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Cardiotonic steroids (CTS) are a group of compounds existing in animals and plants. CTS are commonly referred to cardiac glycosides (CGs) which are composed of sugar residues, unsaturated lactone rings and steroid cores. Their traditional mechanism of action is to inhibit sodium-potassium ATPase to strengthen the heart and regulate heart rate, so it is currently widely used in the treatment of cardiovascular diseases such as heart failure and tachyarrhythmia. It is worth noticing that recent studies have found an avalanche of inestimable values of CTS applications in many fields such as anti-tumor, anti-virus, neuroprotection, and immune regulation through multi-molecular mechanisms. Thus, the pharmacological activities and applications of CTS have extensive prospects, which would provide a direction for new drug research and development. Here, we review the potential applications of CTS in cardiovascular system and other systems. We also provide suggestions for new clinical practical strategies of CTS, for many diseases. Four main themes will be discussed, in relation to the impact of CTS, on 1) tumors, 2) viral infections, 3) nervous system diseases and 4) immune-inflammation-related diseases.
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1 INTRODUCTION
CTS are a class of organic compounds with a long history of applications and are now widely used to treat heart failure. Recently, at home and abroad scholars have carried out extensive and intensive research on CTS and found them have various pharmacological activities (Wang et al., 2001; Ayogu and Odoh, 2020; Škubník et al., 2021b; Jansson et al., 2021). They are expected to be used more widely in the medical field. CTS exist in plants and can also be synthesized by the human body. Therefore, they can be classified as endogenous or exogenous by source. Exogenous mainly comes from Scrophulariaceae and Apocynaceae plants, such as Digitalis lanata, Nerium oleander, Digitalis purpurea and so on (Deng et al., 2020). Currently, the clinical preparations include digitoxin, digoxin, lantoside C and strophanthin K. Endogenous CTS are endogenous digitalis-like factors (EDLF) found in mammalian tissues and body fluids (including the brain, adrenal gland, plasma, urine, and placenta, etc.), such as ouabain-like substances found in human plasma and adrenal glands, digitalis-like substances found in human urine and placenta, ouabain-like substances extracted from bovine hypothalamus (Goto et al., 1990; Hamlyn et al., 1991; Tymiak et al., 1993; Doris et al., 1996; Ma et al., 2012). Whether they are endogenous or exogenous, the basic structure of CTS determines that they have similar effects, and different modification groups provide them with rich pharmacological activities. The mechanism by which CTS bind to and inhibit the Na+-K+-ATPase (NKA, sodium and potassium pump) is widely accepted. In non-traditional mechanisms, NKA still plays a predominant role. For instance, ouabain inhibit NKA and lead to a progressive decline in membrane potential to increase the spontaneous release of acetylcholine (ACh), and it also inhibits nuclear factor kappa B (NFκB) through the NKA-associated Src signaling pathway (Yamazaki et al., 2007; Škubník et al., 2021a). Otherwise, they are closely related to Wnt/β-catenin signaling pathway and MEK1/2-ERK1/2 signaling pathway (Wang et al., 2018; Wong et al., 2018). Here we review the pharmacological activity of CTS and their potential clinical applications, aiming to provide a strong reference for CTS as new and effective lead compounds to develop new drugs for the treatment of various clinical diseases.
2 CHEMICAL STRUCTURE AND STRUCTURE-FUNCTION RELATIONSHIP OF CTS
CTS contains CGs and a fraction of non-glycosylated compounds including genines, bufalin, cinobufagenin and so on (Mijatovic et al., 2007). Since CGs occupy a vital position, the study of their structure is more conducive to clinical practice. The following description focus on the structure of CGs. The basic chemical structure of CGs is mostly composed of sugar residue, unsaturated lactone ring, and steroid nucleus. The unsaturated lactone ring determines the functional classification of each compound, which is divided into two categories according to the characteristics of its ring (Deng et al., 2020; Prassas and Diamandis, 2008) (Figure 1). One is bufadienolides, which contains a six-membered unsaturated lactone ring at C17, the other is cardenolides, which contains a five-membered unsaturated lactone ring at C17 (Deng et al., 2020). The latter binds to the target protein and exerts stronger biological activity than the former, and at the same time produces heavier toxicity (Chen, 2013).
