at 

585 nm. Data were analyzed using the BD VISTA software.  
 

Results 
Cytotoxicity. Mitochondriotropic compounds (Q3BTPI, QTA3BTPI, Q7TBPI, 

QTA7BTPI, R3BTPI, RDA3BTPI, R4’BTPI, RDA4’BTPI) were tested for their 

possible cytotoxic/cytostatic action on cultured cells. As controls, we checked also 

the action of parent polyphenols (quercetin and resveratrol), a phosphonium salt 

(TPMP) and parent polyphenols plus TPMP. Three cell lines were used for these 

studies. One is a murine colon cancer line (C-26) with a doubling time approx. of 

24 hours, which might be utilized also for planned in vivo studies involving the 
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implantation of tumors in mice. The other two are fast- and slow-growing 

embryonic murine fibroblasts (MEF), non-tumoral cell lines. To evaluate the 

cytotoxic/cytostatic action of our compounds, we used the tetrazolium salt 

reduction (MTT) assay to quantify cell growth and viability. Since the 

mitochondriotropic compounds accumulate in mitochondria, it is plausible to 

suppose that their effect depends on the number of cells exposed to them (the 

greater the number of cells, the lower the amount of compound in each cell and 

the weaker therefore the effect). Indeed in experiments with higher initial numbers 

of cells, the effects on cell growth were weaker (data not shown). To minimize 

this problem and to compare the effects of different compounds on the same cell 

line we used the various compounds in parallel within the same experiment. In 

this way the number of viable cells at the beginning of incubation was the same. 

The results shown are representative of at least three analogous experiments. 

Fig. 1 shows representative data for quercetin derivatives. All compounds tested 

had little or no effect at 1 µM (not shown). The higher effectiveness of Q7BTPI in 

comparison to Q3BTPI can be appreciated best at the 3 µM level. A 

cytotoxic/cytostatic effect of the mitochondriotropic quercetins is evident in the 

case of C-26 cells (Fig. 1A) and, more moderately, on fast-growing MEF cells 

(Fig. 1B), while the effect on slow-growing MEF cells was insignificant (Fig 1C). 

The parent polyphenols and TPMP did not have any significant effect on cells 

vitality. 

The results of the MTT assay were confirmed by direct observation of the cell 

cultures at the microscope (Fig. 2). Whether cell death under these circumstances 

proceeds by apoptosis or necrosis remains to be investigated. 

Fig. 3 illustrates the results of MTT assays with resveratrol-based constructs. The 

mitochondriotropic isomeric derivatives of this polyphenol are also cytotoxic, but 

the difference between them is less marked than in the case of the quercetin 

analogues.  
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Fig. 1. Effect of quercetin derivatives and control compounds on the readout of tetrazolium 
reduction assays. Cells were allowed to grow for 3 days in the presence of the specified 
compounds (see Materials and Methods for details). The panels show the results of individual 
representative experiments run in parallel with the three cell lines. All measurements were 
performed in quadruplicate. Averages ± s.d. are given. A) C-26 mouse colon tumor cells. B) Fast-
growing Mouse Embryonic Fibroblasts (MEF). C) Slow-growing MEF. Abbreviations: TPMP: 
methyltriphenylphosphonium; BTPI: n-(4-triphenylphosphonium)butyl iodide; Q: quercetin. In 
these experiments the number of cells seeded in each well was as follows: A: 3000; B: 1000; C: 
2500. 

 



111 

 
 
Fig.2. Images of C-26 cell cultures after 72 h of incubation with 5 µM of the indicated compounds.  
 

Effects on cellular parameters. To begin an investigation of the mechanisms of 

these effects I have monitored mitochondrial potential and superoxide production 

in cells exposed to these compounds. This part of the study is still in progress. We 

observed the variation of mitochondrial potential via TMRM fluorescence in 

microscopy and FACS experiments and the increase of production of ROS via 

mitoSOX® fluorescence with FACS. CsA was included to block the activity of 

multi-drugs pumps which can expel the probes. The presence of this MPT 

inhibitor was intended also to exclude effects due to its onset, allowing the 

observation of upstream effects, but whether it could indeed block the MPT under 

the experimental conditions remains to be verified. The cells were treated with 

quercetin, resveratrol and their derivatives, and photographed every 1 or 2 

minutes in microscopy experiments or analyzed after 0 (a few seconds after the 

addition), 15, 30, 60, 90 and 120 minutes of incubation in FACS experiments.  

