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Abstract 

 
Ouabain is a cardiac glycoside whose primary action is inhibition of Na/K ATPase 

activity, a ubiquitous enzyme responsible for translocating Na and K ions across the cell 

membrane using ATP as the driving force. It has been demonstrated that the Na/K 

ATPase also functions as a classical receptor, capable of converting cardiac glycodise 

binding into activation of various protein kinase cascades (Liu and Xie, 2010). Also, 

recent studies have shown that cardiac glycosides selectively inhibit cell proliferation 

and/or induce apoptosis in several cancer cell lines (Schoner and Sheiner-Bobis, 2007). 

These in vitro studies are supported by epidemiological data reporting a protection from 

several types of cancer in patients who were on cardiac glycoside treatment (Stenkvist, 

1999; Haux 1999; Haux et al, 2001).  

To elucidate the cellular and molecular mechanisms underlying cardiac glycoside effect 

against cancer cells, we studied the effect of ouabain (1-100 nM) on two cancer cell lines, 

Jurkat (human T cell lymphoblast-like cell line) and A549 (human lung adenocarcinoma 

epithelial cell line). Ouabain (1-20 nM) induced a concentration-dependent decrease in 

proliferation of both cell lines. At higher concentrations (50-100 nM) ouabain was 

cytotoxic for the two cancer cell lines, as demonstrated by the increase in Annexin 

V/propidium iodide binding. At the same concentrations, ouabain did not affect cell 

viability of peripheral blood mononuclear cells (PBMC) and, as previously shown in our 

laboratory, protected from apoptosis human umbilical vein endothelial cells (HUVEC) 

(Trevisi L et al., 2004).  

Ouabain increased Src and ERK1/2 phosphorylation in A549 and Jurkat thus 

demonstrating the activation of the known signaling pathways triggered by Na/K ATPase 

signalosome. However, pharmacological inhibition of Src or MEK did not abolish the 

cytotoxic activity of ouabain. In both cell lines ouabain caused a decrease of phospho-Akt 

levels. 

Decrease of Bcl-2 protein levels and mitochondrial membrane potential were early events 

of ouabain treatment in both cell lines. However, only in Jurkat cells were observed 

caspase 3/7 activation, DNA ladder fragmentation and inhibition of cell death by the pan 
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caspase inhibitor Z-VAD-fmk, hallmarks of caspase-dependent apoptosis. On the other 

hand, a marker of autophagy, i.e. conversion of LC3-I to LC3-II isoform, was observed in 

ouabain-treated A549. Moreover, ouabain enhanced the autophagic flux in A549 as 

demonstrated by increase of p62 degradation and increase of punctate pattern of LC3 

after co-incubation with chloroquine, a drug that blocks fusion of autophagosomes with 

lysosomes. Furthermore, cell death induced by ouabain was completely blocked by 

treatment with an inhibitor of autophagy such as 3-methyladenine. It has been suggested 

that decrease of Bcl-2 levels could induce autophagy since Bcl-2 interacts with the 

autophagic protein Beclin 1, inhibiting the formation of the autophagy initiation complex 

(Pattingre S et al., 2005). This interaction is regulated by JNK because JNK-dependent 

phosphorylation of Bcl-2 causes Bcl-2 degradation and disruption of Bcl-2/Beclin1 

complex. In A549 treated with ouabain the levels of Beclin 1 were manteined costant. 

However, inhibition of JNK with SP600125 blocked cell death induced by ouabain only 

in A549. We speculate that JNK activation by ouabain in A549 reduces Bcl-2 levels thus 

releasing Beclin 1 and inducing autophagy. Further studies will be required to confirm 

this hypothesis. 

Finally, to ascertain whether differences in sensitivity to ouabain among normal and 

cancer cells are related to a specific pattern of Na/K ATPase α subunit isoform 

expression, western blotting analysis of α isoforms was performed in Jurkat and A549 

cells and compared to the expression pattern of two normal cell lines: HUVEC and 

PBMC. We found that α1 isoform is ubiquitous, α2 isoform is not expressed only in 

PBMC and that α3 isoform is expressed exclusively in the two cancer cell lines. These 

data suggest that α3 subunit could be critical for ouabain cytotoxic effect. 
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Riassunto 

 
L’ouabaina é un glicoside cardioattivo la cui azione più nota è l’inibizione della Na/K 

ATPasi, enzima ubiquitario della membrana plasmatica responsabile del trasporto di ioni 

Na e K attraveso le membrane utilizzando ATP come forza motrice. È stato dimostrato 

che la Na/K ATPasi, oltre alla sua funzione di pompa, é in grado di agire come recettore, 

attivando varie cascate di segnale (Liu and Xie, 2010). Studi recenti hanno dimostrato che 

i glicosidi cardioattivi inibiscono in maniera selettiva la proliferazione e/o inducono 

apoptosi in diverse linee di cellule tumorali (Schoner and Sheiner-Bobis, 2007). Questi 

studi in vitro sono supportati da dati epidemiologici che evidenziano una protezione da 

vari tipi di cancro in pazienti trattati con glicosidi cardioattivi (Stenkvist, 1999; Haux 

1999; Haux et al, 2001).  

Al fine di chiarire il meccanismo molecolare e cellulare alla base dell’effetto citotossico 

dei glicosidi cardioattivi sulle cellule tumorali, abbiamo studiato gli effetti dell’ouabaina 

(1-100 nM) nei confronti di due linee cellulari tumorali, le Jurkat (una linea proveniente 

da un linfoma a cellule T) e le A549 (linea ottenuta da carcinoma bronchiolo-alveolare). 

Il trattamento con ouabaina (1-20 nM) provocava una diminuzione della proliferazione 

cellulare concentrazione dipendente in entrambe le linee cellulari. Alle concentrazioni più 

elevate (50-100 nM) l’ouabaina era citotossica per le due linee cellulari testate, come 

dimostrato dall’aumento di cellule Annessina V/propidio positive. Alle stesse 

concentrazioni l’ouabaina non alterava la vitalità delle cellule mononucleate estratte da 

sangue periferico umano (PBMC) e, come già dimostrato nel nostro laboratorio, 

proteggeva dall’apoptosi le cellule endoteliali della vena ombelicale umana (HUVEC) 

(Trevisi L et al., 2004).  

Il trattamento con ouabaina induceva l’attivazione delle chinasi Src ed ERK1/2 in 

entrambe le linee cellulari, confermando così la stimolazione della nota cascata di segnale 

innescata dala Na/K ATPasi. Tuttavia, l’inibizione farmacologica della Src o della MEK 

non contrastava l’effetto citotossico dell’ouabaina. In entrambe le linee cellulari il 

trattamento con ouabaina induceva una diminuzione della fosforilazione di Akt. 

In entrambe le linee cellulari, la diminuzione della proteina antiapoptotica Bcl-2 e del 
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potenziale di membrana mitocondriale costituivano gli eventi iniziali a seguito del 

trattamento con ouabaina. Tuttavia, solo nelle Jurkat sono stati riscontrati alcune 

marcatori dell’apoptosi caspasi-dipendente quali l’attivazione delle caspasi 3/7, la tipica 

frammentazione del DNA (DNA ladder) e l’inibizione della morte cellulare indotta 

dall’inibitore pan caspasico Z-VAD-fmk. Al contrario nelle A549 sono stati riscontrati i 

classici marcatori di autofagia come la conversione di LC3 dalla forma LC3-I alla 

isoforma LC3-II. Inoltre l’ouabaina aumentava il flusso autofagico nelle A549, come 

dimostrato dall’aumento della degradazione di p62 e dall’aumento delle forme puntate di 

LC3 in caso di co-incubazione con clorochina, un inibitore della fusione lisosomi-

autofagosomi. Infine la morte cellulare indotta da ouabaina era bloccata dal trattamento 

con l’inibitore dell’autofagia 3-metiladenina. È stato ipotizzato che la diminuzione della 

Bcl-2 induca autofagia in quanto la Bcl-2 interagisce con Beclin 1 prevenendo così la 

formazione del complesso di iniziazione (Pattingre S et al., 2005). Tale interazione è 

regolata da JNK, la quale fosforilando Bcl-2, causa la sua degradazione e la rottura del 

complesso Bcl-2/Beclin 1. Nelle A549 trattate con ouabaina i livelli di Beclin 1 erano 

costanti, ma l’inibizione di JNK con SP600125 bloccava la morte cellulare. Noi 

ipotizziamo che l’attivazione di JNK da parte dell’ouabaina nelle A549 riduca i livelli di 

Bcl-2 permettendo il rilascio di Beclin 1 e di conseguenza attivi il processo di autofagia. 

Ulteriori studi saranno necessari per chiarire questo punto. 

Infine, attraverso l’analisi western blotting è stata studiata l’espressione delle varie 

isoforme della subunità α della Na/K ATPase nelle due linee tumorali studiate (A549 e 

Jurkat) e paragonata a quella di due linee normali (HUVEC e PBMC), allo scopo di 

verificare se le differenze nella sensibilità all’ouabaina fra cellule normali e tumorali 

possano essere ascritte ad uno specifico tipo di espressione della varie isoforme della 

subunità α. I nostri risultati indicano che l’isoforma α1 è ubiquitaria, l’isoforma α2 non è 

espressa solo nei PBMC mentre l’isoforma α3 è espressa solo nelle due linee cellulari 

tumorali. Questo dato suggerisce che la subunità α3 possa essere determinante per gli 

effetti citotossici dei glicosidi cardioattivi nei confronti delle cellule tumorali. 
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Introduction 

 
1.1 The sodium pump: Na/K ATPase  
 

The sodium pump is found in the cells of all higher eukaryotes and is responsible for 

translocating sodium and potassium ions across the cell membrane utilising ATP as the 

driving force (Lingrel and Kuntzeiler, 1994; Horisberger, 2004). The existence of an ATP 

hydrolysing enzyme that requires the presence of sodium and potassium for activity was 

first demonstrated conclusively in crab nerve by Jens Christian Skou (Skou, 1957). In 

1997 Jens Christian Skou was awarded with the Nobel Prize for his outstanding 

contribution to the field of Na/K ATPase research. 

The Na/K ATPase belongs to the family of P-type ATPases, enzymes that become 

autophosphorylated by the γ phosphate group of the ATP molecule that they hydrolyse. 

For every molecule of ATP hydrolysed, three Na+ ions from the intracellular space and 

two K+

 

 ions from the external medium are exchanged. The Na/K ATPase has two 

conformational states, E1 and E2. Na/K ATPase binds Na+ and ATP in the E1 

conformational state and is phosphorylated at an aspartate residue. This leads to the 

occlusion of three Na+ ions and then to their release on the extracellular side. This new 

conformational state (E2-P) binds K+ with high affinity. Binding of K+ leads to 

dephosphorylation of the enzyme and to the occlusion of two K+ cations. K+ is then 

released to the cytosol after ATP binds to the enzyme with low affinity. Thus, the sodium 

pump contributes substantially to the maintenance of the membrane potential of the cell, 

provides the basis for neuronal communication and muscle contractility and contributes to 

the osmotic regulation of the cell volume. In addition, the electrochemical Na+ gradient is 

the driving force behind secondary transport systems (Horisberger, 2004; Scheiner-Bobis, 

2002).  
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1.1.1 The structure of Na/K ATPase 

 

The sodium pump is composed of two subunits in equimolar ratios: (i) the α catalytic 

subunit which is a multipass transmembrane protein containing the binding sites for Na+, 

K+, ATP and cardiac glycoside, and (ii) the β regulatory subunit, a transmembrane protein 

with several glycosylation sites, required for the biogenesis and activity of the enzyme 

complex. There are four different α and three β subunit isoforms identified that are 

selectively expressed  in various tissues (Lingrel and Kuntzweiler, 1994; Blanco et al, 

1999; Blanco, 2005). All possible α,β combinations result in catalytically competent 

enzymes, indicating that multiple Na/K ATPase isozymes can operate in the cell 

(Horisberger, 2004; Blanco, 2005a; Blanco et al, 1995; Blanco et al, 1997, Blanco and 

Mercer, 1998, Yu et al, 1997; Crambert et al., 2000). In certain cells and tissues a third 

subunit type has been found to be associated with functional Na/K ATPase (Geering, 

2005; Geering, 2006). The members of this third type of subunit are regulatory single 

span (except for  FXYD3: which is double span) type I transmembrane proteins from the 

FXYD family, that are able to modify sodium pump transport properties in a tissue- and 

isoform-specific manner (figure 1). To date seven members (FXYD1–7) of this family 

have been described. Li et al. (Li et al, 2004) have shown that FXYD2 (first discovered 

and named the γ subunit), FXYD4 and FXYD7 interact with α subunit TM9 segment. Co-

expressing FXYD5 with the α1 and β1 subunits of Na/K ATPase in Xenopus oocytes 

elicited a more than 2-fold increase in pump activity (Lubarski et al, 2005). FXYD1, 

FXYD2 and FXYD3 decrease but FXYD4 increases sodium affinity, while FXYD2 

increases ATP affinity. Additionally, FXYD7 decreases the apparent K+ affinity of α1β1 

and α2β1 but not of α3β1 isozymes (Beguin et al, 2002). Increasing numbers of 

publications emphasize the role, structure and functions of these proteins, revealing them 

to be fine regulators of sodium pump functions. 
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Figure 1. Structure of Na+/K+-ATPase. Na+/K+-ATPase consists of two α and β 

polypeptides in equimolar ratios. The α catalytic subunit has 10 transmembrane segments, 

schematically presented in an “unfolded” disposition; in fact, there is a bungle around M4, 

M5, and M6 transmembrane segments. The extracellular segments of α subunit form a 

binding site for CTS (shown in red), which include TM1–TM2, TM5–TM6, and TM7–

TM8 loops and several amino acids from the transmembrane regions M4, M6, and M10. 

The binding site for ATP is located on the intracellular loop TM4–TM5 (shown in blue), 

which forms the “pocket” for this nucleotide. The phosphorylation domain (P; shown in 

orange) is located on the proximal and distal parts of intracellular loop TM4–TM5. The 

actuator domain, specifically its TGES motif, is responsible for the dephosphorylation step; 

it is constituted by the cytoplasmic NH2-terminal and TM2–TM3 intracellular loop (shown 

in green). The regulatory β glycoprotein subunit is a single-transmembrane protein with a 

several glycosylation sites (two are shown). The extracellular part of β subunit interacts 

with a conserved motif SYGQ on the extracellular loop TM7–TM8 of α subunit. The αβ-

subunit complex of Na+/K+-ATPase associates with third subunit, which contains the 

conserved motif FXYD identical for all seven proteins from this family. FXYD2 protein is 

known as the earlier described γ subunit of Na+/K+-ATPase. These proteins, including the 

γ subunit, are not an integral part of sodium pump, but they are associated with specific 

domains of αβ-subunit complex and modulate catalytic properties of the Na+/K+-ATPase. 

From Bagrov et al, 2009 
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Na/K ATPase under normal conditions operates at a low percentage of its maximum 

pumping capacity (Lytton et al,  1985, Skou, 1992; Walters et al,  1999). Several reports 

have suggested that basal Na/K ATPase activity in intact cells is one third of its 

maximum capacity (Skou, 1992). In fact, α1 containing isozymes pump at half their 

maximum capacity (Walters et al, 1999) and α2 containing isozymes pump at 1/20 of 

their maximum (Lytton et al, 1985). Therefore, the Na/K ATPase appears to have an 

important reserve capacity thought to be sufficient to maintain normal ion transport even 

in pathological conditions associated with down-regulation of its expression and/or 

activity. Thus harnessing this reserve capacity represents a mechanism by which cellular 

Na/K ATPase activity can be rapidly upregulated.  

 

1.1.2 Na/K ATPase expression and regulation 

 

Studies on Na/K ATPase isozyme/subunit expression have demonstrated a tissue-specific 

expression pattern (Blanco et al, 2005a; Blanco et al, 2005b; Mobasheri et al, 2000). 

Among the sodium pump isozymes, α1β1 is the most widely expressed in nearly every 

tissue and is often the major form of the enzyme, while other α and β subunit 

combinations exhibit a much more restricted pattern of expression (Blanco et al, 2005a; 

Blanco et al, 2005b; Mobasheri et al, 2000). The distribution of the α1 isoform is 

ubiquitous (Blanco and Mercer, 1998). The α2 isoform is expressed in adult heart (Zahler 

et al., 1992; Shamraj et al., 1993), vascular smooth muscle (Zhang et al., 2005), skeletal 

muscle (Hundal et al., 1992), brain (Urayama et al., 1989; McGrail et al., 1991), 

adipocytes (Lytton et al., 1985), and cartilage and bone (Mobasheri et al., 2000). The 

expression of the α2 isoform is also insulin-dependent (Russo and Sweadner, 1993). The 

α3 isozyme is expressed mostly in excitable tissues (Urayama et al., 1989), being most 

abundant in the central and peripheral nervous tissues (Hieber et al., 1991; McGrail et al., 

1991) and in the conductive system of the heart (Zahler et al., 1992). It is noteworthy that 

the α4 isoform seems to be testis-specific (Shamraj and Lingrel, 1994). The expression of 

β1 is also ubiquitous. The β2 and β3 isoforms are expressed in brain, cartilage, and 

erythrocytes, whereas β2 can also be found in cardiac tissues and β3 can be observed in 

lung tissues. Studies of the artificial expression of different combinations of α and β 

isoforms in heterologous cells have revealed that the α subunit isozymes are responsible 
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for substrate and cardiac glycoside affinities of human Na/K ATPase (Mueller-Ehmsen et 

al., 2001) and also demonstrated an important function of the β subunit (Blanco et al., 

1995; Blanco and Mercer, 1998; Pierre et al., 2008). 

Overall, Na/K ATPase is most abundantly expressed in ion-transporting epithelia (e.g. 

kidney) and in excitable tissues such as the brain, skeletal muscle and cardiac muscle 

(Ernst and Mills, 1980; Sweadner, 1989; Lingrel et al, 1990; Katzmarzyk et al, 1999; 

James et al, 1999; Jaitovich and Bertorello 2006). Tissue-dependent variation in Na/K 

ATPase expression can reach differences of 160,000 fold (erythrocytes vs. brain cortex), 

while vascular smooth muscle with 400,000–700,000 pumps/cell has 100 times lower 

levels than heart muscle, as evaluated by means of 3

Sodium pump subunit expression and activity are regulated in a timely manner. Short-

term regulation of Na/K ATPase function can be achieved by changes in: (i) intracellular 

sodium concentration; (ii) the number of enzyme molecules in the cell plasma membrane 

(increases in plasma membrane sodium pump proteins due to trafficking of heterodimers 

from intracellular pools); (iii) the catalytic property of the enzyme already present in the 

H-ouabain binding (Kjeldsen et al, 

1988; Aydemir-Koksoy and Allen, 2001; Aydemir-Koksoy, 2002). Besides this tissue-

specific expression pattern under normal physiological conditions, sodium pump isoform 

expression is specifically altered in a tissue-specific manner in diseases such as hyper- 

and hypothyroidism, hypokalemia, hypertension, heart failure (Magyar et al, 1995; 

McDonough et al, 1996; Kim et al,  1994; Schwinger et al, 1999) and also in cancer cells 

and tissues (Espineda et al, 2003; Sakai et al,  2004; Rajasekaran et al, 1999; Mijatovic et 

al, 2007; Espineda et al, 2004; Blok et al, 2004; Akopyanz et al, 1991; Boukerche et al, 

2004). Additionally, certain FXYD proteins are expressed or over-expressed in cancer. 

Sodium pump isoform expression is also developmentally regulated; in fact rat fetal heart 

expresses α1 and α3, while rat adult heart expresses α1 and α2 (Blanco et al, 2005; 

Blanco, 2005a; Mobasheri et al, 2000). It is interesting to note that in vitro culture 

conditions can significantly influence sodium pump isoform expression. Rat 

cardiomyocytes cultured in serum-free medium display a neonatal Na/K ATPase isoform 

composition of α1 and α3. In contrast, those cultured in serum-supplemented medium 

revealed a gradual decline in α3 and the appearance of α2 Na/K ATPase isoforms, albeit 

at a relatively low level (Arystarkhova and Sweadner, 1997; Sharabani-Yosef et al, 

1999). 
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plasma membrane and (iv) the PKA- and PKC- mediated phosphorylation of α subunits, 

as certain phosphorylations can inhibit enzyme activity by reducing transport activity or 

by inducing clathrin-mediated enzyme internalisation (Mobasheri et al, 2000; Sznajder et 

al, 2002; Ewart and Klip 1995; Bertorello et al, 1991; Aperia et al, 1994). Adrenergic 

agonists increase the pump's affinity for Na+ and recruit sodium pump subunits to the 

basolateral plasma membrane of COS 7 cells from intracellular endosomal compartments 

(Feraille et al, 2000). In lung alveolar epithelial cells, activation of G protein-coupled 

receptors, via either dopaminergic or adrenergic stimuli, rapidly (30 s to 15 min) 

increases Na/K ATPase activity by insertion of sodium pump proteins from intracellular 

compartments into the plasma membrane (Barnard et al, 1999; Lecuona et al, 2000; 

Ridge et al,  2002; Suzuki et al, 1995; Ridge et al, 2003; Minakata et al, 1998). These 

effects are dependent on a dynamic interaction between protein-transporting vesicles, 

microtubulae and the actin cytoskeleton, since pre-treatment with colchicine, brefeldine 

or phallacidin prevents this recruitment.  

Long-term regulation of Na/K ATPase occurs via transcriptional and post-transcriptional 

mechanisms, including changes in transcription rate and mRNA stability, translation, 

protein degradation, and in membrane enzyme-specific activity (reviewed in Bertorello 

and Katz, 1995; Ingbar, 1998; Therien and Blostein, 2000). Transcriptional regulation of 

sodium pump subunit genes is an important component of the multifaceted response to 

hormonal stimulation, hyperoxia and cellular stress. Because the subunit genes are on 

different chromosomes, transcription may be independently regulated. Increased 

transcription of the Na/K ATPase subunit genes in the lung may be mediated by 

compounds and hormones such as dexamethasone, insulin and aldosterone (Ingbar, 

1998). Aldosterone increases both transcription and plasma membrane insertion of pre-

formed pump molecules (Ewart and Klip, 1995; Olivera et al, 2000). Both functional 

enzyme activity and gene transcription are increased by low intracellular K+ or high Na+ 

concentrations or by various hormones, including thyroid hormone (McDonough et al, 

1990). A recent study reported that adrenergic stimulation of serum-starved alveolar 

epithelial cells regulated Na/K ATPase translation via extracellular regulated kinase-

rapamycin pathways independent of changes in Na/K ATPase transcription (Pesce et al, 

2000). Translation of Na/K ATPase mRNA is an important locus of regulation in a 

variety of settings. For example, similar increases in steady-state levels of mRNA result 
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in different activity levels of the sodium pump, indicating that post-transcriptional steps 

play a role in the regulation of Na/K ATPase (Pesce et al, 2000; Gick et al,1993). In vitro 

studies of translation demonstrated that untranslated mRNA regions (UTRs) could affect 

subunit translation. The mRNA for α1 is translated less efficiently than that for β1 

because of α1 mRNA's 3′UTR region being extremely GC rich and folded in a complex 

fashion and because translational efficiency may be altered by glucocorticoids (Devarajan 

et al, 1992). Besides being the regulators of sodium pump activity, cardiac glycosides are 

also potent regulators of sodium pump expression. Rosen et al. (Rosen et al, 2004) 

reported that cardiac glycoside lead to the appearance of cytoplasmic vacuoles containing 

membrane components including sodium pumps, decreasing thus the number of pumps at 

the cell surface. 

 

1.2 Cardioactive glycosides 
 

Cardiac glycosides are a class of natural products that are traditionally used to increase 

cardiac contractile force in patients with congestive heart failure and cardiac arrhythmias 

(first described by William Withering in 1785; Evans, 1996; Abarquez, 2001). These 

glycosides are found as secondary metabolites in a diverse group of plants including 

Strophanthus spp. (ouabain), Digitalis lanata and Digitalis purpurea (digoxin, digitoxin), 

Scilla maritima (proscillaridin A), Nerium oleander (oleandrin, oleandrigenin) but also in 

frogs (some frog-poisons contain bufadienolides like bufalin, marinobufagenin). Plants 

containing cardiac steroids have been used as heart drugs at least since 1500 B.C. 

Throughout history these plants or their extracts have been variously used as arrow 

poisons, emetics, diuretics, and heart tonics (Evans, 1996; Wade, 1986, Kinne-Saffran, 

2002). Cardiac glycosides represent a class of compounds that share a common structure 

consisting of a steroid (cyclopentanoperhydrophenanthrene) ring, substituted in position 

3-OH with a sugar moiety and in position 17β with an unsaturated lactone ring (figure 2). 

The lactone at the C17 position defines the subgroups of cardiac glycosides (cardenolides 

and bufadienolides). The cardenolides have an unsaturated butyrolactone ring (5-

membered unsaturated lactone) whereas the bufadienolides have a pyrone ring (6-

membered unsaturated lactone) (Evans, 1996; Haensel, 1999, Beltz et al., 2001). One to 

four sugars are found to be present in most cardiac glycosides attached to the 3β-OH 



Introduction    

 

8 

 

group. The sugars most commonly found include L-rhamnose, D-glucose, D-digitoxose, 

and D-digitalose. One of the most widely used cardiac glycosides is digitalis, a powdered 

extract of Digitalis purpurea (foxglove) or Digitalis lanata. Digitalis itself consists of two 

major specific cardiac glycosides digoxin and digitoxin. The structural difference 

between digitoxin and digoxin is just an extra hydroxyl group on digoxin, which changes 

the pharmacokinetics and pharmacodynamics of these substances. Digitoxin is more 

lipophilic, is mainly metabolized in the liver and has a longer half-life than digoxin (Beltz 

et al., 2001).  