[image: Figure 1]FIGURE 1 | Basic skeleton of CGs. CGs is the most common type of CTS. The lactone moiety defines the functional class of each compound. Cardenolides contain a five-membered unsaturated butyrolactone ring, whereas bufadienolides contain a six-membered unsaturated pyrone ring.
CGs is the most common type of CTS. The lactone moiety defines the functional class of each compound. Cardenolides contain a five-membered unsaturated butyrolactone ring, whereas bufadienolides contain a six-membered unsaturated pyrone ring.
The chemical structure of CGs is closely related to their biological activities (Schönfeld et al., 1985; Kamano et al., 2002; Ye et al., 2004; Chen, 2013; El-Seedi et al., 2019). Sugar residues are attached to the 3-position β-OH of the nucleus, including α-hydroxysugars (glucose, 6-deoxysugar, and 6-deoxysugar-3-methyl, etc.) and α-deoxysugars (2, 6-dideoxysugar, 2,6-dideoxysugar-3-methyl, etc.). Sugar residues are related to the water solubility, antitumor activity, and pharmacokinetics (Ye et al., 2004; Chen, 2013; Ayogu and Odoh, 2020; Liu et al., 2020). In addition, the number of sugar residues also affects its biological activity, usually arranged like monoglycoside > diglycoside > triglycoside according to the pharmacological activity, which indicates that the main role is the first group of the nucleus (Chen, 2013; Ayogu and Odoh, 2020).
Aglycones are formed by combining a steroid nucleus and an unsaturated lactone ring. The steroid nucleus is the active component of CTS (Schönfeld et al., 1985). A/B and C/D cis-junction are the prerequisites for the effect of digitalis compounds (Schönfeld et al., 1985). Cis-junction of ring A/B is the majority modes in CTS (Chen, 2013) (Figure 2). Likewise, A/B cis-junction is the most effective for enhancing aglycone activity, such as Digitoxigenin (Schönfeld et al., 1985). A/B trans-junction is less, such as Uzarigenin, which is the most widely distributed in Asclepiadaceae (Malcolm, 1991).
[image: Figure 2]FIGURE 2 | Spatial configuration of CTS. Ring A/B and ring C/D of compound 1 are cis-junction, while ring B/C is trans-junction; Ring A/B of compound 2 is transfused which is less common.
Ring A/B and ring C/D of compound 1 are cis-junction, while ring B/C is trans-junction; Ring A/B of compound 2 is transfused which is less common.
3 RESEARCH PROGRESS ON THE PHARMACOLOGICAL ACTIVITY OF CTS
Cardiotonic activity of CTS in the cardiovascular system has been widely known, and even though the safe plasma concentration range is narrow, they still show irreplaceable scenarios in clinical practice (Malik et al., 2019; Pashazadeh-Panahi and Hasanzadeh, 2020). Furthermore, CTS have presented various activities in different tissues and systems, such as the broad anti-tumor effect, the broad antiviral effect, regulation of inflammatory factors, neuron protection and so on (Sibarov et al., 2012; Ayogu and Odoh, 2020; Škubník et al., 2021a; Škubník et al., 2021b).
3.1 Research Status of CTS in Cardiovascular Activity
Cardiovascular disease is the earliest application field of CTS, which is mainly used in the treatment of heart failure and arrhythmia.
3.1.1 Study on the Role of CTS on Heart Failure
Cardiotonic steroid drugs are commonly used in the treatment of chronic heart failure (CHF). According to 2021 Guidelines for Rational Drug Use at Primary Level in Chronic Heart Failure published by the Chinese Journal of General Practitioners, the indication for digitalis drugs is patients with heart failure (HFrEF) who continue to have persistently decreased ejection fraction after using diuretics, angiotensin-converting enzyme inhibitors (ACEI)/angiotensin receptor blockers (ARB), β-blockers, and aldosterone receptor antagonists (Guidelines for rational drug use at primary level in chronic heart failure, 2021). Clinical studies have shown that digoxin can reduce the hospitalization rate of patients with HF but has no significant effect on all-cause mortality (Ziff et al., 2015; Malik et al., 2019). Lam PH et al. found that among hospitalized patients treated with β-blockers, concomitant use of digoxin reduced the rate of all-cause readmitted within 30 days but did not reduce mortality (Lam et al., 2018). This unique effect of digoxin persisted over a longer period of follow-up (4 years) (Lam et al., 2018). Recent studies have found that in the elderly population who discontinued pre-admission digoxin therapy can significantly affect the prognosis of patients, although they accepted guideline-directed medical therapies (GDMT), such as ACEI/ARB and β-blockers (Malik et al., 2019). The results of this study indicate that digoxin still plays an important role in the clinical treatment of CHF patients, and effectively improve cardiac function and prognosis.