A set of representative fluorescence microscopy experiments monitoring TMRM 

fluorescence in HepG2 cells treated Q3BTPI or Q7BTPI is shown in Fig. 4A. 

Fluorescence loss (depolarization) is visibly faster in the case of Q7BTPI (see also 

Fig. 7A in Biasutto et al., 2010 – Chapt 7). The acetylated mitochondriotropic 

derivatives also induced TMRM fluorescence loss in both microscopy (not 

shown) and FACS experiments (Fig. 4B). In this case there was little difference 

between the two isomers tested.  
 

CTRL Q3BTPI

Q7BTPI QTA3BTPI QTA7BTPI

QUERCCTRL Q3BTPI

Q7BTPI QTA3BTPI QTA7BTPI

QUERC
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Fig. 3. Effect of resveratrol derivatives and control compounds on the readout of tetrazolium 
reduction assays. Cells were allowed to grow for 3 days in the presence of the specified 
compounds (See Materials and Methods for details). The panels show the results of individual 
representative experiments. All measurements were performed in quadruplicate. Averages ± s.d. 
are given. A) C-26 mouse colon tumor cells. B) Fast-growing MEF. C) Slow-growing MEF. 
Abbreviations: TPMP: methyltriphenylphosphonium; BTPI: n-(4-triphenylphosphonium)butyl 
iodide; RESV: resveratrol. In these experiments the number of cells seeded in each well was as 
follows: A: 1000; B: 1000; C: 2500. 
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Fig. 4. Mitochondriotropic quercetin derivatives induce loss of TMRM fluorescence from 
mitochondria. A) Data from three separate representative fluorescence microscopy experiments. 
Plotted are the normalized fluorescence values of ROIs corresponding to one or a few HepG2 cells 
(see Materials and Methods for details). 2 µM CsA was present throughout. B) A representative 
FACS experiment with TMRM-loaded Jurkat cells (see Materials and Methods for details). Plotted 
are the median values of fluorescence distribution histograms. The specified compounds were 
added at time 0, and the first set of data was acquired within a few seconds of the addition. The 
upmost plot (labeled TMRM 20 nM) is the control sample (no additions). 5 µM CsA was present 
throughout. 
 

QTA3BTPI and QTA7BTPI did not induce appreciable alterations of the forward- 

and side-scatter FACS parameters of the population at either 5 or 20 µM (not 

shown). In other cases however important changes of these parameters indicate 

that the compounds added had an important impact on cell morphology and, 

presumably, functionality. This is illustrated for Q7BTPI in Fig. 5.  
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Fig. 5. High concentrations of mitochondriotropic quercetin derivatives cause alterations of the 
scatter parameters of Jurkat cells. Side- vs. forward scatter plots obtained from suspensions of cells 
treated with Q7BTPI at the concentrations and for the periods indicated. 10.000 objects were 
counted in each case. 
 

Q3BTPI had qualitatively similar effects (not shown). With these compounds, at 

the higher concentration used (20 µM), as the experiment progresses the range of 

forward scatter of the population remains approximately constant, but side scatter 

increases progressively, indicating important changes in cell structure for an 

increasing proportion of cells. Subpopulations cannot be easily distinguished in 

this case. The data obtained with these compounds in FACS experiments must be 

interpreted keeping in mind that they originate from a probably rather 

heterogeneous ensemble.   

