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Since their first discovery as potential anti-cancer drugs there is increasing evidence that cardiotonic steroids e.g., Ouabain have anti-tumor properties by interacting with their natural receptor the Na+-K+-ATPase (NKA) and by inducing diverse intracellular signaling pathways. It is well established that the NKA represents a signal transducer that is partly independent from its pump activity. In the early 90ies endogenous Ouabain (EO) was discovered in the serum of different species, including human beings. It was demonstrated that Ouabain is synthesized and released from the adrenal gland. The concept of endogenous Ouabain as a “stress hormone” playing important roles in the regulation of hypertension, volume homeostasis, cardiac function and, last but not least, cancer was established. We developed the hypothesis that long-lasting stress with adrenal exhaustion i.e., very low endogenous Ouabain levels may predispose to tumorigenesis. On the contrary, some authors recently have questioned the tumor-protective role of Ouabain and claimed that endogenous Ouabain promotes tumor escape mechanisms. In order to clarify these and other opposing or contradictious data we will summarize in this review PubMed data from the last 50 years about “Ouabain and cancer”. We will demonstrate that overwhelming evidence speaks in favor of an anti-tumor effect of Ouabain. Exogenous Ouabain has been shown to be identical to endogenous Ouabain, hence we conclude that a potential harmful role of endogenous Ouabain is minor compared to the huge potential benefit of Ouabain in defeating and suppressing the development of cancer.
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1 INTRODUCTION
Since their first discovery as potential anti-cancer drugs 3 decades ago, Repke et al. (1995), Haux (1999), Newman et al. (2008) there is increasing evidence over the last years, in-vitro and in-vivo, that cardiotonic steroids (CTS) have anti-tumor properties by interacting with their natural receptor the Na+-K+-ATPase (NKA) not only via the classical way i.e., NKA inhibition but via inducing diverse intracellular signaling pathways (Johansson et al., 2001; Winnicka et al., 2006; López-Lázaro, 2007). It is meanwhile established that the NKA represents a signal transducer that is partly independent from its pump activity (Xie et al., 2003; Aizman and Aperia, 2003; Liang et al., 2007). In this review we will focus on Ouabain because it is so far the best studied CTS in vitro as well as in vivo studies dealing with their potential as anti-cancer compounds. Ouabain stems from an African tree (Acokanthera ouabaio) and is used as arrow poison Five decades ago exogenous Ouabain was often used to study the altered ion transport mechanisms in tumor cells, the most established models were Ehrlich ascites cells (Mayhew, 1972) and chicken embryo cells transformed by the Rous sarcoma virus (Banerjee et al., 1977). Mainly, an increased Ouabain-sensitive K+-influx measured by 86Rb+ uptake was observed but also a higher intracellular Na+ level due to increased permeability of the plasma cell membrane supposedly induced by a virus-coded transformation-inducing protein (Kimelberg and Mayhew, 1975; Shen et al., 1978; Johnson and Weber, 1979; Ba et al., 1981). This leakage theory is crucial for the altered higher activity of the Na+-/K+-ATPase in tumor cells, a key feature of transforming cells to provide the necessary energy e.g., for new protein synthesis (Kimelberg and Mayhew, 1976). Interestingly, also the glucose up-take is increased in e.g., Rous sarcoma virus transformed cells (Bader et al., 1981; Weber et al., 1984). In this context the role of (high) NKA activity in aerobic glycolysis (Warburg effect) - a hallmark of cancer metabolism - was discovered (Racker, 1976; Racker et al., 1983; Balaban and Bader, 1984; Vaupel et al., 2019). Interestingly, the high NKA activity doesn’t seem to stem from a less efficient pump in transformed cells (Balaban and Bader, 1983). In summary, these studies hinted to a suppressive effect of Ouabain/EO on tumorigenesis at an early stage. In the 80ies/early 90ies endogenous Ouabain (EO) was discovered in the serum of different species, including human beings (Hamlyn et al., 1991). It was demonstrated that Ouabain is synthesized and released from the adrenal gland (Doris, 1988; Laredo et al., 1994) rejecting the claim of critics that authentic Ouabain might be stored there after digestion (Doris et al., 1996). However, until today a dispute is ongoing whether endogenous Ouabain exists at all resp. whether EO is identical to Ouabain (Lewis et al., 2014; Kaaja and Nicholls, 2018). One study of special importance we will mention in detail. Baecher et al. (2014) claimed that the immunoassays so far used were not standardized. They developed an ultra-sensitive and highly specific method for measurement of Ouabain in human plasma based on isotope dilution liquid chromatography tandem-mass spectrometry (UP/ID-LC-MS/MS). After validation of the method which had a lower quantification limit of 1,7 pmol/L Ouabain was not observed in plasma samples from patients with and without heart failure. The authors concluded that immunoassays previously used to quantify assumed EO detected compounds which are not structurally identical with Ouabain (Baecher et al., 2014). Ferrandi et al. (1997) saw different results, maybe due to a less specific method: they identified by single high-performance liquid chromatography (HPLC) a fraction identical to that of Ouabain and quantified it by two assay methods (radioimmunoassay and ATPase assay) in human plasma. Interestingly, recovery of standard Ouabain in pre-HPLC plasma extracts was approximately 90% and pre-HPLC Ouabain concentrations in human plasma ranged between 0.05 and 0.75 nmol/L (=50–750 pmol/L) (Ferrandi et al., 1997). We agree that cross-reactivity of structurally similar Ouabain-like compounds of endogenous origin may cause these discrepancies between immunoassays and mass spectrometric analyses. For this reason many authors prefer nowadays to speak of endogenous Ouabain-like compounds (OLC). We use here the terms OLC and EO as synonyms.
The concept of endogenous Ouabain as a multifaceted hormone playing important roles in the regulation of hypertension, volume homeostasis, cardiac function and, last but not least, cancer was established (Blaustein, 1996; Manunta et al., 2009; Chen et al., 2006). We developed the hypothesis that long-lasting stress with adrenal exhaustion i.e., very low endogenous Ouabain levels may predispose to tumorigenesis (Weidemann, 2005). This is a crucial point because recently authors have questioned the tumor-protective role of endogenous Ouabain and claimed that, on the contrary, the endogenous ligand of NKA α1, EO, promotes tumor escape mechanisms (Yang et al., 2023). Whereas, indeed, there are abundant in vitro and (less) in vivo data about the (tumor-suppressive) effects of exogenous Ouabain on diverse cancer cell lines there are only few data about endogenous Ouabain, their plasma levels in humans and especially in cancer patients as well as their actions (Komiyama et al., 1999; Balzan et al., 2001; Schoner, 2002; Manunta et al., 2005; Pitzalis et al., 2006; Stella et al., 2008; El-Mallakh et al., 2010; Bignami et al., 2013). One reason for this relative lack of data might be that until today there is no commercial kit available to measure (routinely) endogenous Ouabain levels (see above). Here a new valid method is urgently needed to measure and track endogenous Ouabain plasma levels and exogenous applied Ouabain. Currently we are planning to develop an aptamer for Ouabain resp. EO to analyze their signaling pathways and cell metabolism. Aptamers are ssDNA or RNA oligonucleotides that bind with high affinity and specificity to a target molecule. Hence, aptamers are considered as alternatives to antibodies and are very useful for biosensor applications (Song et al., 2012) or as therapeutic agents (Nimjee et al., 2017; Menger et al., 2006). Aptamers are isolated by an in vitro process called “systematic evolution of ligands by exponential enrichment” (SELEX) (Ellington and Szostak, 1990). In this complex process an aptamer library is screened for sequences that have an affinity for a given target molecule. Numerous analytical techniques, such as electrochemical, colorimetric, optical methods can be applied to detect targets, due to convenient modifications and the stability of aptamers (Dreymann et al., 2022). With this new tool it would be possible to explore simultaneously the dose- and time dependant interactions of EO and exogenous Ouabain (resulting e.g., in disaggregation of NKA tetraprotomers). According to Blaustein and Hamlyn (2024) the understanding of this interaction is crucial for the potential use of Ouabain and other CTS in cancer therapy (Blaustein and Hamlyn, 2024).
2 AIM
	1. We will list the anti-tumor signaling pathways of Ouabain (by giving one example) with describing more in detail some novel only recently revealed mechanisms.
	2. We will summarize the sometimes indeed contradicting data about the effects of (exogenous) Ouabain on cancer including hematological malignant cell lines. It will be shown that with overwhelming evidence the anti-cancer effects of Ouabain are confirmed (mainly by in-vitro but also in-vivo data).
	3. We will evaluate the data about new emerging effects of (endogenous) Ouabain on the immune system. It will be shown that the majority of data speak in favor of a tumor-suppressive effect of Ouabain.
	4. We will describe the data dealing with the expression of NKA isoforms in tumor tissues and the role they are supposed to play in tumorigenesis. It will be shown that in tumor tissue often a switch from NKAα1 to NKAα3 expression occurs eventually induced by EO.
	5. Connected to this issue (NKA expression) we will outline the data dealing with obvious different effects of Ouabain on malignant as compared to benign cells.
	6. We will outline and discuss the dual role of the Scr-ERK1/2 activation by Ouabain in cancer. We will show that ERK1/2 activation indeed can induce proliferation in malignant cells but that especially a sustained ERK1/2 activation results in cell growth arrest.
	7. We will cite a few studies analyzing the metabolic influences of Ouabain on cancer. It will be revealed that Ouabain inhibits the high glycolysis rate in cancer cells.
	8. We shortly will summarize data about the effects of Ouabain on drug resistance mechanisms. Here it will be shown that there might be indeed a negative impact leading to increased drug resistance.