The main mechanism of CTS in the treatment of CHF is to increase the concentration of Ca2+ in cardiomyocytes, and the related mechanisms are mainly as follow: CTS binding NKA secondary changes of sodium-calcium exchangers, and secondary calcium release from the sarcoplasmic reticulum. These mechanisms do not exist independently but are interrelated and mutually influential. NKA consists of two functional subunits, α and β. Four isotypes of α subunit (α1, α2, α3, α4) and four isotypes of β subunit (β1, β2, β3, β4) have been identified (Kaplan, 2002). Both α and β subunits are closely related to the functional activity of NKA, but each type of CTS binds and inhibits the α subunit of NKA (McDonough et al., 1990; Medina-Ortiz et al., 2021). The sodium-calcium exchanger (NCX) is a calcium transport system that controls intracellular calcium levels. There are two different modes of operation, namely, positive drive and reverse drive, which is usually positive drive. The reverse NCX is driven by Na+ influx, resulting in secondary Ca2+ elevation and Na+ discharge (Gerkau et al., 2018; Chovancova et al., 2020). NKA is inhibited by CTS, followed by changes in NCX activity. For example, NKA is inhibited by a low concentration of ouabain, and NCX positive driving force decreases, Ca2+ outflow slows down, and intracellular Ca2+ concentration increases relatively, which is mainly related to the specific blocking of NKAα2 subunit by ouabain (Swift et al., 2010). Changes in NKA activity, NCX reverse drive and other factors can cause Ca2+ transmembrane transport, thus triggering Ca2+ release from the sarcoplasmic reticulum (SR) (Bers, 2002). It should be noted that NCX reverse drive is not the main trigger factor (Reuter et al., 2005). Among various mechanisms that cause sarcoplasmic reticulum to release Ca2+, the main mechanism is the opening of the L-type Ca2+ channel triggers ICa-L formation (Bers, 2002; Reuter et al., 2005). And then entering intracellular Ca2+ binds to the ryanodine receptor (RyR) in the sarcoplasmic reticulum to Ca2+-induced Ca2+-release (CICR). After CTS inhibit NKA, intracellular Na+ accumulation triggers NCX activity, resulting in Ca2+ influx, and the formed INa/Ca causes SR to release Ca2+, or directly activates outward INa/Ca through membrane depolarization to cause SR to release Ca2+ (Bers, 2002). In the state of muscle relaxation, troponin prevents actin contraction, while Ca2+ binds to troponin and changes its conformation, ensuring that the binding site of myosin and actin is not covered (Škubník et al., 2021b). Therefore, CTS increase intracellular Ca2+ concentration through the mechanisms to increase myocardial contractility.
3.1.2 Study on the Role of CTS on Arrhythmia
CTS can be used in the clinical treatment of arrhythmias, including atrial fibrillation (AF), atrial flutter (Afl), and paroxysmal supraventricular tachycardia. Atrial fibrillation is the most common clinical arrhythmia characterized by rapid, disordered atrial excitation and irregular ventricular rhythm. Atrial flutter is rare and usually associated with AF, occurring before AF or in isolation (Herzog et al., 2017). Digitalis compounds can convert patients with AF and Afl and maintain normal sinus rhythm (Jelliffe, 2014). It has been reported that CTS can effectively treat paroxysmal supraventricular tachycardia in combination with allapinin, an antiarrhythmic alkaloid (Kapustnick et al., 2021).