Some of the mitochondriotropic resveratrol derivatives also cause changes of the 

scatter parameters. In this case it is the acetylated derivatives, at 20 µM, that 

induce  the appearence and progressive increase of a population of objects with 

reduced forward scatter and increased side scatter (P2 in Fig. 6B, green), possibly 

reflecting onset of apoptosis for part of the cells. No such effect was induced at 5 

µM (Fig. 6A).  
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Fig. 6. High concentrations of mitochondriotropic acetylated resveratrol derivatives cause 
alterations of the scatter parameters of Jurkat cells. Side- vs. forward scatter plots obtained from 
suspensions of cells treated with RDA3BTPI at the concentrations and for the periods indicated. 
10.000 objects were counted in each case. In panel B two populations are marked as red 
(Population 1) and green (Population 2). 
 

The evolution in time of either TMRM (or MitoSOX®, see below) fluorescence is 

different for the two populations created by 20 µM compound, as shown in Fig. 

7A,B. Population P2 (green) is at all times characterized by a low fluorescence, 

confirming it represents cells which have already progressed along the path to cell 

death. Population P1 shows a rapid loss of TMRM fluorescence, which seems to 

be propedeutic to the transition to population P2. As mentioned, R4’BTPI induces 

an analogous behaviour, while the non-acetylated resveratrol derivatives, as well 

as the acetylated ones at 5 µM, do not give rise to split populations. The 

fluorescence data obtained in these latter cases are therefore presented as the 

medians of the fluorescence distributions of the whole population (excluding only 

a low percentage of outliers) in Fig. 7C. With resveratrol derivatives no 

significant difference was observed between the 3- and 7-BTPI substituted 

isomers. 
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Fig. 7. TMRM fluorescence in Jurkat cells exposed to resveratrol derivatives. A) Fluorescence 
distribution histograms for cells exposed to 20 µM RDA3BTPI for the indicated times. Two 
distributions are clearly identifiable, originating from populations analogous to those shown in Fig. 
6B.  B-C) Plots of the medians of cell fluorescence distribution histograms such as those shown in 
Fig. 7A for the indicated compounds and concentrations. The label “TMRM” indicates the control 
sample (no addition).  10.000 cells were detected for each time point. In panel B: P1: Population 1 
(red). P2: Population 2 (green). 
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The results of the MitoSOX® fluorescence assays with the quercetin derivatives 

appear to reflect the redox properties of the compounds. In keeping with their low 

oxidation potentials and with their accumulation into mitochondria, where redox 

activity is most intense, Q3BTPI and Q7BTPI both elicited a strong response, 

with Q7BTPI easily surpassing Q3BPTI (Fig. 8A,B).  All the other compounds 

tested paled in comparison, although at 20 µM QTA3BTPI and QTA7BTPI did 

induce a considerable response, possibly because they can be partly deacetylated 

by the cells (Biasutto et al., 2010 – Chapt. 7) (Fig. 8C).  

 

Fig. 8. MitoSOX® fluorescence response elicited by quercetin derivatives in Jurkat cells (FACS 
experiments). Plots of the medians of cell fluorescence distribution histograms analogous to those 
shown in Fig. 7A for the indicated compounds and concentrations. The label “MitoSOX” indicates 
the control sample (no addition).  10.000 cells were detected for each time point.  
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Fluorescence microscopy determinations on the other hand showed only a modest 

increase of MitoSOX fluorescence at 5 µM Q3BTPI (Biasutto et al., 2010- Chapt. 

7) or Q7BTPI (Fig. 9). 

 

 
Fig. 9. MitoSOX® fluorescence in HepG2 cells treated with Q7BTPI. A representative experiment 
is shown. 5 µM Q7BTPI was added after 30 min of incubation, 2 µg/mL Antimycin A after 150 
min. A) Plotted are the fluorescence values recorded from the ROIs outlined in panel D. The inset 
shows, with the same scaling, an analogous plot from a different experiment with no addition 
(control). B-D) Representative images acquired at time 0, 150 (after 120 min of incubation with 
with Q7BTPI) and 220 min (after 70 min of incubation with Antimycin). AA: Antimycin A. 
 

In analogy to the behavior observed in experiments monitoring TMRM 

fluorescence, in the case of 20 µM RDA3BTPI and RDA4’BTPI MitoSOX® 

fluorescence also reflected the presence of two populations (see Fig. 6B). Fig. 