 
The therapeutic effect of cardiac glycosides is mostly explained by the hypothesis that 

inhibition of Na/K ATPase acytivity causes accumulation of sodium in cardiac cells 

which are enforced to promote the sodium-calcium exchange system in the cell 

membrane, thus leading to a higher level of intracellular and myocardial calcium 

 

Figure 2. Structure of cardiac glycoside. Each molecule of this family consist of three 

distinct structural motifs: a steroid nucleus, a sugar moiety and a lactone moiety. The 

lactone moiety defines the functional class of each compound. Cardenolides contain a five-

membered unsaturated burylactone ring, whereas bufadienolodes contain a six-membered 

unsaturated pyrone ring. From Prassas and Diamandis, 2008 
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concentration (figure 3) (Beltz et al., 2001). The elevated intracellular calcium 

concentration results in increased inotropism, accentuating the force of myocardial 

contraction by increasing the velocity and extent of sarcomere shortening, thus translating 

into increased stroke work for a given filling volume of pressure  

Na/K ATPase has an evolutionarily conserved cardiac glycoside binding site. Cardiac 

glycoside bind to Na/K ATPase at a site formed in the extracellular part of the catalytic α-

subunit by the H1-H2, H3-H4, and H5-H6 loops. Kd values of the cardiac glycoside for 

α1-, α2-, and α3-human isoforms range from 10-8 to 10-9 mol/l, whereas rodents exhibit an 

ouabain-insensitive α1-isozyme. In the actively pumping Na+ pump, cardiac glycoside 

are fixed by tight binding in the E2 conformational state, a process leading to the 

enzyme’s inactivation. Since the E2-phosphoenzyme-cardiac glycoside complex formed 

is almost irreversible, it is likely that, under cellular conditions, the cardiac glycoside-

pump complex is internalized and degraded (Schoner and Scheiner-Bobis, 2007). 

 

 

 

 
 

 

 

Figure3. Mechanism of action of cardiac glycoside 
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1.2.1 Ouabain 

 

Ouabain is a cardiotonic glycoside extracted from the seeds of Strophantus gratus; it 

contains a steroid nucleus with a lactone ring containing 5 carbons, unsaturated in 17° 

position and with a rhamnose in 3° position of nucleus (figure 4). 

 

 
 

1.2.2 Endogenous Ouabain 

 

A preliminary report of Blaustein and coworkers showed that a circulating sodium pump 

inhibitor was directly correlated with blood pressure in normotensive and hypertensive 

subjects (Hamlyn et al., 1982). Intensive research for an endogenous Na+/K+ATPase 

inhibitor culminated in 1991 with the paper of Hamlym et al. reporting that this 

compound was ouabain (an identical molecule to the plant compound or a stereoisomer) 

(Hamlyn et al., 1991

There is now much evidence that ouabain is a steroid hormone of the adrenal cortex and 

the hypothalamus (Schoner and Scheiner-Bobis, 2005). Ouabain-like immunoreactivity 

has been found in almost all tissues, including plasma, but the highest concentrations 

have been observed in adrenal cortex, hypophysis and hypothalamus (Hamlyn et al., 

1998; Hamlyn et al., 1991; Li et al., 1995). Ouabain is apparently synthesized in the 

adrenals and released upon hormonal stimulation. De novo synthesis of ouabain from 

).  

 

 

Figure 4. Ouabain chemical structure and a photo of Strofantus gratus. 
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pregnenolone and progesterone has been demonstrated in tissue culture experiments 

(Schoner and Scheiner-Bobis, 2005).  

Although endogenous ouabain was isolated in the search for a natriuretic hormone, the 

link between salt and endogenous ouabain in the homeostatic regulation of blood pressure 

is not yet resolved. A recent study has demonstrated that chronic salt intake augments 

endogenous ouabain levels in normal men and, as such, provides support for the 

hypothesis that increased circulating endogenous ouabain could be an early event linking 

salt intake with hypertension (Manunta et al. 2006). 

Based on the evidence that plasma concentrations of ouabain correlate with systolic and 

mean arterial blood pressure (Manunta and Ferrandi, 2004; Wang et al., 2003; Manunta et 

al., 1999; Pierdomenico et al., 2001), it has been suggested that ouabain is a blood-

pressure modulating factor that could play a key role in some forms of hypertension 

(Schoner and Scheiner-Bobis, 2005; Blaustein et al., 2006). In fact, elevated levels of 

endogenous ouabain have been observed in about 40% of patients with untreated essential 

hypertension, in patients with primary aldosteronism and in those with ACTH-induced 

hypertension (Rossi et al., 1995; Goto and Yamada, 2000; Goto et al., 1996). In a study 

of Manunta and colleagues it was observed that the concentration of plasma endogenous 

ouabain was of 253±53 pmol/L in normotensives while in patients with essential 

hypertension, half showed normal levels of ouabain and the other half elevated levels of 

plasma endogenous ouabain (540±197 pmol/L) (Manunta et al., 1999). Another evidence 

of the relationship between ouabain levels and blood pressure comes from the fact that an 

ouabain antagonist that does not itself inhibit Na+/K+ATPase, rostafuroxin (PST-2238), 

decreases blood pressure in ouabain-induced and salt-dependent hypertension in rats. In 

early Phase II clinical trials, rostafuroxin lowered blood pressure in nearly half of the 

tested human subjects with essential hypertension (Ferrari et al., 2006). 

Elevated plasma concentrations of endogenous ouabain have been also directly correlated 

with blood pressure in several animal models of hypertension (Blaustein et al, 2006). 

Furthermore, various studies demonstrate that prolonged administration of ouabain itself 

produces hypertension in the rat (Yuan et al., 1993; Pamnani et al., 1994; Manunta et al., 

1994; Manunta et al., 2000; Ferrari et al., 2006; Rossoni et al., 2002). Nevertheless, other 

investigations have shown that chronic ouabain treatment does not increase blood 

pressure (Cargnelli et al., 2000; Ceolotto et al., 2003; Neri et al., 2006; Li et al., 1995; 
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Pidgeon et al., 1996).  

 

1.3 Na+/K+ATPase as a signal transducer 

 

Since endogenous ouabain circulates in blood plasma of humans in the picomolar-to-

nanomolar concentration range, even under pathological conditions (Schoner and 

Scheiner-Bobis, 2007) an important point is how low concentrations of endogenous 

ouabain, producing slight or no inhibition of Na+/K+ATPase activity, could influence the 

cardiovascular function and elevate blood pressure. In addition, it has been reported that 

noninhibitory subnanomolar concentrations of ouabain stimulate the proliferation of 

smooth muscle (Abramowiz et al, 2003; Aydemir-Kokosoy et al, 2001), endothelial 

(Saunders and Scheiner-Bobis, 2004), and kidney tubule cells in culture (Dmitrieva and 

Doris, 2003; Khundmiri et al, 2006). These evidences have prompted many laboratories 

to investigate whether Na/K ATPase, following ouabain binding, can generate secondary 

messages independent of its pumping function. Subsequently, several mechanisms and 

pathways by which Na/K ATPase transmits the ouabain signal to different intracellular 

compartments have been discovered and different mechanisms of signal transduction 

have been proposed. 

1) The PlasmERosome Hypothesis 

This hypothesis, postulated by Blaustein and coworkers, assumes that a partial inhibition 

of the sodium pump by cardiac glycosides leads to a transient increase of [Na+]i, which in 

turn increases [Ca2+]i via the Na+/Ca2+ exchange system (NCX1) running in a reverse 

mode. In cardiac and vascular smooth muscle cells, this exchanger is thought to 

contribute to Ca2+ extrusion from the cytosol in the relaxation process (Blaustein and 

Lederer, 1999). In smooth muscle cells, astrocytes and hippocampal neurons of rodents, 

minimal inhibitory effects of cardiac glycoside on the Na+/K+ ATPase seem to be 

amplified by a special arrangement of the α-isoforms that makes it possible for low 

concentrations of ouabain to provoke calcium signaling. Immunochemical studies in rat 

arteries showed that NCX1 and the ouabain sensitive α2- and α3-isoforms (but not the 

rather insensitive α1-isoform) of Na+/K+ ATPase are closely juxtaposed to the 

underlying sarc(endo)plasmic reticulum. Within these domains, called plasmERosomes, 

sodium pumps and the Na+/Ca2+ exchanger may function cooperatively, producing a 
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localized calcium increase and, consequently, a rise in the calcium content of the 

sarc(endo)plasmic reticulum (Blaustein et al., 2006).  

The Blaustein’s plasmERosome hypothesis may explain, at least in part, the development 

of arterial hypertension at sustained elevated concentrations of endogenous ouabain. 

Other mechanisms must exist as well, since, especially at subnanomolar ouabain 

concentrations, Na/K ATPase activity and cell proliferation are stimulated (Schoner and 

Scheiner–Bobis, 2007). Furthermore, there is no strict correlation between the 

hypertensive action of cardiac glycosides and inhibition of Na/K ATPase (Manunta et al, 

2006).  

In heart muscle cells, a functional Na+/Ca2+ exchanger seems to be necessary for an acute 

inotropic effect of cardiac glycosides (Altamirano et al, 2006; Reuter et al, 2002). 

However, even though α1-, α2-, and α3-isoforms of Na/K ATPase are found there is no 

evidence for a plasmERosome like mechanism in cardiac cells. In contrast to a 

plasmERosome mechanism, in the heart muscle the α1-isoform of Na/K ATPase 

regulates cardiac contractility and functionally interacts and colocalizes with the Na+/Ca2+

2) Interaction of Na+/K+ ATPase with the IP3 receptor 

 

exchanger of the heart (Dostanic et al, 2005). Furthermore in humans, cardiac glycoside 

affinities of all α-isoforms of Na/K ATPase are very similar suggesting that in heart 

muscle, no cardiac glycoside-amplification mechanism is necessary to achieve inotropy. 

(Schoner and Scheiner-Bobis, 2007) 

Recent studies from Aperia’s laboratory have identified another important calcium-

signaling microdomain involving the interaction between the Na/K ATPase and 

sarc(endo)plasmic reticulum in renal epithelial cells, the IP3 receptor (IP3R). IP3R 

belongs to a family of Ca2+ release channels predominately localized in the endoplasmic 

reticulum membrane, and mainly regulated by IP3 generation and changes in cytoplasmic 

Ca2+. The IP3R can interact and regulate ion channels, protein kinase/phosphatases, and 

structural proteins. Activation of G protein-coupled-receptors (GPCRs) or tirosin-kinases-

receptors (RTKs) can activate/recruit PLC-β or PLC-γ to the plasma membrane, resulting 

in an increase in IP3 production and the opening of IP3R (Patterson et al., 2004; Rebecchi 

et al., 2000). Interaction between Na+/K+ ATPase and IP3R generates low-frequency 

calcium oscillations that activate NF-κB pathway and protect renal epithelial cells from 

serum deprivation-induced apoptosis (Zhang et al., 2006). These calcium oscillations are 
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independent of intracellular Na+

3) Na/K ATPase signalosome 

 concentration, PLC activation and IP3 generation. A 

three aminoacid sequence (LKK) at the α1 N-terminus is essential for binding to IP3R 

and ouabain-induced calcium oscillations (Zhang et al., 2006).  

A large number of experiments support the hypothesis that Na/K ATPase inhibition is not 

necessary for the inotropic effect of cardiac glycosides in the myocardium. In the mid-

1990s Xie, Askari and collaborators unveiled in a series of experiments with cardiac 

myocytes in culture that ouabain, at subnanomolar concentrations, lead to increased 

inotropy of cardiac muscle and to hypertension, proliferation, differentiation, and altered 

cell life span (Peng et al., 1996; Kometiani et al., 1998; Xie et al., 1999). The Na/K 

ATPase signalosome uses all α-isoforms to transduce the information of ouabain’s 

binding from the Na+ pump to the cell interior and nucleus (Schoner and Scheiner-Bobis, 

2007). The Na/K ATPase signalosome is located in caveolar structures  and may transfer 

signals to the cell interior, even when the pump is unable to work (Liang et al., 2006), and 

affect membrane recycling and trafficking, as well as cell-cell interactions (figure 5). 

Interaction of endogenous and exogenous cardiac glycosides with Na+/K+-ATPase, even 

at nanomolar concentrations of the drug, may lead to conformational changes that are 

recognized by neighboring proteins assembled into the caveolae (Xie and Asaki, 2002). 
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Figure 5. The signal transducing function of Na/K ATPase and its consequences in 

cardiac myocytes . Two pools of the enzyme, one pumping ions and the other 

interacting with neighboring proteins are suggested by the data. The partial inhibition of 

the pump by ouabain causes a modest change, if any, in [Na+]i and [K+]i, but a 

significant change in [Ca2+]i due to the presence of the Na+/Ca2+-exchanger. Ouabain 

interaction with the other pool alters protein–protein interactions to activate the 

indicated signaling pathways. The events placed in the grey box have been shown to be 

independent of changes in [Na+]i, [K+]i, and [Ca2+]i that may occur. These activated 

pathways, the resulting increase in ROS, and the concomitant increase in [Ca2+]i lead 

to activations of NF-kB and AP-1, transcriptional regulation of early response genes (c-

fos, c-jun), and cardiac growth-related genes (those of atrial natriuretic factor, skeletal 

β-actin, and the α3 subunit of Na/K ATPase), stimulation of protein synthesis, and 

myocyte hypertrophy. The solid arrows indicate experimentally supported events 

induced by ouabain in myocytes, and the broken arrows indicate those with limited or 

indirect support. In several cell types other than cardiac myocytes, some of the same 

signaling events are induced by ouabain, but there are also significant cell-specific 

differences between the ouabain-induced pathways and the down-stream consequences. 

From Xie and Askari, 2002. 
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Caveolae were first identified as flask-shaped vesicular invaginations of plasma 

membrane enriched in cholesterol, glycosphingolipids, and sphingomyelin. Caveolins are 

21–24 kDa membrane-associated scaffolding proteins that serve as a protein marker of 

caveolae (Razani et al., 2002). Three caveolin genes have been identified and the 

expression of the different isoforms is tissue-specific. Caveolins directly interact with 

many signaling proteins via the scaffolding domain's binding to CBM (caveolin-binding 

motif) of target proteins. The mammalian Na/K-ATPase α1 subunit contains two potential 

CBMs (Wang et al., 2004): one locates in the cytosolic N-terminal domain near the first 

transmembrane helix (M1) and the other resides at the extracellular side of M10. The 

appearance of the N-terminal CBM correlates well with the occurrence of the domain for 

ouabain binding (Bagrov et al., 2009). Disruption of caveolar structure by depletion of 

either cholesterol by methylcyclodextrin (MβCD) or caveolin-1 by siRNA redistributes 

the Na/K-ATPase and Src (see below) from the caveolae to other compartments, resulting 

in the inhibition of CTS-induced signaling (Liu and Xie, 2010). Confocal imaging and 

immunoprecipitation studies have confirmed that Na/K-ATPase co-localized with 

caveolin and concentrated in caveolae in many different cells including cardiac myocytes, 

smooth muscle and renal epithelial cells (Liu and Xie, 2010).  

Signal transduction pathways activated by the Na/K ATPase signalosome can be divided 

into three main groups:  

A) SRC-EGFR-RAS-RAF-ERK CASCADE. Ouabain binding to the Na/K ATPase stimulates Src 

kinase, which in turn phosphorylates the EGFR, leading to activation of the Ras-Raf-

MEK-ERK pathway (figure 6). Fluorescence resonance energy transfer studies revealed a 

close proximity of Na/K ATPase to Src at the plasma membrane (Tian et al., 2006). 

Binding of Src to Na/K ATPase is independent of the Na+/K+-ATPase’s catalytic activity 

(Liang et al., 2006) and the binding of the SH2 domain of Src to cytosolic domains 2 and 

3 of the Na/K ATPase α-subunit inhibits Src activity if no cardiac glycoside is bound to 

the Na/K ATPase (Tian et al., 2006). As a consequence of ouabain-induced 

conformational change of the Na+/K+-ATPase, Src is released from the Na+/K+-ATPase-

Src complex and activated by phosphorylation at Tyr418 (Tian et al., 2006) and this leads 

to an increased tyrosine phosphorylation of EGFR and to recruitment and 

phosphorylation of the adaptor protein Shc. This results in binding of the adaptor protein 
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Grb2 to the Src-EGFR complex and, subsequently, activation of Ras (Kometani et 

al.,1998).  

 
Ras activation leads to further activation of three different branches of the signal 

transduction cascades. One of the pathways communicates with the mitochondria: Ras 

induces an increase in [Ca2+]i that results in opening of mitochondrial ATP-sensitive K+ 

channels (Tian et al., 2003) and generation of mitochondrial reactive oxygen species 

(ROS) (Tian et al.,2001). ROS production by mitochondria is an essential second 

messenger for many of the downstream events that are linked to Na+/K+ATPase. In 

cardiac myocytes, this results in the stimulation of downstream events that include 

activation of the transcription factors AP-1 and NF-κB, induction of early response proto-

oncogenes, increase of protein synthesis and myocyte hypertrophy (Xie and Askari, 

2002). The second pathway, the Ras-Raf-MEK-ERK1/2 cascade, leads to gene activation 

when ERK1/2 is activated in cooperation with PLC in the presence of Ca2+ and ROS 

(Schoner and Scheiner-Bobis, 2007) In addition JNK might be a substrate of ERK 

(Kometani et al., 2005), as well as the JNK kinase SEK1 (Li and Wattenberg, 1998). A 

 

 

Figure 6. Schematic presentation of Na/K ATPase signalosome. The Na/K ATPase (pump) 

is preassembled with its partners in caveolae; ouabain binding to the pump activates the 

signalosome, and transduces signals via multiple pathways. From Xie and Cai, 2003. 
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third pathway of ouabain dependent Ras activation in muscle cells results in activation of 

p90 ribosomal S6 kinase and inactivation of glycogen synthase kinase (GSK-3α/β), a 

process that stimulates glycogen synthesis (Kotova et al., 2006). Since GSK-3 is a master 

switch regulating cell-fate specificity and tumorigenesis, inhibition or suppression of 

GSK-3 may also affect transcription factors (Schoner and Scheiner-Bobis, 2007). 

B) CALCIUM AS SECOND MESSENGER The rise of [Ca2+]i caused by nanomolar 

concentrations of ouabain may result from  a direct interaction of Na/K ATPase with the 

IP3R of the endo(sarco)plasmic reticulum (see above). [Ca2+]i increase can be also 

accomplished by Src-dependent PLC-γ1 activation, that may increase IP3 formation, 

which in turn enhances Ca2+ release from intracellular stores (Schoner and Scheiner 

Bobis, 2007). Additionally, activation of PLC-γ1 stimulates diacylglycerol formation and, 

thus, PKC activity (Gotoh et al., 1993). Activation of PKC and Ca2+

C) ACTIVATION OF PHOSPHATIDYLINOSITIDE 3'-KINASE AND AKT. The NH2-terminal end of 

the catalytic α-subunit of Na/K ATPase contains a binding motif for PI3K (Yudowski et 

al., 2000 ). Ouabain-induced conformational change was shown to activate cell 

proliferation in kidney proximal tubule cells via a Ca

-calmodulin kinase 

may activate the expression of early-response genes, such as c-fos and c-jun, leading to 

formation of the transcription factor AP-1 (Peng et al.,  1996).  

2+

 

-dependent phosphorylation of Akt 

(Khundmiri SJ et al.,  2006). In the heart, this conformational change may lead to cardiac 

hypertrophy and metabolic alterations (Schoner and Scheiner-Bobis, 2007). Ouabain-

induced activation of Akt was reported to show an antiapoptotic action (Trevisi et al., 

2004). Hence, Akt plays an important role in ouabain-induced signal transduction 

1.4 Effect of cardiac glycosides on cell survival and proliferation of normal 

and cancer cells  
 

As described above, the interaction of ouabain with Na+/K+ATPase activates signalling 

cascades involved in the regulation of cell survival, growth and proliferation. In cardiac 

myocytes ouabain stimulates hypertrophic growth while in other cell types, ouabain 

produces an increase of cell proliferation. Exposure of vascular smooth muscle cells 

(from human, canine and rat origin) to ouabain concentrations that cause no detectable 

inhibition of pump activity promotes the signalling function of Na+/K+ATPase and 
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stimulates proliferation. (Aydemir-Koksoy et al., 2001; Allen et al., 2003; Abramowitz et 

al., 2003). Also in endothelial cells from the human umbilical artery ouabain induces an 

increase of cell proliferation (Saunders and Scheiner-Bobis, 2004). Nanomolar 

concentrations of ouabain protect from apoptosis induced by serum starvation and 

actinomycin D treatment in renal epithelial cells (Li et al, 2006; Zhou et al., 2001). Also 

human umbilical endothelial cells are protected from apoptosis induced by serum 

starvation and staurosporine treatment by nanomolar concentrations of ouabain (Trevisi et 

al, 2004).  

On the contrary, non-toxic concentrations of ouabain and other cardiotonic steroids can 

induce apoptosis in different malignat cell lines (Watabe et al., 1997; Watabe et al., 1998; 

Kawazoe et al., 1999; McConkey et al., 2000; Chueh et al., 2001; Akiyama et al., 1999; 

Xiao et al., 2002). Numerous other reports have confirmed the antiproliferative and 

apoptotic effects of these compounds in several cancer cell lines, including breast, 

prostate, melanoma, pancreatic, lung, leukaemia, neuroblastoma and renal 

adenocarcinoma. In breast cancer cell lines (MDA-MB-435s) ouabain (at nanomolar 

concentration) caused the activation Src/EGFR/ERK1/2 pathway, resulting in a increased 

level of cell cycle inhibitor p21Cip1 and growth arrest (Kometiani et al., 2005). In 

another study Haux and coworkers assessed the susceptibility to digoxin and digitoxin of 

several cancer prostate cell lines (LNCaP, PC-3, TSU-pr1, DU-145); digoxin, in clinically 

relevant concentrations, induced minor inhibition of viability, whereas digitoxin potently 

inhibited all four cell lines, inducing apoptosis by the elevation in intracellular Ca2+

 

 

(Haux et al., 2000). Treatment of myeloid leukemia U937, cervical carcinoma HeLa, and 

breast carcinoma MCF-7 cells with oleandrin facilitated nuclear translocation of FKHR 

by dephosphorylating Akt; it also activated MAPK and JNK and induced expression of 

FasL leading to apoptosis (Raghavendra et al., 2007). In another study using the 

neuroblastoma cell line SH-SY5Y, Scheiner-Bobis and collaborator demonstrated that 

ouabain induced a reduction in the abundance of the anti-apoptotic proteins Bcl-XL and 

Bcl-2 and caused cytochrome c release into the cytosol and caspase-3 activation, events 

that point towards the stimulation of apoptotic pathways (Kulikov et al., 2007). Further 

effects of cardiac glycoside against cancer cell lines are summarized in Table 1 (adapted 

from Newman et al., 2008 and Schoner and Scheiner-Bobis, 2007).  
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Table 1. In vitro citotoxic effects of cardiac glycosides in cancer cells 

 

Cancer type Compound tested Cell lines Mechanism of action Reference 
Breast  Digitoxin, digoxin, 

proscillaridin, ouabain  

MCF-7, 

MDA-MD-435 

Inhibition of topoisomerases 

I and II;   

Bielawski K. et 

al, 2006; Lopez-

Lazaro et al., 

2006 

Prostate  Oleandrin, ouabain, 

digoxin, bufalin, 

cinobufagenin 

PC-3, LNCaP, 

DU145 

Increased Ca2+ uptake; 

Increased ROS production, 

oxidative injury and 

mitochondrial injury; 

Caspase activation 

McConkey et al., 

2000; Huang  

2004; Yeh et al., 

2003 

Melanoma, Digoxin, oleandrin, 

digitoxin, proscillaridin 

A, ouabain, digitonin 

UACC-62, BRO  Inhibition of topoisomerases 

I and II;  Increased ROS 

production, oxidative injury, 

and mitochondrial injury 

Lopez-Lazaro et 

al., 2006; 

Newman et al., 

2006 

Lung  Digitoxin, digoxin, 

ouabain, oleandrin 

NCI-H-358, 

Calu1, Sklu1, 

NCI-H6, 

H69AR 

Initiates Apo2L/TRAIL 

apoptosis via increased 

expression of death 

receptors 4 and 5 

Frese et al, 2006; 

Johansson et al., 

2001 

Leukaemia, Bufalin, oleandrin, 

digitoxin, proscillaridin 

A, ouabain 

HL60, U-937, 

CCRF-CEM, 

CEM-VM-1 

Inhibition of topoisomerases 

I and II; Increased activation 

of MAPKs; Downregulation 

of cyclin A, Bcl-2 and Bcl-

xL; Increased expression of 

p21 and Bax 

Lopez-Lazaro et 

al., 2006; 

Kawazoe et al., 

1999; Watabe et 

al., 1997 

Renal, Digitoxin, digoxin, 

proscillaridin A, 

ouabain 

TK-10, 

 ACHN 78,93 

Inhibition of topoisomerases 

I; Increased activation of 

MAPKs 

Lopez-Lazaro et 

al., 2006; 

Johansson et al., 

2001 

Myeloma  Digitoxin, digoxin, 

proscillaridin A, 

ouabain,  

8226-S, 

8226-LR5, 

8226-DOX-40 

Increased expression of 

FasL; Increased cytochrome 

c release; Caspase activation 

Raghavendra et 

al., 2007; 

Johansson et al., 

2001 

Pancreatic  Oleandrin PANC-1 Decreased phosphorylation 

of Akt; Mitochondrial 

injury; Increased activation 

of MAPKs 

Newman et al., 

2007 
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Variation in the effects of cardiac glycosides on cell growth is certainly due to differences 

in the gene expression of normal versus cancer cells. Among the most common 

perturbations in malignant, transformed cells is the overexpression and/or mutation of 

growth factor tyrosine kinase receptors, leading to an increased phosphorylation of ERK 

and constitutive NF-κB activation, which enable malignant cells to escape apoptosis 

(Schoner and Scheiner-Bobis, 2007). However, there are unifying themes that link 

mechanisms involving proapoptotic action of cardiac glycosides, including: activation of 

ERK1/2; increased expression of the cell cycle inhibitor p21Cip1 and consequent 

inhibition of cell cycle progression (through decreased expression of cyclin proteins); 

inhibition of transcription factors, such as NF-κB and AP-1; inhibition of Akt and related 

critical components of the PI3K pathway; initiation of death receptor–mediated apoptosis; 

sustained ROS production with consequent mitochondrial injury; inhibition of 

topoisomerases and reduction in expression of anti-apoptotic proteins, such as Bcl-xL and 

Bcl-2. The exact mechanisms underlying these effects of cardiac glycosides are not yet 

fully elucidated, more studies are necessary to clarified this point. 