Digoxin has played an important role in controlling the heart rate of AF patients since the 1960s (Scalese and Salvatore, 2017). In reports on safety and application, Lopes RD et al. found that a basic dose of digoxin was not associated with increased risk of death, but patients with slightly higher serum digoxin concentration had a significantly increased risk of death compared with patients who did not use digoxin (Lopes et al., 2018). In addition, epidemiological studies have found that digoxin use is associated with increased all-cause mortality in AF patients with HF, and the risk of all-cause mortality in AF patients without HF is significantly higher than that in AF patients with HF (Chen et al., 2015). The reasons for the clinical effects of digoxin on all-cause mortality, serious adverse events, quality of life, HF, and stroke are still unclear (Sethi et al., 2018). The heart rate reduction effect of digoxin is stronger than that of placebo but less than that of β-blockers, while the long-term effects of digoxin are still unclear (Sethi et al., 2018). In recent years, Kotecha D et al. found no significant difference in the quality of life in patients with permanent AF and HF who received low-dose digoxin or bisoprolol treatment for 6 months (Kotecha et al., 2020). Therefore, more large-scale clinical case investigations with high quality, low bias, and low random error are needed to comprehensively evaluate the clinical efficacy of digoxin in AF patients and the effectiveness of combined therapy strategies. Nevertheless, digoxin is still one of the most prescribed drugs for AF in the world. For AF patients who cannot control heart rate with other drugs, digoxin can be considered (Ferrari et al., 2020). At the same time, it is necessary for doctors to fully evaluate the risks and effects according to the actual situation of different patients, adopt personalized plans, and check serum digoxin concentration regularly to ensure drug safety.
At present, rhythm control and rate control are two main strategies for the treatment of AF. Rhythm control aims to maintain sinus rhythm, while rate control aims to regulate the ventricular rate, thereby controlling symptoms and reducing the risk of complications. Digoxin mainly treats AF through the latter (Alobaida and Alrumayh, 2021). CTS enhance cardiac vagal nerve activity by promoting ACh release, which is related to the conversion of subthreshold stimulation to suprathreshold stimulation by CTS to sensitize vagal ganglia (Feinauer et al., 1986; Yamazaki et al., 2007). In addition, inflammation is not only the cause of the initial development of AF but also a factor for the continuation of arrhythmia (Boos et al., 2006). Chronic inflammation can induce atrial myoelectrical remodeling and tissue remodeling, which leads to the occurrence and development of AF. The pathophysiological process of AF can promote inflammatory response, leading to the phenomenon of AF begets AF (Hu et al., 2015). Changes in neurohormone, structure, and ultrastructure were observed in HF, which promoted the occurrence and development of AF, and AF also accelerated the development of HF (Carlisle et al., 2019) (Figure 3). Since CTS have a regulatory effect on inflammatory factors, it can be predicted that CTS may be involved in the inflammatory response process of various heart diseases (Škubník et al., 2021b).
[image: Figure 3]FIGURE 3 | The relationship between heart failure and atrial fibrillation.
3.1.3 Study on the Effect of CTS on Vascular System
A potential reason for the beneficial effect of CTS in HF patients is that a slight vasodilation of resistance vessels followed by decreased diastolic blood pressure, which may be triggered by the neurohumoral mechanism caused by CTS (Kirch, 2001). Ouabain induces contraction of arterioles and veins in the forearm of normal subjects and, conversely, dilation of arterioles and veins in HF patients (Mason and Braunwald, 1964). In coronary artery studies, rapid injection of ouabain produced a short-acting systolic effect in subjects without HF (DeMots et al., 1976).
In addition, for CHF, CTS can enhance myocardial contractility to increase cardiac output, but it does not significantly increase cardiac output in normal subjects. This may be due to the direct contraction of CTS on vascular smooth muscles, which increases the peripheral resistance and counteracts its positive inotropic effect, limiting the increase of the cardiac output (Longhurst and Ross, 1985). Besides, CTS can reduce peripheral resistance and antagonize part of vasoconstriction through the decompression reflex mechanism (Longhurst and Ross, 1985). HF patients have high resting sympathetic tone, leading to vasoconstriction. CTS reduce sympathetic tone by improving cardiac output and peripheral blood flow (Kirch, 2001). The vasodilation effect caused by decreased sympathetic activity exceeds the direct contraction effect of CTS on vascular smooth muscles, resulting in decreased vascular resistance and increased cardiac discharge (Longhurst and Ross, 1985). It has been found that CTS have certain selectivity in the biological activities of healthy people and HF patients, which is expected to further develop the stretched clinical application of CTS.