3 RESULTS
3.1 Anti-tumor mechanisms of CTS with focus on ouabain
3.1.1 Induction of apoptosis by (the following listed mechanisms)
3.1.1.1 Modulation of intracellular Ca++ levels
McConkey et al. (2000) reported that the cardiac glycosides Oleandrin, Ouabain, and Digoxin induce apoptosis in androgen-independent human prostate cancer cell lines in vitro. Single-cell imaging of intracellular Ca++ fluxes demonstrated that the pro-apoptotic effects of the cardiac glycosides were linked to their abilities to induce sustained Ca++ increases in the cells. (Yeh et al., 2001; Huang et al., 2004; Winnicka et al., 2007; Xu et al., 2010; Chou et al., 2018; Guo et al., 2019; McConkey et al., 2000; Yeh et al., 2001; Huang et al., 2004; Winnicka et al., 2007; Xu et al., 2010; Chou et al., 2018; Guo et al., 2019; McConkey et al., 2000; Yeh et al., 2001; Huang et al., 2004; Winnicka et al., 2007; Xu et al., 2010; Chou et al., 2018; Guo et al., 2019; McConkey et al., 2000).
3.1.1.2 Increasing intracellular ROS
Reactive oxygen species (ROS) comprise e.g., superoxide anion (O2-), hydrogen peroxide (H2O2) and hydroxyl radical (.HO). While at low physiologic levels they support the capability of the cells to adapt to intracellular stress an increased ROS level leads to molecular damage, ‘oxidative distress,’ an effect used for targeting tumor cells. Yan et al. (2015) investigated the molecular mechanism involved in Ouabain-induced ROS generation and cell apoptosis on human U373MG and U87MG glioma cells (Yan et al., 2015). Reducing ROS by three different ROS scavenger partly reversed Ouabains effect on cell apoptosis. Ouabain-induced ROS generation was regulated by p66Shc Ser36 phosphorylation. Knockdown of p66Shc by siRNA significantly inhibited ROS generations induced by Ouabain (Huang et al., 2004; Kim et al., 2016; Chang et al., 2019).
3.1.1.3 TRAIL
The tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a crucial protein mainly at the cell surface of natural killer (NK) cells and macrophages which, after binding to its receptors e.g., on tumor cells, induces programmed cell death via forming the death-inducing signaling complex (DISC). Chanvorachote and Pongrakhananon (2013) stressed that resistance to TRAIL is a prerequisite for cancer progression, and TRAIL resistance is prevalent especially in lung cancer. Nontoxic concentrations of Ouabain were shown to increase caspase-3 activation, poly (ADP-ribose) polymerase (PARP) cleavage and apoptosis of H292 lung cancer cells in response to TRAIL (Chanvorachote and Pongrakhananon, 2013). Remarkably, Ouabain had a minimal effect on Bcl-2 and Bax levels, but induces the downregulation of the anti-apoptotic Mcl-1 protein. The authors showed that the TRAIL-sensitizing effect of Ouabain is associated with its ability to generate reactive oxygen species (ROS), which trigger the proteasomal Mcl-1 degradation.
3.1.1.4 Bcl-2 and Mcl-1 downregulation
The family of Bcl-2 proteins plays an important role in modulating apoptosis and are comprised of 3 groups, the anti-apoptotic Bcl-2, Mcl-1 and Bcl-xL, the pro-apoptotic executive Bax, Bak and Bok, and the pro-apoptotic sensor proteins Bim, Bid, Bad, Puma and Noxa. Meng et al. (2016) demonstrated that Ouabain treatment of Burkitt lymphoma Raji cells significantly inhibited cell proliferation in a dose-dependent manner and increased both early and late apoptosis. Increased levels of caspase-3 and cleaved-caspase-3, higher Bax activity and decreased expression of Bcl-2 were detected in Ouabain-treated Raji cells (Meng et al., 2016). Moreover, the observation of vacuole accumulation in Ouabain-treated Raji cells indicated that these cells were undergoing autophagy, correlating with the upregulation of the autophagy-related proteins LC3-II and Beclin-1 (Chanvorachote and Pongrakhananon, 2013; Cerella et al., 2015; Trenti et al., 2014; Wang et al., 2021).
3.1.1.5 STAT-3 downregulation
Signal transducer and activator of transcription 3 (STAT3) is a cytoplasmic transcriptional factor involved in almost all cancer activities including tumor proliferation, metastasis, angiogenesis, immunosuppression, tumor inflammation, metabolism reprogramming, drug resistance, and cancer stemness. Du et al. (2021) revealed in different human cancer cell lines (non-small-cell lung cancer A549 and H460, colorectal carcinoma HCT116, pancreatic cacinoma PANC1 and cervical cancer Hela) an increase in apoptosis, intracellular ROS generation and DNA double-strand breaks induced by Ouabain treatment (Du et al., 2021). Besides, Ouabain effectively suppressed STAT3 expression as well as phosphorylation in addition to blocking STAT3-mediated transcription and downstream target proteins. Interestingly, these inhibitory activities seemed to be independent of the Na+/K+-ATPase.
3.1.2 Induction of autophagy
Autophagy is a caspase-3 independent cell death. Wang et al. (2012) investigated the anti-cancer effects of Digoxin and Ouabain in A549 and H460 lung cancer cell lines. Remarkably, both CTS caused significant growth inhibition at nanomolar concentrations and moderate G2/M arrest but not apoptosis at IC50 levels (Wang et al., 2012). Moreover, autophagy was markedly induced by both compounds as proven by increase of autophagy markers. Importantly, the AMP-activated protein kinase (AMP-K) pathway was activated, resulting in mammalian target of rapamycin (mTOR) deactivation during autophagy induction. Moreover, extracellular-signal-regulated kinase 1/2 (ERK1/2) activation was found to be involved in the autophagy regulation. Co-treatment with inhibitors or siRNAs blocked the autophagic phenotypes and significantly increased cellular viability (Trenti et al., 2014; Meng et al., 2016; Wang et al., 2015; Škubník et al., 2021a).
3.1.3 Induction of hybrid cell death
Hybrid cell death is defined as a form of concurrent apoptosis and necrosis. Chen et al. (2014) measured cell death and signaling pathways as well as intracellular Ca++, Na+ and K+ changes in two human glioblastoma (GBM) cell lines, LN229 and Temozolomide (TMZ)-resistant T98G after treatment with Ouabain (0,1–10 μM) (Chen et al., 2014). Remarkable was a disruption of K+ homeostasis. An apoptotic component was accompanied by reduced Bcl-2 expression and mitochondrial membrane potential. Electron microscopy revealed both apoptotic and necrotic alterations in the same cells. The authors found a high expression of the NKA α3 isoform in human T98G glioblastoma cells as compared to the TMZ-sensitive cell line LN229 and normal human astrocytes. At low concentrations, Ouabain selectively killed T98G cells. Knocking down the NKA α3 isoform sensitized T98G cells to TMZ and caused more cell death.
3.1.4 Cell cycle arrest
p21CIP1 is a cyclin-dependent kinase inhibitor (CDK-I) that is regulated downstream of p53. When associated with Cdk1/2, it acts as an inhibitor of the cell cycle by blocking progression through the G1/S phase. Loss of p21CIP1 unleashes Cdk1 activity which causes chromosome instability. Besides promoting cell cycle progression Cdk1 has been described to play a role in cell cycle arrest, in particular at the G2/M checkpoint. Jing et al. (1994) aimed to study the mechanism of differentiation of human leukemia ML1 cells induced by Bufalin (Jing et al., 1994). The authors measured the effect of 10 nM Bufalin on cell growth, activities of several protein kinases, and cell cycle. The ML1 cell growth was inhibited significantly. Activities of PKC and PKA were inhibited whereas cdc2 kinase (=Cdk1) was increased early by Bufalin. Cell cycle changes became evident at 12 h after treatment of ML1 cells with Bufalin and the cells were preferentially arrested in the G2/M phase. Similarly, p21CIP1 may have dual activities according to the degree of DNA damage (Cmielová and Rezáčová, 2011; Xu et al., 2010; Wang et al., 2021; Kometiani et al., 2005; Tian et al., 2009).
3.1.5 Inhibition of migration
Migration is a prerequisite for tumor metastasis and defines the aggressiveness of a tumor. Pongrakhananon et al. (2013) revealed that treatment with Ouabain at physiological concentrations (10–30 pM) is able to inhibit the migration of human lung cancer H292 cells (Pongrakhananon et al., 2013). The effects of Ouabain were found to be mediated through the suppression of migration regulatory proteins, such as focal adhesion kinase (FAK), ATP-dependent tyrosine kinase (Akt), and cell division cycle 42 (Cdc42). Moreover, anti-migratory Ouabain actions were mediated via a ROS-dependent mechanism because the addition of ROS scavengers (N-acetylcysteine and glutathione) could reverse the effect of Ouabain on cell migration. On the other hand, Ouabain was shown to decrease the cancer cell adhesion to endothelial cells. Another study confirmed this seemingly paradox effect (Liu et al., 2013; Ninsontia and Chanvorachote, 2014; Shin et al., 2015; Magpusao et al., 2015).
Ruanghirun et al. (2014) demonstrated that very low concentrations of Ouabain (0–10 pM) facilitate cancer cell detachment from the extracellular matrix in human lung H23 cancer cells, while having minimal effect on cell viability (Ruanghirun et al., 2014). Detachment of cancer cells is a pre-conditional process for metastasis. The detachment-inducing effect of Ouabain was found to be mediated through activation (!) of FAK and Akt pathways. This study is in striking contrast to the former cited one which saw a reduced FAK activity in response to Ouabain treatment. We discuss this contradiction below.
3.1.6 Cell growth inhibition by downregulation of (the following listed mechanisms)
3.1.6.1 NKA isoform α1
We will mention later, in the chapter about NKA isoforms, more studies dealing with the NKAα1 as a survival receptor. Here we will cite one of the most important studies. Tian et al. (2009) demonstrated that Ouabain-induced cell growth regulation is intrinsically coupled to and dictated by changes in cell surface expression of NKAα1 via the PI3K/Akt/mTOR pathway (Tian et al., 2009). While Ouabain increases the endocytosis of the NKA in one benign (LLC-PK1) as well as human breast (BT20), and prostate (DU145) cancer cell lines only in LLC-PK1 but not in BT20 and DU145 cells Ouabain stimulates the PI3K/Akt/mTOR pathway and consequently upregulates the expression of NKA. This upregulation is sufficient to replete the plasma membrane pool of NKAα1 and to stimulate cell proliferation in LLC-PK1 cells. On the contrary, in BT20 and DU145 cells Ouabain leads to a gradual depletion of NKAα1 at the cell surface and an increased expression of cell cycle inhibitor p21cip, which consequently inhibits cell proliferation. They observed that siRNA-mediated knockdown of NKAα1 is sufficient to induce the expression of p21cip and slow the proliferation also of the benign LLC-PK1 cells.
3.1.6.2 HIF-1α
The hypoxia inducible factor (HIF-1α) plays a crucial role especially in GBM, where it promotes stem cell survival in hypoxic niches. Nigim et al. (2015) presented a new GBM model, MGG123, which was established from a recurrent human GBM. Orthotopic xenografting of stem-like MGG123 cells reproducibly generated lethal tumors that were characterized by hypervascularity and robust stem cell marker expression. Hypoxia enhanced HIF-1α expression in cultured MGG123 cells, which was suppressed by Digoxin or Ouabain (Nigim et al., 2015). In vivo, treatment of orthotopic MGG123 xenografts with Digoxin decreased HIF-1α expression as well as vascular endothelial growth factor (VEGF) mRNA levels within the tumors, and extended survival of mice bearing the aggressive MGG123 GBM. The effect of Ouabain was not checked in this in vivo model (Zhang et al., 2008; Cao et al., 2014; Yang et al., 2018).
3.1.6.3 NF-κB
NF-κB is considered a pro-inflammatory and survival signaling pathway, activated by interleukin 1 (IL-1α) and tumor necrosis factor α (TNFα). In general, IL-8 mRNA induction is regulated mainly by NF-κB. Saito et al. (2019) examined the effects of Ouabain on spontaneous IL-8 and IL-1α secretion in the HSC3 oral squamous cell carcinoma cell line. IL-8 secretion was reduced whereas IL-1α secretion was increased by Ouabain. Further analysis revealed that Ouabain induced phosphorylation of the activator protein (AP)-1 components c-Jun and c-Fos but not of the nuclear factor kappa B (NF-κB) components p65 and p50. The inhibitory effect of Ouabain was correlated to a diminished nuclear translocation of the NF-κB p65 subunit (Saito et al., 2019). The authors concluded that Ouabain seemingly exerts opposing effects on the transcription factors NF-κB and AP-1 (Mijatovic et al., 2006a).
3.1.7 Other novel anti-tumor mechanisms by Ouabain
3.1.7.1 FGF-2
One if the less known activities of Ouabain is the suppression of the extracellular release of firoblast growth factor 2 (FGF-2) protein from malignant cells, which is not dependent on the classical ER Golgi secretory pathway but on NF-κB signaling. Wakisaka et al. (2002) demonstrated that this pathway is activated by the Latent Membrane Protein 1 (LMP1), the main EBV oncoprotein and suppressed by Ouabain (Wakisaka et al., 2002). In this context, it is interesting that LMP1 activates also HIF-α1, a pathway which is suppressed by Ouabain, so that an up-stream convergence of LMP1 and Ouabain pathways may be concluded (Wakisaka and Pagano, 2003). Remarkably, it was shown that LMP1 increased the release of exosomes enriched with FGF-2 and that NKA was redistributed to late endosomes indicating an active role of NKA activity in FGF-2 secretion (Ceccarelli et al., 2007). We may assume that here a general inhibitory effect of Ouabain on the creation and/or release of exosomes is revealed. This could have enormous implications for tumor metabolism/biology as exosomes carry a lot of growth factors, transmitters, hormones.
3.1.7.2 Nucleolus disorganization
Mijatovic et al. (2008) used a new generated cardenolide UNBS1450 and showed that the compound (100 nM) significantly impaired the dynamics of the actin cytoskeleton. In addition to disorganizing the actin cytoskeleton, UNBS1450 provoked striking effects on nucleolar morphology, including fractionation, compaction, and formation of dark enlargements (Mijatovic et al., 2008). They concluded that primary actin cytoskeleton disorganization may lead to unprocessed RNA accumulation in nucleoli and/or to transcribed RNA sequestration due to impaired nucleo-cytoplasmic trafficking. To our knowledge there are so far no reports if Ouabain has the same effect.
3.1.7.3 Anoikis
Normal epithelial cells undergo apoptosis upon detachment from the extracellular matrix, a process termed “anoikis.” However, malignant epithelial cells with metastatic potential resist anoikis and can survive in an anchorage-independent fashion. Resistance to anoikosis is one of the most important mechanisms to promote and facilitate distant metastases. To identify novel anoikis sensitizers in anoikis-resistant PPC-1 prostate adenocarcinoma cells, Simpson et al. (2009) screened a library of 2,000 off-patent drugs and natural products. They identified several members of the family of cardiac glycosides as anoikis sensitizers, including Ouabain, Peruvoside, Digoxin and Digitoxin (Simpson et al., 2009). Ouabain initiated anoikis through caspase-8 activation. In addition, Ouabain sensitized cells to anoikis by inhibiting the NKA and inducing hypoosmotic stress.
3.1.7.4 Mitochondrial membrane potential
The loss of the mitochondrial membrane potential (MMP) is a hallmark of apotosis - opening of the mitochondrial permeability transition pore has been demonstrated to induce depolarization of the transmembrane potential (Δψm), release of e.g., apoptosis-inducing factor (AIF) and loss of oxidative phosphorylation. Yin et al. (2009) found that the mitochondrial toxin rotenone caused a rapid mitochondrial membrane potential collapse in Jurkat cells followed by plasma cell membrane (PCM) depolarization (Yin et al., 2009). Rotenone-induced PCM depolarization occurred before apoptosis and correlated well with NKA impairment. The authors demonstrated that both PCM depolarization and NKA impairment induced by rotenone were regulated by mitochondrial H2O2 and downregulation of Bcl-2. Interestingly, NKA suppression by Ouabain greatly accelerated and enhanced mitochondrial toxins-induced cells apoptosis in Jurkat cells. They proposed that mitochondria-to-Na+/K+-ATPase impairment and PCM depolarization might represent a novel mechanism for mitochondria to amplify death signals in the initiation stage of apoptosis induced by mitochondrial toxins.
3.1.7.5 Gap junctions
Gap junctions are molecular structures that enable communication between neighboring cells. It has been shown that gap junctional intercellular communication (GJIC) is significantly reduced in cancer cells compared to their normal counterparts. Serrano-Rubi et al. (2020) analyzed by means of dye transfer assays whether Ouabain (0,1–500 nM) affects GJIC in cervico-uterine (CasKi, SiHa and Hela), breast (MDA-MB-321 and MCF7), lung (A549), colon (SW480) and pancreas (HPAF-II) cancer cell lines. They found that Ouabain induces a statistically significant enhancement of GJIC in all of these cancer cell lines (Serrano-Rubi et al., 2020). Remarkably, the synthesis of new protein subunits is not required. C-SrC, ERK1/2 and ROCK-Rho are involved in mediating the signaling mechanisms.
3.1.7.6 p53
p53 is the most important tumor suppressor protein and the most mutated gene in tumors. In normal cells, p53 protein binds to DNA, stimulating the production of p21 that interacts with cdk2. When p21 is in complex with cdk2 the cell cannot pass through to the next stage of cell division, i.e., causing cell cycle arrest. Mutated p53 has lost its ability to bind DNA. Wang et al. (2009) reports that in multiple human cancer cell lines the basal level of p53 protein is downregulated by Digoxin and Ouabain at nanomolar concentrations, independent of p53 status (wild-type/mutant) (Wang et al., 2009). They demonstrated that p53 reduction is triggered by activation of Src/mitogen-activated protein kinase (MAPK) signaling pathways upon CTS binding to the NKA and can be completely blocked by inhibitors of Src or MAP/ERK kinase. The authors concluded a novel effect of Ouabain considering mutant p53 acts as a driver oncogene in the gain-of function model.
3.1.7.7 Unfolded protein response (UPR)
The unfolded protein response (UPR) is activated in response to an accumulation of unfolded proteins in the lumen of the endoplasmic reticulum to restore normal function of the cell by halting protein translation, degrading misfolded proteins or, after prolonged disruption, inducing apoptosis. Ozdemir et al. (2012) studied the possible effects of Ouabain on proliferation, apoptosis, and the unfolded protein response (Ozdemir et al., 2012). HepG2 cells were treated with Ouabain (0,75–750 nM) in the absence or presence of 10 mM 2-deoxyglucose (2-DG) for 48 h. They showed that Ouabain modulates the UPR transcription program and induces cell death in glucose-deprived tumor cells. Interestingly, they observed no cytotoxic effect of Ouabain in the presence of glucose.
3.1.7.8 Senolysis
In addition to its anti-tumor effects, recent studies implicated Ouabain as a new senolytic agent. Senolytic drugs selectively eliminate senescent cells (Chang et al., 2024). Senescence is defined as a stable proliferation arrest mainly occurring as “stress response” in aged, damaged and preneoplastic cells. But even these cells have stopped dividing they remain metabolically active (Ark and Uddin, 2023). Their effects in the aging process and cancer development are mediated by secreting proinflammatory cytokines, growth factors, and proteases, collectively referred to as the senescence-associated secretory phenotype (SASP) (Jiang et al., 2024). With respect to cancer research senescence is especially fascinating–on the one hand it is a tumor suppressive process when induced by oncogenes (OIS) hereby limiting the proliferation of damaged cells, on the other hand senescent cells have a pre-malignant profile with in general hypomethylated DNA but localized hypermethylation especially of the promoter regions (Cps islands) of tumor suppressors (Cruickshanks et al., 2013). When these cells overcome the proliferation barrier they may initiate and/or promote tumorigenesis. Ouabain has been demonstrated to act as a highly effective senolytic drug in a variety of cancer cells (Hôte et al., 2021). The mechanism involved in its senolytic effects includes in between others the induction of the BH3-only pro-apoptotic protein.
3.2 Effects of (exogenous) Ouabain
3.2.1 In vitro
3.2.1.1 Anti-Cancer
.3.2.1.1.1 Prostate cancer
Huang et al. (2004) determined the therapeutic potential of cardiac glycosides in PC-3 androgen-independent prostate cancer cells and revealed two dose-dependent distinct modes of cytotoxic action (Huang et al., 2004). Both low and high concentrations of Ouabain induced an inhibition of Na+-K+ ATPase and a subsequent Ca++ influx into PC-3 cells. High concentrations of Ouabain (>10 nM) induced a significant and time-dependent loss of mitochondrial membrane potential (Δψm), a sustained production of reactive oxygen species (ROS), and severe apoptotic reaction. Low concentrations of Ouabain (<10 nM) induced an increase of Par-4 (prostate apoptosis response 4) expression (Yeh et al., 2001; McConkey et al., 2000; Smith et al., 2001).
.3.2.1.1.2 Breast carcinoma
The following study is of special interest as it describes the involvement of Ouabain in estrogen metabolism. Busonero et al. (2020) mentioned that prolonged endocrine therapy often leads to ER-resistance and results in metastatic disease, for which a standardized effective therapy is still lacking. They report that Ouabain activates the cellular proteasome, resulting in ERα degradation, induces cell cycle blockade in the G2 phase, and triggers apoptosis (Busonero et al., 2020). Remarkably, these effects are independent of the inhibition of the Na+/K+-ATPase. The anti-proliferative effects of Ouabain and Digoxin occur also in diverse cancer models (i.e., tumor spheroids and xenografts). Interestingly, gene profiling analysis revealed that Ouabain downregulates the expression of genes related to endocrine therapy resistance (Chen et al., 2006; Winnicka et al., 2007; Bielawski et al., 2006; Khajah et al., 2018; Acconcia, 2022).
.3.2.1.1.3 Lung cancer
The study below is important because it reveals a potential new biomarker (STK11 mutation) in progressive lung cancer responding to CTS therapy. Kim et al. (2016) describes STK11 mutation as a major mediator of lung cancer progression. They report that targeting the Na+/K+-ATPase isoform α1 (NKA α1) is synthetic lethal with STK11 mutations in lung cancer. Digoxin, Digitoxin and Ouabain exhibited selective anticancer effects on STK11 mutant lung cancer cell lines (Kim et al., 2016). Increased cellular ROS production was associated with the STK11-specific efficacy of CTS. The authors claim that these results show that STK11 mutation is a novel biomarker for responsiveness to CTS. Inhibition of NKA α1 using CTS needs exploration as a targeted therapy for STK11 mutant lung cancer (Chanvorachote and Pongrakhananon, 2013; Trenti et al., 2014; Wang et al., 2012; Liu et al., 2013; Ninsontia and Chanvorachote, 2014; Shin et al., 2015; Pongrakhananon et al., 2013; Mijatovic et al., 2006b).
.3.2.1.1.4 Hepatocellular carcinoma
This study is of special interest as it revealed cardiotonic steroids as highly effective in aggressive hepatocellular carcinoma (HCC). Song et al. (2020) analyzed whether the spheroid model MCTS simulate in vivo tumor microenvironments. Through a high-throughput screening for HCC therapy using the MCTS model, inhibitors of Na+/K+-ATPase (Ouabain and Digoxin) were selected. Both suppressed cell growth and migration via inhibition of epithelial-mesenchymal transition (EMT) of HCC in vivo and in vitro (Xu et al., 2010; Xu et al., 2011; Fu et al., 2020).
This result is striking as other authors saw an increase of EMT in prostate cancer under Ouabain treatment (Banerjee et al., 2021). This discrepancy needs further evaluation.
.3.2.1.1.5 Gastric and esophageal cancer
As far as we know this is the first study showing an anti-cancer effect of Ouabain in gastric cancer. Chen et al. (2021) demonstrated that Ouabain (at 0–1,6 µM) decreased gastric adenocarcinoma (AGS) cell proliferation, cell viability, and motility (Chen et al., 2021). In addition, Ouabain inhibited AGS cell migration and invasion. Analyzing the signaling pathways the authors saw under Ouabain treatment reduced levels of proteins associated with PI3K/AKT and p38/MAPK pathways. In addition, at 48 h Ouabain decreased the expression of proteins involved in migration and metastasis such as N-cadherin, tissue inhibitor of metalloproteinases-1 (TIMP-1), urokinase-type plasminogen activator (c-uPA), and MMP-2.
.3.2.1.1.6 Biliary tract cancer
Also the following study is a first-time study in a highly aggressive cancer. Mayr et al. (2023) stresses that similar to HCC biliary tract cancer is a deadly disease with limited therapeutic options. They found that Ouabain has a strong cytotoxic effect with IC50 levels in the (low) nM-range, mainly by inducing apoptosis (Mayr et al., 2023). Interestingly, this effect was not associated with any change in the mRNA expression of the Na+/K+-ATPase α, β and fxyd subunits In addition, using a 3D cell culture model, they revealed that Ouabain disturbs spheroid growth and reduces the viability of biliary tract cancer cells within the tumor spheroids.
.3.2.1.1.7 Ovarial cancer
One preliminary study is dealing with the potential anti-tumor activity of CTS in Ovarial cancer. Chou et al. (2021) investigated the effects of CTS on proliferation, cytotoxicity and cell cycle of the ovarian cancer cell line (SKOV-3). Digoxin and Digitoxin at concentrations higher than IC50 (2.5 × 10−7 M/4.0 × 10−7 M) decreased cell proliferation of SKOV-3 cells (Chou et al., 2021). Interestingly, Ouabain showed a dual effect with inhibition at high doses (µM) and stimulation at low (pM) doses. The colony-formation ability was reduced after treatment with Digoxin and Digitoxin up to 10 days and both led to cell cycle arrest in G0/G1 phase within 24 h.
.3.2.1.1.8 Osteosarcoma
Osteosarcoma is the most common malignant bone tumor in children. The poor prognosis is due to high metastatic potential and resistance to current therapies. It is fascinating to see several studies demonstrating a potential benefit of Ouabain and other CTS. Delebinski et al. (2015) screened different herbal extracts for their anti-tumor potential in the osteosarcoma cell line 143B. They revealed that various steroid glycosides suppress cell proliferation in a concentration-dependent manner. Remarkably, apoptosis was induced by 17 of the 20 tested cardenolides and bufadienolides (Delebinski et al., 2015). Proscillaridin A and Ouabain revealed the strongest apoptotic induction, associated with breakdown of MMP and activation of caspases 8/9 (Chou et al., 2018; Guo et al., 2019; Shih et al., 2017; Yang JL. et al., 2021).
.3.2.1.1.9 Melanoma
Also melanoma is known to be insensitive to conventional chemotherapy and it remains a therapeutic challenge even with the emergence of checkpoint inhibitors. Here is one promising study with CTS. Wang et al. (2021) demonstrated that Ouabain strongly inhibits cell proliferation and triggers dramatic morphological changes in A375 melanoma cells (Wang et al., 2021). Ouabain induced significant apoptosis in A375 cells via upregulation of Bax and downregulation of Bcl-2. Moreover, Ouabain induced cell cycle arrest at G2/M phase in both A375 and SK-Mel-28 cells via upregulation of cyclin B1 and downregulation of cell division cycle protein 2 (cdc2) and cdc25c. Last but not least, Ouabain suppressed also the migration of A375 and SK-Mel-28 cells.
.3.2.1.1.10 Thyreoid cancer
Anaplastic thyroid carcinoma (ATC) is a rare, but aggressive, carcinoma derived from follicular cells with still a high mortality. Teixeira et al. (2022) aimed to evaluate Ouabain effects on 85-05C human anaplastic thyroid cells. Viability, cell death, cell cycle, colony formation and migratory ability were analyzed. The expression of (“positive”) differentiation and (“negative”) epithelial-to-mesenchymal transition (EMT) markers were also quantified in these cells. They showed that Ouabain, on the one hand, decreased the number of viable 8505C cells as well as cell migration (Teixeira et al., 2022). On the other hand, Ouabain decreased mRNA levels of Thyroid Transcription Factor-1 (TTF1) an important differentiation marker, and increased mRNA levels of N-cadherin, an EMT marker. The authors came to the important conclusion which needs to be evaluated in other tumors that Ouabain may have anti-proliferative and anti-migratory effects on 8505C cells, but seems to maintain an aggressive and undifferentiated profile of ATC. As mentioned above the data about the effects of Ouabain on EMT are contradictious and need clarification.
.3.2.1.1.11 Glioblastoma multifome
We will cite here a few studies because our group is focusing on the effects of Ouabain in Glioblastoma multiforme (GBM) the most aggressive brain tumor with still a very poor prognosis. Hsu et al. (2015) analyzed Epi-reevesioside F, a new cardiac glycoside, in T98G and U-87 glioblastoma cells, which was shown to be more potent than Ouabain (Hsu et al., 2015). However, both Epi-reevesioside F and Ouabain were ineffective in A172 cells, a glioblastoma cell line with low Na+/K+-ATPase α3 isoform expression. This underlines the importance of our hypothesized switch from NKAα1 to NKAα3 expression in endogenous tumor defense. Epi-reevesioside F induced cell cycle arrest at S and G2 phases and caspase-dependent apoptosis. Notably, Epi-reevesioside F caused cytosolic acidification that was highly correlated with the anti-proliferative activity. All these actions were correlated to inhibition of the PI3-kinase/Akt pathway. Ono et al. (2016) dealt with Glycoprotein non-metastatic melanoma protein B (GPNMB) which is involved in invasion and metastasis. High levels of GPNMB and Na+/K+-ATPase α1 subunits are associated with a poor prognosis in glioblastoma patients. It was revealed that GPNMB interacts with NKA α1 subunits to activate PI3K/Akt and MEK/ERK pathways. Interestingly, Ouabain suppressed the glioma growth induced by the injection of glioma cells in the transgenic mice overexpressing GPNMB and blocked the GPNMB-induced migration of glioma cells (Ono et al., 2016). Yang et al. (2018) elucidated the effect of Ouabain on U-87MG human glioma cell apoptosis and investigated the exact mechanism. Compared with the control group, Ouabain suppressed U-87MG cell survival, and attenuated cell motility in a dose-dependent manner (Yang et al., 2018). The downregulation of p-Akt, mTOR, p-mTOR and HIF-1α were observed following treatment with 2,5 and 25 μmol/L of Ouabain. The fact, that here relatively high doses were used, needs to be discussed. Weidemann et al. (2023) aimed to demonstrate a divergent effect of Ouabain on a TMZ-resistant (T98G) as compared to a TMZ-sensitive (LN229) GBM cell line. T98G cells showed a significant inhibition of cell migration and a significant depolarization of the plasma cell membrane potential (PCMP) at similar Ouabain concentrations with a strong inverse correlation (Weidemann et al., 2023). In contrast, LN229 cells did not respond to Ouabain in these assays at all. Similarly, only T98G but not LN229 cells revealed Bcl-2 downregulation at nanomolar Ouabain concentrations. This unique response to Ouabain is associated with a downregulation of pan-Akt in T98G cells 24 h after Ouabain (1.0 × 10−6 M) treatment. For the first time, we could show an anti-angiogenic effect of Ouabain on HUVEC cells which correlated strongly with the anti-migratory effect. In summary, we revealed that the TMZ-resistant T98G cell line as compared to the TMZ-sensitive LN229 cell line shows a high sensitivity towards Ouabain.