Interestingly, marked differences characterize the potencies of these structurally similar 

compounds. For instance, Johansson and colleagues evaluated the cytotoxic profile (IC50

In parallel, several recent publications highlight the effects of cardiac glycosides in the 

regulation of the gene-expression profiles of many cancer cells. Johnson and coworkers 

) 

of seven cardiac glycosides in primary cultures of tumour cells from patients and in a 

panel of human cell lines (Johansson et al, 2001). They found that proscillaridin A was 

the most potent, followed by digitoxin, ouabain, digoxin, lanatoside C, digitoxigenin and 

digitonin (Johansson et al, 2001). Furthermore, Van Quaquebeke et al. (Van Quaquebeke 

et al, 2007) semi-synthesized a library of 27 novel cardenolides and studied their 

structure–activity profile against a panel of 57 cancer cell lines. One of these compounds, 

UNBS1450 (see below), displayed better antitumour properties in vitro compared with 

commonly used chemotherapeutic drugs, and was best tolerated in vivo by mice 

compared with digitoxin and ouabain (Van Quequebeke et al, 2007). Such structure–

activity relationship analyses highlight the structural characteristics that are important for 

the activity of these compounds and lay the foundations for the development of novel, 

more active compounds with higher in vivo tolerance and improved therapeutic potential 

as anticancer agents. 
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screened 9,000 compounds for their ability to simultaneously inhibit expression of six 

commonly overexpressed genes in prostate cancer cells (Johnson et al, 2002). 

Interestingly, digitoxin and ouabain were the only compounds that could confer 

significant inhibition in the expression of four of the target genes, including transcription 

factors HOXB13, PDEF (also known as SPDEF), hepatocyte nuclear factor 3 (HNF3A; 

also known as FOXOA1) and the apoptosis inhibitor survivin. Moreover, oleandrin was 

shown to inhibit export of fibroblast growth factor 2 (FGF2) from PC-3 and DU145 

prostate cancer cells in a concentration-dependent and time-dependent manner (Smith et 

al, 2001). In another study it has been found that oleandrin inhibits interleukin 8 (IL8)-

mediated biological responses by altering the plasma-membrane fluidity (Manna et al, 

2006). IL8 is highly expressed in many cancers, where it acts as a chemoattractant and is 

a principal angiogenic stimulus for neovascularization. 

 

1.5 Evidence of  the anticancer effect of cardiac glycosides  

 

1.5.1 Ex vivo and in vivo data 

 

More than a decade ago, Inada and coworkers (Inada et al, 1993) first reported the ability 

of digitoxin to inhibit tumour formation in a two-stage carcinogenesis model of mouse 

skin papillomas induced by 7,12-dimethylbenz[a]anthracene (DMBA) and 12-O-

tetradecanoylphorbol-13-acetate (TPA), and in a mouse pulmonary tumour model 

induced by 4-nitroquinoline-N-oxide (4NQO) and glycerol. In agreement with this, a 

study investigating the tumour growth-inhibitory effects of oleandrin after TPA induction 

of skin carcinogenesis, found that topical application of oleandrin (2 mg per mouse) half 

an hour before TPA induction significantly inhibited skin carcinogenesis in a time-

dependent manner (Afaq et al, 2004). Furthermore, it has been demonstrated that digoxin 

is a specific neuroblastoma growth inhibitor in mice grafted with the human 

neuroblastoma cell lines SH-SY5Y and Neuro-2a (Svensson et al, 2005). Moreover, the 

antitumour activity of bufalin has been suggested in an orthotropic transplantation tumour 

model of human hepatocellular carcinoma in nude mice, where non-toxic concentrations 

of bufalin can induce specific apoptosis of transplanted tumour cells (Han et al, 2007). 

 



Introduction 

 

23 

 

1.5.2 Epidemiological data 

 

Epidemiological data have indicated lower mortality rates in cancer patients who were on 

digitalis at time of first diagnosis, compared to patients not on digitalis therapy (Stenkvist, 

1999; Haux 1999). Stenkvist and coworkers reported that the tumour cell populations 

from breast cancer patients on digitalis medication for cardiac problems  have a lower 

proliferative capacity than tumour cells from patients not on digitalis treatment (Stenkvist 

et al, 1978; Stenkvist et al, 1980). In a 5-year follow-up study, they observed that the 

recurrence rate of breast cancer in patients not on digitalis was 9.6 times higher than in 

patients treated with digitalis (Stenkvist et al, 1982). After a 20-year follow-up, the death 

rate from breast carcinoma (excluding other causes of death and confounding factors) was 

6% (2 of 32) among patients on digitalis compared with 34% (48 of 143) among patients 

not on digitalis (p = 0.002) (Stenkvist 1999). Goldin and Safa confirmed Stenkvist's 

results by conducting a retrospective study of 127 cancer patients in their records (Goldin 

and Safa, 1984). Among 21 deaths they found only one cancer death among those who 

had taken digitalis. Additionally, a study with 9271 patients showed a relationship 

between high plasma concentrations of digitoxin and a lower risk for 

leukaemia/lymphoma (Haux et al, 2001). It should be noted that these studies were not 

specifically designed to explore the relationship between the cardiac glycoside treatment 

and cancer.. 

 

1.6 Clinical trials with glycoside-based anticancer drugs 
 

Based on epidemiological data and on in vitro studies demonstrating the antiproliferative 

and cytotoxic activity of cardiac glycosides against cancer cells, some clinical trials using 

a single cardenolide or a chemical derived compound have been undertaken.  

In April 2000, the US Food and Drug Administration (FDA) approved a Phase I study of 

Anvirzel in patients with advanced solid tumours. Anvirzel is an aqueous extract of the 

plant Nerium oleander. It contains a variety of compounds including polysaccharides, 

proteins, sugars and cardiac glycosides, mainly oleandrin and its aglycone oleandrigenin. 

It has been demonstrated that Anvirzel inhibits the export of FGF2 from prostate cancer 

cells through sodium-pump inhibition by oleandrin (Smith et al, 2001). Furthermore, 
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Pathak and coworkers have investigated the mechanisms of Anvirzel-induced cancer cell 

death in various cancer cell lines of human, murine and canine origin and found that 

human cells are more susceptible to the effects of this drug (Pathak et al, 2000). The 

results of Phase I trials show that Anvirzel can be safely administered to patients with 

solid tumours. Overall, this agent appears to be well tolerated as patients in the trial 

experienced only mild-to-moderate side effects. No evidence of significant antitumour 

activity was detected, but this might be due to the fact that the patient group consisted 

exclusively of individuals who had refractory cancers or because the limited time of 

exposure to the product and intramuscular route of administration limited the total volume 

of extract that could be administered on a daily basis. A longer time of exposure and a 

different route of administration may impact response. Also, no dose-limiting toxicities 

were found. The product known as PBI-05204 was produced in response to the need for a 

formulation and route of administration suitable for adequately exploring the anticancer 

potential of an oleander extract. PBI-05204 is a modified supercritical CO2

UNBS1450, a semi-synthetic derivative of the novel cardenolide 2''-oxovoruscharin, 

entered Phase I clinical trials in Belgium in 2006. This promising novel cardenolide has 

been shown to deactivate NF-κB-mediated cytoprotective effects in human non-small-cell 

lung cancer cells (Mijatovic et al, 2006a; Mijatovic et al, 2006b). The modifications 

induced by UNBS1450 led to a decrease in both the DNA-binding capacity of the p65 

subunit and the NF-κB transcriptional activity (Mijatovic et al, 2006a; Mijatovic et al, 

2006b). UNBS1450 was as potent as taxol and SN38 (the active metabolite of irinotecan) 

in reducing the overall growth levels of the human A549 non small cell lung cancer cell 

line, and was more efficient than platin derivatives, including cisplatin, carboplatin and 

oxaliplatin (Mijatovic et al, 2006a; Mijatovic et al, 2006b). 

 extract of 

organically grown Nerium oleander that has been especially formulated for oral 

administration to humans. An IND for evaluation of PBI-05204 as a “botanical drug” was 

obtained from the FDA in September, 2007, and a Phase I clinical trial in patients with 

solid tumors has now been initiated at the University of Texas M.D. Anderson Cancer 

Center. 
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1.7 The sodium pump as a new target in anti-cancer therapy 

 

Numerous studies have dealt with changes in the transmembrane transport of cations 

during the course of malignant cell transformation, due to increases in Na/K ATPase 

activity (Weidemann 2005, Kaplan, 1978; Shen et al, 1978). There is evidence that these 

kinetic changes in Na/K ATPase activity are already present at the very early stages of 

tumorigenesis, even before morphological evidence of tumour appearance (Gonta-

Gabriec et al, 1986; Davies et al, 1991). Interestingly, in contrast to the increase in Na/K 

ATPase activity in cancer cells referred to in several studies (Weidemann, 2005; Kaplan, 

1978; Shen et al, 1978), Davies and coworkers. (Davies et al, 1991) have reported a 

inhibition of Na/K ATPase activity in a mice model of induction of experimental colon 

cancer. During the development of large bowel cancer, they observed alterations in the 

ion transport of colon epithelial, some of which resulted in altered intracellular ionic 

composition. They also demonstrated that changes occur in Na/K ATPase activity in 

premalignant mucosa, months before gross tumours develop, and these changes may 

partially explain the altered levels of Na+ and K+ in the cytoplasm of pre-malignant and 

malignant colonocytes. These differences are furthermore emphasized by the presence of 

specific cancer-related FXYD proteins affecting the function of the sodium pump, like 

FXYD3 (Mat-8: a mammary tumour marker which mediates the decrease in apparent Na+ 

and K+ affinity of the sodium pump) which is highly up-regulated in breast and prostate 

tumours and FXYD5 (related to ion channels) which is expressed in several cancer tissues 

but in only a few normal cell types (Greering, 2005, Geering 2006). 

Also, not only does the activity of Na/K ATPase differ between normal and malignant 

cells, but also their sensitivity towards cardiotonic steroids. This may be due to an altered 

density of Na/K ATPase at the plasma cell membrane of tumour cells, as well as 

differences in isozyme expression. In line with this, it has been widely reported that the 

Na/K ATPase β1 subunit is very frequently down-regulated in human epithelial cancer 

cells and down-regulation of the β1 subunit seems essential for epithelial cancer cells to 

be able to become individually invasive (Espineda et al, 2003; Rajasekaran et al, 1999; 

Espineda et al, 2004; Blok et al, 1999; Akopyanz et al, 1991). In contrast, Na/K ATPase 

α subunits seem to be up-regulated in some malignant cells (Sakai et al,  2004; Mijatovic 

et al, 2007; Boukerche et al, 2004), a phenomenon which has been quite poorly 
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investigated to date. Except for bladder cancer, investigated by means of tissue 

microarray involving samples from 167 different patients (Espineda et al, 2003) and non 

small cell lung cancer, investigated by means of immunohistochemistry involving 94 

samples (Mijatovic et al, 2007), other reported studies have relied merely on the use of 

cell lines (usually one per type) or a very limited number of tissue samples. Sakai et al. 

(Sakai et al, 2004) reported that the α3 subunit was over-expressed in colon cancer cells 

compared to normal colon cells, while α1 subunit expression was reduced. Further large-

scale investigation should bring more evidence in support of the proposal that over-

expressed sodium pump subunits could be suitable new targets in anti-cancer 

therapeutics. 

In a recent review, Chen at al. (Chen et al, 2006) put forward several pieces of evidence 

to support the novel concept that Na/K ATPase could be a potentially important target for 

the development of promising anti-breast cancer drugs: (i) the sodium pump is a key 

player in cell adhesion and is involved in cancer progression; (ii) it serves as a versatile 

signal transducer and is a target for a number of hormones including oestrogens and (iii) 

its aberrant expression and activity are implicated in the development and progression of 

breast cancer. 

Collectively, the data from the literature strongly suggest that targeting Na/K ATPase 

could represent a novel means to combat a growing number of malignancies. The 

question is how to optimally target the sodium pump in order to combat cancer. It should 

be borne in mind that cardiac glycoside are the natural ligands and inhibitors of the 

sodium pump and this fact supports the possibility of their potential development as anti-

cancer agents targeting over-expressed Na/K ATPase subunits, notably α subunits. 
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1.8 Programmed cell death 

 

Cell death can be classified according to the morphological appearance of the lethal 

process (that may be apoptotic, necrotic, autophagic or associated with mitosis), 

enzymological criteria (with and without the involvement of nucleases or distinct classes 

of proteases, like caspases or cathepsins), functional aspects (programmed or accidental, 

physiological or pathological) or immunological characteristics (immunogenic or non-

immunogenic). Thanks to the advancing comprehension of cellular demise, it has become 

clear that the textbook equation 'programmed cell death=apoptosis=caspase 

activation=non-immunogenic cell death', although applicable to some instances of cell 

death, constitutes an incorrect generalization, at several levels. Thus, necrosis can be 

programmed both in its course and its occurrence. Apoptosis can be lethal without 

caspase activation, and caspase activation does not necessarily cause cell death. Finally, 

cell death with an apoptotic appearance can be immunogenic, in which case the 

immunogenicity is caspase-dependent. 

Since the first descriptions of programmed cell death mechanisms, which date back to the 

mid-1960s (Lockshin and Williams, 1964) several attempts have been made to classify 

cell death subroutines based on morphological characteristics. Even though deep insights 

into the molecular pathways that regulate and execute cell death have been gained and 

biochemical assays for monitoring cell death-related phenomena have become laboratory 

routine, the scientific community has not yet adopted a systematic classification of cell 

death modalities based on biochemical rather than morphological criteria. Nonetheless, 

there has been a tendency to dichotomize cell death events into either of two mutually 

exclusive groups. Thus, caspase-dependent, tolerogenic, programmed and physiological 

cell death instances have been contrasted to their caspase-independent, immunogenic, 

accidental and pathological counterparts, respectively. In 2005, the Nomenclature 

Committee on Cell Death proposed a functional classification of cell death subroutines 

that applies to both in vitro and in vivo settings and included apoptosis, regulated 

necrosis, autophagic cell death and mitotic catastrophe. In the last year, they proposed a 

new classification of lethal signaling pathways based on biochemical and functional 

considerations. (Galluzzi et al., 2012)  
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1.9 Apoptosis 
 

Apoptosis (from the Greek words από = from and πτωσις = falling) is one of the main 

types of programmed cell death. In contrast to necrosis, which is a form of cell death that 

results from acute cellular injury, apoptosis is carried out in an ordered process that 

generally confers advantages during an organism's life cycle. Apoptosis playes a critical 

role in controlling the number of cells in development and throughout an organism's life 

by the removal of cells at the appropriate time. It is an important biological process for 

the elimination of unwanted cells such as those with potentially harmful genomic 

mutations, autoreactive lymphocytes, or virally infected cells. Alterations of this normal 

process can result in the disruption of the delicate balance between cell proliferation and 

cell death and can lead to a variety of diseases (Galluzzi et al., 2012). For example, in 

many forms of cancer, key proapoptotic proteins are mutated or antiapoptotic proteins are 

upregulated, leading to the accumulation of cells and the inability to respond to harmful 

mutations, DNA damage, or chemotherapeutic agents. 

 

1.9.1 Mechanism of apoptosis 

 

In the last few years, much has been learned about the signal transduction pathways of 

programmed cell death, providing us with insight into how programmed cell death works 

and how dysregulation of apoptosis contributes to disease. The overall process of 

programmed cell death occurs in several stages. In the first step, the apoptotic pathway is 

triggered, which can be accomplished by a wide variety of stimuli, including DNA 

damage, growth factor withdrawal, toxins, and radiation. Once activated, the signal is 

transduced by a series of protein–protein interactions that involve a conserved set of 

signaling modules. In the next stage, cell death is executed by the activation of specific 

proteases called caspases that cleave multiple substrates, leading to changes characteristic 

of apoptotic cells such as DNA fragmentation, chromatin condensation, cell shrinkage, 

and membrane blebbing. 

Caspases are a family of cysteine proteases that cleave their target proteins next to 

aspartate amino acids (thus the name "caspase": "c" for cysteine protease and "asp" for 

the strong aspartate preference) (Alnemri, 1996). They are constitutively present in most 

http://en.wikipedia.org/wiki/Greek_language�
http://en.wikipedia.org/wiki/Programmed_cell_death�
http://en.wikipedia.org/wiki/Necrosis�
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mammalian cells and reside in the cytosol as single chain proenzymes. In fact the 

caspases are all expressed as proenzymes (30 to 50 kD) that contain three domains: an 

NH2

 

-terminal domain, a large subunit (~20 kD), and a small subunit (~10 kD). During 

activation, procaspases are cleaved to generate the large and small subunits of the active 

enzymes, typically liberating an N-terminal prodomain from the processed polypeptide 

chain. The active enzymes consist of heterotetramers composed of two large and two 

small subunits, with two active sites per molecule (Thornberry and Lazebnik, 1998; Cryns 

and Yuan, 1999) (figure 7).  

There are two types of caspases, upstream caspases called initiator caspases (e.g., 

caspases-8, -9, and -10), and their downstream targets known as effector or executioner 

caspases (e.g., caspases-3, -6, and -7) (Salvesen and Dixit, 1997).  

Several components comprise the “caspase-centric” effector model of apoptosis and there 

 

 

 

Figure 7. Proposed caspase structure. A) In common with other proteases, caspases are 

synthesized as precursors that undergo proteolytic maturation. The NH2-terminal domain, 

which is highly variable in length (23 to 216 amino acids) and sequence, is involved in 

regulation of these enzymes. B) Shown is the crystal structure of caspase-3 in complex with a 

tetrapeptide aldehyde inhibitor (red). The active enzyme is composed of a large (20 kD, 

lavender) and small (10 kD, gray) subunit, each of which contributes amino acids to the 

active site. In the two crystal structures that are available, two heterodimers associate to form 

a tetramer. From Thornberry and Lazebnik, 1998 
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are two pathways associated with caspase activation, involving either the mitochondria or 

death receptors (figure 8) (Budihardjo et al., 1999). 

The mitochondrial pathway (named also intrinsic apoptotic pathway), is driven by various 

stimuli, e.g. DNA damaging agents, oxidative stress, hypoxia and growth factor 

deprivation, converging on mitochondria, the sensing organelles of this apoptotic 

pathway. The key event of the cascade is represented by mitochondrial outer membrane 

permeabilization. Following mitochondria permeabilization, the electron transport chain 

intermediate cytochrome c translocates from the intermembrane space of mitochondia to 

the cytosol where, togheter with dATP, can bind to Apoptotic Protein Activating Factor-1 

(Apaf-1), allowing the formation of a multi-protein platform called the apoptosome, a 

seven-spoked, wheel shaped complex essential for the recruitment and subsequent 

activation of caspase-9 (Fadeel et al., 2008). Upon activation, caspase-9 in turn activates 

caspase-3 and caspase 7, thus promoting the execution of apoptosis.  

The death receptor pathway (or extrinsic pathway) is promoted by soluble molecules 

belonging to the Tumor Necrosis Factor (TNF) family, normally secreted as homotrimers, 

which can bind to plasma membrane receptors of the TNF-Receptor (TNF-R) family 

(such as TNFR1, Fas, DR-3, DR-4, or DR-5), causing their trimerization and subsequent 

activation. TNF-Rs possess a Death Domain (DD) (Lahm et al., 2003) that is responsible 

for the recruitment of other DD-containing proteins, such as TNF-R type 1-Associated 

Death Domain protein (TRADD) and Fas-Associated protein with Death Domain 

(FADD). Procaspase-8 is then recruited, via the adaptor protein FADD (or TRADD), this 

promotes its homodimerization and activation by autocatalysis. The complex formed by 

TNF-R, FADD (and eventually TRADD) and caspases-8 and -10 is referred as Death-

Inducing Signaling Complex (DISC) (Chaigne-Delalande et al., 2008; Pennarun et al., 

2010). Upon activation, caspases-8 and -10 cleave the effector caspases-3, and -7, which 

are in charge of cellular dismantling during the final step of apoptosis (Chowdhury et al., 

2008).  

 



Introduction 

 

31 

 

 
Activation of death receptors has also been shown to activate the intrinsic pathway, which 

appears to be required to execute apoptosis in certain cell types. In fact another notable 

target of caspase-8 is Bid (see Bcl-2 proteins family section). Thus, the recruitment of the 

intrinsic pathway of apoptosis by caspase-8 activation can serve to initiate and/or amplify 

intracellular signals to trigger apoptosis (Wang et al., 2005; Arnoult et al., 2003; Lu et al., 

2003; Fu et al., 2002) 

Caspases are controlled by specific cellular inhibitors called Inhibitor of Apoptotic 

Proteases (IAP), which can bind to them, thus blocking their function (Srinivasula and 

Ashwell, 208; Altieri, 2010). To counteract IAP function, Smac/DIABLO and HtrA2/Omi 

are released from mitochondria in order to bind to or cleave IAPs, respectively (Martinez-

 

 

Figure 8. Two major apoptotic pathways in mammalian cells. The regulation of the 

intrinsic and extrinsic pathways of caspase activation during apoptosis. (Hengartern, 

2000). 
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Ruiz et al., 2008; Vande Walle et al., 2008). The last step of the apoptotic program is 

DNA degradation which is carried out by various nucleases (Scovassi and Torriglia, 

2003), including Endonuclease G, which is released from mitochondria to the nucleus, 

where it cleaves DNA. DNA fragmentation occurs also during caspase-independent 

apoptosis, where it is mainly operated by L-DNase-II (Torriglia et al., 2000; Altairac et 

al., 2003; Brossas et al., 2004; Torriglia and Lepretre, 2009), and in parthanatos, which is 

characterized by PARP-1 activation and AIF translocation from mitochondria to the 

nucleus (Wang et al., 2009). Once the cell has been committed to death and the apoptotic 

program is activated, cellular fragments are engulfed by professional or amateur 

phagocytes near the apoptotic cell, thus avoiding inflammatory response (Savill and 

Fadok, 2000).  

At the heart of this mechanism, in addition to the caspase family, lies another family of 

proteins that control the process, the Bcl-2 extended family.. The Bcl-2 family is so called 

because of the relationship of its members to the B-cell lymphoma oncogene whose 

discovery led eventually to the identification of most of the other family members 

(Borner et al., 1994), but at the molecular level this family is remarkably diverse (Borner, 

2003). 

 

1.9.2 Bcl-2 proteins family 

 

As one might imagine, apoptosis is highly regulated. One class of regulators is the Bcl-2 

family of proteins that are subdivided into three groups on the basis of their pro- or 

antiapoptotic action and the Bcl-2 Homology (BH) domains they possess (Figure) 

(Schinzel et al., 2004; Youle and Strasser, 2008). Antiapoptotic Bcl-2-like proteins (e.g., 

Bcl-2, Bcl-xL, Bcl-w, Mcl-1, and A1/Bfl-1) and proapoptotic Bax-like proteins (e.g., 

Bax, Bak, and Bok/Mtd) display four BH domains (Kvansakul et al., 2008). The 

proapoptotic BH3-only proteins (e.g., Bid, Bim/Bod, Bad, Bmf, Bik/Nbk, Blk, Noxa, 

Puma/Bbc3, and Hrk/DP5), on the other hand, possess only a short motif called the BH3 

domain as their name indicates. The proapoptotic class is thus comprised of 2 groups, 

according to its content of Bcl-2 homology (BH) domains (figure 9).  

http://www.sciencedirect.com/science/article/pii/S1534580711002516#ref_bib92�
http://www.sciencedirect.com/science/article/pii/S1534580711002516#ref_bib92�
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The four BH domains contained by antiapoptotic members are absolutely required for 

their survival functions. The BH1–BH3 domains form a hydrophobic groove and the N-

terminal BH4 domain stabilizes this structure. These domains do not have any enzymatic 

activity but mediate the interaction of Bcl-2 with other protein partners. For example Bcl-

xL complexed with the BH3 domain of the death factors Bak or Bad (Borner, 2003). In 

this way Bcl-2-like survival factors act as membrane bound scavengers for BH3-

containing death factors and other proapoptotic molecules.  

The antiapoptotic proteins are tail-anchored in several intracellular membranes 

(mitochondria, nuclear/ER membranes) and perform their function in a monomeric state 

without any major change in conformation or subcellular localization. Removal of the C-

terminal transmembrane tail leads to a cytoplasmic localization of these proteins where 

they are still partially active as survival factors.  