What’s more, endogenous ouabain (EO) is a bridge between brain aldosterone and blood pressure and is involved in long-term blood pressure control (Leenen et al., 2020). Na+ and angiotensin II (ANG II) are two physiologically relevant stimulatory factors that increase the production and release of the hypothalamus EO, which their chronic central nervous system-mediated effects are mediated by (Leenen et al., 2020). EO reduces vascular NKAα2 activity and promotes cytosolic Ca2+ increase by activating NCX (Ferrari et al., 2006). It also enhances renal tubular Na+ reabsorption via activation of the renal NKAα1 induced by a Src-EGFr-dependent tyrosine phosphorylation pathway, which increases peripheral vascular resistances and blood pressure (Ferrari et al., 2006). Therefore, blocking ouabain antagonists could serve as a therapeutic target for novel antihypertensives (Ferrari et al., 2006). Rostafuroxin, a digitoxigenin derivative, has been regarded as an ouabain-inhibitor counteracting the ouabain blood pressure effects (Ferrari, 2010). For any given blood pressure level, rostafuroxin may be conferred an organ damage protection greater than some available drugs by selectively blocking a molecular mechanism common to both hypertension and organ damage (Citterio et al., 2021). Michél Strauss et al. found that marinobufagenin (MBG), one of the compounds of the venom of the Bufo marinus toad, can achieve antihypertensive effects by inhibiting renal NKA and promoting natriuresis, and inhibit NKA of vascular smooth muscle cells which has a vasoconstrictive effect (Michél Strauss et al., 2019).
Above all, we look forward to its more possible clinical applications and directions in cardiovascular diseases.
3.2 Research Status of CTS in Tumor Diseases
Cancer is the second leading cause of death in human diseases globally, and its morbidity and mortality are increasing year by year, which have evolved into critical problems worldwide (Mattiuzzi and Lippi, 2019). Unfortunately, resistance to chemotherapy is a common disadvantage of treating different types of cancer. Therefore, it is one of the Frontier goals of cancer research to find new chemotherapeutic drugs, either with feasible synthetic routes or from nature (Fu et al., 2019). Recent studies have shown that in addition to the treatment of HF and arrhythmia, CTS may also be used to treat tumor-related diseases (Ayogu and Odoh, 2020).
Prostate cancer (PCa) is the second leading cause of death in men (Mattiuzzi and Lippi, 2019). According to the estimates of the American Cancer Society, about 26% of new cancer cases in men are caused by PCa, and PCa can be as high as the second in expected cancer deaths, second only to lung cancer (Siegel et al., 2021). It has been reported that bufalin, digoxin, and digitalin can be used in the treatment of PCa (Ayogu and Odoh, 2020). Chang, Y. M.et al. found that ouabain inhibit human prostate DU 145 cancer cells via inducing cell morphological changes, reducing cell viability, promoting G0/G1 phase arrest, and inducing apoptosis and DNA damage (Chang et al., 2019). Wang, F. et al. also found that Proscillaridin A, a cardiotonic steroid which is clinically used to treat cardiovascular diseases. Proscillaridin A has the effect of slowing the progression of PCa through inhibiting PCa cell proliferation, migration, and invasion and inducing apoptosis in virto (Wang et al., 2020).
In addition, other studies have found that long-term use of digoxin can increase serum estrogen level and decrease plasma testosterone level (Stoffer et al., 1973) (Figure 4), and testosterone level is linearly positively correlated with PCa growth (Yassin et al., 2019). Therefore, the effect of CTS on sex hormones may be one of the mechanisms of its preventive effect on PCa.
[image: Figure 4]FIGURE 4 | Biological activity of CTS in PCa.