.3.2.1.1.12 Leukemia and lymphoma
Acute myeloid leukemia (AML) is an especially aggressive hematologic malignancy characterized by an accumulation of immature leukemic myeloblasts initiating from leukemic stem cells (LSC) which are, like in other tumor entities, responsible for chemotherapy resistance and relapse. Poohadsuan et al. (2023) tested the effects of Ouabain and other CTS on various human AML-derived cells with different maturation phenotypes. Regulatory mechanisms underlying cardiac glycoside-induced cytotoxicity were investigated and linked to cell cycle distribution and apoptotic machinery. Primitive AML cells containing CD34+ LSCs were very responsive to nanomolar concentrations of cardiac glycosides, with Ouabain showing the greatest efficiency (Poohadsuan et al., 2023). Ouabain preferentially induces caspase-dependent apoptosis in LSC, independent of its cell differentiation status. Interestingly, Mcl-1 and c-Myc were found to be the key apoptosis mediators that determined Ouabain sensitivity in AML cells. Specifically, Ouabain induces a rapid loss of Mcl-1 and c-Myc in LSC via an inhibition of Mcl-1 protein synthesis and an induction of c-Myc degradation (Feng et al., 2016; Zheng et al., 2021).
3.2.1.2 Pro-cancer
Xu et al. (2009a) analyzed the lymphocytic leukemia Jhhan cells and megakaryocytic leukemia M07e cells which were incubated at different Ouabain (1 and 10 nmol) concentrations of for 24 h 1 nmol and 10 nmol Ouabain promoted proliferation of both Jhhan and M07e cells. Ouabain also increased the expression of Na+/K+-ATPase α1 at the cell surface (Xu et al., 2009a). Addition of either Src kinase inhibitor PP2 or MEK inhibitor PD98059 blocked the effects of Ouabain on cell proliferation. The authors concluded that Ouabain activates Src and ERK1/2 pathways and regulates the proliferation of leukemia cells. To mention that the same group (Wang et al., 2007) used a similar experimental design before with different resp. Opposite results (Wang et al., 2007). They also used the mekakaryocytic leukemic M07e (and Meg-01) and lymphocytic leukemia Jhan (and B95) cell lines and applied the same low Ouabain concentrations (1 and 10 nmol). Whereas proliferation of lymphocytic leukemia cells indeed was stimulated by low dose Ouabain and NKAα1 upregulated, the megakaryocytic leukemia cells were inhibited in cell growth and the NKAα1 was downregulated. The reason for these discrepancies in similar study designs is not clear, they need to be verified. All in all, very low Ouabain concentrations were used which are known to stimulate cell growth.
The next study is a rare demonstration of Ouabains low efficiency in malignant cells. Clifford and Kaplan (2013) investigated the effects of CTS compounds Ouabain, Digitoxin, and Bufalin on cell growth and survival in cell lines exhibiting the full spectrum of non-cancerous to malignant phenotypes. They showed that CTS inhibit membrane Na+/K+-ATPase activity equally well in all cell lines tested regardless of metastatic potential. In contrast, the cellular responses to the drugs are different in non-tumor and tumor cells (Clifford and Kaplan, 2013). Ouabain (100 or 500 nM) caused greater inhibition of proliferation and more extensive apoptosis in non-tumor breast cells compared to malignant cells. In tumor cells, the effects of Ouabain are accompanied by activation of anti-apoptotic ERK1/2. However, ERK1/2 or Src inhibition does not sensitize tumor cells to CTS cytotoxicity, suggesting that other mechanisms provide protection to the tumor cells. These results which are contradictory to many other results in the literature need further evaluation. We postulate that the duration of activation of e.g., ERK1/2 as well as Ouabain concentrations and NKA isoform patterns at the cell surface could each be crucial to direct cells either to enhanced or decreased cell proliferation. We will summarize this issue below in the discussion.
3.2.2 In vivo
3.2.2.1 Anti-Cancer
Here we cite some studies only shortly as they were mentioned already above in the in vitro part.
.3.2.2.1.1 Lung cancer
Mijatovic et al. (2006) starts from the observation that overexpression of the heat shock protein 70 (Hsp70) in NSCLC is (in between other factors) responsible for the failure of currently used chemotherapeutic drugs. They aimed to characterize in vitro and in vivo the antitumor effects of a new cardenolide (UNBS1450) on experimental human NSCLC. UNBS1450 is known as a potent source of in vivo antitumor activity in subcutaneous human NCI-H727 and orthotopic A549 xenografts in nude mice. They could demonstrate that UNBS1450 mediates the decrease of Hsp70 at both mRNA and protein levels (Mijatovic et al., 2006b). Kim et al. (2016) as mentioned above could demonstrate also in vivo, that clinically relevant doses of Digoxin decreased the growth of STK11 mutant xenografts compared to wild type STK11 xenografts (Kim et al., 2016).
.3.2.2.1.2 HCC
Yang S. et al. (2021) aimed to explore a novel strategy to potentiate the anti-HCC effects of Sorafenib to which many responders become insensitive after long-term treatment. They used HCC cell lines, siRNA and a tumor xenograft mouse model to determine the anti-HCC effects of Sorafenib in combination with Berbamine or other Na+/K+-ATPase ligands, i.e., CTS. They demonstrated that Ouabain synergizes with Sorafenib to inhibit HCC cells growth (Yang S. et al., 2021). Mechanistically, the Na+/K+-ATPase ligand Ouabain induces Src, EGFR, type I insulin-like growth factor receptor, ERK1/2 and p38MAPK phosphorylation in hepatocellular carcinoma cells. In contrast, Sorafenib inhibits the induction of Src, p38MAPK, EGFR and ERK1/2 phosphorylation by Ouabain. Importantly, combination of Sorafenib with Ouabain synergistically inhibits also Sorafenib-resistant HCC cells growth. Co-treatment of hepatocellular carcinoma cells with Ouabain and Sorafenib significantly induces cell death and significantly inhibits hepatocellular carcinoma xenografts growth in vivo.
.3.2.2.1.3 Melanoma
We cite below studies from da Silva et al. (2019) - they showed that in vivo Ouabain treatment reduced regulatory T cells in the spleen in both melanoma B16F10 and non-melanoma groups. Ouabain preserved the number and percentage of B lymphocytes in peripheral organs of melanoma-injected mice. Importantly, Melanoma-injected mice pre-treated with Ouabain survived longer (da Silva et al., 2019).
.3.2.2.1.4 Glioblastoma
We mentioned above the study of Nigim et al. (2015) who developed a new GBM model. Remarkably, the treatment of orthotopic MGG123 xenografts with Digoxin or Ouabain decreased HIF-1α expression as well as vascular endothelial growth factor (VEGF) mRNA levels within the tumors, and extended survival of mice bearing the aggressive MGG123 GBM (Nigim et al., 2015). The study by Ono et al. (2016) we already cited also demonstrates impressive in vivo effects of Ouabain. The interaction of GPNMB and Na+/K + -ATPase α isoforms was identified in the murine glioma model and in the tumors of glioblastoma patients. Ouabain suppressed glioma growth induced by the injection of glioma cells in the transgenic mice overexpressing GPNMB and blocked the GPNMB-induced migration of glioma cells (Ono et al., 2016).
.3.2.2.1.5 Lymphoma and leukemia
Zhang et al. (2008) screened a library of drugs that are in clinical trials as potential inhibitors of hypoxia-inducible factor 1 (HIF-1α). Eleven of 20 drugs were cardiac glycosides, including digoxin, ouabain, and proscillaridin A, which inhibited HIF-1α protein synthesis and expression of HIF-1α target genes in cancer cells. They showed that Digoxin administration increased latency and decreased growth of tumor xenografts, whereas treatment of established tumors resulted in growth arrest within 1 week (Zhang et al., 2008). The study from da Silva et al. (2019) we will cite below more in detail–interestingly, he saw only in vivo (mice), not in vitro, a reduction of number of CD4+ T lymphocytes, especially Tregs (da Silva et al., 2019).
3.2.2.2 Pro-cancer
Remarkably, in our database research over a span of 50 years (!) we found only this recent work. Yang et al. (2023) described that endogenous ouabain (EO) is elevated in patients with NSCLC and closely related to tumor pathological stage, metastasis and survival (Yang et al., 2023). They revealed that EO increases PD-L1 transcription, however, the EO receptor Na+/K+-ATPase α1 interacts with PD-L1 to trigger the endocytic degradation of PD-L1. In light of these seemingly contradictory results the authors claim to have discovered the mechanism whereby EO cooperates with NKA α1 to finely control PD-L1 expression and dampen tumoral immunity. They concluded that the NKA α1/EO signaling facilitates immune escape in lung cancer. This challenging theory we will comment in the discussion.
3.3 Effects of exogenous Ouabain on the immune system
3.3.1 Tumor suppressing
There are abundant data about the interaction between Ouabain and the immune system. We refer to some reviews (Rodrigues-Mascarenhas et al., 2009; Cavalcante-Silva et al., 2017; Leite et al., 2022) and will cite here only a few in vivo studies dealing with the influence of Ouabain on the altered number and function of immune cells.
Shih et al. (2019) developed WEHI-3 cell generated leukemia mice and treated them by oral Ouabain at 0, 0.75, 1.5 and 3 mg/kg for 15 days. Ouabain decreased liver and spleen weights, B- and T-cell proliferation at all three doses treatment and increased CD19 cells at 3 mg/kg treatment compared with positive control. Furthermore, Ouabain increased macrophage phagocytosis from peripheral blood mononuclear cells at all three doses and increased NK cell activities (Shih et al., 2019). Another study saw that Ouabain seems to target specifically regulatory T (Treg) cells. This is of special importance because Treg cells–an immunosuppressive subset of CD4+ T cells primarily responsible for self-tolerance - can suppress anticancer immunity, thereby hindering protective immunosurveillance of malignancies thus promoting tumor development and progression. Da Silva et al. (2019) aimed to show the effects of Ouabain on peripheral and spleen T lymphocytes. Mice were injected i. p. for 3 consecutive days with 0.56 mg/kg of Ouabain. They saw that Ouabain significantly reduced the number of CD4+ T lymphocytes in the spleen, especially regulatory T cells. Interestingly, in vitro, Ouabain did not inhibit the proliferation of CD4+T lymphocytes and was not able to induce the apoptosis of CD4+ and/or Tregs. Secretion of IL-2 by activated T lymphocytes was decreased by Ouabain, explaining at least in part the reduction of Tregs, since this cytokine is involved in the peripheral conversion and maintenance of Tregs (Da Silva et al., 2019).
There are a number of studies gaining interest about the role of CTS/Ouabain in Immunogenic Cell Death (ICD). Some chemotherapeutic compounds, anthracyclines and Oxaliplatin, induce a type of cell death that is immunogenic, i.e., transforming the patient’s dying cancer cells into a vaccine that stimulates antitumor immune responses. Menger et al. (2012) identified CTS as exceptionally efficient inducers of immunogenic cell death by means of a fluorescence microscopy platform. This effect was associated with the inhibition of the plasma membrane Na+-/K+-ATPase. Noteworthy, CTS exacerbated the antineoplastic effects of DNA-damaging agents in immune-competent but not immune-deficient mice. Moreover, cancer cells receiving a combination of chemotherapy plus CTS could vaccinate syngeneic mice against a subsequent challenge with living cells of the same type (Menger et al., 2012). Retrospective clinical analyses revealed that the administration of Digoxin during chemotherapy had a positive impact on overall survival in cohorts of breast, colorectal, head and neck, and hepatocellular carcinoma patients, especially when they were treated with agents other than anthracyclines and Oxaliplatin. Xiang et al., 2020 points out that most of the anticancer drugs cause non-immunogenic cell death. A serious problem is the persistence and expansion of treatment-resistant clones. They report a combination strategy that applies simultaneously non-immunogenic cell death inducer Cisplatin and Digoxin to treat primary tumors and convert the tumor cells into vaccines that enables a long-lasting immune response against residual tumors to prevent tumor recurrence and metastasis (Xiang et al., 2020). They revealed that complementary mechanisms induced potent immunogenic cell death that promotes dendritic cell maturation and activates CD8+ T cell responses. In established tumor models, Cisplatin and Digoxin combinations completely eradicate tumors with no residual cancer cells remaining.
Škubník et al. (2021b) aimed to summarize current knowledge in the field of immunomodulatory properties of CTS and emphasized the large area of potential clinical use of these compounds. He stressed the strong connection of CTS to immunogenic cell death. Moreover, CTS exert various immunomodulatory effects, mainly by suppressing the activity of T-helper cells or modulating transcription of many immune response genes by inhibiting nuclear factor- κB (Škubník et al., 2021b).
Shandell et al. (2022) points out that little are known about the effects of the ionic tumor microenvironment on immune checkpoint expression and function. They describe a mechanistic link between Na+/K+-ATPase inhibition and activity of the immune checkpoint protein indoleamine-pyrrole 2′,3′-dioxygenase 1 (IDO1). As they described earlier IDO1 was necessary and sufficient for production of kynurenine, a downstream tryptophan metabolite, in cancer cells. Metabolites of the IDO1-kynurenine pathway are known to activate PI3K-Akt signaling in neoplastic epithelium and promote cellular proliferation. In a spectrophotometric screening assay of 31 ion transport-targeting compounds it was revealed that Ouabain and Digoxin inhibited kynurenine production at concentrations that did not affect cell survival. NKA inhibition by Ouabain and Digoxin resulted in increased intracellular Na+ levels and downregulation of IDO1 mRNA and protein levels, which was consistent with the reduction in kynurenine levels (Shandell et al., 2022). NKAα1 knockdown significantly enhanced the effect of cardiac glycosides on IDO1 expression and kynurenine production. Mechanistically, they showed that cardiac glycoside treatment resulted in curtailing the length of phosphorylation-mediated stabilization of STAT1, a transcriptional regulator of IDO1 expression, an effect enhanced by NKA α1 knockdown.
3.3.2 Tumor promoting
Here again it is the above mentioned study from Yang et al. (2023) who claims a negative impact of EO on the immune system by up-regulating the checkpoint protein PD-L1. As mentioned before we will deal with this important study in the discussion.
3.4 Expression and activity of NKA isoforms in tumors
3.4.1 NKA α1 and NKA α3
Tian et al. (2009) showed in an elegant study that changes in the expression of Na+/K+-ATPase at the plasma cell membrane dictate the growth regulatory effects of Ouabain on cells via the PI3K/Akt/mTOR pathway (Tian et al., 2009). Ouabain increases the endocytosis and degradation of NKA α1 in benign LLC-PK1, human breast (BT20) and prostate (DU145) cancer cells. However, only in LLC-PK1 but not in BT20 and DU145 cells Ouabain stimulates the PI3K/Akt/mTOR pathway and consequently upregulates the expression of Na+/K+-ATPase. This upregulation is sufficient to replete the plasma membrane pool of NKAα1 and to stimulate cell proliferation in LLC-PK1 cells. On the other hand, in BT20 and DU145 cancer cells Ouabain causes a gradual depletion of NKAα1 and an increased expression of cell cycle inhibitor p21cip1, which consequently inhibits cell proliferation. Consistently, they observed that small interfering RNA-mediated knockdown of NKAα1 is sufficient to induce the expression of p21cip1 and slow the proliferation also of benign LLC-PK1 cells. They demonstrated that both Src and caveolin-1 are required for Ouabain-induced activation of PI3K/Akt and upregulation of Na+/K+-ATPase. Furthermore, inhibition of the PI3K/Akt/mTOR pathway by rapamycin completely blocks ouabain-induced expression of NKAα1 and converts Ouabain-induced growth stimulation to growth inhibition in LLC-PK1 cells.
Xu et al. (2010) also stressed the important role of the Na+/K+-ATPase α1 subunit in malignant cell ion transport, metabolism, migration and signal transduction. Using Ouabain and NKA α1 subunit siRNA they have evaluated the effects of inhibiting NKAα1 in human HepG2 cells. First of all, they showed that the expression of the NKA α1 subunit is higher in HCC tissues (including human HCC lines HepG2, SMMC-7721 and Bel-7402) than in normal liver tissues. Interestingly, Ouabain and NKA α1 siRNA could inhibit HepG2 cell proliferation (Xu et al., 2010). Moreover, Ouabain was able to induce HepG2 cell apoptosis via intracellular Ca++ and ROS increase and generate S phase arrest by decreasing the CyclinA1/CDK2/proliferating cell nuclear antigen (PCNA) complex and increasing the expression of cyclin-dependent kinase inhibitor 1A (p21cip1). Remarkably, NKAα1 siRNA could enhance all these anti-cancer effects of Ouabain.
The following study deals with the loss of NKAα1 at the tumor cell membrane and its correlation with aggressiveness. It may explain the negative impact of EO/NKA interaction in cancer as claimed by the Chinese group. Banerjee et al. (2021) observed that the surface expression of NKAα1 is significantly reduced in primary prostate tumors and further decreased in bone metastatic lesions. They showed that the loss of cell surface expression of NKAα1 induces epithelial-mesenchymal transition (EMT) and promotes metastatic potential and tumor growth of prostate cancer (PCa) by decreasing the expression of E-cadherin and increasing c-Myc expression via the activation of Src/FAK pathways (Banerjee et al., 2021). They propose that the reduced surface expression of NKAα1 in PCa is due to increased (complete?) endocytosis through the activation of the NKA/Src receptor complex. Using a high-throughput NKA ligand-screening platform, the authors have discovered MB5 as an inverse agonist of the NKA/Src receptor complex, capable of blocking the endocytosis of NKA. MB5 treatment increased NKA expression and E-cadherin in PCa cells, which reversed EMT and consequently decreased the invasion and cell growth. This discrepancy with other studies will be evaluated in the discussion.
Another important study shall be cited dealing with the changes in NKA (isoform) expression with increasing malignancy, again with a loss of NKA expression in highly aggressive cancers.
Salyer et al. (2013) treated four breast cancer cell lines (MCF-7, T47D, MDA-MB453, and MDA-MB231) and a non-cancerous breast cell line (MCF-10A) with Ouabain and measured cell proliferation. Ouabain (1 μM) decreased cell proliferation in all cell lines except MDA-MB453. Western blot of NKA α and β subunits showed α1, α3, and β1 expression in all cell lines except MDA-MB453 where NKA (α β) protein and mRNA were completely absent (Salyer et al., 2013). Potassium uptake, measured as +86Rb flux, was significantly higher in MDA-MB453 cells compared to MCF-10A cells but not due to NKA activity but an increase in voltage-gated potassium channel (KCNQ2) expression in MDA-MB453. Inhibition of KCNQ2 prevented cell growth and +86Rb uptake in MDA-MB453 cells but not in MCF-10A cells. All cancer cells had significantly higher vacuolar H-ATPase (V-ATPase) activity than MCF-10A cells. Inhibition of V-ATPase decreased +86Rb uptake and intracellular potassium in MDA-MB453 cells but not in MCF-10A cells.
Shibuya et al. (2010) also investigated the clinical significance of NKA α1-, α2-and α 3-isoform expression in hepatocellular carcinoma (HCC). Interestingly and somewhat contrary to the findings of Xu et al. (2010) the expression of NKA α3 protein in HCC tissues were significantly higher than in the accompanying non-tumor tissues, whereas no increased expression of NKA α1 and α2 proteins were observed in HCC compared to non-tumor tissues. Also remarkable is their observation that the Ouabain-sensitive NKA activities in the membrane fraction from HCC tissue were significantly higher than those from non-tumor tissues. The NKA activity was positively and significantly correlated with the protein expression level of the NKA α3 isoform (Shibuya et al., 2010).
Another study saw similar results, with a seemingly upregulation of the NKA α3 isoform in cancer tissues. Sakai et al. (2004) investigated the expression levels of Na+/K+-ATPase α-isoforms and their ATPase activities in human colorectal cancer tissue and the surrounding normal mucosa. A markedly (81 ± 5%) decrease in the protein expression of NKA α1-isoform was observed in all sampled cancer tissues compared with the normal mucosae (Sakai et al., 2004). Similar to Shibuya et al. (2010) the expression of the α3-isoform protein in the cancer tissue was higher than in the normal mucosa. The reason for these discrepancies is not clear. But there is a probability that endogenous Ouabain is modifying the NKA expression in favor of a better tumor defense mechanism, i.e., by up-regulating NKAα3 it renders the tumor cell more sensitive to apoptosis by Ouabain.
Lin et al. (2008) stressed the importance of the ratio of NKA α1/NKA α3 isoform expression at the plasma cell membrane. They chose twelve human tumor cell lines as well as cell culture models of human glioma HF U251 and U251 cells to examine factors of human tumor cell sensitivity to cardiac glycosides. They revealed that high expression of NKA α1 isoform in the presence of low NKA α3 expression correlated with increased resistance to inhibition of cell proliferation by cardiac glycosides such as Oleandrin, Ouabain and Bufalin (Lin et al., 2008). Interestingly, increased expression of NKA α1 is associated with increased cellular levels of glutathione resulting in diminished release of cytochrome c and caspase activation. Additionally, an increased colony-forming ability was noted in cells with high levels of Na/K-ATPase α1 expression. The authors suggested (similar to Mijatovic et al.) that the Na+/K+ -ATPase α1 isoform may be actively involved in tumor growth and cell survival.
Xiao et al. (2017) examined the effects of Ouabain on the viability and induction of cellular death of OS-RC-2 renal cancer cells as well as the levels of Ca2+ and reactive oxygen species. Moreover, the expression profile of the different Na+/K+-ATPase isoforms in NCI-H446 small cell lung cancer cells was determined. Interestingly, expression of the NKA α3 but not the NKA α1 isoform was associated with enhanced Ouabain sensitivity (Xiao et al., 2017). Ouabain inhibited cancer cell proliferation and induced apoptosis while no significant difference in the expression of NKA α1 and α3 isoforms was detected following 48 h of Ouabain treatment.
Numata et al. (2025) showed in a recent study that in Circulating Cancer Cells (CCC) isolated from gastric cancer patients, NKA α3 was predominantly localized in the plasma membrane but it moved to the cytoplasm when the CCCs were attached. They suggest that NKA α3 plays an essential role in the survival of CCCs in gastric cancer, and that digoxin enhances anoikis in detached (metastatic) gastric cancer cells by inhibiting the NKA α3 translocation from cytoplasm back to the plasma membrane, thereby reducing CCCs. They concluded that targeting NKA α3 may be a promising therapeutic strategy against CCC survival (Numata et al., 2025).
Another study points to the NaKA α3 as a favorable target in cancer treatment. Lindholm et al. (2022) used 3 pancreatic cancer cell lines, AsPC-1, Panc-1 and CFPAC-1 to investigate the anti-tumor effects of digitoxin in relation to the expression of the NKA subunits ATP1A1 (NKAα1) and ATP1A3 (NKA α3). Interestingly, digitoxin affected only the transcriptional but not the translational expression of the ATP1A1 and ATP1A3 subunits. In Panc-1 cells, ATP1A3 gene expression was negatively associated with the digitoxin concentration (25–100 nM). In the other 2 cell lines, the expression of the ATP1A1 gene increased in the cells treated with the high digitoxin concentration. The protein expression of ATP1A1 and ATP1A3 was not altered with digitoxin treatment. The basal protein expression of ATP1A1 was high in the AsPC-1 and CFPAC-1 cells, in contrast to the basal expression of ATP1A3, which was higher in the Panc-1 cells. In summary, the study demonstrates that the high expression of ATP1A3 renders pancreatic cancer cells more susceptible to digitoxin-induced cell death but also indicates that CTS down- or upregulate the gene expression of NKA isoforms (Lindholm et al., 2022).
It would be important to analyze why the transcriptional changes in NKA expression induced by CTS are not seen on the translational level (in case, this is an universal observed phenomenon).
Finally, we want to cite a very interesting study dealing also with an increased Ouabain sensitivity correlated with NKA α3 expression. Fujii et al. (2022) points out that the Glucose transporter GLUT1 plays a primary role in the glucose metabolism of cancer cells. They found that Ouabain, Oleandrin and Digoxin decreased GLUT1 expression in the plasma cell membrane of human cancer cells (liver cancer HepG2, colon cancer HT-29, gastric cancer MKN45 and oral cancer KB cells). The effective concentration of Ouabain was lower than that for inhibiting the activity of Na+/K+ -ATPase α1 isoform in the plasma cell membrane. The CTS also inhibited [(Newman et al., 2008) H]2-deoxy- d-glucose uptake, lactate secretion, and proliferation of the cancer cells. Remarkably, they revealed that in intracellular vesicles of human cancer cells, the Na+/K+ -ATPase α3 isoform is abnormally expressed (Fujii et al., 2022). A low concentration of Ouabain inhibited the activity of this vesicular NKA α3. Knockdown of NKA α3 but not NKA α1 significantly inhibited the Ouabain-dependent decrease in GLUT1 expression in HepG2 cells. Interestingly, all CTS decreased GLUT1 expression in dRLh-84 cells which were expressing the NKA α3 isoform at the plasma cell membrane. This would be a new mechanism by which endogenous Ouabain is able to suppress tumorigenesis.
3.4.2 NKA activity
Here we cite only a few studies dealing with changes in NKA activity in malignant transformation. Already Kaplan (1978) described the leakage theory in pre-cancerous cells (Kaplan, 1978). For reasons not yet fully understood the transforming cells have an increased permeability of their cell membrane resulting in passive Na+ influx and K+ efflux. To compensate especially for the loss of potassium the NKA becomes hyperactive and hence is providing the tumor cell with nutrition (glucose) necessary for the aberrant increased tumor metabolism.
Gonta-Grabriec et al. (1986) observed that before thymoma could be discerned morphologically the activity of the Na+/K+-ATPase altered. In both, spontaneous and radiation-induced thymomas, +86Rb uptake, ATP hydrolysis and 3H-Ouabain binding per cell were higher than in normal thymuses. These changes correlated highly with cAMP content and 3H-thymidine incorporation, indicators of the increased proliferative activity typical for a pre-leukemic period (Gonta-Grabiec et al., 1986).
Michaels et al. (2024) departs from the observation that upregulated glycolysis in cancer cells results from increased demand for adenosine triphosphate (ATP) however it is unknown what this extra ATP turnover is used for. The authors hypothesized that one important reason for the increased glycolytic flux in cancer cells is the ATP demand of Na+/K+-ATPase due to altered sodium ion homeostasis in cancer cells (Michaels et al., 2024). Measurements of [Na+]i and glycolytic flux were performed in three human breast cancer cells (MDA-MB-231, HCC 1954, MCF-7), in murine breast cancer cells (4T1), and control human epithelial cells MCF-10A, at baseline and after NKA inhibition with Ouabain. They revealed that basic intracellular [Na+]i was elevated in human and murine breast cancer cells compared to control MCF-10A cells. This could correspond with the above mentioned leakage theory. Acute inhibition of NKA by Ouabain resulted in (further?) elevated [Na+]i and inhibition of glycolytic flux in all three human cancer cells which are Ouabain-sensitive (but not in the murine cells which are Ouabain-resistant). Imitating the status of a pre-cancerous cell (“leakage”) they induced permeabilization of the cell membrane with gramicidin-A which led to an increase of [Na+]i in MDA-MB-231 and 4T1 cells and a Na+-dependent increase in glycolytic flux (assumingly by consecutive increased NKA activity). Both these phenomenon again were attenuated by Ouabain in the human cells but not in the murine cells.
3.5 Ouabain dose-dependent effects on malignant (vs. benign) cells
The following section cites only a few of many studies which compare the effects of Ouabain on malignant as compared to non-malignant neighboring tissues. For more a more detailed summary we point to our review (Weidemann, 2012). All studies deal here with exogenous Ouabain.
Harich et al. (2023) used the SK-BR-3 breast cancer cell line, mesenchymal stem cells (MSCs), and tumor-associated fibroblasts (TAFs) in vitro to determine the effects of Ouabain exposure on these cellular types. In summary, they found multiple effects of Ouabain mainly on tumor cells, in a dose-dependent manner, while the TAFs and their normal counterparts were not significantly influenced. After exposure to Ouabain, the SK-BR-3 cells changed their morphologic appearance, decreased the expression of immunophenotypic markers (CD29, Her2, VEGF). Moreover, their proliferation rate was significantly decreased (Ki67 index) and the cells were blocked in the G0 phase of the cell cycle and suffered apoptosis/necrosis (Harich et al., 2023). These data were correlated with the changing expressions of α and β NKA isoforms in tumor cells, resulting in decreased ability to adhere to the VCAM-1 substrate in functional flow chamber studies. The group of Winnicka/Bielawski dealt in many studies with the duality of CTS actions in malignant as well as in benign cells. Winnicka et al. (2007) observed reduced cell viability in the human breast cancer cell line (MDA- MB-231) after applying Ouabain, Digoxin and Proscillaridin A in nmol ranges. They confirmed that cardenolides induce apoptosis in MDA-MB-231 cells by increasing free calcium concentration and by activating caspase-3. Notably, they revealed marked differences in the potency, with Proscillaridin A being the most active (IC50 48 ± 2 nM), followed by Digoxin (IC50 124 ± 2 nM) and Ouabain (IC50 142 ± 2 nM). All these concentrations are markedly lower than those needed to induce apoptosis in fibroblasts (Winnicka et al., 2007). Later, Winnicka et al. (2010) showed that low concentrations (30 nM) of Ouabain, Digoxin and Proscillaridin A can activate proliferation of human fibroblasts by increasing the level of phosphorylated extracellular signal-regulated kinases (p-ERK 1/2). Ouabain, Digoxin and Proscillaridin A only at a relatively high concentration of 300 nM increased intracellular Ca++ concentration, activated caspase-3 and induced apoptosis in human fibroblasts (Winnicka et al., 2010). Another study is an example that also in one and the same malignant cell line Ouabain can have dual activities in a dose-dependent way. Cuozzo et al. (2012) analyzed the pro-death and pro-survival properties of Ouabain in the human lymphoma derived cell line U937. He observed a dose-dependent dual action of Ouabain. Whereas high doses of Ouabain (>500 nM) caused ROS generation, elevation of Ca++ and death of lymphoma derived U937 cells lower doses of Ouabain (<100 nM) activated a survival pathway involving the Na+/Ca++-exchanger (NCX). Also p38 MAPK plays a pro-survival role, however, the activation of this MAPK does not appear to depend on NCX (Cuozzo et al., 2012).