The proapoptotic members like Bax and Bak contain BH domains 1–3 that form a 

hydrophobic pocket as in Bcl-2 and Bcl-xL. In contrast to Bcl-2-like survival factors, 

Bax-like factors either form channels or interact with channel forming proteins to increase 

 

Figure 9. Summary of anti-apoptotic and pro-apoptotic BCL-2 members. BCL-2 

homology regions (BH1-4) are denoted as the carboxy-terminal hydrophobic (TM) 

domain (Bras et al., 2005). 
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the permeability of the outer mitochondrial membrane promoting the release of the 

proapoptotic factors as cytochrome c, Smac/DIABLO (Smac: second mitochondrial 

activator of caspases; DIABLO: direct IAP binding protein with low pI) and Htr2A/Omi 

which stimulate the formation of the Apaf-1/caspase-9 apoptosome.  

Another group of proapoptotic proteins contain only BH domain 3 (BH3) (e.g., Bid, Bad, 

Bim, Bik, PUMA, NOXA, etc.). BH3-only proteins, are activated by post-translational 

modifications. For example inactive Bad is phosphorylated at several serine residues and 

this allows its sequestration in the cytoplasm by binding to 14-3-3 scaffold proteins. The 

phosphorylation has been attributed to different kinases, such as Akt/PKB (a transducer 

of the survival signal of growth factors within the PI-3-kinase pathway), Raf (which links 

growth factor receptors to the MAPK cascade) and PKA. If growth factors or 

extracellular matrix are withdrawn, Bad is dephosphorylated and released from 14-3-3 

thus becoming free to interact with Bcl-2-like survival factors (Zha et al., 1996) and to 

promote the apoptotic machinery. BH3-only proteins can also be activated by proteolysis, 

a mechanism responsible for Bid activation in response to death receptor stimulation. In 

this case, death receptors activate caspase-8 which cleaves the inactive cytosolic form of 

Bid into a truncated fragment (tBid) that translocates to mitochondria (Li et al., 1998; Luo 

et al., 1998). The active form of Bid increases mitochondrial permeability by releasing 

Bax-like factors from Bcl-2, as well as by stimulating the oligomerization and membrane 

insertion of Bax or Bak. Moreover, recent evidence has been found showing that Bid can 

form membrane pores on mitochondria and can change lipid composition of the outer 

mitochondrial membrane making it more permeable during apoptosis (figure 10). 
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Figure 10. Model of apoptotic and survival signaling pathways involving 
the Bcl-2 members. (Left) Activation of the TNFα/Fas cell surface 
receptor leads to activation of caspase-8. Caspase-8 cleaves cytosolic p22 
Bid generating a p15 carboxy-terminal fragment that translocates to the 
mitochondria resulting in the release of cytochrome c. Released 
cytochrome c activates Apaf-1, which in turn activates a downstream 
caspase program. (Right) A death stimulus (IL-3 deprivation) induces the 
translocation of Bax to the mitochondria where it is integral membrane 
and cross-linkable as a homodimer. (Center) Activation of the NGF or 
PDGF receptors mediates the activation of Akt, resulting in the 
phosphorylation of Bad at Ser-136. Activation of the IL-3 receptor 
mediates the activation of the mitochondrial-based PKA holoenzyme, 
resulting in the phosphorylation of Bad at Ser-112. Phosphorylated Bad is 
sequestered to the cytosol by the phosphoserine-binding protein 14-3-3 
(Gross et al., 1999). 
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1.10 Autophagy 
 

The term autophagy comes from the Greek words αύτος (autos), which means self, and 

φαγέω (fageo), which means eat; it is a self-degradative process which ensures the regular 

turnover of cellular components by sequestering damaged organelles and misfolded 

proteins, targeting them for lysosomal degradation (Mizushima and Levine, 2010). Since 

its discovery, autophagy was considered a kind of disposal mechanism aimed at recycling 

of cellular components (Yang and Klionsky, 2010), but now it is clear that it is much 

more than a recycle bin, being involved in many cellular and physiological pathways, 

including development and differentiation (Mizushima and Levine, 2010).  

Autophagy is activated as an adaptive catabolic process in response to different forms of 

metabolic stress, including nutrient deprivation, growth factor depletion, and hypoxia. 

This bulk form of degradation generates free amino and fatty acids that can be recycled in 

a cell-autonomous fashion or delivered systemically to distant sites within the organism. 

Presumably, the amino acids generated are used for the de novo synthesis of proteins that 

are essential for stress adaptation. The molecular basis for the recycling function of 

autophagy has only recently begun to be defined with the identification of yeast ATG22 

as a vacuolar permease required for the efflux of amino acids resulting from autophagic 

degradation (Mizushima and Klionsky, 2007). It is presumed that the recycling function 

of autophagy is conserved in mammals and other higher organisms, although direct data 

proving this concept are lacking. 

The amino acids liberated from autophagic degradation can be further processed and, 

together with the fatty acids, used by the tricarboxylic acid cycle (TCA) to maintain 

cellular ATP production. This role of autophagy in maintaining macromolecular synthesis 

and ATP production is likely a critical mechanism underlying its evolutionarily conserved 

prosurvival function. Thus, a critical physiological role of autophagy appears to be the 

mobilization of intracellular energy resources to meet cellular and organismal demands 

for metabolic substrates. The requirement for this function of autophagy is not limited to 

settings of nutrient starvation. Because growth factors are often required for nutrient 

uptake, loss of growth factor signaling can result in reduced intracellular metabolite 

concentrations and activation of autophagy-dependent survival mechanisms (Lum et al., 
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2005). It is also possible that in certain settings, especially when cells suddenly have high 

metabolic needs, autophagy may be needed in a cell-autonomous fashion to generate 

sufficient intracellular metabolic substrates to maintain cellular energy homeostasis. This 

hypothesis may explain why there are high levels of autophagy in the mouse heart and 

diaphragm immediately following birth (Kuma et al., 2004). 

Moreover autophagy has been shown to mediate physiological cell death in vivo, during 

the developmental program of D. melanogaster and appears to be responsible for the 

death of some cancer cells (especially when they lack essential apoptotic modulators like 

BAX and BAK or caspases) that respond to a selected panel of chemotherapeutic agents 

in vitro (Galluzzi et al., 2012). Nonetheless, in most known cases, autophagy constitutes a 

cytoprotective response activated by dying cells in the attempt to cope with stress, and its 

inhibition accelerates, rather than prevents, cell death (Boya et al., 2005).  

 

1.10.1 The process of autophagy 

 

Autophagy is ubiquitous in eukaryotic cells and is a multi-step process involving 

initiation, autophagosome formation, maturation, and degradation controlled by a set of 

autophagy-related genes (ATG) (Mizushima, 2007). The process starts with the activation 

of the unc-51-like kinase (ULK), a serine/threonine kinase complex that includes ATG13 

and FIP200. This complex is regulated by the mammalian target of rapamyacin (mTOR) 

which senses nutrient levels in the environment: under high-nutrient conditions inhibits 

autophagy by phosphorylation of ULK1/2; during periods of nutrient deprivation mTOR 

dissociates from the ULK1/2 complex and this allows dephosphorylation of ULK1/2 

which, in turn, phosporylates and activates ATG13 and FIP200 (Xie and Klionsky, 2007, 

Rosenfeldt and Ryan, 2009 and Roy and Debnath, 2010 ). The initiation of autophagy is 

completed with the accumulation of the ULK1/2-ATG13-FIP200 complex, resulting in a 

site for development of the isolation membrane, also known as the phagophore (Jung et 

al., 2009). 

Like mTOR, AMP activated protein kinase (AMPK) is also a key sensor for cellular 

energy that is involved in the initiation of autophagy. During glucose starvation, AMPK 

inhibits mTOR, but it also directly interacts with ULK1, phosphorylating serines to 

activate autophagy. Interestingly, under amino acid starvation or pharmacologic 
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inhibition of mTOR with agents such as rapamycin, ULK1 is activated in an AMPK-

independent manner (Kim et al., 2011). AMPK phosphorylation of ULK1 and ULK2 is 

also associated with cellular mitophagy (autophagy that specifically targets mitochondria) 

and a loss of AMPK or ULK1 results in impaired autophagy and defective mitophagy 

(Egan et al., 2011).  

Recent evidence has also identified a direct substrate of mTOR that negatively regulates 

autophagy. Death-associated protein 1 (DAP1) is inhibited by mTOR phosphorylation in 

nutrient rich conditions. Under starvation stress and loss of mTOR function, DAP1 is 

released from phosphorylation inhibition and suppresses autophagy. The exact 

mechanism through which DAP1 is able to suppress autophagy is unclear, though early 

evidence points towards an effect occurring between the mTOR complex and the LC3 

conjugation systems. By activating and suppressing autophagy at the same time, this may 

create a counter-balance, or “gas and brake” method, to prevent over-activation of 

autophagy during starvation stress (Koren et al., 2010a and Koren et al., 2010b ). 

The development of the autophagosome (an intracytoplasmic vacuole containing elements 

of a cell's own cytoplasm that fuses with a lysosome and the contents are subjected to 

enzymatic digestion) is dependent on a class III phosphoinositide 3-kinase (PI3K) 

complex involving the proteins Vps-34, beclin1, and p150 (Simonsen and Tooze, 2009). 

This complex localizes to the phagophore and recruits further ATGs to allow for 

elongation and completion of the autophagosome. Studies have found that positive 

regulators binding to Beclin1 include ATG14 (Itakura et al., 2008), ultraviolet radiation 

resistance-associated gene (UVRAG) (Liang et al., 2006) and Ambra (Fimia et al., 2007). 

The Rubicon molecule has been identified as a negative regulator, binding to beclin1 and 

reducing Vps34 activity and impairing autophagosome formation (Zhong et al., 2009). 

Another significant negative regulator of autophagy is Bcl-2, which works by binding to 

the Beclin1 BH3 domain. While the Beclin1/Bcl-2 interaction does not necessarily alter 

the anti-apoptotic function of Bcl-2 (although this may vary depending upon the sub-

cellular location of the Bcl-2 protein), it does influence the ability of Beclin1 to stimulate 

autophagy (Kang et al., 2011). Bcl-2 binds Beclin1, stabilizing it in a dimer, blocking its 

ability to interact with Vps-34 and decreasing Beclin1-associated class III PI3K activity 

(Pattingre et al., 2005 and Noble et al., 2008 ).  

Once the PI3K complex is activated, elongation of the phagophore is controlled by two 

http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0355�
http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0145�
http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0395�
http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0395�
http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0400�
http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0780�
http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0290�
http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0465�
http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0175�
http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0950�
http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0315�
http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0655�
http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0620�


Introduction 

 

39 

 

ubiquitin-like conjugation systems involving ATG12 and ATG8 (Ohsumi and 

Mizushima, 2004). In the first system, the E1-like ATG7 and E2-like ATG10 conjugate 

ATG12 to ATG5. This allows ATG12-ATG5 to bind with ATG16, creating a complex 

that localizes to the outer surface of the membrane. The second system involves ATG8 or 

its mammalian ortholog microtuble-associated protein light chain 3 (LC3). ATG8 is 

cleaved at the C-terminus by ATG4 (LC3-I) and then conjugated to 

phosphotidylethanolamine (PE) via ATG7 and E2-like ATG3. The ATG8-PE complex 

(LC3-II) binds to both the inner and outer membrane of the autophagosomes (Geng and 

Klionsky, 2008). Interaction between the two conjugation systems is essential to 

autophagy as the ATG16L complex targets LC3-1 to the phagophore membrane and 

accelerates its conjugation to PE (Fujita et al., 2008). 

Once the autophagosome is created, maturation is completed by fusion with a lysosome to 

form an autophagolysosome. This process involves lysosomal-associated membrane 

proteins (LAMP) LAMP1 and LAMP2 as well as UVRAG and the GTPase Rab7. In 

addition to its binding to beclin1 to up-regulate phagophore formation, UVRAG interacts 

with class C Vps proteins and stimulates Rab7 and autophagosome/lysosome fusion and 

delivery of cargo for degradation (Liang et al., 2008). The final autophagolysosome is a 

single membrane acidic vesicle wherein lysosomal hydrolases such as cathepsins degrade 

intravesicular material into amino acids and other components, which are released and 

used for energy and as building blocks for cellular macromolecules (figure 11) 
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1.10.2 Autophagy in Life and Death Decisions of the Cell 

 

Under most circumstances, autophagy constitutes a stress adaptation pathway that 

promotes cell survival. An apparent paradox is that autophagy is also considered a form 

of nonapoptotic programmed cell death called “type II” or “autophagic” cell death. This 

type of cell death has been historically defined by morphological criteria, but it is now 

clear that the mere presence of autophagosomes in dying cells is insufficient to 

distinguish “cell death with autophagy” from “cell death by autophagy.” The knockdown 

of ATG genes has recently defined whether autophagy functions in the execution of cell 

death in different settings (reviewed in Maiuri et al., 2007a). 

It is not yet understood which factors determine whether autophagy is cytoprotective or 

cytotoxic and whether cytotoxicity occurs as the result of self-cannibalism, the specific 

 

 

Figure 11. The Process of Autophagy A portion of cytoplasm, including organelles, is 

enclosed by a phagophore or isolation membrane to form an autophagosome. The outer 

membrane of the autophagosome subsequently fuses with the lysosome, and the internal 

material is degraded in the autolysosome. In yeast, autophagosomes are generated from the 

preautophagosomal structure (PAS), which has not yet been identified in mammalian cells. 

A partial list of treatments and reagents that modulate autophagy are indicated. Notably, 

lithium may also inhibit autophagy through mTOR activation. Atg proteins that have thus 

far been identified on isolation membranes include ULK1/2, Atg5, Beclin 1, LC3, Atg12, 

Atg13, Atg14, Atg16L1, FIP200, and Atg101. From Da Mizushima et al., 2010. 
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degradation of cytoprotective factors, or other as of yet undefined mechanisms (Maiuri et 

al., 2007a). The most intuitive mechanism is self-cannibalism. However, cells subjected 

to prolonged growth factor deprivation or shortage of glucose and oxygen can lose the 

majority of their mass via autophagy and fully recover when placed in optimal culture 

conditions (Degenhardt et al., 2006; Lum et al., 2005), suggesting that cell death via 

autophagy may not be simply a matter of crossing a quantitative threshold of self-

digestion. Although autophagy can independently influence life and death decisions of the 

cell (by being cytoprotective or self-destructive), it is also intricately linked to apoptotic 

death pathways. Factors that may control the cellular “decision” between the two 

responses include potentially variable thresholds for each process, molecular links that 

coordinately regulate apoptosis and autophagy, and mutual inhibition or activation of 

each pathway by the other (Maiuri et al., 2007a). 

 

1.10.3 Autophagic cell death and apoptosis 

 

The morphological and biochemical features of autophagic cell death and apoptosis are 

generally distinct (Gozuacik and Kimchi, 2004; Bursch et al., 2000; Bursch, 2001). In 

autophagic cell death, unlike apoptotic cell death, caspases are not activated, and neither 

DNA degradation (measured by DNA laddering assays) or nuclear fragmentation are 

apparent. Instead, autophagic cell death is characterized by degradation of the Golgi 

apparatus, polyribosomes and endoplasmic reticulum before nuclear destruction — these 

organelles are preserved in apoptosis. Therefore, the occurrence of caspase-independent 

cell death, together with an increased number of autophagic vesicles, might be a hallmark 

of autophagic cell death (Gozuacik and Kimchi, 2004).  

Although tumour cells have been observed to undergo both apoptosis and autophagic cell 

death in response to therapy, little is known about the connection between these two. 

Apoptosis and autophagy are not always separate, there can be crosstalk between the two 

pathways. In many cases, inhibition of apoptosis causes autophagy, and inhibition of 

autophagy triggers apoptosis. For example, when apoptosis was inhibited by defects in 

the function of the pro-apoptotic proteins BAX and BAK, autophagic cell death was 

triggered in MEFs and bone marrow-derived immortalized cells (Shimizu et al., 2004; 

Lum et al., 2005). When apoptosis was inhibited in mouse fibroblasts by a caspase-8 
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inhibitor, autophagic cell death, dependent on ATG7 and BECN1 activity, was induced, 

and autophagy inhibitors decreased the amount of cell death (Yu et al.,  2004). 

Conversely, the use of autophagy inhibitors such as 3-MA, or inhibition of autophagy by 

small interfering RNAs (siRNAs) targeted against autophagy-associated genes, induced 

apoptosis in HeLa cells (Boya et al., 2005). In other settings, autophagy induction 

delayed sulindac sulphide (a non-steroidal anti-inflammatory drug)-induced apoptosis in 

colon cancer cells by sequestering mitochondrial death-promoting factors such as 

cytochrome c (Bauvy et al., 2001)). Inhibition of autophagy by the H+

 

-ATPase inhibitor 

bafilomycin A1 increased apoptotic cell death in various cancer cells treated by 

irradiation or chemotherapy (Kanzawa et al., 2004; Paglin et al., 2001; Kanzawa et al., 

2003). Also, a same stimulus could promote apotosis or autophagy depending on the cell 

type, thus demostrating an interconnection between this two mechanisms of programmed 

cell death (Kanzawa et al., 2003; Pelicano et al., 2003) 

1.10.4 Apoptosis and autophagy cross talk: crucial factors 

 

The active search for common regulators of apoptosis and autophagy led to the discovery 

that Bcl-2 family members play a double (and opposite) role (reviewed in Zhou et al., 

2011). Indeed, Bcl-2 and Bcl-XL bind to and inhibit Beclin 1 through the Beclin 1 BH3 

domain (Maiuri et al., 2007). Under nutrient excess conditions, when autophagy is not 

necessary, the association between Bcl-2 and Beclin 1 is maximal, while decreases after 

cell starvation, i.e. when autophagy is essential to guarantee cell survival (Pattingre et al.,  

2005). The relevance of a finely tuned regulation of Beclin 1/Bcl-2 binding was further 

demonstrated by the evidence that Death-Associated Protein Kinase (DAPK) 

phosphorylates Beclin 1 on Thr119, thus promoting its dissociation from Bcl-2, and 

autophagy activation (Zalckvar et al., 2009). Of note, DAPK also participates in apoptotic 

bleb formation thanks to its interplay with cytoskeletal factors (Bovellan et al., 2010).  

The existence of cross talk between autophagy and apoptosis is also supported by the 

double role of ATG5, which, in addition to the promotion of autophagy, enhances 

susceptibility to apoptotic stimuli. Overexpression of ATG5 sensitizes tumor cells to 

chemotherapy (Yousefi et al., 2006); by contrast, silencing of this gene results in partial 

resistance to anticancer drugs. It was shown that during apoptosis ATG5 is cleaved by 
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calpains. This event allows ATG5 translocation to mitochondria, where it interacts with 

Bcl-XL and controls cytochrome c release, caspase activation and apoptosis; on the 

contrary, in the absence of ATG5 within mitochondria, autophagy takes place (Yousefi et 

al., 2006; Bhutia et al., 2010). Another autophagic factor, ATG3, is controlled by FLICE-

Inhibitory Protein (FLIP), which is a negative regulator of the extrinsic apoptotic pathway 

(being able to recognize and bind FADD through specific DED domains). Remarkably, 

within these domains, non-overlapping sequences are in charge of apoptosis inhibition 

and recognition and binding of ATG3; the latter event blocks the conjugation to LC3 and, 

in turn, autophagy (Lee et al., 2009). This points out a double role of FLIP, which can 

control both apoptosis and autophagy at the same time.  

Moreover, it has been shown that caspases can degrade autophagic proteins. Caspase-3 

(Luo and Rubinsztein, 2010) and other caspases (Cho et al., 2009; Wirawan et al., 2010) 

are able to cleave and inactivate Beclin 1, thus inhibiting autophagy and consequently 

enhancing apoptosis progression (Djavaheri-Mergny et al., 2010). Of note, N- and C-

terminal fragments of Beclin 1 generated after the cleavage relocate to the nucleus and 

mitochondria, respectively. Remarkably, Beclin 1 C-terminal, which lacks the BH3 

domain, induces cytochrome c and HtrA2/Omi release from mitochondria and subsequent 

amplification of the apoptotic stimulus.  

A further link between these processes is represented by p62, also called sequestosome, a 

multifunctional protein that targets proteins to proteasome degradation and autophagy; 

p62 is implicated in autophagy progression as well as in apoptosis induction and cancer 

development (Moscat and Diaz-Meco 2009). LC3-II binds p62 to regulate protein 

packaging and delivering to the autophagosome, thus facilitating the clearance of 

misfolded/damaged proteins and deformed organelles through the autophagic machinery 

(Pankiv et al., 2007; Nezis et al., 2008; Kirkin et al., 2009; Mathew et al., 2009). 

Accumulation of p62 was described in autophagy-defective cells, which suffer from 

proteasome inactivation and altered NF-κB regulation, and undergo tumorigenesis 

(Mathew et al., 2009). The recent observation of a p62 role in modulating LC3-II 

degradation by the proteasome indicates that p62 is a crucial factor in the interplay 

between autophagy and proteasome activity (Gao et al., 2010). In the apoptotic scenario, 

the evidence for an effect of p62 on caspase-8 was provided; in fact, the critical initiator 

of the extrinsic apoptotic pathway requires p62 for its efficient polyubiquitination, 
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aggregation and full activation (Jin et al., 2009).  

Also p53 is involved in the cross talk between apoptosis and autophagy. On the one hand, 

p53 regulates positively apoptosis by activating Bax and inducing mitochondrial 

depolarization; on the other hand, it increases the synthesis of DRAM and mTOR, both 

involved in the control of autophagy with opposite effects (Crighton et al., 2006). It is 

worth noting that especially the cytoplasmic form of p53 seems to be responsible for 

inhibition of autophagy, which can be rescued by blocking p53 itself (Tasdemir et al., 

2008; Galluzzi et al., 2011). On the contrary, p53 post-transcriptionally down-regulates 

LC3 levels in starved cells, thus allowing a fine control of the autophagic flux, avoiding 

the “autophagic burst” that could be dangerous for cells (Scherz-Shouval  et al., 2010).  

Altogether, these observations support the existence of a cross talk between apoptosis and 

autophagy; however, how the intricate interconnection functionally affects the final 

outcome, remains a mystery.  
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Aim 

 
The sodium pump, Na/K ATPase, could be an important target for the development of 

anti-cancer drugs as it serves as a versatile signal transducer, it is a key player in cell 

adhesion and its aberrant expression and activity are implicated in the development and 

progression of different cancers. The class of steroid-like compounds designated cardiac 

glycosides, known ligands of the sodium pump, includes well-known drugs such as 

digoxin, digitoxin, and ouabain. Their continued efficacy in treatment of congestive heart 

failure and as anti-arrhythmic agents is well appreciated. Less well known, however, is 

the emerging role of this category of compounds in the prevention and/or treatment of 

proliferative diseases such as cancer. Early epidemiological evaluations and subsequent 

demonstration of anti-cancer activity in vitro and in vivo have indicated the possibility of 

developing this class of compound as chemotherapeutic agents in oncology. New findings 

within the past years have revealed these compounds to be involved in complex cell-

signal transduction mechanisms, resulting in selective inhibition of human tumor but not 

normal cellular proliferation. As such, they represent a promising form of targeted cancer 

chemotherapy. 

Two cancer cell lines (one from lymphoblast and the other from a lung adenocarcinoma) 

will be used as a model for testing the effect of nanomolar concentration of ouabain 

against tumoral cell lines. Characterization of the cytotoxic effect of ouabain will be done 

studying morphological changes, biochemical features and using pharmacological 

inhibitors to block lethal signaling pathways. Western blotting analysis will be used to 

assess the three main groups of signal transduction pathways activated by the Na/K 

ATPase signalosome. Finally, it will be investigated the ouabain effect on the growth of 

human cancer cells in relation to Na/K ATPase α subunits expression. 
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Materials and Methods  

 
3.1 Chemicals 
 

Cell culture media, FBS, glutamine, antibiotics, elecrophoresis reagents, ouabain, 3-

methyladenine (3MA), crystal violet, trypan blue, SYBERGreen JumpStart Taq Ready 

Mix, diethylpyrocarbonate, primers, dNTP mix and agarose were purchased from Sigma. 

4-Amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2) and UO126 

were from Calbiochem. Pan caspase inhibitor (Z-VAD-fmk) was purchased from MBL 

International Corporation. Chloromethyl-dichlorodihydrofluoresceindiacetate (CM-

H2DCFDA) and tetramethylrhodamine methyl ester (TMRM) were from Molecular 

Probes. RNAqueous extraction kit was from Ambion. Deoxyribonuclease I, Random 

examers, RNase OUT and HotStartTaq DNA Polymerase were purchased from 

Invitrogen. Caspase-Glo® 3/7 Assay was from Promega. ATPlite kit was from Perkin 

Elmer. Annexin V-FITC kit was from Immunotech. Tissue culture plastic were obtained 

from Falcon. Flat bottom, white 96-well plate were obtained form Perkin Elmer. 

Monoclonal antibody against α-tubulin, human GAPDH and human Bcl-2, polyclonal 

antibody against AMPK and α2 subunit of Na/K ATPase were purchased from Santa 

Cruz. Monoclonal IgG2a antibody to phosphorylated ERKs (p-ERK-1 and p-ERK-2) and 

against phospho-AMPK, polyclonal antibody against pSRC, LC3, phosphorylated Akt 

and overall Akt was from Cell Signaling. Monoclonal antibody against p62 was from 

Sigma Aldrich. Polyclonal antibody against LAMP2 was from Hybridoma Bank. 

Monoclonal antibody agains α1 subunit of Na/K ATPase was from Millipore, monoclonal 

antibody agains α3 subunit of Na/K ATPase was purchased from Affinity Bioreagent. 