Endogenous and exogenous CTS affect the regulatory process of transcription factors by interacting with nuclear receptors (NR), such as the immune system, hormone management, body defense, cancer, etc. Nuclear receptors can be divided into multiple subfamilies. Estrogen receptor-like subfamily includes estrogen receptor (ER) and androgen receptor (AR) (Karaś et al., 2020). Due to the similar structure of CTS and estradiol (the most important estrogen), both can bind to ER (Biggar, 2012) (Figure 4). It is speculated that the prevention mechanism of CTS on PCa may also affect the regulation of transcription factors by binding to nuclear receptor ER. At the same time, it has also been found that CTS inhibit the growth of PCa cells by down-regulating hypoxia-inducible factor 1 (HIF-1) and blocking key genes of the AR-mediated signaling pathway (Lin et al., 2009; Li et al., 2012). In addition, there are also progesterone derivatives that can bind to digitalis receptors and some of them can be synthesized by CTS (LaBella et al., 1989; Templeton et al., 1997). It suggests that it is of great significance to have an insight into the therapeutic targets of diseases by regulating the binding process of compounds to cardiotonic steroid receptors in sex hormone-related diseases.
Nonetheless, Banerjee, M. et al. found that loss of NKAα1 is an important mechanism for the increased metastatic potential of epithelial–mesenchymal transition and PCa (Banerjee et al., 2021). The mechanism is based on increased activation of the NKAα1/Src signalosome complex and subsequent endocytosis in cancer cells, whereas ouabain and other CTS stimulate cell signaling by activating NKAα1/Src receptor complex which leads to endocytosis (Banerjee et al., 2021). Therefore, some CTS have certain tumorigenesis tendency, which could promote the production and development of PCa.
In some preclinical studies of PCa, CTS have been shown to have antitumor effects (Chang et al., 2019). But in another study, it has been found to be tumorigenic (Banerjee et al., 2021). Even an increased risk of PCa specific mortality has been reported associated with the use of digoxin (Zhao et al., 2021). It still needs more research to prove the promoting or inhibiting effect of CTS on PCa, but there is no doubt that CTS have potential research value, and some cardiotonic steroid extracts or derivatives could become effective supplements for the treatment of PCa.
Furthermore, CTS have significant pharmacological activity against other tumors. For example, Rasheduzzaman M et al. found that lanatoside C and digoxin induce apoptosis through tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), sensitizing human hepatoma cell lines (Huh-7 and HepG2) (Rasheduzzaman et al., 2019). Meanwhile, CTS can dose-dependently increase ROS production in Huh-7 and HepG2 cells, thereby enhancing the cytotoxic effect of TRAIL. Yu Z et al. found that bufalin inhibits the development of hepatitis B virus-associated hepatocellular carcinoma through AR dephosphorylation and cell cyclin-related kinase degradation (Yu et al., 2020). Therefore, regulation of ROS generation and AR phosphorylation may be a new target for hepatoma therapy.
In addition, the antitumor mechanism of CTS is closely related to the Wnt/β-catenin signaling pathway, which may become an important regulatory pathway for its antitumor activity. For example, Wang J et al. found that bufalin can down-regulate ASCL2 gene expression by down-regulating the Wnt/β-catenin signaling pathway, thus preventing invasion and metastasis of gastric cancer cells (Wang et al., 2018). Zhao H et al. found that bufalin combined with cisplatin can overcome or delay drug resistance in the treatment of gastric cancer (Zhao et al., 2016). These results indicate that CTS have potential values in the treatment of gastric cancer.
What’s more, some clinical case studies have reported that CTS are associated with an increased risk of breast cancer and overall mortality (Osman et al., 2017; Zhang et al., 2017). However, other studies have confirmed that CTS play a significant inhibitory role in triple-negative breast cancer, which inhibits tumor proliferation by hampering the expression of the eIF4A1 subunit in the eukaryotic translation initiation factor (eIF) 4F complex. This complex may be a potential chemotherapy target for triple-negative breast cancer (Howard et al., 2020). Therefore, we speculated that the antitumor activity of CTS has a wide range of efficacy, which depends on the mechanism and type of tumor.