10A shows the MitoSOX® fluorescence distributions obtained in the same 

experiment presented in Fig. 6B. Population P1, presumably representing still 

relatively healthy cells, shows little fluorescence increase. Population P2 is 

characterized by high and increasing fluorescence, which is therefore likely to be 

secondary to a primary death-inducing chain of events started by the drugs (Fig. 

10B). Fluorescence increase is relatively modest in all other case (Fig. 10C). 
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Fig. 10. MitoSOX® fluorescence in Jurkat cells exposed to resveratrol derivatives. A) 
Fluorescence distribution histograms for cells exposed to 20 µM RDA3BTPI for the indicated 
times. Two distributions are clearly identifiable, originating from the populations shown in Fig. 6B 
(same experiment).  B-C) Plots of the medians of cell fluorescence distribution histograms for the 
indicated compounds and concentrations. The label “MitoSOX” indicates the control sample (no 
addition).  10.000 cells were measured for each time point. In panel B: P1: Population 1 (red). P2: 
Population 2 (green). 
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Conclusions 
In MTT assays with adherent cells, mitochondriotropic derivatives showed a 

cytotoxic/cytostatic action on tumoral and fast-growing cells, while with slow-

growing cells the effect was much milder. The controls involving exposure to 

quercetin or resveratrol, phosphonium salts and their combination did not produce 

similar effects. The combination of the polyphenol kernel and the 

mitochondriotropic phosphonium moiety is thus a key feature of these molecules. 

Q7BTPI turned out to be a more effective death inducer than its isomer Q3BTPI. 

This correlates with the ease of oxidation of these compounds, and it is tempting 

to associate death induction with pro-oxidant behavior. Both compounds induced 

only a very modest production of superoxide, visualized as MitoSOX® 

fluorescence in microscopy experiments with adherent cells maintaining their 

morphological characteristics throughout the experiment.  A strong MitoSOX®  

fluorescence response was observed instead in FACS experiments, with Q7BTPI 

being more effective than Q3BTPI. The SSC-FSC plots at 5 µM show little 

alteration with respect to the control, while at 20 µM a definite change takes 

place, indicating an impact on cell morphology and, possibly, functionality. An 

even more drastic effect can be observed with the acetylated resveratrol 

compounds (Fig.s 6 and 10). These molecules are very reluctant to undergo 

oxidation per se, and the superoxide production they induce is confined to the 

cells that have undergone the changes associated with variation of the scatter 

parameters. Thus, superoxide production seems to be downstream of alterations 

induced via still unknown mechanisms by the compounds. The doubt that this 

may be the case also for Q3BTPI and Q7BTPI is legitimate and will need to be 

resolved.  

A toxic effect of these compounds is that they induce loss of TMRM fluorescence, 

i.e., mitochondrial depolarization. We have previously concluded that at least 

quercetin derivatives can act as uncouplers by setting up a futile protonophoric 

cycle (Biasutto et al., 2010 – Chapt. 7). Other phenomena may also help account 

for depolarization: quercetin (Dorta et al., 2005) and at least Q3BTPI (Biasutto, 

L., Cattelan, P., et al., unpublished results) inhibit the respiratory chain; both 

quercetin and resveratrol and their derivatives inhibit the mitochondrial ATP 
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synthase (Zheng and Ramirez, 2000; Gledhill et al., 2007; Datiles et al., 2008; 

Mattarei et al., 2008 – Chapt 5). Inhibition of the respiratory chain may provide 

the initial input for a self-amplifying cycle of ROS production, which may lead to 

cell disruption via aspecific oxidative processes and/or the MPT (despite the 

presence of CsA in our experiments, since this inhibitor is not always efficacious 

(Zoratti et al., 2005)).  