Horseradish peroxidase-conjugated anti-mouse, anti-rabbit and anti goat IgG were from 

Santa Cruz Biotechnology. AlexaFluor488 anti-rabbit and AlexaFluor488 anti mouse 

were from Molecular Probes. Binding of the second horseradish peroxidase-conjugated 

antibody was detected with enhanced chemiluminescent detection reagent (Lite Ablot 

Turbo, Euroclone) 
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UO126, PP2 and Z-VAD-fmk were dissolved in dimethylsulfoxide (DMSO) and 

maintained at -20 °C. 3MA was dissolved in cell culture media just prior use, ouabain 

was dissolved in water and maintained at 4 °C for four weeks. 

 

3.2 Cell culture 

 

The human leukemic T cell line Jurkat was from Department of Oncology and Surgical 

Sciences, University of Padova. Jurkat were grown in RPMI medium supplemented with 

10% (v/v) FBS, 2 mM glutamine, 100 U /mL penicillin-G, 100 µg/mL streptomycin.  

A549 (human lung adenocarcinoma epithelial cell line) were from Istituto Zooprofilattico 

Sperimentale (IZS) of Brescia (Italy). A549 cells were grown in DMEM containing 10% 

(v/v) FBS, 2 mM l-glutamine, 100 U /mL penicillin-G, 100 µg /mL streptomycin.  

 

3.3 Purification of peripheral blood mononuclear cells 

 

PBMCs were purified from peripheral blood of healthy donors using Ficoll–Hypaque 

density gradient. Subjects were regular blood donors at the Transfusion Center of the 

Hospital (Padua, Italy). They all gave informed consent for blood drawing and treatment 

of clinical and laboratory data.  

Procedure: 

1. Blood was diluted with an equal volume of RPMI medium,  

2. Diluited blood was carefullied overlay on top of 15 ml of Ficoll Hypaque solution 

in a 50 ml conical tube 

3. The tube was centrifuged at 600×g for 40 min at room temperature.  

4. Resultant layers (figure 12) are from top to bottom: Plasma plus platelets - PBMC 

- Ficoll - red blood cells (with granulocytes).  
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5. The mononuclear cell layer was collected from interphase of RPMI/ Ficoll with a 

transfer pipette and transferred to a new 50 mL tube,  

6. PBMC were washed with PBS and then centrifuged at 600×g for 15 min.  

7. After discarding the supernatant, the pellet was washed twice with PBS and 

centrifuged at 300×g for 10 min.  

PBMCs were counted using a hematocytometer with Trypan blue and maintained in 

RPMI 1640 medium supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml 

penicillin-G and 100 µg/ml streptomycin. Experiments were performed within seven days 

after purification. 

 

Trypan blue solution 

0,4% Trypan blue in PBS 

 

 

 

 

 

Figure 12 Separation of PBMC using a Ficoll gradient 
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3.4 Cell Viability Assays 

 

3.4.1 Trypan blue exclusion assay 

 

Trypan blue exclusion assay measures the percentage of viable cells in a suspension. The 

cells with an intact membrane are able to exclude trypan blue while cells without an intact 

membrane take up the coloring agent. 

Procedure: 

1. Cells were incubated with or without ouabain at the indicated concentrations for 

24 h.  

2. At the end of the treatment, cells were harvested and equal volume of cell 

suspension and Trypan blue were added to have a final concentration of 0.04%. 

3. The counting chamber Burker hemocytometer was loaded with the diluition.  

Cells excluding Trypan blue (viable cells) and cells permeable to Trypan blue (dead cells) 

were counted under the microscope. 

 

Trypan blue solution 

0.4% Trypan blue in PBS 

 

3.4.2 MTT assay 

 

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay, first 

described by Mosmann in 1983, is based on the ability of a mitochondrial dehydrogenase 

enzyme from viable cells to cleave the tetrazolium rings of the pale yellow MTT and 

form a dark blue formazan crystals which is largely impermeable to cell membranes, thus 

resulting in its accumulation within healthy cells. Lysis of the cells by the addition of a 

DMSO solution results in the liberation of the crystals which are solubilized. The number 

of surviving cells is directly proportional to the level of the formazan product created. 

The color can then be quantified using a multiwell scanning  
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Procedure: 

 A549 cells: 

1. A549 (1×104  cells/well) were plated in 200 µl media per well in a 96 well plate.  

2. The cells were incubated (37°C, 5% CO2) overnight to allow the attachment to the 

wells. 

3. The day after, the cells were incuated with or without ouabain at the indicated 

concentrations for 24 hours.  

4. Four hours before the end of the treatment 10 μl of stock solution of MTT was 

added to each well. 

5. At the end of the treatment the incubation medium was removed and the formazan 

crystals were dissolved in 100 μl of DMSO.  

 

Jurkat cells: 

6.  Jurkat were seeded in a 96-well plate (200 μl/well at the concentration of 

2×105/ml) and incubated with or without ouabain at the indicated concentrations 

for 24 hours..  

7. Four hours before the end of the treatment 10 μl of stock solution of MTT was 

added to each well. 

 

 

Figure 13. Reduction of [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) 
to formazan 
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8. At the end of the treatement the plate was  centrifuged at 1800 rpm for 5 min, the 

supernatant discarded, and the formazan crystals were dissolved in 100 μl of 

solution of DMSO. 

 

9. For both cell lines, MTT reduction was quantified by measuring the light 

absorbance with a multilabel plate counter (VICTOR2 – Wallac) at 570 nm (with 

background subtraction at 630 nm). Absorbance from blank (media without cells) 

was subtracted. Quadruplicate wells were used for both control and treatment.  

 

MTT solution 12 mM:  

5 mg/ml of MTT was dissolved in PBS and filtered.  

 

3.4.3 Clonogenic assay 

 

A clonogenic assay is a technique for studying the effectiveness of specific agents on the 

survival and proliferation of cells.  

Procedure 

1. A549 (200 cells/well) were plated in a 6-well plate in complete medium. 

2. The day after, the medium was carefully removed and cells were incubated with or 

without ouabain at the indicated concentrations for eight days. 

3. At the end of the treatment colonies were washed with PBS, fixed with 

paraformaldehyde (4.0% v/v) for 10 minutes at room temperature, washed two 

times with PBS, stained with crystal violet (0.25% w/v) for 15 minutes at room 

temperature and counted using an inverted microscope. A colony is defined to 

consist of at least 50 cells. 

 

Paraformaldehyde solution  

1mL of Paraformaldehyde (36 %) in 9 mL of PBS  
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Crystal violet solution 

0.25 g of crystal violet was dissolved in 90 mL methanol and 10 mL PBS 

 

3.4.4 ATP Detection Assay  

 

Adenosine triphosphate (ATP) is a marker for cell viability because it is present in all 

metabolically active cells and the concentration declines very rapidly when the cells 

undergo necrosis or apoptosis. Intracellular ATP content was detected using ATPlite 

1step kit (Perkin Elmer). ATPlite 1step is a system based on the production of light 

caused by the reaction of ATP with added luciferase (of firefly Photinus pyralis) and D-

luciferin. This is illustrated in the following reaction scheme:  

 

 
 

The emitted light is proportional to the ATP concentration. 

Procedure: 

1. A549 cells (1x104 cells/well) were seeded in 100 µL of culture medium in a flat-

bottom, white 96-well plate and incubated with or without 100 µM Z-VAD-fmk in 

presence or absence of ouabain 100 nM for 24 hours. 

2. 30 minutes before the end of the treatment the substrate vial and the buffer 

solution were equilibrate at room temperature and then reconstitute by adding the 

appropriate volume of buffer to the substrate vial. The contents of the vial were 

mixed by inversion and leave the solution to stand for 5 minutes. 

3. At the end of the treatment an equal volume of reconstituted reagent was added to 

each wells and the plate was mixed briefly at 500 rpm on an orbital shaker for 60 

second, shield from ambient light. 

4. After incubation for 10 minutes at room temperature in the dark, the luminescence 
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of each sample was measured in a plate-reading luminometer (VICTOR2 – Wallac). 

Quadruplicate wells were used for control and treatment, for blank and for negative 

control.  

 

3.5 Apoptosis Assays 

 

3.5.1 Caspase 3 assay 

 

The Caspase-Glo® 3/7 Assay is a luminescent assay that measures caspase-3 and -7 

activities. These members of the cysteine aspartic acid-specific protease (caspase) family 

play key effector roles in apoptosis in mammalian cells. The assay provides a 

luminogenic caspase-3/7 substrate, which contains the tetrapeptide sequence DEVD, in a 

reagent optimized for caspase activity. Luminescence is proportional to the amount of 

caspase activity present (figure 14). 

 

  

 
 

Figure 14: Caspase-3/7 cleavage of the luminogenic substrate containing the DEVD  

sequence. Following caspase cleavage, a substrate for luciferase (amino-luciferin) is released, 

resulting in the luciferase reaction and the production of light. 
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Procedure: 

5. Cells (1x104 cells/well) were seeded in 100 µL of culture medium in a flat-bottom, 

white 96-well plate and incubated with or without ouabain at the indicated 

concentrations for the indicated time. 

6. At the end of the treatment an equal volume of Caspase-Glo substrate was added 

to each well and the plate was mixed briefly at 500 rpm on an orbital shaker for 60 

second, shield from ambient light. 

7. After incubation for 30 minutes at room temperature in the dark, the luminescence 

of each sample was measured in a plate-reading luminometer (VICTOR2 – 

Wallac). Quadruplicate wells were used for control and treatment, for blank and 

for negative control.  

 

3.5.2 Flow cytometric analysis of annexin V and propidium binding 

 

Annexin V, belonging to a family of proteins, the annexins, with anticoagulant properties, 

has proven to be a useful tool in detecting apoptotic cells since it preferentially binds to 

negatively charged phospholipids like phosphatidylserine (PS) in the presence of Ca2+ 

and shows minimal binding phosphatidylcholine. Changes in PS asymmetry, which is 

analyzed by measuring Annexin V binding to the cell membrane, were detected before 

morphological changes have occurred and before membrane integrity has been lost 

(figure 15). By conjugating FITC to Annexin V it is possible to identify and quantify 

apoptotic cells on a single-cell basis by flow cytometry. Staining cells simultaneously 

with Annexin V-FITC (green fluorescence) and the non-vital dye propidium iodide (PI) 

(red fluorescence) allows (bivariate analysis) the discrimination of intact cells (FITC-PI-), 

early apoptotic (FITC+PI-) and late apoptotic or necrotic cells (FITC+PI+ and PI+).  
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Procedure: 

1. After the incubation with the drugs, A549 (1.5×105 cells/well) or Jurkat (5×105 

cells/well) were harvested from 6-well or 12-well plates, respectively, and 

centrifuged at 1500 rpm for 10 minutes.  

2. The cell pellet was resuspended in 100 μL of a binding buffer containing 0.125 

μg/mL of Annexin V-FITC and 10 μM of propidium iodide. 

3. The samples were incubated 15 min at room temperature in the dark.  

4. The samples were diluted to 500 μL with binding buffer and analysed by flow 

cytometry (EPICS XL, Beckman Coulter). For each sample, 10,000 events were 

collected. Data acquisition and analysis were done using the EXPOTM 32 ADC 

software (Beckman Coulter). 

 

Binding buffer: 

10 mM HEPES/NaOH (pH 7.4) 

140 mM NaCl  

2.5 mM CaCl2 

 

 

Figure 15. Detection of early stage of apoptosis through binding of Annexin-V to 
phosphatidylserine.  
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3.6 Mitochondial membrane potential 
 

Mitochondrial membrane potential was measured using tetramethylrhodamine methyl 

ester (TMRM). TMRM is a cell-permeant, cationic, red-orange fluorescent dye that is 

readily sequestered by active mitochondria. Membrane potential-driven accumulation of 

TMRM within the inner membrane region of healthy functioning mitochondria results in 

a dramatic increase in TMRM-associated orange fluorescence.  

Procedure: 

1. A549 (1.5x105cells/well) were plated in a 6-well plate, Jurkat (5x105cells/well) 

were plated in a 12-well plate. 

2. Cells were incubated with or without ouabain at the indicated concentrations for 

the indicated time. 

3. 30 minutes before the end of the treatment, TMRM (200 nM) and cyclosporin H 

(4 μM) were added to each sample.  

4. At the end of the treatment, cells were detached, centrifuged, suspended in PBS 

and analyzed at 575 nm by flow cytometry (EPICS XL, Beckman Coulter). For 

each sample 10,000 events were collected. Data acquisition and analysis were 

done using the EXPOTM 32 ADC software (Beckman Coulter). 

 

TMRM stock solution  

100 μM in DMSO 

cyclosporin H stock solution  

4 mM in DMSO 

 

3.7 ROS measurement 

 

To determine intracellular ROS production, the fluorescent probe chloromethyl-

dichlorodihydrofluorescein diacetate (CM-H2DCFDA) was used. Diesterified probe can 

enter cells by simple diffusion across membranes. Once diffused in both cytoplasm and 
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different organelles, the ester moieties are hydrolyzed and the fluorescent dye is 

entrapped inside cells. Then, the probe can be oxidized, preferentially by hydrogen 

peroxide (H2O2), into the dehydrogenated form with excitation wavelength of 480 nm and 

emission wavelength of 530 nm (figure 16). Fluorescence signal is an index of 

intracellular ROS levels. 

 

Procedure 

1. A549 (1.5x105cells/well) were plated in a 6-well plate, Jurkat (5x105cells/well) 

were plated in a 12-well plate. 

2. Cells were incubated with or without ouabain at the indicated concentrations for 

the indicated time. 

3. 30 minutes before the end of the treatment, CM-H2DCFDA (5 μM) was added to 

each sample.  

4. At the end of the treatment, cells were detached, centrifuged, suspended in PBS 

and analyzed at 575 nm by flow cytometry (EPICS XL, Beckman Coulter). For 

each sample 10,000 events were collected. Data acquisition and analysis were 

done using the EXPOTM 32 ADC software (Beckman Coulter). 

 

Figure 16 Schematic representation of ROS detection with the fluorescent dye chloromethyl-

dichlorodihydrofluorescein diacetate (CM-H2DCFDA) 
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CM-H2DCFDA stock solution 

2.5 mM in DMSO 

 

3.8 Immunocytochemistry  
 

For immunocytochemistry, A549 cells were plated on a glass coverslip (previously 

sterilized with ethanol) and treated with 100 nM ouabain for the indicated time; Jurkat 

cells were treated with 100 nM ouabain for 6 hours then centrifuged, bound to a glass 

coverslip previously washed with hydrochloric acid and treated with poly-L-lysine to 

promote cell adhesion. 

The procedure used for immunocytochemistry is divided into the below steps: 

Fixation 

At the end of the treatment, the cells were fixed in 4% paraformaldehyde in PBS pH 7.4 

for 10 minutes at room temperature. The cells were then washed tree times with PBS to 

eliminate paraformaldehyde. 

Permeabilization 

To permeabilize cell membranes and improving the penetration of the antibody, cells 

were incubated for 10 minutes with PBS containing 0.1% Triton X-100 (Sigma). 

Blocking and Incubation 

Cells were incubated with 10% serum in PBS for 10 minutes to block non specific 

binding of the antibodies. 

Primary antibodies (see Table 2), diluted in PBS with 5% serum, were applied for 1 hour 

in a humidified chamber at 37°C. Following washing with PBS 3x5 min, cells were 

incubated at room temperature for 1 h in the presence of the appropriate secondary 

antibody-fluorophore conjugate, diluted in PBS: goat anti-rabbit (1:500, AlexaFluor488, 

Molecular Probes), or goat anti-mouse (1:500, AlexaFluor488, Molecular Probes). 

Following washing in PBS 3x5 min, samples were incubated at 37°C for 15 min with a 

solution of 100 ng/mL RNAse in PBS. Cells were washed three times with PBS. 

Mounting and analysis 
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Coverslips were mounted with a drop of the mounting medium Mowiol (Sigma) in 

presence of 0,075% Propidium Iodide (Sigma). 

Images were collected with a Nikon C1 confocal microscope and analysed using either 

Nikon EZ-C1 (version 2.1) or NIH ImageJ (version 1.32J) softwares. 

 

Table 2. Primary antibodies for Immunocytochemestry 

 

Protein Antibody Dilution 

LC3 microtubule-associated protein1 light chain 3 Rabbit polyclonal 1:100 

p62 polyubiquitin-binding protein Rabbit monoclonal 1:100 

LAMP 2 Lysosomal-Associated Membrane 2 Rabbit polyclonal 1:200 

alpha 1 subunit of Na/K ATPase Mouse monoclonal 1:50 

alpha 3 subunit of Na/K ATPase  Mouse monoclonal 1:100 

 

Poly-D-Lysine stock solution 

Poly-D-Lysine (MW 30-70 kDa) was dissolved in PBS at 2 mg/mL and stored at 4°C.  

Phosphate Buffered Saline with Triton (PBS-T) (100 ml):  

0.1 mL Triton X100 in 99.9 mL PBS  

Paraformaldehyde:  

4% paraformaldehyde in PBS, pH 7.4  

 

3.9 Western blotting Analysis 
 

a) Cell lysates of A549: After treatment, the cells (2×106 cells/sample) were washed 

twice in the dish with ice-cold PBS and then PBS was drained off with a syringe. A549 

were lysed in 100 μL of ice-cold lysis buffer with a rubber policeman and centrifuged at 

10,000 g for 15 min at 4°C.  

Protein content of cell lysates was determined by the BCA procedure using bovine serum 
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albumin as standard. The supernatant was heated for five minutes at 90°C. 30 µg of 

proteins were subjected to SDS-PAGE. 

b) Cell lysates of Jurkat: After treatment 4×106 cells/sample were lysed in 200 μL of 

ice-cold lysis buffer and centrifuged at 10,000 g for 15 min at 4°C. Protein content of cell 

lysates was determined by the BCA procedure using bovine serum albumin as standard. 

The supernatant was heated for five minutes at 90°C. 30 μg of protein was subjected to 

SDS-PAGE. 

Procedure: 

1. Samples were loaded into gel and run in running buffer, for 1h at 40 mA 

(2002 power supply LKB Bromma). A molecular weights marker was used 

(PageRuler Prestained Protein Ladder, Fermentas). 

2. Separated proteins were transferred to PDVF membrane (Hybond-P, 

Amersham), previously soaked in methanol. The gel was sandwiched 

together with the membrane between Whatman paper, two porous pads (all 

equilibrated in transfer buffer for few minutes) and two plastic supports. 

The blot sandwich was placed into the Mini-Transblot electrophoresis 

system (Bio-Rad) filled with transfer buffer, the membrane facing the 

anode. A constant current of 200 mA was applied for 4 h at 4°C. 

3. Non specific binding sites were blocked by immersing the membrane in 

blocking solution, and shaking for 60 min at room temperature. 

4. The membrane was exposed to the primary antibody (1:2500) in 

TBS/Tween-20 containing 2.5% (w/v) non fat-dried milk, overnight at 

4°C. 

5. After 3x15 min washes with TBS-Tween 20 at room temperature with 

gentle agitation, the membrane was incubated with horseradish peroxidase 

(HRP)-linked secondary antibody (1:50000) in TBS-Tween 20 for 1 hour 

at room temperature. 

6. The membrane was washed 3x15 min with TBS-Tween 20.  

7. The signal was detected by chemiluminescence using the enhanced 

chemiluminescent detection reagent (Lite Ablot Turbo, Euroclone). The 
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detection reagent was pipetted onto the membrane, which was placed with 

protein side up on a clean suitable surface. After 5 min of incubation at 

room temperature the chemioluminescent signal was detected using 

VersaDoc Imaging System (Bio-Rad). Molecular weight standards were 

used to identify appropiate antibody binding. 

8. LC 3 protein was detected using a 15% Resolving gel; α subunits of Na/K 

ATPase were detected using a 8% Resolving gel; the others protein were 

detected using a 10% Resolving gel 

 

Solution 

Lysis buffer:   PBS 

1% Triton X100 

0.5 mM phenylmethylsulfonyl fluoride 

2 mM Na3VO4 

10 μg/ml leupeptin 

25 μg/ml aprotinin 

1.25 mM NaF 

1 mM Na-pyrophosphate 

 

5X Laemmli buffer:  6.8 ml distilled water 

2 ml 0.5 M Tris pH 6.8 

3.2 ml glycerol 

1.6 ml 20% SDS 

0.8 ml β-mercaptoethanol 

1.6 ml 1% bromophenol blue 
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8% Resolving gel: 2.82 ml distilled water 

1.04 ml 40% acrylamide-N,N'-methylenebisacrylamide 

1.3 ml 1.5 M Tris pH 8.8 

50 μl 10% SDS 

50 μl 10% ammonium persulfate ((NH4)2S2O8) 

5 μl N,N,N',N'-Tetramethylethylenediamine (TEMED) 

 

10% Resolving gel: 2.3 ml distilled water 

1.3 ml 40% acrylamide-N,N'-methylenebisacrylamide 

1.3 ml 1.5 M Tris pH 8.8 

50 μl 10% SDS 

50 μl 10% ammonium persulfate  

5 μl N,N,N',N'-Tetramethylethylenediamine (TEMED) 

 

15% Resolving gel: 1.65 ml distilled water 

1.95 ml 40% acrylamide-N,N'-methylenebisacrylamide 

1.3 ml 1.5 M Tris pH 8.8 

50 μl 10% SDS 

50 μl 10% ammonium persulfate 

5 μl N,N,N',N'-Tetramethylethylenediamine (TEMED) 

 

4% Stacking gel: 3.05 ml distilled water 

0,65 ml 40% acrylamide-N,N'-methylenebisacrylamide 

1.25 ml 0,5 M Tris pH 8.8 

50 μl 10% SDS 
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50 μl 10% ammonium persulfate  

5 μl N,N,N',N'-Tetramethylethylenediamine (TEMED) 

 

Running Buffer:  25 mM Tris 

125 mM Glycine 

0,1 % SDS 

 

Transfer Buffer:  25 mM Tris 

192 mM Glycine 

 

TBS-Tween 20:  50 mM Tris 

150 mM NaCl 

0,1 % Tween20 

 

Blocking solution :  5 g non fat dry milk 

100 ml TBS-Tween20 

 

3.10 Protein Assay 
 

Protein content of cell lysates was determined by Bicinchoninic Acid Protein Assay Kit 

(Sigma). 

The principle of the bicinchoninic acid (BCA) assay is similar to the Lowry procedure, in 

that both rely on the formation of a Cu2+-protein complex under alkaline conditions, 

followed by reduction of the Cu2+ to Cu+. The amount of reduction is proportional to the 

protein present. It has been shown that cysteine, cystine, tryptophan, tyrosine, and the 

peptide bond are able to reduce Cu2+ to Cu+. BCA forms a purple-blue complex with Cu+ 

in alkaline environments, thus providing a basis to monitor the reduction of alkaline Cu2+ 

by proteins. 
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Procedure 

1. In a 96 wells plate 12.5 µL of protein sample were mixed with 100 µL of BCA 

Working Reagent (prepared by mixing 50 parts of Reagent A with 1 part of 

Reagent B) 

2. The plate was incubated for 30 minutes at 37 °C. This allowed purplish color 

development with a peak of absorbance of 562 nm. 

3. The absorbance of the sample at 570 nm was recorded using a plate reader 

(VICTOR2, Wallac) and the protein concentration was determined by comparison 

to a standard curve (using BSA). 

 

3.11 DNA fragmentation analysis protocol 
 

3.11.1 DNA extraction 

 

The characteristic breakdown of the nucleus during apoptosis comprises collapse and 

fragmentation of the chromatin, degradation of the nuclear envelope and nuclear 

blebbing, resulting in the formation of micronuclei. Therefore, DNA fragmentation can be 

a useful tool for identifying a distinctive feature of apoptosis at the biochemical level. 

This method was used as a qualitative method for detecting apoptosis.  

Procedure 

1. A549 (15×106 cells/sample) were plated in complete medium. The day after, the 

cells were incubated with 100 nM ouabain for 24 hours.  

2. Jurkat (15x106 cells/sample) were incubated with 100nM ouabain for 24 hours.  

3. At the end of the treatment the culture medium was removed and centrifuged at 

3000 × g for 5 min to collect detached cells.  

4. Cells were lysed with 500 μL of hypertonic lysis buffer (400 mM NaCl, 10 mM 

tris-HCl pH 7.8, 1 mM EDTA, 0.1% NP40) and then pooled with pellets made of 

detached cells.  

5. RNA was digested using RNase (0.1 mg/ml at 37 °C for 1 h) followed by 
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proteinase K treatment for 2 h at 50 °C.  

6. DNA was extracted with a mixture of phenol, chloroform, and isoamyl alcohol 

(25:24:1). 

7.  DNA was precipitated by adding an equal volume of isopropyl alcohol, stored 

overnight at 20 °C, and centrifuged at 12,000 × g for 15 min at 4 °C.  

8. The pellet was air-dried, resuspended in 20 μL tris acetate EDTA buffer 

supplemented with 2 μL of sample buffer (0.25% bromphenol blue, 30% glyceric 

acid, 0.62 mM Ficoll 400).  