In summary, the antitumor pharmacological activity of CTS is mainly based on its role as a powerful immune stimulant compound, which effectively inhibits the growth of cancer cells and tumor development through the synergistic effect of the immune system (Figure 5). The potential antitumor activity of CTS is very valuable for clinical research, which opens a new idea for further development of antitumor drugs.
[image: Figure 5]FIGURE 5 | Schematic diagram of the antitumor mechanisms of CTS.
3.3 Effects of CTS on Viral Infectious Diseases
Although CTS drugs have not been approved for clinical treatment of viral infectious diseases, more and more evidence show that CTS drugs have extensive antiviral effects (Škubník et al., 2021a). CTS are effective against both DNA and RNA viruses and have the property of targeting host cell proteins, helping to reduce therapeutic resistance, making them a promising new strategy for antiviral infection (Amarelle and Lecuona, 2018).
3.3.1 Research on the Role of CTS on Human Immunodeficiency Virus
Highly active antiretroviral therapy is the main treatment for human immunodeficiency virus-1 (HIV-1) infection, but it is not enough to rely on only one treatment, and related problems of drug resistance, toxicity, and cost still exist (Laird et al., 2014). Laird GM et al. found that CTS can effectively inhibit the expression of the HIV-1 gene, which depends on NKA in the human body, but has nothing to do with the increase of intracellular Ca2+ induced by CTS (Laird et al., 2014). Other studies have found that digoxin can effectively inhibit HIV-1 infection by inhibiting the expression of genes involved in T cell activation and cell metabolism, and the expression frequency of these genes and adjacent genes is higher in HIV-1 wild-type than capsid protein single point mutation (N74D) type (Zhyvoloup et al., 2017). In addition, Singh S et al. found that Anvirzel, a defined aqueous extract of Nerium oleander containing oleandrin, can inhibit the expression of HIV envelope surface protein GP120 which is closely related to HIV infection (François and Balzarini, 2011; Singh et al., 2013). Secondly, Wong RW et al. found that CTS inhibited the expression of the HIV-1 gene by activating the MEK1/2-ERK1/2 signaling pathway (Wong et al., 2018). This also showed that this inhibition was unrelated to the increase of intracellular Ca2+ by CTS. These studies indicate that the anti-HIV-1 effect of cardiotonic steroid drugs on the one hand reduces the infectivity of the virus by inhibiting the gene expression of the virus, and on the other hand, it is related to the activation of the immune system of the body, which also suggests that it may be a potential development prospect of new anti-HIV drugs in the future.
3.3.2 The Role of CTS on Cytomegalovirus
CMV is a globally prevalent DNA herpesvirus (Davis et al., 2017). CMV has strong immunogenicity and produces a large number of CD4+ and CD8+T cells and high antibody titers during an individual’s lifetime, so it is a virus of lifelong infection (Hill, 2018). Generally, the immune response of the body can effectively inhibit viral infection, so infection cases generally only occur in immunodeficient individuals (Hill, 2018). Convallatoxin is a cardiotonic steroid extracted from Lily of the Valley (Morimoto et al., 2021). Gardner TJ et al. found that convallatoxin can inhibit CMV invasion and slow down the proliferation of viruses that have invaded cells (Gardner et al., 2015). Cohen T et al. further confirmed the anti-CMV effect of convallatoxin and proposed that this activity was achieved by inhibiting cell uptake of methionine and thereby reducing viral translation proteins (Cohen et al., 2016). Subsequently, Mukhopadhyay R et al. found that digitoxin inhibits CMV replication through a novel pathway, that is, by activating the NKAα1 subunit dependent adenosine-activated protein kinase (AMPK) and autophagy, thereby inhibiting human cytomegalovirus (HCMV) replication (Mukhopadhyay et al., 2018). These results suggest that the antiviral effect of CTS is closely related to NKA. In addition, clinical case reports have found that the combination of cardiotonic steroid drugs (digoxin, digitoxin, and ouabain) with ganciclovir (GCV) can enhance the antiviral effect (Cai et al., 2014). It is suggested that CTS may contribute a new strategy for antiviral combination therapy. In conclusion, the above-mentioned studies showed the antiviral effect of CTS on CMV, and provided an important reference for the development of new anti-CMV drugs or clinical combination therapy for CMV.