It should be pointed out that the experiments reported here were performed in in 

vitro model systems, and that measurable effects were observed only at what may 

be considered high concentrations (3 µM or higher) and, more relevantly, at high 

compound/cell ratios. What the effects of these compounds may turn out to be in 

vivo remains an open question, and much may well depend on the attainable 

levels. Considerably lower dosages may have little effect or an hormetic action, 

inducing cytoprotective anti-oxidant responses. If high concentrations can be 

achieved, at least locally, they are likely to have a cytotoxic effect which may be 

put to use to fight established cancer. Selectivity vs. cancer cells may be expected 

in this case latter case to be achievable by topologically restricted delivery as well 

as because of the higher mitochondrial potential maintained by most cancer cells 

(e.g.: Modica-Napolitano and Aprille, 2001). In turn achievable levels in vivo are 

expected to depend on the mode of administration, efficiency of adsorption, 

metabolism, binding, rate of transport and excretion. All these aspects as well as 

toxicology need to be explored before the usefulness of compounds of this type in 

real life can be assessed. 
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Abbreviations (please see also lists in some individual chapters)  

ABC: ATP-Binding Cassette 

BCRP: Breast Cancer Resistance Protein 

BTPI: (n-Butyl-4-TriphenylPhosphonium) Iodide 

BKCa: Big Ca-dependent K+ channel  

Cdk: Cyclin-dependent kinase 

CFTR: Cystic Fibrosis Transmembrane conductance Regulator 

ChTx: Charybdotoxin 

CsA: Cyclosporin A  

CsH: Cyclosporin H 

∆ψm,i: mitochondrial transmembrane potential  

DCCD: N,N'-Dicyclohexylcarbodiimide 

DMEM: Dulbecco’s Modified Eagle Medium 

FACS: Fluorescence-Activated Cell Scanning 

GSH: Glutathione 

GST: Glutathione-S-Transferase 

HCT116: Human Colon Tumor 116 

HBSS: Hank’s balanced saline solution 

HEPES: N-(2-idroxyethyl)-piperazin-N’-2-ethansolfonic acid 

HIF-1: Hypoxia-Inducible Factor-1 

HK: HexoKinase 

IKCa: intermediate conductance Ca-dependent channel  

IMM: Inner Mitochondrial Membrane  

IP: Ischemic Preconditioning  

KATP: ATP-sensitive K+ channel   

KHE: K+/H+ exchanger 

Kir: K+-selective inward-rectifying channel 

LDH: Lactate DeHydrogenase 

MEF: Mouse Embryonic Fibroblast 

MDR: Multiple Drug Resistance 

MgTx: Margatoxin  

MPTP: Mitochondrial Permeability Transition Pore 

MRP: Multiple Resistance Protein 

MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide 
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OMM: Outer Mitochondrial Membrane  

PAGE: PolyAcrylamide Gel Electrophoresis 

PBS: Phosphate-Buffered Saline 

PDK: Pyruvate Dehydrogenase Kinase 

P-gp: P-glycoprotein 

Pipes: Piperazine-1,4-bis(2-ethanesulfonic acid) 

PM: Plasma Membrane  

Psora-4: 5-(4-Phenylbutoxy)psoralen 

Q: Quercetin 

QBTPI: (n-butyl-4-triphenylphosphonium)-quercetin-iodide 

QTA: Tetraacetyl-quercetin 

QTABTPI: (n-butyl-4-triphenylphosphonium)-tetraacetyl-quercetin iodide 

R: Resveratrol 

RDA: Diacetyl-resveratrol 

RDABTPI: (n-butyl-4-triphenylphosphonium)-diacetyl-resveratrol iodide 

ROI: Region of Interest 

ROS: Reactive Oxygen Species  

RPMI: Roswell Park Memorial Institute 

R.T.: Room Temperature 

SCE: Standard Calomel Electrode 

SDS: Sodium Dodecyl Sulphate 

SOD: SuperOxide Dismutase 

SUR: SulfonylUrea Receptor  

TASK-3: TWIK (Two-pore Weakly Inward rectifying) acid-sensitive K+ channel 

TES: N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid 

TMRM: TetraMethylRhodamine Methyl ester 

TPMP: TriPhenylMethylPhosphonium 

TPP: TriPhenylPhosphonium 

VacA: Helicobacter pylori Vacuolating toxin A 

VDAC: Voltage-Dependent Anion Channel (porin) 

VEGF: Vascular Endothelial Frowth Factor 