 

Tris-acetate-EDTA (TAE) (50X):  

40 mM Tris-acetate  

1 mM EDTA (pH 8.0)  

 

3.11.2 DNA spectrophotometric quantification 

 

Using the Beer-Lambert law it is possible to relate the amount of light absorbed to the 

concentration of the absorbing molecule (in our case, DNA). At a wavelength of 260 nm, 

the extinction coefficient for double-stranded DNA is 50 (μg/ml) -1 cm-1. Thus, an optical 

density (or “OD”) of 1 corresponds to 50 µg/ml for double-stranded DNA. The 

absorbance of DNA samples at 260 nm and 280 nm, diluted in sterile distilled water, was 

used to evaluate DNA concentration and protein contamination (A260/A280 ratio). The 

concentration of DNA was calculated by the following equation:  

[DNA] in μg/μL = (A260 x D)/1000 

Where 1 optical density unit is equivalent to 50 μg/ml double stranded DNA, and D is the 

dilution factor.  
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3.11.3 Agarose gel electrophoresis of DNA 

 

Agarose (2 %) was dissolved in boiling 1X TAE buffer containing 1 μg/ml ethidium 

bromide. The gel was then cast on a gel bed with a suitable comb using a horizontal gel 

apparatus. Gel was placed in an electrophoresis tank containing 1X TAE buffer to a level 

just above the gel surface. Equal amount of sample were loaded into gel. During 

electrophoresis an electrical potential difference of 6 V/cm was applied to the gel. Gel 

was then visualized and photographed using Gel Doc (BioRad).  

 

Tris-acetate-EDTA (TAE) (50X):  

40 mM Tris-acetate  

1 mM EDTA (pH 8.0)  

 

Running buffer:  

0.8 mM Trizma base  

20 mM Glacial acetic acid  

0.02 mM EDTA (pH 8.0)  

0.1 μg/mL Ethidium bromide  

Ethidium bromide is an intercalating fluorescent compound used as nucleic acid stain for 

both double-stranded DNA and single-stranded RNA. When excited at 260 nm 

wavelength it emits fluorescence at 590 nm.  
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3.12 RNA methodology 
 

3.12.1 Total RNA extraction. 

 

Total RNA was extracted from cells using RNAqueous extraction kit (Ambion). 

Procedure: 

1. A549 (3×106 cells) were plated in complete medium. The day after cells were 

incubeted with 100 nM ouabain for the indicated time.  

2. At the end of the treatment cells were detached, centrifuged, suspended in 350 μL 

of Lysis/Binding Solution and pipetted up and down several times to completely 

lyse the cells and obtain a homogenous lysate. 

3. Then 350 μL of 64 % ethanol was added to the lysate and gentle mixed 

4. The lysate-ethanol mixture was applied to a filter cartridge assembled in a 

collection tube (supplied in the kit) and centrifuge 30 sec at 15000 rcf. 

5. 700 μL of Wash Solution #1 was applied to the filter cartrige and then centrifuged 

30 sec at 15000 rcf. The flow-through was discarded. 

6. 500 μL of Wash Solution #2/3 was added to the filter cartrige and then centrifuged 

30 sec at 15000 rcf. The flow-through was discarded. This step was repeated two 

times. 

7. Finally the filter cartrige was putted into a fresh collection tube and 40 μL of 

preheated Elution Solution was added in the center of the filter. The eluate was 

recovered by centrifugation for 30 sec at 15000 rcf. This step was repeated two 

times and the second elution was collected into the same tube as the first elution.  

8. The RNA was mixed with 40 μL of LiCl Precipitation Solution, incubated at -20 

C for 60 minutes and centrifuged at 12,000 g for 15 min at 4°C. RNA appeared as 

a gel-like pellet, and the supernatant was removed.  

9. RNA was washed with 75 % ethanol in RNAse-free water (1 ml ethanol) and 

centrifuged at 11,000 g for 15 min at 4°C. Afterwards, RNA was briefly air-dried, 

then dissolved in RNAse-free water and stored at -80°C.  
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RNase-free water: 

0.01% diethylpyrocarbonate (DEPC) 

Autoclaved distilled water in RNase-free glass bottles 

 

3.12.2 Preparation of RNA sample prior to RT-PCR.  

 

Duplicate tubes were prepared for the positive and negative reverse transcriptase (RNA) 

samples used in the amplification reaction. To avoid DNA contamination all samples 

were treated for 15 min at room temperature with Deoxyribonuclease I, Amplification 

Grade (Invitrogen). To a RNase-free 0.5-ml microcentrifuge tube were added the 

following:  

7 μL RNA sample  

1 μL 10X DNase I Reaction Buffer (200 mM Tris-HCl pH 8.4, 20 mM MgCl2, 500 mM 

KCl)  

0.5 μL DNase I, Amp Grade, 1U/μL 

DEPC-treated water to 10 μL 

After an incubation of 30 minutes at room temperature, DNase I was inactivated by the 

addition of 1 μL of 25 mM EDTA solution (pH 8.0) (Invitrogen) to the reaction mixture. 

DNase was completely denatured by heating at 70°C for 15 min.  

 

3.12.3 Agarose gel electrophoresis of RNA for quality determination 

 

Agarose was dissolved in boiling  1X TAE buffer. The gel was than cast on a gel bed 

with a suitable comb using a horizontal gel apparatus. Gel was placed in an 

electrophoresis tank containing 1X TAE buffer to a level just  above the gel surface. For 

gel electrophoresis, to each RNA sample was added 0.62 mM Ficoll 400 (Sigma Aldrich), 

a highly branched sucrose and epichlorohydrin copolymer that acts as a stabilizer in the 

electrolyte, and 4 μg/mL Orange G sodium salt (Sigma Aldrich), as tracking dye for 

nucleic acid gel electrophoresis. During electrophoresis an electrical potential difference 

of 6 V/cm was applied to the gel. Gel was then placed on a 3UV transilluminator for 
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viewing. A single fluorescent band near the loading lane is assigned to high molecular 

weight RNA, while a fluorescent smear directed to the anode suggests partial or total 

RNA degradation.  

 

3.12.4 RNA spectrophotometric quantification  

 

The yield of total RNA was determined by measuring the spectrophotometric absorption 

at 260 nm. The absorbance of RNA samples at 260 nm and 280 nm, diluted in sterile 

distilled water, was used to evaluate protein contamination (A260/A280 ratio). A260 

should be higher than 0.15, with an absorbance of 1 unit at 260 nm corresponding to 40 

μg RNA per ml. This relation is valid only for measurements at neutral pH. The 

A260/A280 ratio was determined and used to assess the purity of the sample. The 

concentration of RNA purified was calculated by the following equation:  

[RNA] in μg/μL = (A260 x D)/1000  

Where 1 optical density unit is equivalent to 40 μg/mL single-stranded RNA, and D is the 

dilution factor.  

 

3.12.5 First-Strand cDNA Synthesis 

 

Retrotranscription reaction mixture was prepared in a final volume of 10 μL. The 

following components were added to a nuclease-free microcentrifuge tube:  

1 μL 75 ng/μL Random examers (Invitrogen) 

0.5 μL 10 mM dNTP Mix (Sigma Aldrich) 

5 μL total RNA  

The mixture was heated to 65°C for 6 min for primer annealing and incubated on ice for 

at least 1 min. To the tubes was then added:  

2 μL 5X RT Buffer (Fermentas) 

0.5 μL RNase OUT (Invitrogen) 

0.5 μL SuperScriptTM III Reverse Transcriptase (Fermentas) 

SuperScript™ III Reverse Transcriptase is an engineered version of M-MLV (Moloney 

Murine Leukemia Virus) RT, with RNase H activity and an increased thermal stability. 
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RT reaction was performed at 50°C for 70 min and inactivated by heating at 75°C for 15 

min. cDNA was stored at -20°C until use. 

 

3.12.6 Amplificability of cDNA samples 

 

Many substances are known RT-PCR inhibitors and may compromise DNA 

amplificability: haemoglobin, urea, humic acid, citric acid, polysaccharides, bilirubin, 

heparin, DNA extraction reagent residues, chelants, Triton X-100, and sodium dodecyl 

sulfate (Wilson, 1997). Amplification of a fragment of glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was used as a control for DNA quality and amplificability. 

Non-amplificable sample DNA was re-extracted and the amplification of the GAPDH 

house-keeping gene was repeated. To specifically amplify a 101 base pair (bp), the 

GAPDH fragment primers reported in Table 3 (see below) were used.  

cDNA samples were amplified using HotStarTaq® DNA Polymerase (Invitrogen) in a 

MX 3000P Thermal Cycler (Stratagene). All reaction mixtures were prepared in an area 

separate from that used for DNA preparation, and disposable tips containing hydrophobic 

filters were used to minimize cross-contamination.  

PCR mix composition:  

1 μL 10X PCR Buffer (Invitrogen) 

0.25 μL 25 mM MgCl2  

0.25 μL dNTP mix (Sigma) 

500 nM Forward Primer  

500 nM Reverse Primer  

2.5 units/reaction HotStarTaq DNA Polymerase (Invitrogen) 

0.5 μL cDNA  

DEPC water to 10 μL  

A negative control (without template DNA) was always included to evaluate accidental 

reagent contamination.  
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Each PCR program started with an initial heat activation step at 94°C for 4 min, followed 

by 30 cycles of 30 s at 94°C, 30 s at 60°C and 72°C for 30 s. At the end, the mix is 

maintained at 72°C for 7 min, and then cooled to 25°C until reaction stop. The final PCR 

products were detected by agarose gel electrophoresis and stained with 1.6 % GelRed 

(Biotium Inc., U.S.A.). 

 

3.12.7 Real Time Quantitative PCR 

 

Real Time PCR allows one to measure the amount of PCR product after each round of 

amplification, making use of a fluorescent label that binds to the accumulating DNA  

molecules. Fluorescence values are recorded during each cycle of the amplification 

process. The fluorescent signal is directly proportional to the DNA concentration. The 

linear correlation between PCR products and fluorescence intensity is used to calculate 

the amount of template present at the beginning of the reaction. Within the exponential 

increase phase, the point upon the amplification baseline at which the detected 

fluorescence is significantly higher than the background signal is called the threshold 

cycle or Ct Value; it is inversely correlated to the logarithm of the initial DNA copy 

number. At the threshold level it is assumed that all reactions contain an equal number of 

specific amplicons. As a qPCR detection method the fluorescent binding dye SYBR® 

Green I was used: it binds all double-stranded DNA (dsDNA). After excitation at 497 nm, 

an increase in emission fluorescence at 520 nm results during the polymerization step 

followed by a decrease as DNA is denatured. Fluorescent measurements are taken at the 

end of the elongation step of each PCR cycle. SYBR® Green I binds non-specifically to 

any dsDNA, which results in non specific fluorescence. Non-specific binding yields 

fluorescence readings in the "no template control" (NTC) due to dye molecules binding to 

primer dimers and misprimed products. The specificity of qRT-PCR was tested in 

reaction without reverse transcriptase (no-RT control) to evaluate the specificity of DNA 

amplification, with DNase-digested RNA. qPCR was performed in a final volume of 10 

μL.  
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Reaction mix composition:  

5 μL SYBRGreen JumpStart Taq ReadyMix (Sigma Aldrich) 

0.1 μL ROX  

200 nM Forward Primer (see Table 3) 

200 nM Reverse Primer (see Table 3) 

0.5 μL cDNA  

DEPC water to 10 μL  

Typical thermal profile: initial denaturation (94°C, 2 min), 50 cycle denaturation (94°C, 

30 s), primer annealing (60°C, 30 s), and elongation (72°C, 40s) steps, followed by a final 

denaturation step (72°C, 7 min).  

To test reaction efficiency, a standard curve was generated performing qPCR with a serial 

dilution of template containing the PCR target, and extending past both the highest and 

lowest levels of target expected in test samples.  
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Table 3. Real Time RT-PCR primer pairs. 

 

 Gene Primer sequence (5’-3’) 

Homo sapiens glyceraldehyde-3-

phosphate dehydrogenase 

(GAPDH), mRNA  

Forward primer CACCATCTTCCAGGAGCGAG 

Reverse primer  CCTTCTCCATGGTGGTGAAGAC 

Homo sapiens ATG4 autophagy 

related 4 homolog B (S. 

cerevisiae) (ATG4B), mRNA 

Forward primer ATCGCTGTGGGGTTTTTCTG 

Reverse primer  GACCCCAGGATTTTCAAAGG 

Homo sapiens beclin 1, 

autophagy related (BECN1), 

mRNA  

Forward primer TGAATGAGGATGACAGTGAACA 

Reverse primer CATCTGGTTTTCAACACTCTTC 

Homo sapiens ATG12 autophagy 

related 12 homolog (S. 

cerevisiae) (ATG12), mRNA 

Forward primer CTTACGGATGTCTCCCCAGA 

Reverse primer ATGAGTCCTTGGATGGTTCG 

VPS34 Homo sapiens 

phosphoinositide-3-kinase, class 

3 (PIK3C3), mRNA  

Forward primer AAGCAGTGCCTGTAGGAGGA 

Reverse primer TGTCGATGAGCTTTGGTGAG 

Homo sapiens BCL2/adenovirus 

E1B 19kDa interacting protein 3  

(BNIP3), mRNA 

Forward primer CTCCACCAGCACCTTTTGATGA 

Reverse primer  GAACGCAGCATTTACAGAACAA 

Homo sapiens BCL2/adenovirus 

E1B 19kDa interacting protein 3-

like (BNIP3L), mRNA  

Forward primer CTACCCATGAACAGCAGCAA 

Reverse primer ATCTGCCCATCTTCTTGTGG 
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3.13 Statistical analysis 
 

Results are presented as mean ± standard error of the mean (SE). Statistical significance 

of the differences between experimental groups were calculated by one-way ANOVA 

followed by the linear trend’s, Dunnett’s or Bonferroni’s Multiple Comparison Test; 

P<0.05 was considered to be statistical significant. Graphs and statistical analysis were 

performed using GraphPad Prism version 5.0 for Windows, GraphPad Software. 
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Results  

 
4.1 Effect of ouabain on cell survival and proliferation 

 

Exponentially growing cultures of Jurkat and A549 cells were incubated with increasing doses of 

ouabain and the number of viable cells was evaluated after 24 h of treatment using MTT test. 

Ouabain elicited a decrease in cell viability in a dose- and time-dependent manner in both cell lines 

with a maximum effect at 100 nM, the highest dose used (figure 17).  
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Figure 17. Effect of ouabain on cell viability in A549 (A) and Jurkat (B) cells. Both A549 and Jurkat 

cells were incubated with ouabain (1-100 nM) for 24 h, MTT assay was performed as described in 

Methods. Data are expressed as mean ± SE of four experiments performed in sixtuplicate. P<0.0001, 

One-way ANOVA, post-test for linear trend. 
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A reduction of tumor cell number determined by MTT test might depend upon the occurrence of 

cell death (cytotoxic effect) or antiproliferative activity (cytostatic effect). Thus, to further 

characterize the effects of ouabain on MTT reduction, the ability of the cardenolide to induce cell 

death or to affect proliferation was further investigated. Jurkat and A549 cells were exposed for 24 

or 48 h to different concentrations of ouabain, then phosphatidylserine translocation at the cell 

surface and cell membrane permeability was measured by flow cytometric analysis of Annexin V–

FITC/PI staining. Double-staining of cells with Annexin V and PI allows for the discrimination of 

living cells (unstained with either fluorochrome, Annexin V−/PI−) from early apoptotic cells 

(Annexin V+/PI−), late apoptotic cells (Annexin V+/PI+) or necrotic cells (stained only with PI). 

Figure 18 shows that ouabain caused an increase in the percentage of cells in both early and late 

apoptosis, without any significant increase in the percentages of necrotic cells (Annexin V−/PI+) at 

50 and 100 nM.  
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Figure 18. Effect of ouabain on annexin V binding in A549 (A) and Jurkat (B) cells. Cells were treated 

with ouabain (10-100nM) for the indicated time. Then flow cytofluorimetric analysis of Annexin V 

binding was performed as described in Methods. Data are expressed as mean ± SE. of four experiments 

performed in triplicate. ***P<0.0001, *P<0.05 One-way ANOVA, post-test Dunnet 
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At low concentration (1-20 nM) ouabain induced an antiproliferative effect, as seen with Trypan 

blue exclusion assay and clonogenic assay. Trypan blue exclusion assay showed that ouabain (20 

nM) caused a decrease in the number of A549 and Jurkat cells with no increase in the fraction of 

Trypan blue permeable cells. The antiproliferative effect of low concentrations of ouabain was clear 

after 72 hours of treatment (figure 19).  
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Figure 19. Effect of ouabain on cell number measured by Trypan blue exclusion in A549 (A) and Jurkat 

(B). Cells were incubated with ouabain (1-20 nM) for 72 h. Ouabain did not increase the percentege of 

Trypan blue permeable cells respect to the control. Data are expressed as mean ± SE of four experiments 

preformed in duplicate. ***P<0.0001 (vs control) One-way ANOVA, post-test Dunnet 
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The clonogenic assay was performed to confirm the antiproliferative action of low concentrations of 

ouabain in A549 cells. Clonogenic assay is a technique for studying the effectiveness of specific 

agents on the survival and proliferation of cells and for detecting slight effect on cell grown not 

detectable with other methods. Figure 20 shows that incubation of cells in a medium containing 20 

nM ouabain for 8 days significantly reduced the number of A549 colonies. These results indicate 

that low concentrations of ouabain inhibit cell proliferation while ouabain concentrations above 50 

nM induce cell death both in A549 and Jurkat cells.  
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Figure 20. Effect of ouabain on colony formation in A549 cells. Cells were treated with ouabain (1-20nM) 

for eight days. At the end of the treatment colony formation was measured as described in Methods. (A) 

Data are expressed as mean ± SE of three indipendent experiments performed in duplicate. **P<0.001 (vs 

control) One-way ANOVA, post-test Dunnet (B) Images of wells treated with Crystal violet from a 

representative experiment are shown. Images were collected using VersaDOC (Bio-Rad) (80mm plane)  
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In the last years many in vitro studies have demonstrated that cardiac glysosides regulate cell 

survival and proliferation in a different manner depending whether the cell line is normal (inducing 

proliferative and antiapoptotic effects) or is a cancer cell line (inducing cell death) (see 

Introduction). In agreement with these reports, we have previously demonstrated that nanomolar 

concentrations of ouabain have an antiapoptotic effect in HUVEC (Trevisi et al., 2004). In order to 

compare the effect of ouabain in not transformed human lymphocytes with its effect on Jurkat, a 

series of experiments were performed with human peripheral blood mononuclear cells (PBMC). 

Figure 21 shows that incubation of PBMC for 48 h with (10-100 nM) didn’t increase AnnexinV/PI 

binding, thus demonstrating that in normal blood mononuclear cells ouabain is not cytotoxic. 

However, in contrast to HUVEC and other normal cell lines, ouabain did not protect PBMC from 

apoptosis induced by staurosporine. 
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Figure 21. Effect of ouabain on Annexin V binding in PBMC. (A) Cells were treated with ouabain at the 

indicated concentration for 48 hours (B) Cells were incubated with ouabain at the indicated 

concentration and then staurosporine 1μM was added for 24 hours. 

At the end of the treatment flow cytometry analysis of Annexin V binding was performed, as described 

in Methods. Data are expressed as mean ± SE of three indipendent experiments performed in triplicate. 

***P<0.0001 (vs control) One Way ANOVA, post test Dunnet 
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4.2 Signaling pathways activated by ouabain 
 

4.2.1 Src-MEK-ERK pathway 

 

Binding of ouabain to Na/K ATPase stimulates Src kinase, which in turn phosphorylates EGFR, 

leading to activation of Ras-Raf-MEK-ERK pathway (see Introduction). Rapid activation of Src 

family kinases after ouabain binding to the Na/K ATPwas demonstrated in different cells types, 

including cardiac myocytes, vascular smooth muscle cells and kidney epithelial cells (Aydemir-

Koksoy et al., 2001; Haas et al., 2000; Haas et al., 2002). Furthermore, it has been suggested that 

the antiproliferative and apoptotic effect of bufalin in PC-12 cells is due to a sustained ERK 

activation and cell cycle arrest (Subramaniam and Unsicker, 2006). For this reason, it was 

investigated whether ouabain induces activation of Src-ERK pathway also in Jurkat and A549 cells. 

Western blotting analysis showed that in both cell lines the treatment with 100 nM ouabain induced 

an increase in Src and ERK 1/2 phosphorylation that was detected after 30 min and persisted after 

24 h (Figure 22). To investigate the role of Src and ERK activation in the cytotoxic action of 

ouabain two inhibitors were used: PP2, a specific inhibitor of Src family kinases (Hanke et al., 

1996) and U0126, a specific inhibitor of MEK, the kinase that activates ERK 1/2 (Favata et al., 

1998). As shown in figure 23A, treatment of A549 cells with PP2 (50 μM) or U0126 (10 μM) did 

not abolish the cytotoxic activity of 100 nM ouabain. In Jurkat both inhibitors attenuated the effect 

of ouabain (figure 23B). 
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Figure 22. Western blot analysis of Src and ERK phosphorylation in A549 (A) and Jurkat (B) cells. 

Cells were treated with or without ouabain 100 nM for the indicated time. At the end of the treatment 

cells were lysed and Western blot analysis was performed as described in Methods. A rapresentative 

experiment is shown. 



Results 
 

86 
 

 

A 

C OU C OU C OU
0

2

4

6

8

10

- inhibitors
+ PP2 (50 µM)
+ U0126 (10 µM)

**

*
**

An
ne

xi
n 

V 
+

(%
 c

el
ls

)

  
B 

C OU C OU C OU
0

10

20

30

40

- inhibitors

+ U0126 (10 µM)
+ PP2 (50 µM)

***

§

§ **

An
ne

xi
n 

V 
+

(%
 c

el
ls

)

 
 
 
Figure 23. Effect of Src and MEK inhibition on the cytotoxic action of ouabain in A549 (A) and Jurkat 

(B) cells. Cells were pretreated with PP2 (50 μM) or U0126 (10 μM) for 30 minutes before ouabain (100 

nM) addition and incubated for further 24 hours (inhibitors were present in the medium during all the 

treatment). Then flow cytometric analysis of Annexin V binding was performed as described in 

Methods. Data are expressed as mean ± SE of two indipendent experiment performed in duplicate. 

***P<0.0001, **P<0.001,*P<0.05 (vs control); § P<0.05 (vs ouabain alone). One Way ANOVA post 

test Bonferroni 
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4.2.2 PI3K-Akt pathway 

 

Akt, a serine threonine kinase, promotes cell survival and inhibits cell death by phosphorylating 

several downstream targets, which include effectors such as Forkhead transcription factors (FKHR) 

and mTOR (Benbrook and Masamha, 2011). It has been demonstrated that oleandrin decreases the 

amount of the active form of Akt (phospho-Akt) in several cancer cell lines U-937 (histiocytic 

lymphoma), HL-60 (human promyelocytic lymphoma) Hela (human cervix) and MCF-7 (human 

breast) (Raghavendra et al., 2006).  

In agreement with these results, ouabain (100 nM) caused a decrease of phospho-Akt levels clearly 

visible after 4 h both in A549 and Jurkat cells (figure 24 and 25). Levels of total Akt were not 

modified by ouabain treatment indicating that ouabain reduced Akt activation without affecting 

total protein levels. 

 

Akt

p-Akt

C        0.5h       1h         2h        4h       8h       12h 24h

Akt

p-Akt

C        0.5h       1h         2h        4h       8h       12h 24h  
 

30' 60' 2h 4h 8h 12h 24h
0

50

100

150

OUABAIN 100nM

** *** *** ***

p 
Ak

t/A
kt

 T
O

T 
(O

.D
.)

%
 c

on
tr

ol

 
 
 

Figure 24. Effect of ouabain on Akt phosphorylation in A549 cells. Cells were treated with 100 nM 

ouabain for the indicated time. At the end of the treatment cells were lysed and subjected to Western 

blotting analysis as described in Methods. Data are the mean ± SE of three independent experiments, 

**P<0.01, ***P<0.001 One Way ANOVA post test Dunnet 
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Figure 25. Effect of ouabain on Akt phosphorylation in Jurkat cells. Cells were treated with 100 nM 

ouabain for the indicated time. At the end of the treatment cells were lysed and subjected to Western 

blotting analysis as described in Methods. Data are the mean ± SE of three independent experiments, 

**P<0.01. One Way ANOVA post test Dunnet 
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4.2.3 ROS pathway 

 

ROS production by mitochondria is an essential second messenger for many, but not all, of the 

downstream events that are linked to Na/K ATPase (Liu and Xie, 2010), thus the effect of ouabain 

on intracellular ROS was determined by flow cytometry in the two cell lines. As shown in Figure 

26, 100 nM ouabain induced an increase in ROS levels only in A549 cells. Intracellular ROS levels 

were very high (+ 700 %) after 15 h of treatment.  

To verify the involvement of ROS in the mechanism of cell death induced by ouabain in A549 cells, 

it was tested the effect of the antioxidant N-acetylcystein (NAC) on ouabain induced ROS 

production and cell death. NAC is a ROS scavenger acting as cystein prodrug and GSH precursor 

both in vivo and in vitro (Weinander et al., 1994). As expected, the presence of NAC in the 

incubation medium prevented the increase of intracellular ROS (figure 27 A). However, the 

treatment of cells with NAC did not block ouabain-induced cell death (figure 27 B). 
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Figure 26. Effect of ouabain on intracellular ROS in A549 (A) and Jurkat (B) cells. Cells were treated 

with 100 nM ouabain for the indicated time, at the end of the treatment intracellular ROS production was 

determined by flow cytometric analysis of CM-H2DCFDA fluorescence as described in Methods. Data 

are the mean ± SE of three independent experiments perfermed in duplicate, ***P<0.001 (vs control) 

One Way ANOVA post test Dunnet 
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Figure 27. Effect of NAC (10 mM) on ouabain induced ROS production and cell death in A549 cells. (A) 

Cells were pretreated with NAC for 30 minutes and then 100 nM ouabain was added for 15 h (NAC was 

present during all the treatment), then intracellular ROS production was determined by flow cytometry 

as described in Methods; data are the mean ± SE of three independent experiments perfermed in 

duplicate, ***P<0.001 (vs control), §§ P<0.01 (vs ouabain). (B) Cells were pretreated with NAC for 30 

minutes and then 100 nM ouabain was added for 24 h (NAC was present during all the treatment), then 

flow cytometric analysis of Annexin V binding was performed as described in Methods; data are 

expressed as mean ± SE of three indipendent experiment performed in duplicate, **P<0.01 (vs control) 

One Way ANOVA post test Dunnet 
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4.3 Biochemical analysis of ouabain induced cell death 
 

In order to characterize the type of cell death induced by ouabain, some biochemical and 

morphological features were investigated. 