3.6 Src-PI3K/Akt and ERK1/2 activation
We will cite in this section a few studies dealing with the role of ouabain-activated signaling pathways in tumor defense mechanisms, a somehow paradox phenomenon which will be discussed later in detail. Kometiani et al. (2005) explored the mechanism of the growth inhibitory effects of Ouabain on the estrogen receptor-negative human breast cancer cell line MDA-MB-43. Ouabain concentrations (<100 nM) had no effect on cell viability but inhibited proliferation. Their data suggest that Ouabain-induced transactivation of Src/EGFR by Na+/K+-ATPase leads to a transient and then a sustained activation of ERK1/2, followed by an increase in cell cycle inhibitor p21Cip1, resulting finally in growth arrest (Kometiani et al., 2005). Remarkably, Digoxin and Digitoxin concentrations close to or at the therapeutic plasma levels had effects on proliferation and ERK1/2 similar to those of Ouabain, supporting the potential value of CTS drugs for the treatment of breast cancer. The following author also points to a ‘switch’ from activation of a signaling pathway to its inhibition under prolonged treatment with CTS. Li et al. (2009) demonstrated that Bufalin inhibited the proliferation of gastric cancer MGC803 cells in a dose- and time-dependent manner. At low concentrations (20 nmol/L), Bufalin induced M-phase cell cycle arrest, whereas at a higher concentrations (80 nmol/L) it induced apoptosis via an increased Bax/Bcl-2 ratio and activated caspase-3 (Li et al., 2009). Remarkably, Bufalin transiently activated the PI3K/Akt signaling pathway and then inhibited it completely. A combination of Bufalin and LY294002, a PI3K-specific inhibitor, enhanced apoptosis, but PD98059, an ERK-specific inhibitor, had no significant effect on Bufalin-induced apoptosis.
The next study links the above cited important NKA α-isoform pattern on the cancer cell surface to the activation modus of ERK1/2. Karpova et al. (2010) worked with SK-N-AS human neuroblastoma cells, which co-express the α1 and α3 isoforms of the NKA. They silenced either the NKA α1 or NKA α3 isoform by means of transfection with siRNA and investigated cell survival and the cellular response to Ouabain. They observed that both α isoforms are essential for cell survival. In the presence of both NKA α isoforms, Ouabain causes sustained activation of ERK1/2. This activation is not affected when NKA α1 is silenced; however, when NKA α3 is silenced, Ouabain-induced activation of ERK1/2 does not occur, even at high Ouabain (1 μm) concentrations (Karpova et al., 2010). Thus, Ouabain-induced Erk1/2 activation is mediated in SK-N-AS cells only by NKA α3 and NKA α1 does not participate in this event (see: discussion).
Both of the two following studies focus on the role of Ouabain-activated signaling pathways in the induction of autophagy in lung cancer cells. It remains to be validated whether this is a manifestation of a basic feature specific for NSCLC. Trenti et al. (2014) examined the anticancer effect of Ouabain on non-small cell lung cancer cells lines A549 and H1975. Ouabain inhibited cell proliferation and induced cell death in a concentration-dependent manner (Trenti et al., 2014). Cell death was caspase-independent and showed classical patterns of autophagic cell death: conversion of LC3-I to LC3-II and increase of autophagic flux. The authors showed that Ouabain reduced Bcl-2 protein levels with no change in the expression of the autophagic protein Beclin 1. Early signaling events of Ouabain were ERK1/2 and JNK activation, however only JNK inhibition were able to prevent Bcl-2 decrease, conversion of LC3-I to LC3-II and cell death. They concluded that JNK activation by Ouabain leads to a decrease of Bcl-2 levels, resulting in disruption of the inhibitory interaction of Bcl-2 with Beclin1 that promotes autophagy.
Wang et al. (2015) analyzed the up-stream role of Src in the ERK1/2 signaling pathway as well as autophagic cell death induced by either Digoxin or Ouabain in A549 and H460 NSCLC cells. Src is significantly activated simultaneously with MEK1/2 and ERK1/2 activation upon CTS treatment (Wang et al., 2015). Src inhibitor PP2 as well as knockdown of Src with siRNA could block CTS induced MEK1/2 and ERK1/2 phosphorylation, as well as autophagic phenotypes in the cells. Moreover, increased levels of intracellular ROS are found to be involved in Src mediated autophagy. The authors hereby provide evidence that Src mediates MEK1/2 and ERK1/2 pathway as well as ROS generation, and regulates autophagic cell death induced by the cardiac glycosides. Here we want to cite one study with Src inactivation resulting in reduced lung metastasis. Shin et al. (2015) used the same lung cancer A549 cell line exploring the molecular mechanism by which Ouabain exerts anticancer effects. They found a downregulation of p-ezrin, a protein associated with pulmonary cancer metastasis in a dose-dependent manner (Shin et al., 2015). Furthermore, Western blot revealed the Ouabain-mediated downregulation of p-Src (Y416), p-FAK (Y925), p-paxillin (Y118), p130CAS, and Na+/K+-ATPase isoform α1 that all have been shown to be involved in the migration of cancer cells. Ouabain as well as Src inhibitor PP2 indeed inhibited cell migration.
The authors concluded that the anti-migratory effects of Ouabain on A549 lung cancer cells appear to be related to its ability to regulate and inactivate Src-to-ezrin signaling. This is in striking contrast to the above mentioned Src activation during the induction of autophagic cell death in lung cancer by CTS and may be explained by time and dose-dependent treatment differences.
Yan et al. (2015) investigated the molecular mechanism involved in Ouabain-induced ROS generation and cell apoptosis on human U373MG and U87MG glioma cells. Ouabain induced in both glioblastoma cells apoptosis and increased ROS generation. Clearance of ROS by three different ROS scavengers partly reversed the effect of Ouabain on cell apoptosis. Ouabain-induced ROS generation was not regulated by calcium overload but by p66Shc phosphorylation. Ouabain treatment increased p66Shc (Ser36) phosphorylation (Yan et al., 2015). Knockdown of p66Shc by siRNA significantly inhibited ROS generations in response to Ouabain. The p66Shc phosphorylation was mediated through the activated Src/Ras/ERK1/2 signal pathway.
The following studies are dealing with pro-cancer effects of Ouabain via ERK1/2 activation. The first study from Clifford and Kaplan (2013) which we cited above (see: “pro-cancer section) revealed not only ERK1/2 activation in tumor cells with reduced apoptosis upon Ouabain treatment but also a higher sensitivity of non-tumor cells towards CTS as compared to tumor cells (Clifford and Kaplan, 2013). The second pro-cancer study suggests similar to Karpova et al. a link between the NKA α isoform pattern and ERK1/2 activation. De Souza et al. (2014) used Caco-2 cells, a well-established human colorectal cancer model that does not exhibit caveolae. They demonstrated that Ouabain treatment resulted in a reduction of both the NKA α1 and NKA β1 protein and redistribution of the adherens junction (AJ) proteins E-cadherin and β-catenin. Furthermore, Ouabain increased claudin-3 protein levels, impaired the tight junction (TJ) barrier function and increased cell viability and proliferation during the early stages of treatment (de Souza et al., 2014). Additionally, the Ouabain-induced events were dependent on the (caveolae-independent) activation of ERK1/2 signaling. The authors concluded that α1 and β1 Na/K-ATPase downregulation and ERK1/2 activation induced by Ouabain are interlinked events that play an important role during cell-cell adhesion loss, which is an important step during tumor progression of colorectal carcinomas. The role of cell adhesion loss is in itself controversial in tumorigenesis und progression and needs further evaluation.
3.7 Metabolic effects
It is well known that the tumor cells use the Warburg effect for survival. The Warburg effect is defined as an increase in the rate of glucose uptake and preferential production of lactate, even in the presence of oxygen. The above cited study from Michaels et al. (2024) came to the conclusion that in breast cancer cells glycolytic flux correlates with Na+-driven NKA hyperactivity hereby “providing evidence for the centrality of the [Na+]i-NKA nexus in the mechanistic basis of the Warburg effect” (Michaels et al., 2024).
The study from Fuji et al. (2022) we also cited above. He focused on the Glucose transporter GLUT1 which plays a primary role in the glucose metabolism of cancer cells. He revealed that CTS such as Ouabain, Oleandrin, and Digoxin decreased the GLUT1 expression in the plasma cell membrane of diverse human cancer cells (liver cancer HepG2, colon cancer HT-29, gastric cancer MKN45 and oral cancer KB) hinting to an universal mechanism (which might be induced by EO) (Fujii et al., 2022).
Also linked to abnormal glycolysis in cancer cells is the Glycoprotein non-metastatic melanoma protein B (GPNMB), which is involved in invasion and metastasis.
Ono et al. (2016) revealed that high levels of GPNMB and Na+/K+-ATPase α1 isoform are associated with a poor prognosis in glioblastoma patients. They showed that GPNMB interacts with NKA α1 to activate PI3K/Akt and MEK/ERK pathways. However, it remains unclear whether the interaction of GPNMB and NKA α1 is involved in progression of glioma. The tumor size induced by the injection of glioma GL261 cells was larger in transgenic mice overexpressing GPNMB when compared with wild-type mice. Moreover, the interaction of GPNMB and NKA α1 was identified in the murine glioma model and in the tumors of glioblastoma patients. Ouabain suppressed the glioma growth induced by the injection of glioma cells in the transgenic mice overexpressing GPNMB and blocked the GPNMB-induced migration of glioma cells (Ono et al., 2016). These findings indicate that GPNMB promotes glioma growth via the NKA α1 isoform. Thus, the interaction between GPNMB and NKA α1 represents a novel therapeutic target for the treatment of brain glioblastomas.
The next author proceeds from the pivotal role of AMPK in the cell metabolism also from cancer cells. AMP-activated protein kinase (AMPK) is a central regulator of cellular energy homeostasis. The kinase is activated in response to stresses that deplete cellular ATP supplies such as low glucose, hypoxia, ischemia, and heat shock. Recently the ambiguous role of AMPK in cancer metabolism is under discussion.
Shen et al. (2020) showed before that Ouabain induces autophagic cell death in human lung cancer cells by regulating AMPK-mediated mTOR and Src-mediated ERK1/2 signaling pathways (Xu et al., 2009a). In the new study they revealed that treatment with Ouabain (25 nM) caused simultaneous activation of AMPK and Src signaling pathways in human lung cancer A549 and human breast cancer MCF7 cells (Shen et al., 2020). Co-treatment with AMPK siRNA greatly abrogates Ouabain-induced Src activation, whereas co-treatment with Src inhibitor PP2 has little effect on Ouabain-induced AMPK activity, suggesting that AMPK served as an upstream regulator of the Src signaling pathway. On the other hand, Ouabain treatment greatly depletes ATP production in A549 and MCF7 cells, and supplement of ATP (100 μM) blocked Ouabain-induced AMPK activation. Interestingly, Ouabain greatly inhibited the mitochondrial oxidative phosphorylation in the cancer cells, and exerted differential metabolic effects on glycolysis depending on cancer cell type. The last study we want to mention in this context is from Salyer et al. (2013) which we cited already above. In short, the authors concluded that cancer cells obviously exhibit fundamentally different metabolic pathways not only due to their high energy demand but in order to maintain their specific intracellular ion homeostasis (Salyer et al., 2013).
3.8 Effects of exogenous ouabain on drug resistance
Without doubt this review would not be complete without mentioning the issue of drug resistance induced by Ouabain and other CTS which indeed could contribute to the double-edge-sword effect in cancer therapy. We will cite here only two interesting studies, other you find below (Valente et al., 2007; Brouillard et al., 2001). Huang et al. (2002) reported for the first time that CTS (e.g., Ouabain and Digitoxin) induced resistance of human prostate cancer cells (PC-3) in vitro to tubulin-binding anticancer drugs, such as Paclitaxel, Vincristine and Vinblastine (Huang et al., 2002). Remarkably, CTS could reverse the G2/M arrest of the cell cycle and cell apoptosis induced by tubulin-binding agents. However, CTS showed little influence on the effects induced by Actinomycin D and doxorubicin, suggesting selectivity for microtubule-targeted anticancer drugs. Using in situ immunofluorescent detection of mitotic spindles, the authors showed that cardiac glycosides diminished paclitaxel-induced accumulation of microtubule spindles. Using an isotope-labeled assay method, they found that Ouabain inhibited the transport of [14C] Paclitaxel from the cytosol into the nucleus.
Riganti et al. (2009) revealed a crucial mechanism by which CTS induce P-glycoprotein (Pgp), a transmembrane transporter which extrudes several drugs, including anticancer agents like Doxorubicin (Riganti et al., 2009). In human colon cancer HT29 cells Ouabain and Digoxin increased the [Ca++](i) and this event was dependent on the calcium influx via the Na+/Ca++ exchanger. The increased [Ca++](i) enhanced the activity of the calmodulin kinase II enzyme, which in turn activated the transcription factor HIF-1α. The latter was responsible for the increased expression of Pgp. All the effects of glycosides were prevented by inhibiting the Na+/Ca++ exchanger or the calmodulin kinase II. The authors concluded that the efficacy of chemotherapeutic agent substrates of Pgp may be strongly reduced in patients taking Digoxin.
4 DISCUSSION
The above data confirm with overwhelming unequivocal evidence the anti-tumor properties of Ouabain in vitro as well as in vivo. Out of 1.295 analyzed studies found by searching “Ouabain cancer” from 1970 to 2024 in Pubmed only three describe a pro-tumor effect in vitro, and mainly in leukemic cells. Interestingly, this effect was seen at very low (0–1 nM) Ouabain concentrations speaking in favor of our hypothesis that cancer cells according to their lower threshold (of sensitivity towards CTS) proliferate at very low Ouabain levels similar to normal cells at physiologic (higher) levels.
Besides, the data of the Ouabain effects on leukemic cells were contradictious. Whereas Wang et al. (2007) revealed that in 2 lymphocytic leukemia B95 and Jhhan cell lines low concentrations of Ouabain (<10 nmol/L) induced cell growth and upregulated the NKA α1 isoform at the plasma cell membrane, in 2 megakaryocytic leukemia M07e and Meg-01 cell lines, however, the same low dose of Oubain induced inhibition of cell growth and downregulation of the NKA α1 isoform (Wang et al., 2007). You could assume that the nature of these leukemic cell lines (lymphocytic vs. megakaryocytic) is responsible for this divergent reaction, but surprisingly, Xu et al. (2009b) observed that these low Ouabain concentrations (1 or 10 nmol/L) induced cell proliferation not only in the 2 lymphocytic (B95 and Jhhan) but also in the 2 megakaryocytic (M07e and Meg-01) leukemia cell lines (Xu et al., 2009b).
It is true that most if not all studies deal with the effect of exogenously applied Ouabain on cancer cell lines. We found only one study comparing the efficacy of Digoxin, Ouabain and mammalian-derived digoxin-like immune-reactive factor (DLIF) assumingly the endogenous OLC. Remarkably, Ihenetu et al. (2007) revealed that DLIF was about 10-fold more potent than (plant) Ouabain (IC50 1.9 nmol/L vs 26 nmol/L) at inducing apoptosis in Jurkat cells which hints to its important regulatory tasks at physiological serum concentrations in humans (50–1,000 pM) (Ihenetu et al., 2007).
Only one study in our screening over a span of more than 50 years, Yang et al. (2023), describes a negative interaction between endogenous Ouabain (EO) and the NKA α1 receptor through upregulation of the checkpoint ligand PD-L1 on lung cancer cells. Indeed, the study has solid data, in vitro, in vivo as well as from NSCLC patients and claims that by promoting tumor escape endogenous Ouabain is correlated with a bad prognosis. To summarize:
First, they saw in NSCLC patients an inverse relation between EO plasma levels and survival.
Second, they demonstrated that (exogenous!) Ouabain increases PD-L1 expression in mutant EGF-R lung cancer.
Third, they showed that NKA α1 overexpression at the plasma cell membrane is associated with decreased PD-L1 expression.
Fourth, they revealed in progressive lung cancer a reduced expression of NKA α1.
NKA α1 is co-localized with PD-L1 at the plasma cell membrane of lung cancer cells and they interact with each other via their cytoplasmatic domains. After activation of this NKA/PD-L1 complex PD-L1 is undergoing a clathrin-mediated endocytosis (CME) and lysosomal degradation. In NKA α1 silenced tumor cells the PD-L1- protein degradation was shown to be significantly delayed (Yang et al., 2023).
At this point, the authors see (themselves!) a dilemma–while the Ouabain effect on increased PD-L1 transcription is dependent on NKA α1 expression, the protein expression of NKA α1 was shown to decrease gradually with the duration of Ouabain treatment.
They solve this dilemma by postulating that EO deranges or inhibits the NKA α1/PD-L1 interaction.
They claim that sustained Ouabain treatment (or prolonged EO exposure? That is the question) downregulates NKA α1 to maintain (or: at the cost!) of up-regulating PD-L1 on the cell membrane of lung tumor cells.
More studies certainly are needed to verify these challenging data. Here we have the following comments:
The fact that high endogenous Ouabain levels are found in aggressive/progressive tumor patients does not mean automatically that Ouabain promotes tumor growth. There are abundant data about the anti-tumor properties of Ouabain. It rather could indicate that the individual in his trial to fight the cancer is up-regulating all endogenous Ouabain reserves to exorbitant levels, which actually have no physiologic meaning/activity anymore (shortly before “the fight is lost”).
In our own study with 84 breast cancer patients (poster presentation, Jerusalem 1999) we found a clear inverse correlation between EO/OLC plasma levels and lymph node metastasis, indicating a protective effect of endogenous Ouabain. The design of the study did not analyze the survival rate. But, remarkably, in a minority we found extremely upregulated OLC plasma levels (at least 10–30 fold above physiological ones) hinting to an excessive OLC production maybe as “a last struggle” (see above).
Another interesting (even if unlikely) scenario is a paraneoplastic production of EO especially in lung cancer or metastatic adrenal disease hence setting EO free as described by Goto et al. (1996).
Here certainly more studies dealing with the role of endogenous Ouabain in tumorigenesis and tumor progression are needed. But even so, it remains doubtful, why endogenous Ouabain which was proven identical to plant Ouabain in many including their (Yang et al.) own studies should have such an opposite (i.e., negative) effect on cancer as compared to exogenous Ouabain. The thesis of a harmful EO/NKA α1 interaction in PD-L1 + lung cancer would only make sense if EO and Ouabain are not identical (!). At this point, we want to mention again our planned project to develop an Ouabain aptamer which could help to analyze endogenous OLC levels more precisely and at the same time could track exogenous applied Ouabain.
Interestingly, Yang et al. (2023) found elevated EO levels only in immunological intact lung cancer models. After T-cell depletion the increase of EO was abolished, indicating that T cells are required for EO production in (lung) cancer. On the other hand, low EO levels seem to stimulate CD4 T-cell generation. This seemingly feed-back mechanism could be interpreted in a positive or negative way with respect to tumorigenesis. It corresponds to our findings in nude mice in which the basal adrenal EO content was reduced as compared to normal mice as well as plasma EO levels after application of stress stimuli (Weidemann et al., 2004). We concluded that the tumor growth in nude mice is facilitated by the dampened interaction between the immune (missing T-cells) and the endocrine (reduced EO) system.
Similarly, the fact that low expression of NKA α1 is seen by Yang et al. in aggressive progressive tumor patients can be interpreted in many different ways. We cited above several studies who described a different NKA isoform pattern in tumorous as compared to normal tissues with a change over time in the process of tumorigenesis.
For instance, it was revealed that in HCC the pattern of NKA isoforms changed as compared to non-malignant hepatic tissue with higher NKA α3 expression (Shibuya et al., 2010) indicating an active NKA α3 upregulation resp. NKA α1 downregulation process in cancer over time maybe due to endogenous Ouabain activity.
Altogether, the degree of expression of NKA α1 at the plasma cell membrane of cancer cells remains ambiguous and may dictate the fate towards tumor suppression as well as tumor progress.
On the one hand, as shown e.g., by Tian et al. (2009) the knockout of NKA α1 by siRNA is sufficient - not only in malignant but also benign cells - to induce cell growth inhibition (Tian et al., 2009). Similarly, Lefranc et al. (2008) claimed that targeting the NKA α1 isoform which is highly expressed in a majority of glioblastomas by novel CTS could represent a hallmark of anti-cancer therapy (Lefranc et al., 2008).
On the other hand, as shown by Banerjee et al. (2021) the loss of NKA α1 at the cell surface (of prostate cancer) induces epithelial-mesenchymal transition (EMT) and hereby facilitates resp. Promotes metastasis (Banerjee et al., 2021). Similarly, Salyer et al. (2013) found with increasing aggressivity of breast cancer cell lines e.g., in MDA-MB453 cells an absence of NKA α1, α3, and β1 on the protein as well as the mRNA level (Salyer et al., 2013).
We cited above the co-localization of NKA a1 and PD-L1 and the Clathrin-mediated endocytosis of PD-L1 (Yang et al., 2023). The authors also talk about the critical activation of the NKA-Src complex which causes not only transactivation of mutant EGF-R but is also involved in the CME of many components in the caveolae. Ouabain is an assumed activator of this NKA-Src complex - via binding to the NKA it releases the kinase domain of Src, increasing hereby the phosphorylation of Src at Y418, which trans-activates the EGF-R at Y845 and in turn activates the MAPK pathway (Tian et al., 2006). Liu and Shapiro (2007) analyzed in the renal LLC-PK1 cell line the role of the signalosome in the process of endocytosis and demonstrated that Ouabain-stimulated endocytosis of the NKA requires Caveolin-1 and Clathrin as well as the activation of c-Src, transactivation of EGF-R and activation of PI3K. They showed that c-Src, EGFR and the extracellular signal-regulated kinases 1 and 2 (ERK1/2) all were endocytosed along with the plasmalemmal NKA (Liu and Shapiro, 2007).
Hence, Ouabain could not only induce endocytosis of NKAα1 and EGF-R but also PD-L1. One decisive factor which decides about final endocytosis and degradation or repletion of survival factors at the plasma cell membrane could be the mutation status of EGF-R.
Yang et al. (2023) stressed that Ouabain increases PDL-1 only in lung cancer with mutant EGF-R. Ouabain seemingly induces different endocytotic trafficking and signaling pathways not only in benign vs. malignant cells but also in malignant cells according to the EGFR mutation status, the NKA isoforms and other not yet fully analyzed factors. While in benign cells a transactivation of wt-EGF-R via Src by Ouabain induces endocytosis of the signalosome and causes recycling of the NKA α1 subunit to the cell membrane via activation of the PI3-K/Akt/mTor pathway, in malignant cells a transactivation of EGF-R by Ouabain induces endocytosis of the signalosome and causes its lysosomal degradation, leading to NKA α1 depletion at the cell surface (Kometiani et al., 2005). This would explain the upregulation of PDL-1 but only when it is not undergoing endocytosis along with all other members of the caveolae.
Here we need to acknowledge that the data about Src/NKA/Ouabain interaction in cancer remain partly contradictious. As described above, some authors stress the importance of Src activation by Ouabain especially in the process of ROS and autophagy induction in lung cancer (Yan et al., 2015; Wang et al., 2015; Serrano-Rubi et al., 2020; Wang et al., 2009). Other authors claim that Src inhibition by Ouabain is mainly responsible for their anti-tumor activities (Xu et al., 2011; Chen et al., 2021; Hsu et al., 2015; Ono et al., 2016).
At this point, we will discuss a bit more the above mentioned seemingly contradictious effects of Ouabain on cell detachment/migration. The focal adhesion kinase (FAK) is involved in the Src-Akt/PI3K pathway. While Pongrakhananon et al. (2013) saw a under Ouabain treatment a downregulation of FAK, Akt and other migratory compounds (Pongrakhananon et al., 2013) Ruanghirun et al. (2014) saw a an upregulation of FAK with increased cell detachment (Ruanghirun et al., 2014). To mention, that increased cell detachment must not be considered per se only as negative, as it may induce apoptosis/anakoisis, but in general, it facilitates metastasis. In both studies, they used human lung cancer cell lines (H292 and H23) but slightly different dosages of Ouabain (10–30 pmol/L vs. 0–10 pmol/L). These minimal differences in dosage might be not relevant for the opposite effect of Ouabain but highlights the importance of choosing the appropriate dosage according to the known dual activity inherent in Ouabain, in benign as well as malign cells.
It is important to mention that recent studies doubt the direct interaction of Src/NKA/Ouabain. Gable et al. (2014) reexamined the suggested interaction between Src and Na+/K+-ATPase α1 isoform. They revealed that under physiological conditions Src is not in contact with NKA α1 and that Src obviously is unnecessary for Ouabain-induced cell signaling (Gable et al., 2014). To a similar conclusion (that at least not all NKA isoforms form a complex with Src) came another group. Madan et al. (2017) observed that the NKA α3 isoform does not interact with Src and EGF-R, but rather, that the interaction between Ouabain and NKAα3 activates PI3-K directly with down-stream increasing p-Akt and ERK1/2 levels (Madan et al., 2017). Similarly, Wu et al. (2013) concluded that the PI3-K activation by Ouabain is independent of Src and EGF-R assuming an Ouabain-induced direct interaction of a proline-rich domain of the α3-subunit of the NKA with the SH3 domain of the p85 subunit of PI3-K1A (Wu et al., 2013). In summary, here further research will be necessary, to find the precise interactions between the different NKA isoforms and their cytosolic neighboring compounds. It is even possible that opposite actions are triggered by different domains of the NKAα1 isoform. The group of Tian/Li/Xie demonstrated that upon Ouabain binding a transformational change of the NKAα from E1 to E2 is induced leading to the release of the N domain of NKAα1 from the Src kinase which hereby is activating Src while the second cytosolic domain (CD2) of NKAα1 inhibits Src directly by binding to SH2 (Banerjee et al., 2015).
The interaction between Ouabain and the immune system is fascinating but not yet sufficiently analyzed. Whereas Yang et al. (2023) claim that EO/NKA α1 interaction increases tumor escape we found many studies dealing with a favorite impact of EO/Ouabain on the immune system. We mentioned above the work of Shandell et al. (2022) who saw a downregulation of the immune checkpoint protein IDO1 at mRNA and protein levels mediated by Ouabain via NKA inhibition (Shandell et al., 2022). The studies we cited above found an Ouabain-induced reduction especially of Tregs. Tregs are known to exert immunosuppressive effects and tumorigenesis is often accompanied by an increase in Treg cells. Interestingly, in recent years Ouabain and other CTS gain interest also as Co-factors to induce a robust immunogenic cell death. As Xiang et al., 2020 demonstrated a combination of Cisplatin and Digoxin not only led to complete immunogenic cell death of tumor cells but these cells also could serve as vaccines against the same tumor (Xiang et al., 2020).
Last but not least, the interplay between Ouabain and cancer metabolism remains controversial and elusive. Whereas many studies (from the 70ies) provided solid data that Ouabain is down-regulating cancer metabolism mainly via inhibition of glucose uptake and glycolysis the partly activating effects of Ouabain on some signaling pathways could indeed promote tumor growth. We mentioned the work of Wang et al. (2015) who revealed an activation of AMPK-Src pathways by Ouabain in the process of inducing autophagy in lung cancer cells (Wang et al., 2015). But AMPK is known to stimulate pathways (e.g.,) glucose uptake which are critical for cell survival during metabolic stress like e.g., hypoxia in tumor microenvironment. On the other side, AMPK can protect against cell damage due to oxidative stress, which in turn protects against tumor initiation. In summary, in cancer, the role of AMPK exhibits two opposite faces just like a double-edged sword. This might be the dilemma of many molecules involved in the signaling pathways we discussed here, including Ouabain resp. EO.
5 HYPOTHESIS
In view of all these partly contradicting data we want to present a hypothesis.
	1. At the surface of the plasma cell membrane tumor cells primarily express the survival promoting NKA α1 isoform. It co-localizes with Src, PDL-1, EGF-R and other growth-stimulating compounds.
	2. Endogenous Ouabain is down-regulating NKA α1 by endocytosis and lysosomal degradation and instead is up-regulating the more EO-sensitive NKA α3 isoform at the plasma cell membrane for better tumor defense.
	3. But NKA α3 expression could also result in increased Src-ERK1/2 and PI3K/Akt activation which may be harmful for the individual. Only a sustained ERK1/2 activation seems to induce cell growth arrest.
	4. Hence, also the NKA α3 might undergo endocytosis upon Ouabain binding reflected in the increased amount of intracellular vesicles expressing the NKA α3 especially in tumor cells.
	5. Thus, in the evolution of tumorigenesis the expression of NKA α3 was split to exert its anti-tumor effects at the cell surface as well as intracellular.
	6. But tumor cells who miss the upregulation of NKA α3 (especially in lung carcinoma with high PDL-1 expression) EO/Ouabain could further increase the expression of PDL-1.
	7. In summary, it seems that a fine tuned balance between the expression of NKA isoforms (and other receptors) at the plasma cell membrane–which might be modulated by EO–is crucial for the fate of tumor cells, to enter the survival or the death pathway.

The multiple complex activities of Ouabain/EO are summarized in Figure 1.
[image: Diagram illustrating signaling pathways involved in cell processes affected by ouabain. Key components include NKA-α1, Src, LMP1, ERK1/2, and PI3K, influencing apoptosis, autophagy, cell cycle arrest, adhesion, migration, and tumor escape. Red arrows indicate activation or increased activity, purple arrows show inhibition or decreased activity. Notations explain symbols for exosomes and caveolae relating to cellular transport.]FIGURE 1 | Different effects of Ouabain on tumor cells. Ouabain modulates mainly via the NKA-α1/Src/EGF-R complex in caveolae many signaling pathways and induces dose- and time dependent decreased tumor cell survival, cell migration and adhesion but rarely may result in e.g., tumor escape. Ouabain can circumvent the Src/EGF-R complex via direct interaction NKA-α3 and PI3/Akt. The pathway of senolysis seems to involve pro-apoptotic proteins.6 CONCLUSION
We want to conclude with the following statement assuming that EO are identical with Ouabain. While the anti-tumor effects of Ouabain are consistently shown in many, nearly all tumor entities, in vitro as well as in vivo, it seems that the results in non-small cell lung cancer must be considered with caution.
Even there are robust data showing that Ouabain can induce especially in lung cancer autophagy (via the activation of the Src-ERK1/2 pathway), there is obviously a high risk of inducing via the same signaling pathways, maybe even in parallel, survival pathways e.g., increased cell detachment, EMT or AMPK-activation and last, but not least, PD-L1 upregulation.
Thus, as long as these contradictious pathways in NSCLC are not completely revealed, we would recommend advancing and promoting the application of Ouabain in all the other mentioned tumor entities especially Breast cancer and Glioblastoma.
AUTHOR CONTRIBUTIONS
HW: Writing – review and editing, Writing – original draft. AS: Data curation, Conceptualization, Writing – review and editing, Visualization. CB: Formal Analysis, Methodology, Validation, Supervision, Conceptualization, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This study is supported by the Israel Science Foundation (CB, 1287/21).
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Acconcia F. (2022). Evaluation of the sensitivity of breast cancer cell lines to cardiac glycosides unveils ATP1B3 as a possible biomarker for the personalized treatment of ERα expressing breast cancers. Int. J. Mol. Sci. 23 (19), 11102. doi:10.3390/ijms231911102