 

4.3.1 Bcl-2 levels 

 

Antiapoptotic members of the Bcl-2 family (e.g., Bcl-2, Bcl-xL, Bcl-w, Mcl-1, and A1) contain four 

BH domains which are absolutely required for their survival functions. The BH1–BH3 domains 

form a hydrophobic groove and the N-terminal BH4 domain stabilizes this structure. These domains 

do not have any enzymatic activity but mediate the interaction of Bcl-2 with other protein partners 

acting as membrane bound scavengers for BH3-containing death factors and other proapoptotic 

molecules (Borner, 2003).  

It has been shown that Bcl-2 is cleaved in cells undergoing programmed cell death (Borner, 2003). 

In agreement with these results it was found that incubation with ouabain (100 nM) caused a 

decrease of Bcl-2 expression in both cell lines. In A549 cells this decrease occurred since 2 h of 

treatment while in Jurkat cells Bcl-2 reduction was evident after 4 h of treatment. 
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Figure 28. Effect of ouabain on Bcl-2 expression in A549(A) and Jurkat (B) cells. Cells were treated 

with 100 nM ouabain for the indicated time. At the end of the treatment cells were lysed and subjected to 

Western blotting analysis as described in Methods. Data are the mean ± SE of three independent 

experiments, *P<0.05, **P<0.01, ***P<0.001 (vs control). One Way ANOVA, post test Dunnet 
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4.3.2 Mitochondrial membrane potential 

 

The Bcl-2 family of proteins are involved in regulating cell survival. In fact their scavenger action 

against proapoptotic molecules prevent the opening of pores on the OMM (outer mitochondrial 

membrane) that caused a mitochondrial membrane depolarization and a release of apoptogenic 

proteins (Bernardi P et al., 2001). 

Mitochondrial membrane potential was assessed using TMRM, a cationic lipophilic dye that enters 

the negatively charged mitochondria where it accumulates depending on the inner-membrane 

potential. When the mitochondrial ΔΨm collapses in apoptotic cells, TMRM dyes no longer 

accumulate inside the mitochondria and become more evenly distributed throughout the cytosol. 

When dispersed in this manner, overall cellular fluorescence levels drop dramatically. 

Ouabain (100 nM) induced mitochondrial membrane depolarization clearly visible after 3 h of 

treatment in A549 cells. Mitochondrial membrane depolarization kinetic induced by ouabain in 

Jurkat was slightly different, with a small increase after 3 h of treatment and a subsequent decrease 

that was maximal after 9 h. A transient mitochondrial hyperpolarization before reduction of MMP 

was observed in Jurkat. A form of mitochondrial hyperpolarization that shortly preceded the late 

events of swelling and rupture of the outer membrane has been attributed to the energy of the proton 

gradient not being dissipated by ATP synthesis, producing a hyperpolarized state (Marzo et al., 

1998). A more recent study of p53-induced apoptosis demonstrated that the generation of reactive 

oxygen species led to a transient increase in MMP after induction of p53 expression, just preceding 

mitochondrial depolarization (Li et al., 1999). However, the precise mechanism(s) involved in 

mitochondrial hyperpolarization is still unclear. 

http://jpet.aspetjournals.org/content/305/2/474.full#ref-21�
http://jpet.aspetjournals.org/content/305/2/474.full#ref-21�
http://jpet.aspetjournals.org/content/305/2/474.full#ref-17�
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Figure 29. Effect of ouabain on mitochondrial membrane potential. Cells were treated with 100 nM 

ouabain for the indicated time. At the end of the treatment flow cytometric analysis of TMRM 

fluorescence was performed as described in Methods. Data are the mean ± SE of three independent 

experiments performed in duplicate, *P<0.05, ***P<0.001 (vs control Jurkat); §§P<0.001, §§§P<0.0001 

(vs control A549). One Way ANOVA post test Dunnet 
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4.3.3 Caspase 3/7 activation 

 

Caspases are a family of cysteine proteases that cleave their target proteins next to aspartate amino 

acids and are the central component of the apoptotic pathway. Caspase 3/7 activity was assessed in 

both cell lines after ouabain treatment  

In Jurkat cells ouabain (50-100 nM) caused a significant activation of caspase 3/7 that was maximal 

after 18 h of incubation (figure 30). 
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Figure 30. Effect of ouabain on caspase 3/7 activity in Jurkat cells. Cells were treated with the 

indicated concentration of ouabain for 18 hours. At the end of the treatment caspase 3/7 activity 

was measured as described in Methods. Data are the mean ± SE of three independent experiments 

performed in duplicate, **P<0.001 (vs control) One Way ANOVA post test Dunnet 
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On the contrary, no caspase 3/7 activation was found in A549 cells treated with ouabain for 

respectively 6, 12 and 24 hours (figure 31). Cells were able to respond to staurosporine, a classical 

stimulus that induces an increase in caspase 3/7 activity. 
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Figure 31. Effect of ouabain on caspase 3/7 activity in A549 cells. Cells were treated with the indicated 

concentration of ouabain for the indicated time. At the end of the treatment caspase 3/7 activity was 

assessed as described in Methods. Data are the mean ± SE of three independent experiments performed 

in duplicate. **P<0.001 (vs control) One Way ANOVA post test Dunnet 
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As expected, treatment of Jurkat cells with the pan caspase inhibitor Z-VAD-fmk, (Slee et al., 

1996) abolished the cytotoxic effect of ouabain as evidenced by the decrease of Annexin V+ cells 

(figure 32). In A549 cells, the same treatment caused a decrease in Annexin V+/PI- cells (figure 33 

A) with no effect on Annexin V+/PI+ cells (figure 33 B), indicating that Z-VAD-fmk did not block 

the increase in membrane permeability caused by the death process. This was confirmed by the 

analysis of morphological cell features acquired during flow cytometry (figure 34) and by 

microscopic evaluation (figure 35). 

The inability of Z-VAD-fmk to block ouabain induced cell death in A549 was further confirmed 

using a cell viability test based on the measure of intracellular ATP. As shown in figure 36 there 

was no difference in ATP levels between cells treated with ouabain plus Z-VAD-fmk or ouabain 

alone (figure 36). Overall, these data indicate that decrease of Annexin V+/PI- in A549 cells treated 

with ouabain plus Z-VAD-fmk is not related to an inhibition of cell death and, in this case, could be 

considered as an artefact. 
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Figure 32. Effect of Z-VAD-fmk on cytotoxic effect of ouabain in Jurkat cells. Cells were pre treated 

with Z-VAD-fmk (100 μM) for 60 minutes and then ouabain 100 nM was added for 24 hours (the 

inhibitor was present during all the treatment). Then flow cytometric analysis of Annexin V/PI binding 

was performed as described in Methods. Data are the mean ± SE of three independent experiments 

performed in duplicate, **P<0.001. (vs control) One Way ANOVA post test Dunnet 
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Figure 33. Effect of Z-VAD-fmk on Annexin/PI binding in A549 cells treated with ouabain. (A.) 

AnnexinV+/PI- cells. (B) Annexin V+/PI+ cells. Cells were pretreated with Z-VAD-fmk (100 μM) for 

60 minutes and then ouabain 100 nM was added for 24 hours (the inhibitor was present during all the 

treatment). Then flow cytometric analysis of Annexin V/PI binding was preformed as described in 

Methods. Data are the mean ± SE of three independent experiments performed in duplicate, **P<0.001, 

***P<0.0001 (vs control) One Way ANOVA post test Dunnet 
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Figure 34. Morphology of A549 cells treated with ouabain with or without Z-VAD-fmk. Cells were 

pretreated with Z-VAD-fmk (100 μM) for 60 minutes and then ouabain 100 nM was added for 24 hours  

(the inhibitor was present during all the treatment). At the end of the treatment flow cytometric analysis 

of morphology was preformed as described in Methods. FS: forward scatter; SS: side scatter. A 

representative experiment is shown. 
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Figure 35. Microscopical examination of A549 cells treated with ouabain with or without Z-VAD-fmk. 

Cells were pre treated with Z-VAD-fmk (100 μM) for 60 minutes and then ouabain 100 nM was added 

for 24 hours  (the inhibitor was present during all the treatment).. At the end of the treatment images 

were collected using a Nikon inverted microscope (20X plane) provided with a digital camera. A 

representative experiment is shown. 
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Figure 36. Intracellular ATP content in A549 cells treated with ouabain with or without Z-VAD-fmk. Cells 

were pretreated with Z-VAD-fmk (100 μM) for 30 minutes and then ouabain 100 nM was added for 24 

hours (the inhibitor was present during all the experiment). At the end of the treatment intracellular ATP 

analysis was performed as described in Methods. Data are the mean ± SE of three independent experiments 

performed in triplicate, ***P<0.0001 (vs control) One Way ANOVA post test Dunnet 
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4.3.4 Pattern of DNA fragmentation 

 

One hallmark of caspase-mediated apoptosis that may also propel cell differentiation is chromatin 

alteration and DNA damage/fragmentation. A select handful of nucleases have been implicated in 

apoptotic DNA fragmentation, and caspase-activated DNase (CAD) is the most characterized. CAD 

is held in check through association with its inhibitor, inhibitor of caspase-activated DNase (ICAD), 

which is cleaved by caspase 3 to release CAD. After activation, unobstructed CAD configures into 

a scissor-like dimer, cleaving DNA with minimal sequence specificity and creating fragments of 

200 bp or multiples (Larsen et al., 2010). This fragments, after loading in a agarose gel, give a 

characteristic pattern typical of apoptosis death.  

Analysis of DNA fragmentation pattern of A549 and Jurkat cells after treatment with 100 nM 

ouabain for 24 hours is shown in figure 37. It is observed that there is a different behaviour between 

the two cell lines. Jurkat cells treated with ouabain (line 4) showed the characteristic DNA ladder, 

typical for caspase-dependent apoptosis and similar to the fragmentation pattern obtained with 

Jurkat cells treated with staurosporine (positive control for caspase-dependent apoptosis, line 6). 

Diversely, A549 cells presented a smear of DNA that is not characteristic of caspase-dependent 

apoptosis and is similar to DNA obtained from Jurkat cells treated with H2O2 (positive control for 

caspase-independent cell death, line 5).  
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Figure 37. DNA fragmentation pattern of A549 and Jurkat cells treated with or without ouabain 

100 nM for 24 hours. Experiment was performed as described in Methods.1) A549 control; 2) 

A549 ouabain 100 nM; 3) Jurkat control; 4) Jurkat ouabain 100 nM; 5)Jurkat treated with H2O2 

200 μM 12 hours; 6) Jurkat treated with staurosporine 0.5 μM 12 hours. A representative 

experiment is shown. 
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4.4 Autophagic cell death in A549 cells 
 

Based on the above results showing that in Jurkat cells ouabain produces a decrease in antiapoptotic 

protein Bcl-2, an increase in mitochondrial permeabilty, caspase-dependent cell death and DNA 

ladder, we can affirm that ouabain induces caspase-dependent apoptosis in Jurkat cells, probably 

activating the mitochondrial (intrinsic) pathway.  

On the other hand, ouabain-induced cell death in A549 seems to proceed via a different mechanism 

from classical apoptosis, although some characteristics of this type of cell death are still present 

(Bcl-2 decrease and increase in mitochondrial permeability). Due to the multiple interconections 

between apoptosis and autophagy (see Introduction), we tested the hypothesis that ouabain-induced 

cell death could result from autophagy (also called type II-programmed cell death). 

To determine whether ouabain induces autophagy in A549 cells, we examined by 

immunofluorescence the intracellular distribution of the autophagy marker LC3 upon ouabain 

treatment. As shown in figure 37, a change in the distribution of LC3 fluorescence from a diffuse 

cytosolic pattern in untreated cells to a punctate pattern upon ouabain treatment was observed. 

Furthermore, an increased time-dependent conversion of the normal LC3-I to the autophagic LC3-II 

isoform was observed in cells treated with 100 nM ouabain (figure 38). Same data is obtained when 

cells are subjected to aminoacid starvation for 12 h (positive control for autophagy).  
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Figure 37. Immunocytochemical analysis of LC3 localization after ouabain treatment in A549 cells. 

Cells were treated with ouabain 100 nM for 12 h, then fixed with paraformaldehyde 4 % and subjected 

to immunocytochemistry as described in Methods. LC3 antybody was used. PI: propidium iodide, a 

nuclear staining. A representative experiment is shown.  
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Figure 38. Western blotting analysis of LC3 conversion in A549 cells treated with ouabain. Cells were 

treated with 100 nM ouabain for the indicated time. At the end of the treatment cells were lysed and 

subjected to Western blotting as descrived in Methods. C+: cells were starved in a saline buffer plus 

glucose for 12 h. Data are the mean ± SE of three independent experiments ***P<0.0001 (vs control) 

One Way ANOVA post test Dunnet 
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We also studied the autophagic flux after ouabain treatment, which is a more accurate reflection of 

the autophagic activity (Klionsky et al., 2008). This was achieved using chloroquine, a drug that 

block fusion of autophagosomes with lysosomes (Klionsky et al., 2008). If the amount of LC3-II 

further increases in the presence of chloroquine, this would indicate enhancement of the autophagic 

flux during ouabain treatment. Instead, if LC3-II levels remain unchanged, the increase in LC3-II 

would be due to inhibition of autophagic degradation. Thus, A549 cells were treated with ouabain 

100 nM for 12 hours and chloroquine (50 μM) was added two hours before the end of the treatment. 

Figure 39 shows that in ouabain-treated cells chloroquine induced a further increase in the 

accumulation of LC3-II, thus suggesting that ouabain enhanced the autophagic flux. 
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Figure 39. Effect of chloroquine on autophagic flux in A549 cells treated with ouabain. Cells were 

treated with ouabain 100 nM for 12 h. Where indicated chloroquine was added two hours before the 

end of the treatment. At the end of the treatment cells were fixed with paraformaldehyde 4% and then 

subjected to immunocytochemistry as described in Methods. LC3 antybody was used. PI: propidium 

iodide, a nuclear staining. A: control; B: ouabain 100 nM; C control + choloquine (50 μM); D ouabain 

100nM + chloroquine. A representative experiment is shown. 
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Another indicator of autophagic flux is obtained monitoring the degradation of adaptor protein p62. 

p62 is required for the formation of ubiquitinated protein aggregates and the interaction of p62 with 

both ubiquitinated proteins and LC3 is thought to mediate delivery of these aggregates to the 

autophagic system where the complex is degradated (Klionsky DJ et al., 2008). 

Western blotting analysis of p62 showed a decrease in p62 expression since 8 hours of incubation 

with ouabain 100 nM (figure 40). This data was confirmed by immunocytochemistry performed on 

cells after 12 hours of incubation with ouabain (figure 41A). Decrease of p62 expression induced by 

ouabain was enhanced if chloroquine was added 2 hours before the end of treatment (figure 41B). 
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Figure 40. Western Blotting analysis of p62 in A549 cells treated with ouabain. Cells were treated with 

100 nM ouabain for the indicated time, then cells were lysed and subjected to Western blotting as 

descrived in Methods. C+ cells were starved in a saline buffer plus glucose for 12 h.. Data are expressed 

as mean ± SE of three experiments. *P<0.05. One Way ANOVA post  test Dunnet 
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Figure 41. Effect of ouabain on p62 degradation in A549 cells in absence (A) or presence (B) of 

choloquine. Cells were treated with ouabain 100 nM for 12 hours. Where indicated 50 μM chloroquine 

(CQ) was added two hours before the end of the treatment. At the end of the treatment cells were fixed 

with paraformaldehyde 4% and then subjected to immunocytochemistry as described in Methods. LC3 

antibody was used. PI: propidium iodide, a nuclear staining.. A representative experiment is shown. 
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It is now emerging that the positioning of lysosomes regulates the mTOR complex 1 (mTORC1) 

signalling pathway (Korolchuk et al., 2011; Pous and Codogno, 2011). In fact, lysosomes are 

maintained at the periphery of the cell through a microtubule-dependent mechanism involving 

kinesins (KIF1B-β and KIF2A) and the monomeric GTPase ARL8B. mTORC1, which is bound to 

the cytoplasmic surface of lysosomes, is activated by upstream signalling when is located at the cell 

periphery. In case of autophagy, the increase in cytoplasmic pH prevents the transfer of lysosomes 

to a peripheral location through the release of kinesins and ARL8B from microtubules, resulting in 

the accumulation of lysosomes in the perinuclear area and inactivation of mTORC1. A major 

consequence of mTORC1 inactivation is the stimulation of autophagosome formation and the 

fusion of autophagosomes with lysosomes in the perinuclear area (Pous and Codogno, 2011).  

In order to follow lysosome localization during ouabain treatment, immunocytochemistry of the 

lysosomal protein LAMP2 was performed. Figure 42 shows that after 12 hours of ouabain treatment 

lysosomes are preferentially clustered in the perinuclear area. Same localization of lysosomes is 

observed when cells are subjected to aminoacid starvation for 12 h (positive control for autophagy).  
 

 

 
 
Figure 42. Effect of ouabain on lysosome localization in A549 cells. Cells were treated with ouabain 100 

nM for 12 h or starved in a saline buffer plus glucose for 12 h. At the end of the treatment cells were fixed 

with paraformaldehyde 4 % and then subjected to immunocytochemistry as described in Methods. LAMP2 

antybody was used. PI: propidium iodide, a nuclear staining. A representative experiment is shown. 

http://www.nature.com/ncb/journal/v13/n4/full/ncb2204.html#auth-1�
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Pharmacological inhibition of the initial stage of autophagy with 3-methyladenine (3-MA) (Seglen 

and Gordon, 1982) was performed to test the role of autofagy in the mechanism of cell death 

induced by ouabain in A549. 3-MA prevented the conversion of LC3-I to LC3-II demostrating its 

ability to inhibit autophagy in our experimental conditions (figure 43 A). Most importantly, 3-MA 

completely antagonized cell death induced by ouabain thus supporting our initial hypothesis (figure 

43 B). The effect of 3-MA was confirmed by analysis of cell morphology and microscopic 

evaluation (fig ure 44).  
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Figure 43. Effect of 3-methyladenine (3MA) 10 mM on cytotoxic effect of ouabain in A549 cells. (A) 

Western blotting analysis of LC3 conversion in presence of 3MA (10 mM). Cells were or not pretreated 

with 3 MA for 60 min and then 100 nM ouabain was added for the indicated time  (the inhibitor was 

present during all the treatment). At the end of the treatment cells were lysed and subjected to Western 

blotting as descrived in Methods. A representative blot is shown. (B) Flow cytometry analysis of 

Annexin V binding. Cells were pretreated with 3 MA and then ouabain 100 nM was added for 24 hours  

(the inhibitor was present during all the treatment). At the end of the treatment flow cytometric analysis 

of Annexin V binding was performed as described in Methods. Data are expressed as mean ± SE of 

three independent experiments performed in duplicate. ***P<0,001 (vs control); §§§ P<0,001 (vs 

ouabain alone). One Way ANOVA post test Bonferroni 
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Figure 44. (A)Morphology of A549 cells treated with ouabain with or without 3-MA. Cells were 

pretreated with 3-MA (10 mM) for 60 minutes and then ouabain 100 nM was added for 24 hours  (the 

inhibitor was present during all the treatment). At the end of the treatment flow cytometric analysis of 

morphology was preformed as described in Methods. FS: forward scatter; SS: side scatter. A 

representative experiment is shown (B) Microscopical examination of A549 cells treated with ouabainin 

presence or not of 3-MA. Cells were pre treated with 3-MA (10 mM) for 60 minutes and then ouabain 

100 nM was added for 24 hours (the inhibitor was present during all the treatment). At the end of the 

treatment images were collected using a Nikon inverted microscope (20X plane) provided with a digital 

camera. A representative experiment is shown. 
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As expected, 3-MA was unable to block ouabain-induced apoptosis in Jurkat cells (figure 45). In  

addition, no LC3 conversion was detected in Jurkat cells treated with ouabain (figure 46). 
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Figure 45. . Effect of 3-MA on ouabain induced apoptosis in Jurkat cells. Cells were pretreated with 3-

MA (10 mM) and then ouabain 100 nM was added for 24 hours (the inhibitor was present during all the 

treatment). At the end, flow cytometric analysis of Annexin V binding was performed as described in 

Methods. A representative experiment is shown. 

 

 
 

Figure 46 Western blotting analysis of LC3 conversion in Jurkat treated with ouabain. Cells were 

treated with 100 nM ouabain for the indicated time, C+ cells were treated with PBS for 3 h (positive 

control for autophagy). At the end of the treatment cells were lysed and subjected to Western blotting as 

descrived in Methods. A representative experiment is shown. 
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Furthermore, 3-MA abolished the increase in intracellular ROS level, suggesting the idea that 

sustained elevation of intracellular ROS are a consequence rather than a cause of cell death (figure 

47). 
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Figure 47. Effect of 3-MA on intracellular ROS production in A549 cells. Cells were pretreated with 

3MA (10 mM) for 60 min and then ouabain 100 nM was added for 15 hours (the inhibitor was present 

during all the treatment). At the end flow cytometric analysis of CM-H2DCFDA was performed as 

described in Methods. Data are expressed as mean ± SE of three experiments ***P<0.0001 (vs control) 

§§§ P<0.0001 (vs ouabain alone) One Way ANOVA, post test Bonferroni 
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The process of autophagy starts with the activation of ULK in a complex that includes ATG13 and 

FIP200 (see Introduction). This complex is regulated by mTOR which senses nutrient levels in the 

environment and under high-nutrient conditions inhibits autophagy. mTOR is in turn controlled 

directly by the level of intracellular aminoacids and indirectly by two different kinases: Akt/PKB 

(that transmits signals from growth factors) and AMPK (a sensor of the cell energy status). Thus it 

is important to investigate whether these two kinases are involved in ouabain-induced autophagy. 

Akt leads to the activation of mTOR complex I via tuberous sclerosis complex (TSC) and Ras 

homolog enriched in brain (Rheb). Autophagy is negatively regulated by mTOR which senses 

nutrient levels in the environment: under high-nutrient conditions inhibits autophagy by 

phosphorylation of ULK1/2; during periods of nutrient deprivation mTOR dissociates from the 

ULK1/2 complex and this allows dephosphorylation of ULK1/2 which, in turn, phosporylates and 

activates ATG13 and FIP200 promoting autophagy initiation (Xie and Klionsky, 2007, Rosenfeldt 

and Ryan, 2009, Roy and Debnath, 2010). As shown in figure 24, ouabain decreased Akt 

phosphorylation in A549.  

AMPK is activated by ATP depletion or glucose starvation and activates autophagy entirely through 

its ability to inactivate mTOR complex-1 or phosphorylating ULK1 (Hardie DG, 2011). Figure 48 

shows that ouabain treatment induced only a slight increase in pAMPK, statistically significant only 

at 24 h of treatment. 

http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0900�
http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0720�
http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0720�
http://www.sciencedirect.com/science/article/pii/S0163725811000751#ref_bb0740�
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Figure 48. Effect of ouabain on AMPK phosphorilation in A549 cells. Cells were treated with 100 nM ouabain 

for the indicated time. At the end of the treatment cells were lysed and subjected to Western blotting as 

descrived in Methods. Data are expressed as mean ± SE of three experiment. *P<0.05 (vs control) One Way 

ANOVA, post test Dunnet 
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Inactivation of mTOR leads to the activation of FoxO, a transcription factor that controls the 

expression of many proteins involved in the autophagic process (Mammuccari et al., 2007). 

Quantitative RT-PCR analysis of VPS34, BNIP3, BNIP3L, ATG12, ATG4B and Beclin 1 

(BECN1) showed that after 12 hours of treatment with ouabain there was a decrease in mRNA 

levels of VPS34, BECN1, ATG12 and ATG4B (figure 49 A). At shorter times of incubation (1, 3 

and 6 hours) no changes in mRNA expression were detectable respect to control (figure 49 B). 

These data suggest that ouabain induced autophagy proceeds through the activation of an already 

existing complex of proteins.  
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Figure 49. Effect of ouabain on autophagy-related genes expression. Cells were treated with ouabain 100 

nM for 12 h (A) or 1-3-6 h (B). At the end of the treatment RNA was extracted and quantitative RT-PCR 

was performed as described in Methods. Data are expressed as mean ± SE of two independent experiment 

performed in duplicate. 
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Finally we investigated if the decrease of Bcl-2 levels induced by ouabain in A549 cells (showed in 

figure 28 A) could be associated to autophagy. In fact Bcl-2, by interacting with the autophagic 

protein Beclin 1, inhibits Beclin 1-dependent autophagy both in yeast and mammalian cells. Beclin 

1 possesses a so-called BH3 domain (amino acids 114–123) that mediates the interaction with Bcl-2 

and other close Bcl-2 homologs, such as Bcl-xL and Mcl-1 (Pattingre et al., 2005).  