	Aizman O., Aperia A. (2003). Na,K-ATPase as a signal transducer. Ann. N. Y. Acad. Sci. 986, 489–496. doi:10.1111/j.1749-6632.2003.tb07233.x

	Ark M., Uddin M. N. (2023). Editorial: cellular senescence in physiology and pathophysiology. Front. Physiol. 14, 1173284. doi:10.3389/fphys.2023.1173284

	Bader J. P., Okazaki T., Brown N. R. (1981). Sodium and rubidium uptake in cells transformed by rous sarcoma virus. J. Cell Physiol. 106 (2), 235–243. doi:10.1002/jcp.1041060209

	Bader J. P., Brown N. R., Ray D. A. (1981). Increased glucose uptake capacity of rous-transformed cells and the relevance of deprivation derepression. Cancer Res. 41 (5), 1702–1709.

	Baecher S., Kroiss M., Fassnacht M., Vogeser M. (2014). No endogenous ouabain is detectable in human plasma by ultra-sensitive UPLC-MS/MS. Clin. Chim. Acta Int. J. Clin. Chem. 431, 87–92. doi:10.1016/j.cca.2014.01.038

	Balaban R. S., Bader J. P. (1983). The efficiency of (Na+ + K+)-ATPase in tumorigenic cells. Biochim. Biophys. Acta 730 (2), 271–275. doi:10.1016/0005-2736(83)90343-7

	Balaban R. S., Bader J. P. (1984). Studies on the relationship between glycolysis and (Na+ + K+)-ATPase in cultured cells. Biochim. Biophys. Acta 804 (4), 419–426. doi:10.1016/0167-4889(84)90069-7

	Balzan S., Neglia D., Ghione S., D'Urso G., Baldacchino M. C. Montali U., et al. (2001). Increased circulating levels of ouabain-like factor in patients with asymptomatic left ventricular dysfunction. Eur. J. Heart Fail 3 (2), 165–171. doi:10.1016/s1388-9842(00)00132-x

	Banerjee S. P., Bosmann H. B., Morgan H. R. (1977). Oncogenic transformation of chick-embryo fibroblasts by Rous sarcoma virus alters rubidium uptake and ouabain binding. Exp. Cell Res. 104 (1), 111–117. doi:10.1016/0014-4827(77)90073-8

	Banerjee M., Duan Q., Xie Z. (2015). SH2 ligand-like effects of second cytosolic domain of Na/K-ATPase α1 subunit on src kinase. PloS One 10 (11), e0142119. doi:10.1371/journal.pone.0142119

	Banerjee M., Li Z., Gao Y., Lai F., Huang M. Zhang Z., et al. (2021). Inverse agonism at the Na/K-ATPase receptor reverses EMT in prostate cancer cells. Prostate 81 (10), 667–682. doi:10.1002/pros.24144

	Bielawski K., Winnicka K., Bielawska A. (2006). Inhibition of DNA topoisomerases I and II, and growth inhibition of breast cancer MCF-7 cells by ouabain, digoxin and proscillaridin A. Biol. Pharm. Bull. 29 (7), 1493–1497. doi:10.1248/bpb.29.1493

	Bignami E., Casamassima N., Frati E., Lanzani C., Corno L. Alfieri O., et al. (2013). Preoperative endogenous ouabain predicts acute kidney injury in cardiac surgery patients. Crit. Care Med. 41 (3), 744–755. doi:10.1097/CCM.0b013e3182741599

	Blaustein M. P. (1996). Endogenous ouabain: role in the pathogenesis of hypertension. Kidney Int. 49 (6), 1748–1753. doi:10.1038/ki.1996.260

	Blaustein M. P., Hamlyn J. M. (2024). Sensational site: the sodium pump ouabain-binding site and its ligands. Am. J. Physiol. Cell Physiol. 326 (4), C1120–C1177. doi:10.1152/ajpcell.00273.2023

	Brouillard F., Tondelier D., Edelman A., Baudouin-Legros M. (2001). Drug resistance induced by ouabain via the stimulation of MDR1 gene expression in human carcinomatous pulmonary cells. Cancer Res. 61 (4), 1693–1698.

	Busonero C., Leone S., Bianchi F., Maspero E., Fiocchetti M. Palumbo O., et al. (2020). Ouabain and Digoxin activate the proteasome and the degradation of the ERα in cells modeling primary and metastatic breast cancer. Cancers 12 (12), 3840. doi:10.3390/cancers12123840

	Chen H. Y., Yang M. D., Chou Y. C., Ma Y. S., Peng S. F. Liao C. L., et al. (2021). Ouabain suppresses cell migration and invasion in human gastric cancer AGS cells through the inhibition of MMP signaling pathways. Anticancer Res. 41 (9), 4365–4375. doi:10.21873/anticanres.15241

	Cao J., He L., Lin G., Hu C., Dong R. Zhang J., et al. (2014). Cap-dependent translation initiation factor, eIF4E, is the target for Ouabain-mediated inhibition of HIF-1α. Biochem. Pharmacol. 89 (1), 20–30. doi:10.1016/j.bcp.2013.12.002

	Cavalcante-Silva L. H. A., Lima É. de A., Carvalho D. C. M., de Sales-Neto J. M., Alves A. K. d. A. Galvão J. G. F. M., et al. (2017). Much more than a cardiotonic steroid: modulation of inflammation by ouabain. Front. Physiol. 8, 895. doi:10.3389/fphys.2017.00895

	Ceccarelli S., Visco V., Raffa S., Wakisaka N., Pagano J. S., Torrisi M. R. (2007). Epstein-Barr virus latent membrane protein 1 promotes concentration in multivesicular bodies of fibroblast growth factor 2 and its release through exosomes. Int. J. Cancer 121 (7), 1494–1506. doi:10.1002/ijc.22844

	Cerella C., Muller F., Gaigneaux A., Radogna F., Viry E. Chateauvieux S., et al. (2015). Early downregulation of Mcl-1 regulates apoptosis triggered by cardiac glycoside UNBS1450. Cell Death Dis. 6 (6), e1782. doi:10.1038/cddis.2015.134

	Chang Y. M., Shih Y. L., Chen C. P., Liu K. L., Lee M. H. Lee M. Z., et al. (2019). Ouabain induces apoptotic cell death in human prostate DU 145 cancer cells through DNA damage and TRAIL pathways. Environ. Toxicol. 34 (12), 1329–1339. doi:10.1002/tox.22834

	Chang M., Dong Y., Cruickshank-Taylor A. B., Gnawali G., Bi F., Wang W. (2024). Senolytic prodrugs: a promising approach to enhancing senescence-targeting intervention. ChemBioChem 25 (22), e202400355. doi:10.1002/cbic.202400355

	Chanvorachote P., Pongrakhananon V. (2013). Ouabain downregulates Mcl-1 and sensitizes lung cancer cells to TRAIL-induced apoptosis. Am. J. Physiol. Cell Physiol. 304 (3), C263–C272. doi:10.1152/ajpcell.00225.2012

	Chen J. Q., Contreras R. G., Wang R., Fernandez S. V., Shoshani L. Russo I. H., et al. (2006). Sodium/potassium ATPase (Na+, K+-ATPase) and ouabain/related cardiac glycosides: a new paradigm for development of anti-breast cancer drugs?Breast Cancer Res. Treat. 96 (1), 1–15. doi:10.1007/s10549-005-9053-3

	Chen D., Song M., Mohamad O., Yu S. P. (2014). Inhibition of Na+/K+-ATPase induces hybrid cell death and enhanced sensitivity to chemotherapy in human glioblastoma cells. BMC Cancer 14, 716. doi:10.1186/1471-2407-14-716

	Chou W. H., Liu K. L., Shih Y. L., Chuang Y. Y., Chou J. Lu H. F., et al. (2018). Ouabain induces apoptotic cell death through Caspase- and Mitochondria-dependent pathways in human osteosarcoma U-2 OS cells. Anticancer Res. 38 (1), 169–178. doi:10.21873/anticanres.12205

	Chou J. C., Li J. H., Chen C. C., Chen C. W., Lin H., Wang P. S. (2021). Inhibitory effects of digoxin and Digitoxin on cell growth in human ovarian cancer cell line SKOV-3. Integr. Cancer Ther. 20, 15347354211002662. doi:10.1177/15347354211002662

	Clifford R. J., Kaplan J. H. (2013). Human breast tumor cells are more resistant to cardiac glycoside toxicity than non-tumorigenic breast cells. PloS One 8 (12), e84306. doi:10.1371/journal.pone.0084306

	Cmielová J., Rezáčová M. (2011). p21Cip1/Waf1 protein and its function based on a subcellular localization [corrected]. J. Cell Biochem. 112 (12), 3502–3506. doi:10.1002/jcb.23296

	Cruickshanks H. A., McBryan T., Nelson D. M., Vanderkraats N. D., Shah P. P. van Tuyn J., et al. (2013). Senescent cells harbour features of the cancer epigenome. Nat. Cell Biol. 15 (12), 1495–1506. doi:10.1038/ncb2879

	Cuozzo F., Raciti M., Bertelli L., Parente R., Di Renzo L. (2012). Pro-death and pro-survival properties of ouabain in U937 lymphoma derived cells. J. Exp. Clin. Cancer Res. CR 31 (1), 95. doi:10.1186/1756-9966-31-95

	da Silva J. M. C., Azevedo A. das N., Barbosa RPDS, Teixeira M. P., Vianna T. A. G. Fittipaldi J., et al. (2019). Ouabain decreases regulatory T cell number in mice by reducing IL-2 secretion. Neuroimmunomodulation 26 (4), 188–197. doi:10.1159/000501720

	de Souza W. F., Barbosa L. A., Liu L., de Araujo W. M., de-Freitas-Junior J. C. M. Fortunato-Miranda N., et al. (2014). Ouabain-induced alterations of the apical junctional complex involve α1 and β1 Na,K-ATPase downregulation and ERK1/2 activation independent of caveolae in colorectal cancer cells. J. Membr. Biol. 247 (1), 23–33. doi:10.1007/s00232-013-9607-y

	Delebinski C. I., Georgi S., Kleinsimon S., Twardziok M., Kopp B. Melzig M. F., et al. (2015). Analysis of proliferation and apoptotic induction by 20 steroid glycosides in 143B osteosarcoma cells in vitro. Cell Prolif. 48 (5), 600–610. doi:10.1111/cpr.12208

	Doris P. A. (1988). Immunological evidence that the adrenal gland is a source of an endogenous digitalis-like factor. Endocrinology 123 (5), 2440–2444. doi:10.1210/endo-123-5-2440

	Doris P. A., Hayward-Lester A., Bourne D., Stocco D. M. (1996). Ouabain production by cultured adrenal cells. Endocrinology 137 (2), 533–539. doi:10.1210/endo.137.2.8593799

	Dreymann N., Sabrowski W., Danso J., Menger M. M. (2022). Aptamer-Based sandwich assay formats for detection and discrimination of Human High- and low-molecular-weight uPA for cancer prognosis and diagnosis. Cancers 14 (21), 5222. doi:10.3390/cancers14215222

	Du J., Jiang L., Chen F., Hu H., Zhou M. (2021). Cardiac glycoside ouabain exerts anticancer activity via downregulation of STAT3. Front. Oncol. 11, 684316. doi:10.3389/fonc.2021.684316

	El-Mallakh R. S., Stoddard M., Jortani S. A., El-Masri M. A., Sephton S., Valdes R. (2010). Aberrant regulation of endogenous ouabain-like factor in bipolar subjects. Psychiatry Res. 178 (1), 116–120. doi:10.1016/j.psychres.2009.03.032

	Ellington A. D., Szostak J. W. (1990). In vitro selection of RNA molecules that bind specific ligands. Nature 346 (6287), 818–822. doi:10.1038/346818a0

	Feng Q., Leong W. S., Liu L., Chan W. I. (2016). Peruvoside, a cardiac glycoside, induces primitive myeloid leukemia cell death. Mol. Basel Switz. 21 (4), 534. doi:10.3390/molecules21040534

	Ferrandi M., Manunta P., Balzan S., Hamlyn J. M., Bianchi G., Ferrari P. (1997). Ouabain-like factor quantification in mammalian tissues and plasma: comparison of two independent assays. Hypertens. Dallas Tex 30 (4), 886–896. doi:10.1161/01.hyp.30.4.886

	Fu L. N., Xu Z. W., Xu R. C., Fang T., Wang F. M. (2020). The mechanism study of ouabain in inhibiting the growth of hepatocellular carcinoma cells by inhibiting the laser kinase signaling pathway. Zhonghua Yi Xue Za Zhi 100 (38), 3014–3017. doi:10.3760/cma.j.cn112137-20200605-1778

	Fujii T., Katoh M., Ootsubo M., Nguyen O. T. T., Iguchi M. Shimizu T., et al. (2022). Cardiac glycosides stimulate endocytosis of GLUT1 via intracellular Na+,K+ -ATPase α3-isoform in human cancer cells. J. Cell Physiol. 237 (7), 2980–2991. doi:10.1002/jcp.30762

	Gable M. E., Abdallah S. L., Najjar S. M., Liu L., Askari A. (2014). Digitalis-induced cell signaling by the sodium pump: on the relation of Src to Na(+)/K(+)-ATPase. Biochem. Biophys. Res. Commun. 446 (4), 1151–1154. doi:10.1016/j.bbrc.2014.03.071

	Gonta-Grabiec K., Rossowski W., Szumiel I. (1986). Properties of Na+/K+ ATPase and alkaline phosphatase alter during spontaneous and radiation-induced leukemogenesis in mice. Neoplasma 33 (2), 141–155.

	Goto A., Yamada K., Hazama H., Uehara Y., Atarashi K. Hirata Y., et al. (1996). Ouabainlike compound in hypertension associated with ectopic corticotropin syndrome. Hypertens. Dallas Tex 28 (3), 421–425. doi:10.1161/01.hyp.28.3.421

	Guo W., Wei B., Cheng T., Xu X., Ruan F., Xiang M. (2019). The Na+/K+ ATPase inhibitor ouabain attenuates stemness and chemoresistance of Osteosarcoma cells. Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 25, 9426–9434. doi:10.12659/MSM.919266

	Hamlyn J. M., Blaustein M. P., Bova S., DuCharme D. W., Harris D. W. Mandel F., et al. (1991). Identification and characterization of a ouabain-like compound from human plasma. Proc. Natl. Acad. Sci. U. S. A. 88 (14), 6259–6263. doi:10.1073/pnas.88.14.6259

	Harich O. O., Gavriliuc O. I., Ordodi V. L., Tirziu A., Paunescu V. Panaitescu C., et al. (2023). In vitro study of the multimodal effect of Na+/K+ ATPase blocker ouabain on the tumor microenvironment and malignant cells. Biomedicines 11 (8), 2205. doi:10.3390/biomedicines11082205

	Haux J. (1999). Digitoxin is a potential anticancer agent for several types of cancer. Med. Hypotheses 53 (6), 543–548. doi:10.1054/mehy.1999.0985

	Hsu J. L., Liu F. L., Hsu L. C., Chang H. S., Leu W. J. Yu C. C., et al. (2015). Epi-reevesioside F inhibits Na+/K+-ATPase, causing cytosolic acidification, Bak activation and apoptosis in glioblastoma. Oncotarget 6 (27), 24032–24046. doi:10.18632/oncotarget.4429

	Hôte V., Courbeyrette R., Pinna G., Cintrat J. C., Le Pavec G. Delaunay-Moisan A., et al. (2021). Ouabain and chloroquine trigger senolysis of BRAF-V600E-induced senescent cells by targeting autophagy. Aging Cell 20(9), e13447. doi:10.1111/acel.13447

	Huang D. M., Guh J. H., Huang Y. T., Chueh S. C., Wang H. P., Teng C. M. (2002). Cardiac glycosides induce resistance to tubulin-dependent anticancer drugs in androgen-independent human prostate cancer. J. Biomed. Sci. 9 (5), 443–452. doi:10.1007/BF02256539

	Huang Y. T., Chueh S. C., Teng C. M., Guh J. H. (2004). Investigation of ouabain-induced anticancer effect in human androgen-independent prostate cancer PC-3 cells. Biochem. Pharmacol. 67 (4), 727–733. doi:10.1016/j.bcp.2003.10.013

	Ihenetu K., Qazzaz H. M., Crespo F., Fernandez-Botran R., Valdes R. (2007). Digoxin-like immunoreactive factors induce apoptosis in human acute T-cell lymphoblastic leukemia. Clin. Chem. 53 (7), 1315–1322. doi:10.1373/clinchem.2006.082081

	Jiang B., Zhang W., Zhang X., Sun Y. (2024). Targeting senescent cells to reshape the tumor microenvironment and improve anticancer efficacy. Semin. Cancer Biol. 101, 58–73. doi:10.1016/j.semcancer.2024.05.002

	Jing Y., Watabe M., Hashimoto S., Nakajo S., Nakaya K. (1994). Cell cycle arrest and protein kinase modulating effect of bufalin on human leukemia ML1 cells. Anticancer Res. 14 (3A), 1193–1198.

	Johansson S., Lindholm P., Gullbo J., Larsson R., Bohlin L., Claeson P. (2001). Cytotoxicity of digitoxin and related cardiac glycosides in human tumor cells. Anticancer Drugs 12 (5), 475–483. doi:10.1097/00001813-200106000-00009

	Johnson M. A., Weber M. J. (1979). Potassium fluxes and ouabain binding in growing, density-inhibited and rous sarcoma virus-transformed chicken embryo cells. J. Cell Physiol. 101 (1), 89–100. doi:10.1002/jcp.1041010111

	Kaaja R. J., Nicholls M. G. (2018). Does the hormone “endogenous ouabain” exist in the human circulation?BioFactors Oxf Engl. 44 (3), 219–221. doi:10.1002/biof.1421

	Kaplan J. G. (1978). Membrane cation transport and the control of proliferation of mammalian cells. Annu. Rev. Physiol. 40, 19–41. doi:10.1146/annurev.ph.40.030178.000315

	Karpova L., Eva A., Kirch U., Boldyrev A., Scheiner-Bobis G. (2010). Sodium pump alpha1 and alpha3 subunit isoforms mediate distinct responses to ouabain and are both essential for survival of human neuroblastoma. FEBS J. 277 (8), 1853–1860. doi:10.1111/j.1742-4658.2010.07602.x

	Khajah M. A., Mathew P. M., Luqmani Y. A. (2018). Na+/K+ ATPase activity promotes invasion of endocrine resistant breast cancer cells. PloS One 13 (3), e0193779. doi:10.1371/journal.pone.0193779

	Kim N., Yim H. Y., He N., Lee C. J., Kim J. H. Choi J. S., et al. (2016). Cardiac glycosides display selective efficacy for STK11 mutant lung cancer. Sci. Rep. 6, 29721. doi:10.1038/srep29721

	Kimelberg H. K., Mayhew E. (1975). Increased ouabain-sensitive 86Rb+ uptake and sodium and potassium ion-activated adenosine triphosphatase activity in transformed cell lines. J. Biol. Chem. 250 (1), 100–104. doi:10.1016/s0021-9258(19)41986-8

	Kimelberg H. K., Mayhew E. (1976). Cell growth and quabain-sensitive 86Rg+ uptake and (Na++K+)-ATPase activity in 3T3 and SV40 transformed 3T3 fibroblasts. Biochim. Biophys. Acta 455 (3), 865–875. doi:10.1016/0005-2736(76)90056-0

	Kometiani P., Liu L., Askari A. (2005). Digitalis-induced signaling by Na+/K+-ATPase in human breast cancer cells. Mol. Pharmacol. 67 (3), 929–936. doi:10.1124/mol.104.007302

	Komiyama Y., Nishimura N., Munakata M., Okuda K., Nishino N. Kosaka C., et al. (1999). Increases in plasma ouabainlike immunoreactivity during surgical extirpation of pheochromocytoma. Hypertens. Res. Off. J. Jpn. Soc. Hypertens. 22 (2), 135–139. doi:10.1291/hypres.22.135

	Laredo J., Hamilton B. P., Hamlyn J. M. (1994). Ouabain is secreted by bovine adrenocortical cells. Endocrinology 135 (2), 794–797. doi:10.1210/endo.135.2.8033829

	Lefranc F., Mijatovic T., Kondo Y., Sauvage S., Roland I. Debeir O., et al. (2008). Targeting the alpha 1 subunit of the sodium pump to combat glioblastoma cells. Neurosurgery 62 (1), 211–222. doi:10.1227/01.NEU.0000311080.43024.0E

	Leite J. A., Cavalcante-Silva L. H. A., Ribeiro M. R., de Morais Lima G., Scavone C., Rodrigues-Mascarenhas S. (2022). Neuroinflammation and neutrophils: modulation by ouabain. Front. Pharmacol. 13, 824907. doi:10.3389/fphar.2022.824907

	Lewis L. K., Yandle T. G., Hilton P. J., Jensen B. P., Begg E. J., Nicholls M. G. (2014). Endogenous ouabain is not ouabain. Hypertens. Dallas Tex 64 (4), 680–683. doi:10.1161/HYPERTENSIONAHA.114.03919

	Li D., Qu X., Hou K., Zhang Y., Dong Q. Teng Y., et al. (2009). PI3K/Akt is involved in bufalin-induced apoptosis in gastric cancer cells. Anticancer Drugs 20 (1), 59–64. doi:10.1097/CAD.0b013e3283160fd6

	Liang M., Tian J., Liu L., Pierre S., Liu J. Shapiro J., et al. (2007). Identification of a pool of non-pumping Na/K-ATPase. J. Biol. Chem. 282 (14), 10585–10593. doi:10.1074/jbc.M609181200

	Lin Y., Dubinsky W. P., Ho D. H., Felix E., Newman R. A. (2008). Determinants of human and mouse melanoma cell sensitivities to oleandrin. J. Exp. Ther. Oncol. 7 (3), 195–205.

	Lindholm H., Ejeskär K., Szekeres F. (2022). Na+/K+-ATPase subunit α3 expression is associated with the efficacy of digitoxin treatment in pancreatic cancer cells. Med. Int. 2 (5), 27. doi:10.3892/mi.2022.52

	Liu J., Shapiro J. I. (2007). Regulation of sodium pump endocytosis by cardiotonic steroids: molecular mechanisms and physiological implications. Pathophysiol. Off. J. Int. Soc. Pathophysiol. 14 (3-4), 171–181. doi:10.1016/j.pathophys.2007.09.008

	Liu N., Li Y., Su S., Wang N., Wang H., Li J. (2013). Inhibition of cell migration by ouabain in the A549 human lung cancer cell line. Oncol. Lett. 6 (2), 475–479. doi:10.3892/ol.2013.1406

	López-Lázaro M. (2007). Digitoxin as an anticancer agent with selectivity for cancer cells: possible mechanisms involved. Expert Opin. Ther. Targets 11 (8), 1043–1053. doi:10.1517/14728222.11.8.1043

	Madan N., Xu Y., Duan Q., Banerjee M., Larre I. Pierre S. V., et al. (2017). Src-independent ERK signaling through the rat α3 isoform of Na/K-ATPase. Am. J. Physiol. Cell Physiol. 312 (3), C222–C232. doi:10.1152/ajpcell.00199.2016

	Magpusao A. N., Omolloh G., Johnson J., Gascón J., Peczuh M. W., Fenteany G. (2015). Cardiac glycoside activities link Na(+)/K(+) ATPase ion-transport to breast cancer cell migration via correlative SAR. ACS Chem. Biol. 10 (2), 561–569. doi:10.1021/cb500665r

	Manunta P., Iacoviello M., Forleo C., Messaggio E., Hamlyn J. M. Lucarelli K., et al. (2005). High circulating levels of endogenous ouabain in the offspring of hypertensive and normotensive individuals. J. Hypertens. 23 (9), 1677–1681. doi:10.1097/01.hjh.0000177049.38417.67

	Manunta P., Ferrandi M., Bianchi G., Hamlyn J. M. (2009). Endogenous ouabain in cardiovascular function and disease. J. Hypertens. 27 (1), 9–18. doi:10.1097/HJH.0b013e32831cf2c6

	Mayhew E. (1972). Ion transport of ouabain resistant and sensitive ehrlich ascites carcinoma cells. J. Cell Physiol. 79 (3), 441–452. doi:10.1002/jcp.1040790314

	Mayr C., Kiesslich T., Bekric D., Beyreis M., Kittl M. Ablinger C., et al. (2023). Ouabain at nanomolar concentrations is cytotoxic for biliary tract cancer cells. PloS One 18 (6), e0287769. doi:10.1371/journal.pone.0287769

	McConkey D. J., Lin Y., Nutt L. K., Ozel H. Z., Newman R. A. (2000). Cardiac glycosides stimulate Ca2+ increases and apoptosis in androgen-independent, metastatic human prostate adenocarcinoma cells. Cancer Res. 60 (14), 3807–3812.

	Meng L., Wen Y., Zhou M., Li J., Wang T. Xu P., et al. (2016). Ouabain induces apoptosis and autophagy in Burkitt’s lymphoma raji cells. Biomed. Pharmacother. Biomedecine Pharmacother. 84, 1841–1848. doi:10.1016/j.biopha.2016.10.114

	Menger M., Glökler J., Rimmele M. (2006). Application of aptamers in therapeutics and for small-molecule detection. Handb. Exp. Pharmacol. 173, 359–373. doi:10.1007/3-540-27262-3_18

	Menger L., Vacchelli E., Adjemian S., Martins I., Ma Y. Shen S., et al. (2012). Cardiac glycosides exert anticancer effects by inducing immunogenic cell death. Sci. Transl. Med. 4 (143), 143ra99. doi:10.1126/scitranslmed.3003807

	Michaels A. M., Zoccarato A., Hoare Z., Firth G., Chung Y. J. Kuchel P. W., et al. (2024). Disrupting Na+ ion homeostasis and Na+/K+ ATPase activity in breast cancer cells directly modulates glycolysis in vitro and in vivo. Cancer Metab. 12 (1), 15. doi:10.1186/s40170-024-00343-5

	Mijatovic T., Op De Beeck A., Van Quaquebeke E., Dewelle J., Darro F. de Launoit Y., et al. (2006a). The cardenolide UNBS1450 is able to deactivate nuclear factor kappaB-mediated cytoprotective effects in human non-small cell lung cancer cells. Mol. Cancer Ther. 5 (2), 391–399. doi:10.1158/1535-7163.MCT-05-0367

	Mijatovic T., Mathieu V., Gaussin J. F., De Nève N., Ribaucour F. Van Quaquebeke E., et al. (2006b). Cardenolide-induced lysosomal membrane permeabilization demonstrates therapeutic benefits in experimental human non-small cell lung cancers. Neoplasia N. Y. N. 8 (5), 402–412. doi:10.1593/neo.05850

	Mijatovic T., De Nève N., Gailly P., Mathieu V., Haibe-Kains B. Bontempi G., et al. (2008). Nucleolus and c-Myc: potential targets of cardenolide-mediated antitumor activity. Mol. Cancer Ther. 7 (5), 1285–1296. doi:10.1158/1535-7163.MCT-07-2241

	Newman R. A., Yang P., Pawlus A. D., Block K. I. (2008). Cardiac glycosides as novel cancer therapeutic agents. Mol. Interv. 8 (1), 36–49. doi:10.1124/mi.8.1.8

	Nigim F., Cavanaugh J., Patel A. P., Curry W. T., Esaki S. i. Kasper E. M., et al. (2015). Targeting hypoxia-inducible factor 1α in a new orthotopic model of glioblastoma recapitulating the hypoxic tumor microenvironment. J. Neuropathol. Exp. Neurol. 74 (7), 710–722. doi:10.1097/NEN.0000000000000210

	Nimjee S. M., White R. R., Becker R. C., Sullenger B. A. (2017). Aptamers as therapeutics. Annu. Rev. Pharmacol. Toxicol. 57, 61–79. doi:10.1146/annurev-pharmtox-010716-104558

	Ninsontia C., Chanvorachote P. (2014). Ouabain mediates integrin switch in human lung cancer cells. Anticancer Res. 34 (10), 5495–5502.

	Numata Y., Fujii T., Toda C., Okumura T., Manabe T. Takeda N., et al. (2025). Digoxin promotes anoikis of circulating cancer cells by targeting Na+/K+-ATPase α3-isoform. Cell Death Dis. 16 (1), 373. doi:10.1038/s41419-025-07703-z

	Ono Y., Chiba S., Yano H., Nakayama N., Saio M. Tsuruma K., et al. (2016). Glycoprotein nonmetastatic melanoma protein B (GPNMB) promotes the progression of brain glioblastoma via Na+/K+-ATPase. Biochem. Biophys. Res. Commun. 481 (1-2), 7–12. doi:10.1016/j.bbrc.2016.11.034

	Ozdemir T., Nar R., Kilinc V., Alacam H., Salis O. Duzgun A., et al. (2012). Ouabain targets the unfolded protein response for selective killing of HepG2 cells during glucose deprivation. Cancer Biother Radiopharm. 27 (8), 457–463. doi:10.1089/cbr.2011.1138

	Pitzalis M. V., Hamlyn J. M., Messaggio E., Iacoviello M., Forleo C. Romito R., et al. (2006). Independent and incremental prognostic value of endogenous ouabain in idiopathic dilated cardiomyopathy. Eur. J. Heart Fail 8 (2), 179–186. doi:10.1016/j.ejheart.2005.07.010

	Pongrakhananon V., Chunhacha P., Chanvorachote P. (2013). Ouabain suppresses the migratory behavior of lung cancer cells. PloS One 8 (7), e68623. doi:10.1371/journal.pone.0068623

	Poohadsuan J., O’Doherty G. A., Owattanapanich W., Kungwankiattichai S., Rojanasakul Y. Issaragrisil S., et al. (2023). Cardiac glycoside ouabain efficiently targets leukemic stem cell apoptotic machinery independent of cell differentiation status. Cell Commun. Signal CCS 21 (1), 283. doi:10.1186/s12964-023-01317-8

	Rodrigues-Mascarenhas S., Da Silva de Oliveira A., Amoedo N. D., Affonso-Mitidieri O. R., Rumjanek F. D., Rumjanek V. M. (2009). Modulation of the immune system by ouabain. Ann. N. Y. Acad. Sci. 1153, 153–163. doi:10.1111/j.1749-6632.2008.03969.x

	Racker E. (1976). Why do tumor cells have a high aerobic glycolysis?J. Cell Physiol. 89 (4), 697–700. doi:10.1002/jcp.1040890429

	Racker E., Johnson J. H., Blackwell M. T. (1983). The role of ATPase in glycolysis of ehrlich ascites tumor cells. J. Biol. Chem. 258 (6), 3702–3705. doi:10.1016/s0021-9258(18)32721-2

	Repke K. R., Schön R., Megges R., Weiland J., Nissen E., Matthes E. (1995). Potential suitability of Na+/K(+)-transporting ATPase in pre-screens for anti-cancer agents. Anticancer Drug Des. 10 (2), 177–187.

	Riganti C., Campia I., Polimeni M., Pescarmona G., Ghigo D., Bosia A. (2009). Digoxin and ouabain induce P-glycoprotein by activating calmodulin kinase II and hypoxia-inducible factor-1alpha in human colon cancer cells. Toxicol. Appl. Pharmacol. 240 (3), 385–392. doi:10.1016/j.taap.2009.07.026

	Ruanghirun T., Pongrakhananon V., Chanvorachote P. (2014). Ouabain enhances lung cancer cell detachment. Anticancer Res. 34 (5), 2231–2238.

	Shandell M. A., Capatina A. L., Lawrence S. M., Brackenbury W. J., Lagos D. (2022). Inhibition of the Na+/K+-ATPase by cardiac glycosides suppresses expression of the IDO1 immune checkpoint in cancer cells by reducing STAT1 activation. J. Biol. Chem. 298 (3), 101707. doi:10.1016/j.jbc.2022.101707

	Saito S., Ohtsu M., Asano M., Ishigami T. (2019). Ouabain signaling in oral squamous cell carcinoma cells. J. Oral Sci. 61 (4), 498–503. doi:10.2334/josnusd.18-0411

	Sakai H., Suzuki T., Maeda M., Takahashi Y., Horikawa N. Minamimura T., et al. (2004). Up-regulation of Na(+),K(+)-ATPase alpha 3-isoform and down-regulation of the alpha1-isoform in human colorectal cancer. FEBS Lett. 563 (1-3), 151–154. doi:10.1016/S0014-5793(04)00292-3

	Salyer S. A., Olberding J. R., Distler A. A., Lederer E. D., Clark B. J. Delamere N. A., et al. (2013). Vacuolar ATPase driven potassium transport in highly metastatic breast cancer cells. Biochim. Biophys. Acta 1832 (10), 1734–1743. doi:10.1016/j.bbadis.2013.04.023

	Schoner W. (2002). Endogenous cardiac glycosides, a new class of steroid hormones. Eur. J. Biochem. 269 (10), 2440–2448. doi:10.1046/j.1432-1033.2002.02911.x

	Serrano-Rubi M., Jimenez L., Martinez-Rendon J., Cereijido M., Ponce A. (2020). Ouabain promotes gap junctional intercellular communication in cancer cells. Int. J. Mol. Sci. 22 (1), 358. doi:10.3390/ijms22010358

	Shen S. S., Hamamoto S. T., Bern H. A., Steinhardt R. A. (1978). Alteration of sodium transport in mouse mammary epithelium associated with neoplastic transformation. Cancer Res. 38 (5), 1356–1361.