Western blotting analysis (figure 50) revealed that no change in Beclin 1 expression occurred 

during ouabain treatment. This finding is in agreement with the data on mRNA expression. Thus it 

is possible that the decrease of Bcl-2 expression is sufficient to increase free Beclin 1 and trigger 

autophagy. It has been demonstrated that C Jun N-terminal Kinase (JNK) regulates the interaction 

between Bcl-2 and Beclin 1 and that JNK-dependent phosphorylation of Bcl-2 causes degradation 

of Bcl-2 and disruption of Bcl-2/Beclin1 complex thus allowing Beclin 1 to promote formation of 

the autophagy initiation complex (Zhou et al, 2011).  

To test this hypothesis, we used a selective JNK inhibitor, SP600125 (Bennet et al., 2001). Figure 

51 shows that the presence of this inhibitor in the incubation medium abolished cell death induced 

by ouabain only in A549 cells. 
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Figure 50 Western blotting analysis of Beclin 1 expression in the presence of ouabain. Cells were 

treated with 100 nM ouabain for the indicated time. At the end of the treatment cells were lysed and 

subjected to Western blotting as descrived in Methods. A representative experiment is shown. 
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Figure 51. . Effect of SP600125 on Annexin V binding in A549 (A) and Jurkat (B) cells treated with 

ouabain. Cells were pretreated with (30 μM) SP600125 for 30 min and then ouabain 100 nM was added 

for 24 hours (the inhibitor was present during all the experiment). At the end of the treatment flow 

cytometric analysis of Annexin V binding was performed as described in Methods. Data are expressed 

as mean ± SE of three experiment performed in duplicate. ***P<0,001 (vs control); §§§ P<0,001 (vs 

ouabain alone) One Way ANOVA, post test Dunnet 
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4.5 Analysis of Na/K ATPase subunit expression 
 

Structurally, Na/K ATPase exists as a heterodimer that contains a catalytic α-subunit and a 

glycosylated β-subunit plus a third regulatory subunit (γ). The α-subunit has binding sites for ATP, 

Na+, K+, and cardiac glycosides. Four different α isoforms (α1, α2, α3, and α4) and three different β 

isoforms (β1, β2, and β3) have been identified in mammalian cells. The expression of α isoforms is 

tissue type–specific (Schoner and Scheiner-Bobis, 2007). Variation in the expression of these 

isoforms occurs also in human cancers (e.g., renal, lung, hepatocellular, and colon) compared to the 

corresponding normal tissues (Schoner and Scheiner-Bobis, 2007). The binding affinity of cardiac 

glycosides to α isoforms of Na/K ATPase are very similar in humans (Schoner and Scheiner-Bobis, 

2007). Thus, differences among normal and tumoral cells in sensitivity to ouabain and other cardiac 

glycosides seems to relate to the Na/K ATPase α isoform expression pattern. 

 

To verify this hypothesis, analysis of Na/K ATPase α isoforms expression was performed in Jurkat 

and A549 cells (cancer cell lines) and compared to the expression in HUVEC and PBMC (normal 

cell lines). As shown in figure 52, α1 isoform is ubiquitous expressed while α2 isoform is expressed 

in A549, Jurkat and HUVEC. Interestingly, α3 isoform is exclusively expressed in the two cancer 

cell lines (figure 52). 
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Figure 52. Western blotting analysis of Na/K ATPase α subunits expression in (1) A549; (2) Jurkat; 

(3) PBMC; (4) HUVEC 
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Xie and coworkers (Tian J et al., 2009) found that the effect of ouabain on cell proliferation 

depends on whether ouabain can activate the Akt/mTOR pathway and replete cellular Na/K-ATPase 

against ouabain-induced endocytosis and subsequent degradation of the enzyme: in those cells 

where ouabain stimulated Akt/mTOR pathway, there was a translational up-regulation of Na/K-

ATPase and stimulation of cell proliferation; instead in some cancer cells, where ouabain failed to 

activate the Akt/mTOR pathway and replete Na/K-ATPase, ouabain induced cell death. 

Considering these data, we investigated if ouabain caused endocytosis of Na/K ATPase in A549 

and Jurkat cells. Immunocytochemistry with antibodies against α1 and α3 isoforms showed that 

internalization of Na/K ATPase occurred after 6 hours of treatment in both cell lines (Figure 53). 

Unfortunately we don’t have any data about internalization of isoenzymes containing α2 isoform 

because the antibody was unsuitable for immunocytochemistry. 
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Figure 53. Effect of ouabain on Na/K ATPase endocytosis in A549 and Jurkat cells. Cells were treated 

with ouabain 100 nM for 6 h. At the end of the treatment cells were fixed with paraformaldehyde 4 % 

and then subjected to immunocytochemistry as described in Methods. Antibodies for α1 or α3 isoforms 

were used. A representative experiment is shown. 
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After 24 hours of treatment with ouabain no difference in protein levels of all α isoforms was found 

both in A549 and Jurkat cells (figures 54 and 55). Ouabain-induced endocytosis did not lead to a 

significant reduction of Na/K-ATPase over time probably because it was compensated by up-

regulation of α expression.  
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Figure 54. Western blotting analysis of Na/K ATPase α subunits expression in A549 cells. Cells were 

treated with 100 nM ouabain for 24 h. At the end of the treatment cells were lysed and Western blotting 

was performed as described in Methods. A representative experiment is shown. 
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Figure 55. Western blotting analysis of Na/K ATPase α subunits expression in Jurkat cells. Cells were 

treated with 100 nM ouabain for 24 h. At the end of the treatment cells were lysed and Western blotting 

was performed as described in Methods. A representative experiment is shown. 
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Discussion 

 
Ouabain and other cardiac glycosides such as digoxin and digitoxin are a class of natural 

products that are traditionally used to increase cardiac contractile force in patients with 

congestive heart failure and cardiac arrhythmias. The therapeutic effect of cardiac 

glycosides is mostly explained by the hypothesis that inhibition of Na/K ATPase activity 

causes accumulation of sodium in cardiac cells which are enforced to promote the Na/Ca 

exchange system in the cell membrane, thus leading to a higher level of intracellular and 

myocardial calcium concentration (Horisberger, 2004). The elevated intracellular calcium 

concentration results in increased inotropism, accentuating the force of myocardial 

contraction by increasing the velocity and extent of sarcomere shortening, thus translating 

into increased stroke work for a given filling volume of pressure. 

In recent years evidence has emerged that Na/K ATPase functions as a signal transducer. 

Na/K ATPase has been shown to associate directly with other proteins in signaling 

complexes that regulate cell proliferation and survival in several cell types (Liu and Xie, 

2010). This function is regulated by the binding of ouabain (or other cardiac glycosides) 

at concentrations that do not inhibit the pumping function. Interestingly, the effect of 

cardiac glycosides on cell proliferation and growth appears to be different depending 

whether the cells are normal or tumorous. In fact, recent studies have shown that in 

normal cells cardiac glycosides induce cell proliferation or protect from apoptosis while 

in several cancer cell lines these compounds inhibit cell proliferation and/or induce 

apoptosis (Newman et al., 2008 and Schoner and Scheiner-Bobis, 2007). 

We used two cancer cell lines, Jurkat (a human T cell lymphoblast-like cell line 

lymphoblast) and and A549 (human lung adenocarcinoma epithelial cell line) as models 

for testing the effect of nanomolar concentration of ouabain against cancer cell lines. The 

objectives of the study were: to characterize the effect of ouabain on proliferation and 

survival in these cell lines; to identify the signal transduction pathways activated by 

ouabain and comparing them with those activated in normal cells; to ascertain whether 
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differences in sensitivity to ouabain between normal and cancer cells are related to a 

specific pattern of Na/K ATPase α isoform expression. 

Our results indicate that ouabain at nanomolar concentrations (1-100 nM) has an 

antiproliferative and cytotoxic effect on both cancer cell lines. It should be noted that 

these range of concentrations protect HUVEC from apoptosis induced by serum 

deprivation and staurosporine treatment, as previously shown in our laboratory (Trevisi L 

et al., 2004). Furthermore, as demonstrated in this study, ouabain did not affect cell 

viability of not transformed human PBMC, thus confirming its selective cytotoxic action 

against cancer cells.  

Lower concentrations of ouabain (10-20 nM) were cytostatic in both cell lines. This effect 

was detectable by cell counting only after long time of incubation (72 hours) or by 

clonogenic assay (8 days incubation). These results indicate that in early experiments 

using MTT assay to measure cell viability, the significant decrease of MTT reduction 

after 24 hours of treatment with 10-20 nM ouabain was predominantly due to ouabain’s 

ability to interfere with MTT assay (Trevisi et al., 2006) and in minor part due to the 

cytostatic effect of ouabain. 

Ouabain induced cell death at higher concentrations, with a maximal effect observed at 

100 nM, both in Jurkat and A549. Interestingly, early events activated by ouabain are 

common for both cell lines but the execution of programmed cell death is different. We 

found that ouabain induces caspase-dependent apoptosis in Jurkat cells while it induces 

autophagic cell death in A549. 

In both cell lines ouabain decreased levels of the antiapoptotic protein Bcl-2 and 

increased mitochondrial membrane permeability. These two events are usually associated 

to caspase-dependent apoptosis. In fact, Bcl-2 acts as membrane bound scavenger for 

BH3-containing death factors and other proapoptotic molecules, which increase the 

permeability of the outer mitochondrial membrane and promote the release of the 

proapoptotic factors such as cytochrome c (Hengartner, 2000). In the cytosol, cytochrome 

c activates the apoptosome, a complex essential for the recruitment and subsequent 

activation of caspase-9. Caspase-9 then activates caspase-3 and caspase-7, thus promoting 

the execution of apoptosis (Hengartner, 2000). In Jurkat cells treated with ouabain we 

observed caspase 3/7 activation and DNA ladder fragmentation, two hallmarks of 

caspase-dependent apoptosis. Caspase activation represents the unique mechanism of 
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execution of cell death in Jurkat since pan caspase inhibitor Z-VAD-fmk, completely 

blocked ouabain-induced cell death. Our results are in agreement with previous findings 

reporting the cytotoxic effect of ouabain and other cardiac glycosides (such as digoxin) in 

Jurkat cells (Daniel et al., 2003), however our study examines more completely the initial 

events associated to ouabain induced apoptosis. In a study that analizes the effect of six 

bufadienolides on Jurkat cells, it is shown that these compounds induced mitochondrial 

membrane depolarization and activation of caspase-8, -9 and -3. Interstingly, they showed 

that overexpression of Bcl-2 protected Jurkat cells from apoptosis, thus indicating the 

central role of Bcl-2 in apoptosis induced by cardiac glycosides (Ihenetu et al., 2007).  

In A549 no signs of caspase-dependent apoptosis were observed. This is in agreement 

with the studies coming from Mijatovic’s laboratory demonstrating that the cardenolide-

related compound UNBS1450 causes cell death in A549 through a caspase-independent 

mechanism involving NF-κB inactivation, decrease of Hsp70 expression and lysosomal 

membrane permeabilization (Mijatovic et al., 2006a; Mijatovic et al., 2006b).  

Our results show that ouabain induces autophagic cell death in A549. To our knowledge 

this is the first evidence of induction of this tipe of programmed cell death by ouabain. 

This is demonstrated by the presence of numerous markers of autophagosome formation 

in cells treated with ouabain: the conversion of LC3-I to its lipidated form LC3-II; the 

change in the distribution of LC3 fluorescence from a diffuse cytosolic pattern to a 

punctate pattern; the lysosomal localization in the perinuclear area (Klionsky et al., 2008; 

Korolchuk et al., 2011; Pous and Codogno, 2011). Most importantly cell death induced 

by ouabain was completely blocked by treatment with an inhibitor of autophagy such as 

3-MA. No markers of autophagy were observed in Jurkat cells treated with ouabain and 

3-MA was ineffective in preventing cell death.  

Autophagy is a dynamic, multi-step process that can be modulated at several steps, both 

positively and negatively. An accumulation of autophagosomes could, for example, 

reflect either increased autophagosome formation due to increases in autophagic activity, 

or to reduced turnover of autophagosomes. Therefore, the use of autophagy markers such 

as LC3-II needs to be complemented by knowledge of overall autophagic flux to permit a 

correct interpretation of the results and to affirm whether or not a stimulus induces cell 

death by autophagy (Klionsky et al., 2008). We used two strategies to misure autophagic 

flux: we treated the cells in the presence of chloroquine, a lysosomotropic reagent, which 
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inhibits autophagosome-lysosome fusion so the degradation of LC3-II is blocked, 

resulting in the accumulation of LC3-II (Fujita et al., 2008); we analyze the expression of 

the protein p62 (also known as SQSTM1/sequestome 1) that is selectively incorporated 

into autophagosomes through direct binding to LC3 and is efficiently degraded by 

autophagy, thus, the total cellular expression levels of p62 inversely correlate with 

autophagic activity (Mizushima et al, 2010). The results obtained in this study clearly 

show that ouabain increases autophagic flux in A549 and this process causes cell death.  

An important point is to understand how autophagy is activated in A549 cells. As 

mentioned before, Bcl-2 decrease precedes ouabain-induced cell death in both cell lines. 

Bcl-2 family of proteins were formerly recognized as central regulators of apoptosis but 

most recently it has been demonstrated that antiapoptotic proteins, in particular Bcl-2, are 

also involved in the regulation of autophagy. Bcl-2, by interacting with the autophagic 

protein Beclin 1, inhibits Beclin 1-dependent autophagy. In fact, Beclin 1 possesses a 

BH3 domain that mediates the interaction with Bcl-2 and other close Bcl-2 homologs, 

such as Bcl-xL and Mcl-1 (Pattingre  et al., 2005). In ouabain-treated A549 cells Beclin 1 

expression remained constant therefore we hypothezise that the decrease of Bcl-2 levels 

permits the release of Beclin 1 and the subsequent autophagic vesicle nucleation. Further 

studies will be required to clarify this point, first of all analysis Bcl-2/Beclin-1 complexes 

by immunoprecipitation. Furthermore, it could be interesting to study the effect of Bcl-2 

overexpression or Beclin 1 silencing on ouabain-induced cell death.  

One of the main objectives of this study was to identify the signal transduction pathways 

activated by ouabain and comparing them with those activated in normal cells. Since 

Na/K-ATPase has no intrinsic tyrosine kinase activity, activation of non-receptor tyrosine 

kinase Src is an essential step to trigger further protein kinases cascades and generate 

second messengers (Liu and Xie, 2010). One of these pathways is the Ras/Raf/MEK/ERK 

cascade, which is involved in the increase of proliferation and growth, as well as in 

protection from apoptosis, induced by ouabain and other cardiac glycosides in normal 

cells (Trevisi et al., 2004, Aydemir-Koksoy et al. 2001, Kometiani et al., 1998; Saunders 

and Scheiner-Bobis, 2004; Dmitrieva and Doris, 2003). On the contrary, evidence for 

ERK-dependent induction of cell death by cardiac glycosides is scanty. It has been 

reported that sustained ERK activation is involved in bufalin-induced apoptosis of human 

leukemia U937 cells (Watabe et al., 1996). The results presented in this study show that 
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ouabain induces a rapid increase in Src and ERK1/2 phosphorylation, thus demonstrating 

that also in A549 and Jurkat cells ouabain activates the known signaling cascades of the 

Na/K ATPase signalosome. However, we observed that these pathways are not involved 

in the mechanism of ouabain cytotoxicity, as confirmed by the lack of inhibition of cell 

death when a selective inhibitor of Src (PP2) or MEK (U0126) is used in combination 

with ouabain. Based on these results we suggest that in A549 and Jurkat ouabain 

simultaneously triggers survival and death signals, with a prevalence of cell death 

pathways. 

Decrease of Akt activation is another common feature of ouabain action in Jurkat and 

A549 cells. It should be noted that in normal cells ouabain activates PI3K/Akt pathway 

stimulating cell proliferation and growth and protecting cells from apoptosis (Schoner and 

Scheiner-Bobis, 2007; Trevisi et al 2004). Activated Akt is a well established survival 

factor that inhibits the function of proapoptotic proteins such as BAD and caspase-9 

(Cardone et al., 1998; Datta et al., 1997). It can also activate the cAMP-response 

element-binding protein (CREB) both in vitro and in vivo inducing Bcl-2 expression in a 

myriad of cell types (Wilson et al., 1996; Riccio et al., 1999; Bonni et al., 1999; 

Pugazhenthi et al., 1999). Therefore the decrease of Akt activation could be directly 

linked to the decrease of Bcl-2 expression in both cell lines.  

Furthermore, Akt activates mTOR, a central checkpoint that negatively regulates 

autophagy, indeed, inibition of PI3K/Akt/mTOR pathway induces autophagy (Chen et al., 

2010). mTOR senses nutrient levels in the environment: under high-nutrient conditions it 

inhibits autophagy by phosphorylation of ULK1/2 while during periods of nutrient 

deprivation it dissociates from the ULK1/2 complex, thus allowing dephosphorylation of 

ULK1/2 which in turns promote autophagy initiation (Xie and Klionsky, 2007; 

Rosenfeldt and Ryan, 2009; Roy and Debnath, 2010). Therefore decrease of Akt 

activation induced by ouabain in A549 could be one of the initial signals triggering 

autophagy, both through the reduction of Bcl-2 levels and inhibition of mTOR. Several 

experimental evidences demonstrate that inhibition of Akt/mTOR signaling induces 

autophagic cell death in A549 (Viola et al., 2012; Hung et al., 2009; Ling et al., 2011). 

A different interpretation of ouabain regulation of PI3K/Akt/mTOR pathway is given by 

Xie and coworkers since they have shown that ouabain effects on cell growth are 

intrinsically coupled to changes in the cellular amount of Na/K-ATPase via the 
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PI3K/Akt/mTOR pathway (Tian et al., 2009). In fact, they reported that ouabain induced 

Na/K ATPase endocytosis both in normal and cancer cell lines, but in normal cells (in 

which ouabain induced cell proliferation) ouabain activated PI3K/Akt/mTOR pathway 

and increased Na/K ATPase synthesis. On the other hand, ouabain did not activate 

PI3K/Akt/mTOR pathway, there was no increase of Na/K ATPase synthesis and inhibited 

cell proliferation in cancer cells. Diversely from Xie’s work, in our study we found that 

ouabain induced Na/K ATPase endocytosis (measured after 6 hours of treatment) in both 

cancer cell lines, however we didn’t detect any effect of ouabain on α subunits levels after 

24 hours of treatment. It is possible that differences between our results and those 

obtained by Xie et al. are due to differences in experimental conditions or to the use of 

different cancer cell lines. 

Overall these data indicate that decrease of Akt activation could be one of the initial death 

signals activated by ouabain that lead to apoptosis in Jurkat and autophagy in A549 cells. 

However further studies will be necessary to elucidate the role of Akt in ouabain-induced 

cell death and the mechanism of ouabain-induced dephosphorylation of Akt. A possible 

mechanism could be activation of phosphatase and tensin homolog (PTEN), a tumor-

suppressor gene often mutated in cancer cells. PTEN specifically cleaves the D3 

phosphate of phosphatidylinositol (3,4,5)-triphosphate (PIP-3), the second messenger 

produced by the activity of PI3K. Keeping PIP-3 levels low, PTEN inhibits PI3K/Akt 

pathway (Di Cristofano and Pandolfi, 2000). Loss of PTEN function results in an 

increased concentration of PIP-3 and Akt hyperactivation, leading to cell proliferation and 

protection from various apoptotic stimuli (Di Cristofano and Pandolfi, 2000). It has been 

shown that loss of PTEN in cancer cells leads to up-regulation of the Bcl-2 gene and that 

transient transfection of cells with PTEN gene induces Akt inhibition and decrease of 

Bcl-2 protein levels (Huang et al., 2001). Furthermore, PTEN can activate autophagy 

through inhibition of Akt activity (Degtyarev et al., 2008). 

The last signaling pathway we analyzed in our study was JNK pathway. JNKs belong to 

the mitogen-activated protein kinase family and are involved in the regulation of cell 

proliferation, differentiation and apoptosis. JNKs are responsive to stress stimuli, such as 

cytokines, ultraviolet irradiation, heat shock, osmotic shock and oxidative stress 

(Dhanasekaran and Reddy, 2008). There are few studies demonstrating the involvement 

of JNK activation in the mechanism of action of cardiac glycosides. In particular, it has 
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been reported that cytotoxic action against cancer cells of some cardiac glycosides such 

as bufalin and oleandrin is dependent on JNK pathway activation (Schoner and Scheiner-

Bobis, 2007). Furthermore, it has been shown that nanomolar concentrations of ouabain 

induced JNK activation and inhibition of cell proliferation (but not cell death) in a human 

breast cancer cell line (Kometiani et al., 2005). It should be noted that JNK might be 

involved in autophagy because it regulates the interaction between Bcl-2 and Beclin 1. In 

fact, JNK-dependent phosphorylation of Bcl-2 causes degradation of Bcl-2 and disruption 

of Bcl-2/Beclin1 complex thus allowing Beclin 1 to promote formation of the autophagy 

initiation complex (Pattingre et al., 2005). In our study we observed that JNK inibition 

with SP600125 was effective in preventing cell death only in A549 cells treated with 

ouabain, thus suggesting that activation of JNK pathway by ouabain is specific for 

ouabain-induced autophagy. Interestingly, similar results were obtained in a recent paper 

from Xie and coworkers (Xie et al., 2011). They reported that in colon cancer cells 

bufalin induces autophagic cell death via a JNK-dependent pathway that causes increase 

ATG5 and Beclin 1. They found that JNK activation by bufalin is dependent on ROS 

production and treatment with the antioxidant N-acetylcysteine partially inhibited bufalin-

induced autophagy. We instead observed that sustained increase of ROS levels (observed 

only in A549 cells) is the consequence and not the cause of autophagy since treatment 

with N-acetylcysteine did not affect ouabain-induced cell death and inihibition of 

autophagy by 3-MA prevented ROS production. Further studies will be performed to 

determine the levels of JNK phosphorylation in A549 and Jurkat cells during ouabain 

treatment, and to measure the expression of phophorylated Bcl-2 and total Bcl-2 in the 

presence of JNK inhibitors. 

An unusual attribute of compounds such as ouabain, oleandrin, bufalin, and digitoxin is 

that they are, on the one hand, almost completely nontoxic to normal cell lines but posses 

anticancer activity at nanomolar concentrations. The differential effects of cardiac 

glycosides on human tumor vs normal cells are essential for their possible use in 

anticancer therapy.  

The receptor for cardiac glycosides is the α isoform of Na/K ATPase, thus many 

laboratories have explored the possibility that the different effect of cardiac glycosides in 

malignant versus normal cells might be related to differences in the Na/K ATPase α 

subunit expression patterns. Support for this hypothesis is based on the observation that 
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malignant cells often exhibit altered expression patterns of Na/K ATPase isoforms and 

that expression of Na/K ATPase isoforms are subject to developmental and hormonal 

cues that become altered during the development of disease (Schoner and Scheiner-Bobis, 

2007). In consideration to this fact we have analyze the expression of α isoforms in the 

two cancer cell lines and compared to normal cells. We found that cells expressing α3 

isoform (A549 and Jurkat) are sensitive to cytotoxic effects of ouabain, whereas in cells 

that completely lack of α3 expression (HUVEC and PBMC) ouabain is ineffective or 

even protective. These results might indicate the importance of α3 relative to α1 on the 

sensitivity of human cancer cells to ouabain treatment and are in agreement with the 

findings of Newman and co-workers using a variety of human cancer cells lines 

(Newman et al., 2008; Yang P et al., 2009). In fact, they showed that cells expressing α3 

isoform were more sensitive to oleandrine than cells (either from rodent or human origin) 

not expressing this isoform. They also found a higher sensitivity to oleandrin in those 

human cancer tissues where the relative expression of α3 was higher than α1. By genetic 

manipulation in which α3 isoform was knocked down (by α3 siRNA) or α1 protein was 

restored (by transfection of α1 cDNA), they obtained cells that lost their sensitivity to 

oleandrin. Another study reports that decrease of α1 and increase of α3 isoforms occurs in 

colon tissue when a normal phenotype changes to a malignant one (Sakai et al., 2004). On 

the other hand, Mijatovic et al. (Mijatovic et al., 2007) suggest that, rather than α3 

subunit, α1 is the isoform that represents a novel anticancer target. They have shown that 

human lung cancer cell lines overexpressing the α1 subunit were sensitive to a few 

selected cardenolides.  

It remains to be determined whether the altered expression of α1 or α3 (as suggested by 

our own work) or perhaps the specific ratio of α3:α1 is the most important predictor of 

cell sensitivity to cardiac glycosides. More research, using human tissues and not just cell 

lines will shed light on the potential importance and perhaps even the prognostic value of 

Na/K ATPase subunit composition within individual types of tumors. Moreover it will be 

interesting to test the cytotoxic effect cardiac glycosides on excitable tissues such as 

central and peripheral nervous tissues mainly expressing α3 isoform (Urayama et al., 

1989). This type of studies might be useful for the screening of cardiac glycoside 

derivatives with a selective activity against cancer cells with no effect on normal tissues, 

in particular cardiovascular, thus resulting in a more targeted therapy. 



Discussion 

 

135 

 

In conclusion, the results presented in this study demonstrate the antineoplastic activity of 

ouabain and its selective cytotoxic effect against cancer cell lines. This selectivity is 

explained by the activation of precise death signals, such as inactivation of PI3K/Akt 

cascade and activation of JNK, that promote apoptosis or autophagy depending on the 

cancer cell type. Whether the activation of death pathways is due to a specific expression 

pattern of Na/K ATPase α isoforms needs to be further investigated, however α3 subunit 

appears important in determining the ability of cardiac glycosides to cause 

antiproliferative and cytotoxic effects. Our findings contribute to the elucidation of the 

signal pathways and molecular mechanisms of the anticancer effect of ouabain. Research 

studies on cardiac glycosides derivatives as anticancer agents represent a promising form 

of targeted cancer chemotherapy. 
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