	Shen J. J., Zhan Y. C., Li H. Y., Wang Z. (2020). Ouabain impairs cancer metabolism and activates AMPK-Src signaling pathway in human cancer cell lines. Acta Pharmacol. Sin. 41 (1), 110–118. doi:10.1038/s41401-019-0290-0

	Shibuya K., Fukuoka J., Fujii T., Shimoda E., Shimizu T. Sakai H., et al. (2010). Increase in ouabain-sensitive K+-ATPase activity in hepatocellular carcinoma by overexpression of Na+, K+-ATPase alpha 3-isoform. Eur. J. Pharmacol. 638 (1-3), 42–46. doi:10.1016/j.ejphar.2010.04.029

	Shih Y. L., Au M. K., Liu K. L., Yeh M. Y., Lee C. H. Lee M. H., et al. (2017). Ouabain impairs cell migration, and invasion and alters gene expression of human osteosarcoma U-2 OS cells. Environ. Toxicol. 32 (11), 2400–2413. doi:10.1002/tox.22453

	Shih Y. L., Shang H. S., Chen Y. L., Hsueh S. C., Chou H. M. Lu H. F., et al. (2019). Ouabain promotes immune responses in WEHI-3 cells to generate leukemia mice through enhancing phagocytosis and natural killer cell activities in vivo. Environ. Toxicol. 34 (5), 659–665. doi:10.1002/tox.22732

	Shin H. K., Ryu B. J., Choi S. W., Kim S. H., Lee K. (2015). Inactivation of src-to-ezrin pathway: a possible mechanism in the ouabain-mediated inhibition of A549 cell migration. Biomed. Res. Int. 2015, 537136. doi:10.1155/2015/537136

	Simpson C. D., Mawji I. A., Anyiwe K., Williams M. A., Wang X. Venugopal A. L., et al. (2009). Inhibition of the sodium potassium adenosine triphosphatase pump sensitizes cancer cells to anoikis and prevents distant tumor formation. Cancer Res. 69 (7), 2739–2747. doi:10.1158/0008-5472.CAN-08-2530

	Škubník J., Svobodová Pavlíčková V., Psotová J., Rimpelová S. (2021a). Cardiac glycosides as autophagy modulators. Cells 10 (12), 3341. doi:10.3390/cells10123341

	Škubník J., Pavlíčková V., Rimpelová S. (2021b). Cardiac glycosides as immune system modulators. Biomolecules 11 (5), 659. doi:10.3390/biom11050659

	Smith J. A., Madden T., Vijjeswarapu M., Newman R. A. (2001). Inhibition of export of fibroblast growth factor-2 (FGF-2) from the prostate cancer cell lines PC3 and DU145 by anvirzel and its cardiac glycoside component, oleandrin. Biochem. Pharmacol. 62 (4), 469–472. doi:10.1016/s0006-2952(01)00690-6

	Song K. M., Lee S., Ban C. (2012). Aptamers and their biological applications. Sensors 12 (1), 612–631. doi:10.3390/s120100612

	Song Y., Lee S. Y., Kim S., Choi I., Kim S.-H. Shum D., et al. (2020). Inhibitors of Na/K ATPase exhibit antitumor effects on multicellular tumor spheroids of hepatocellular carcinoma. Sci. Rep. 10 (1), 5318. doi:10.1038/s41598-020-62134-4

	Stella P., Manunta P., Mallamaci F., Melandri M., Spotti D. Tripepi G., et al. (2008). Endogenous ouabain and cardiomyopathy in dialysis patients. J. Intern Med. 263 (3), 274–280. doi:10.1111/j.1365-2796.2007.01883.x

	Teixeira M. P., Haddad N. F., Passos E. F., Andrade M. N., Campos M. L. A. da Silva J. M. C., et al. (2022). Ouabain effects on human anaplastic thyroid carcinoma 8505C cells. Cancers 14 (24), 6168. doi:10.3390/cancers14246168

	Tian J., Cai T., Yuan Z., Wang H., Liu L. Haas M., et al. (2006). Binding of Src to Na+/K+-ATPase forms a functional signaling complex. Mol. Biol. Cell 17 (1), 317–326. doi:10.1091/mbc.e05-08-0735

	Tian J., Li X., Liang M., Liu L., Xie J. X. Ye Q., et al. (2009). Changes in sodium pump expression dictate the effects of ouabain on cell growth. J. Biol. Chem. 284 (22), 14921–14929. doi:10.1074/jbc.M808355200

	Trenti A., Grumati P., Cusinato F., Orso G., Bonaldo P., Trevisi L. (2014). Cardiac glycoside ouabain induces autophagic cell death in non-small cell lung cancer cells via a JNK-dependent decrease of Bcl-2. Biochem. Pharmacol. 89 (2), 197–209. doi:10.1016/j.bcp.2014.02.021

	Valente R. C., Capella L. S., Nascimento C. R., Lopes A. G., Capella M. a. M. (2007). Modulation of multidrug resistance protein (MRP1/ABCC1) expression: a novel physiological role for ouabain. Cell Biol. Toxicol. 23 (6), 421–427. doi:10.1007/s10565-007-9004-3

	Vaupel P., Schmidberger H., Mayer A. (2019). The warburg effect: essential part of metabolic reprogramming and central contributor to cancer progression. Int. J. Radiat. Biol. 95 (7), 912–919. doi:10.1080/09553002.2019.1589653

	Wakisaka N., Pagano J. S. (2003). Epstein-barr virus induces invasion and metastasis factors. Anticancer Res. 23 (3A), 2133–2138.

	Wakisaka N., Murono S., Yoshizaki T., Furukawa M., Pagano J. S. (2002). Epstein-barr virus latent membrane protein 1 induces and causes release of fibroblast growth factor-2. Cancer Res. 62 (21), 6337–6344.

	Wang M., Jin R. M., Qiu Y. N., Lin W., Meng B. (2007). Effects of ouabain at low concentrations on growth of leukemia cells. Zhongguo Shi Yan Xue Ye Xue Za Zhi 15 (6), 1165–1168.

	Wang Z., Zheng M., Li Z., Li R., Jia L. Xiong X., et al. (2009). Cardiac glycosides inhibit p53 synthesis by a mechanism relieved by Src or MAPK inhibition. Cancer Res. 69 (16), 6556–6564. doi:10.1158/0008-5472.CAN-09-0891

	Wang Y., Qiu Q., Shen J. J., Li D. D., Jiang X. J. Si S. Y., et al. (2012). Cardiac glycosides induce autophagy in human non-small cell lung cancer cells through regulation of dual signaling pathways. Int. J. Biochem. Cell Biol. 44 (11), 1813–1824. doi:10.1016/j.biocel.2012.06.028

	Wang Y., Zhan Y., Xu R., Shao R., Jiang J., Wang Z. (2015). Src mediates extracellular signal-regulated kinase 1/2 activation and autophagic cell death induced by cardiac glycosides in human non-small cell lung cancer cell lines. Mol. Carcinog. 54 (Suppl. 1), E26–E34. doi:10.1002/mc.22147

	Wang L., Cai W., Han B., Zhang J., Yu B., Chen M. (2021). Ouabain exhibited strong anticancer effects in melanoma cells via induction of apoptosis, G2/M phase arrest, and migration inhibition. OncoTargets Ther. 14, 1261–1273. doi:10.2147/OTT.S283548

	Weber M. J., Evans P. K., Johnson M. A., McNair T. F., Nakamura K. D., Salter D. W. (1984). Transport of potassium, amino acids, and glucose in cells transformed by rous sarcoma virus. Fed. Proc. 43 (1), 107–112.

	Weidemann H. (2005). Na/K-ATPase, endogenous digitalis like compounds and cancer development -- a hypothesis. Front. Biosci. J. Virtual Libr. 10, 2165–2176. doi:10.2741/1688

	Weidemann H. (2012). “The Lower Threshold” phenomenon in tumor cells toward endogenous digitalis-like compounds: responsible for tumorigenesis?J. Carcinog. 11, 2. doi:10.4103/1477-3163.92999

	Weidemann H., Salomon N., Avnit-Sagi T., Weidenfeld J., Rosen H., Lichtstein D. (2004). Diverse effects of stress and additional adrenocorticotropic hormone on digitalis-like compounds in normal and nude mice. J. Neuroendocrinol. 16 (5), 458–463. doi:10.1111/j.1365-2826.2004.01181.x

	Weidemann H., Feger D., Ehlert J. E., Menger M. M., Krempien R. C. (2023). Markedly divergent effects of ouabain on a temozolomide-resistant (T98G) vs. a temozolomide-sensitive (LN229) glioblastoma cell line. Discov. Oncol. 14 (1), 27. doi:10.1007/s12672-023-00633-2

	Winnicka K., Bielawski K., Bielawska A. (2006). Cardiac glycosides in cancer research and cancer therapy. Acta Pol. Pharm. 63 (2), 109–115.

	Winnicka K., Bielawski K., Bielawska A., Miltyk W. (2007). Apoptosis-mediated cytotoxicity of ouabain, digoxin and proscillaridin A in the estrogen independent MDA-MB-231 breast cancer cells. Arch. Pharm. Res. 30 (10), 1216–1224. doi:10.1007/BF02980262

	Winnicka K., Bielawski K., Bielawska A., Miltyk W. (2010). Dual effects of ouabain, digoxin and proscillaridin A on the regulation of apoptosis in human fibroblasts. Nat. Prod. Res. 24 (3), 274–285. doi:10.1080/14786410902991878

	Wu J., Akkuratov E. E., Bai Y., Gaskill C. M., Askari A., Liu L. (2013). Cell signaling associated with Na(+)/K(+)-ATPase: activation of phosphatidylinositide 3-kinase IA/Akt by ouabain is independent of src. Biochemistry 52 (50), 9059–9067. doi:10.1021/bi4011804

	Xiang Y., Chen L., Li L., Huang Y. (2020). Restoration and enhancement of immunogenic cell death of cisplatin by coadministration with digoxin and conjugation to HPMA copolymer. ACS Appl. Mater Interfaces 12 (1), 1606–1616. doi:10.1021/acsami.9b19323

	Xiao Y., Meng C., Lin J., Huang C., Zhang X. Long Y., et al. (2017). Ouabain targets the Na+/K+-ATPase α3 isoform to inhibit cancer cell proliferation and induce apoptosis. Oncol. Lett. 14 (6), 6678–6684. doi:10.3892/ol.2017.7070

	Xie Z., Cai T. (2003). Na+-K+--ATPase-mediated signal transduction: from protein interaction to cellular function. Mol. Interv. 3 (3), 157–168. doi:10.1124/mi.3.3.157

	Xu J. W., Jin R. M., Li E. Q., Wang Y. R., Bai Y. (2009a). Signal pathways in ouabain-induced proliferation of leukemia cells. World J. Pediatr. WJP 5 (2), 140–145. doi:10.1007/s12519-009-0028-z

	Xu J. W., Jin R. M., Wang Y. R., Lin W., Meng B. (2009b). Effects of ouabain at different concentrations on growth of leukemia cells. Zhongguo Dang Dai Er Ke Za Zhi Chin. J. Contemp. Pediatr. 11 (4), 259–262.

	Xu Z. W., Wang F. M., Gao M. J., Chen X. Y., Hu W. L., Xu R. C. (2010). Targeting the Na(+)/K(+)-ATPase alpha1 subunit of hepatoma HepG2 cell line to induce apoptosis and cell cycle arresting. Biol. Pharm. Bull. 33 (5), 743–751. doi:10.1248/bpb.33.743

	Xu Z. W., Wang F. M., Gao M. J., Chen X. Y., Shan N. N. Cheng S. X., et al. (2011). Cardiotonic steroids attenuate ERK phosphorylation and generate cell cycle arrest to block human hepatoma cell growth. J. Steroid Biochem. Mol. Biol. 125 (3-5), 181–191. doi:10.1016/j.jsbmb.2010.12.016

	Yan X., Liang F., Li D., Zheng J. (2015). Ouabain elicits human glioblastoma cells apoptosis by generating reactive oxygen species in ERK-p66SHC-dependent pathway. Mol. Cell Biochem. 398 (1-2), 95–104. doi:10.1007/s11010-014-2208-y

	Yang X. S., Xu Z. W., Yi T. L., Xu R. C., Li J. Zhang W. B., et al. (2018). Ouabain suppresses the growth and migration abilities of glioma U-87MG cells through inhibiting the Akt/mTOR signaling pathway and downregulating the expression of HIF-1α. Mol. Med. Rep. 17 (4), 5595–5600. doi:10.3892/mmr.2018.8587

	Yang J. L., Yang M. D., Chen J. C., Lu K. W., Huang Y. P. Peng S. F., et al. (2021a). Ouabain induces DNA damage in human osteosarcoma U-2 OS cells and alters the expression of DNA damage and DNA repair-associated proteins. Vivo Athens Greece 35 (5), 2687–2696. doi:10.21873/invivo.12552

	Yang S., Yang S., Zhang H., Hua H., Kong Q. Wang J., et al. (2021b). Targeting Na+/K+ -ATPase by berbamine and ouabain synergizes with sorafenib to inhibit hepatocellular carcinoma. Br. J. Pharmacol. 178 (21), 4389–4407. doi:10.1111/bph.15616

	Yang K., Li Z., Chen Y., Yin F., Ji X. Zhou J., et al. (2023). Na, K-ATPase α1 cooperates with its endogenous ligand to reprogram immune microenvironment of lung carcinoma and promotes immune escape. Sci. Adv. 9 (6), eade5393. doi:10.1126/sciadv.ade5393

	Yeh J. Y., Huang W. J., Kan S. F., Wang P. S. (2001). Inhibitory effects of digitalis on the proliferation of androgen dependent and independent prostate cancer cells. J. Urol. 166 (5), 1937–1942. doi:10.1016/s0022-5347(05)65724-2

	Yin W., Li X., Feng S., Cheng W., Tang B. Shi Y. L., et al. (2009). Plasma membrane depolarization and Na,K-ATPase impairment induced by mitochondrial toxins augment leukemia cell apoptosis via a novel mitochondrial amplification mechanism. Biochem. Pharmacol. 78 (2), 191–202. doi:10.1016/j.bcp.2009.03.025

	Zhang H., Qian D. Z., Tan Y. S., Lee K., Gao P. Ren Y. R., et al. (2008). Digoxin and other cardiac glycosides inhibit HIF-1alpha synthesis and block tumor growth. Proc. Natl. Acad. Sci. U. S. A. 105 (50), 19579–19586. doi:10.1073/pnas.0809763105

	Zheng M., Zhou X., Wang Q., Chen X., Cao B., Li J. (2021). Metabolomic approach to characterize the metabolic phenotypes and varied response to ouabain of diffuse large B-cell lymphoma cells. Leuk. Lymphoma 62 (7), 1597–1608. doi:10.1080/10428194.2021.1881513


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Weidemann, Sarsour and Brodie. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Ouabain – a double-edged sword in tumor development and progression? a review of half a century		1 INTRODUCTION

		2 AIM

		3 RESULTS		3.1 Anti-tumor mechanisms of CTS with focus on ouabain		3.1.1 Induction of apoptosis by (the following listed mechanisms)		3.1.1.1 Modulation of intracellular Ca++ levels

		3.1.1.2 Increasing intracellular ROS

		3.1.1.3 TRAIL

		3.1.1.4 Bcl-2 and Mcl-1 downregulation

		3.1.1.5 STAT-3 downregulation





		3.1.2 Induction of autophagy

		3.1.3 Induction of hybrid cell death

		3.1.4 Cell cycle arrest

		3.1.5 Inhibition of migration

		3.1.6 Cell growth inhibition by downregulation of (the following listed mechanisms)		3.1.6.1 NKA isoform α1

		3.1.6.2 HIF-1α

		3.1.6.3 NF-κB





		3.1.7 Other novel anti-tumor mechanisms by Ouabain		3.1.7.1 FGF-2

		3.1.7.2 Nucleolus disorganization

		3.1.7.3 Anoikis

		3.1.7.4 Mitochondrial membrane potential

		3.1.7.5 Gap junctions

		3.1.7.6 p53

		3.1.7.7 Unfolded protein response (UPR)

		3.1.7.8 Senolysis









		3.2 Effects of (exogenous) Ouabain		3.2.1 In vitro		3.2.1.1 Anti-Cancer		.3.2.1.1.1 Prostate cancer

		.3.2.1.1.2 Breast carcinoma

		.3.2.1.1.3 Lung cancer

		.3.2.1.1.4 Hepatocellular carcinoma

		.3.2.1.1.5 Gastric and esophageal cancer

		.3.2.1.1.6 Biliary tract cancer

		.3.2.1.1.7 Ovarial cancer

		.3.2.1.1.8 Osteosarcoma

		.3.2.1.1.9 Melanoma

		.3.2.1.1.10 Thyreoid cancer

		.3.2.1.1.11 Glioblastoma multifome

		.3.2.1.1.12 Leukemia and lymphoma





		3.2.1.2 Pro-cancer





		3.2.2 In vivo		3.2.2.1 Anti-Cancer		.3.2.2.1.1 Lung cancer

		.3.2.2.1.2 HCC

		.3.2.2.1.3 Melanoma

		.3.2.2.1.4 Glioblastoma

		.3.2.2.1.5 Lymphoma and leukemia





		3.2.2.2 Pro-cancer









		3.3 Effects of exogenous Ouabain on the immune system		3.3.1 Tumor suppressing

		3.3.2 Tumor promoting





		3.4 Expression and activity of NKA isoforms in tumors		3.4.1 NKA α1 and NKA α3

		3.4.2 NKA activity





		3.5 Ouabain dose-dependent effects on malignant (vs. benign) cells

		3.6 Src-PI3K/Akt and ERK1/2 activation

		3.7 Metabolic effects

		3.8 Effects of exogenous ouabain on drug resistance





		4 DISCUSSION

		5 HYPOTHESIS

		6 CONCLUSION

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-16-1685871-g001.jpg
Endogenous
Ouabain ?

Ouabain '\ NKA-al Src ‘
/ . | /

NKA-al
PDL-1
T tumor escape ?

CDK-1
mp33

v p21CIP1

ROS
e A ' v ﬂ
STAT-3 |, ERK12 T cen cycle arrest

caspase 3
) Hll:-la C 1 autophagy 2 AMPK "

1 apoptosis i
v FAK <~ Nicaq
caspase 8 [ anoikis s C mlOR /
U 'senol sis ? & Y \
Ounabain ( s ynl : | cell migration N-cadherin -y
\ -only . uabain
I cell adhesion
. g -7 BCI-Z MCI-I =
' R cell membrane potential ~ * = activation
- - com sustained
//F\'Q . ;> = exosomes C e v = activation
= resulting in
|
increased/ v = inhibition

(‘/\ } — caveolae
1] = decreased









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
¥ frontiers | Frontiers in Physiology