3.3.3 Research on the Role of CTS on SARS-CoV-2
The previous studies have shown that CTS have potential antiviral activity, and their antiviral activity has once again attracted widespread attention as the world is experiencing the Corona Virus Disease 2019 (COVID-19) pandemic. COVID-19 is an epidemic disease caused by novel coronavirus (SARS-CoV-2) infection, with over 500 million confirmed cases and over 6 million deaths have been reported globally as of 1 May 2022 (WHO, 2022). The global COVID-19 pandemic is one of the most devastating infectious diseases in history in terms of numbers of infections and human mortality (Zhou et al., 2022). Therefore, it is urgent to explore effective anti-SARS-CoV-2 drugs to control the epidemic from both prevention and treatment. Recently, new drugs have been introduced into the treatment regimen for COVID-19 (Pourkarim et al., 2022). Meanwhile, the pharmacological activity of CTS against SARS-CoV-2 has been gradually explored. Plante KS et al. found that preventive treatment of Vero cells with oleandrin significantly reduced the progeny virus production (Plante et al., 2020). In addition, Cho J et al. found that the titer of progenies treated with digoxin and ouabain single dose significantly reduced (Cho et al., 2020). Some scholars have proposed different explanations for the anti-SARS-CoV-2 action of CTS. The initial infection of alveolar cells by the SARS-CoV-2 requires the Receptor Binding Domain (RBD) on the viral Spike (S) protein to bind to the domain of the ACE2 (angiotensin converting enzyme 2) receptor protein on the cell surface (Caohuy et al., 2021). Some CTS drugs competitively inhibit ACE2 binding to the RBD, thereby blocking viral penetration into human lung cells and this process may occur early in the entry process (Caohuy et al., 2021). The mechanisms of CTS against SARS-CoV-2 differ from each other, such as ouabain inhibiting endocytosis at the viral entry stage, digitoxin inhibiting cytokine storm and digoxin inhibiting RNA synthesis (Liana and Phanumartwiwath, 2022). The most likely mechanism of CTS against SARS-CoV-2 is the inhibition of NFκB through the NKA-associated Src signaling pathway (Škubník et al., 2021a). NFκB is activated after SARS-CoV-2 infection, and digoxin directly interferes with viral replication by inhibiting NFκB and inflammatory cytokines (Souza et al., 2021). The world is experiencing a huge wave of infection with the SARS-CoV-2 omicron variant (Murray, 2022). Therefore, the active exploration and development of antiviral activities of compounds such as CTS have promoted the development of new drugs against SARS-CoV-2. The broad multi-targeted antiviral activity of CTS makes the study more meaningful.
In addition, CTS also have inhibitory activity against a variety of viruses. For instance, Boff, L. et al. discovered two novel semi-synthetic cardenolides—C10 and C11, which can reduce the transcription of herpes simplex virus and impair the synthesis of proteins of herpes simplex virus (Boff et al., 2019; Boff et al., 2020). In addition, they also have inhibitory effects on against acyclovir-resistant herpes simplex virus type 1 strains, which makes them possible to be candidate drugs against herpes simplex virus (Boff et al., 2019; Boff et al., 2020). Moreover, Ebola virus, Chikungunya virus, dengue virus and other viruses are also in scope (Škubník et al., 2021a). The main antiviral mechanism of cardiotonic steroid drugs is to disrupt the early and late activities of the virus cycle by disrupting the ion balance, triggering host cell autophagy or various signal cascades, to obstruct the virus life cycle (Škubník et al., 2021a). This mechanism suggests that CTS may have broad-spectrum antiviral activity and have great potential for clinical antiviral drug development.
3.4 Pharmacological Activity of CTS in Nervous System
At present, more and more studies have found that some cardiotonic steroid drugs also show significant pharmacological activities in neurological diseases. For example, CTS are involved in psychophysiological processes such as regulation of mental symptoms and protection of nerve cells through the regulation of neurotransmitters and homocysteine (HCY) (Sibarov et al., 2012; Lopachev et al., 2019; Ivanova et al., 2020).
3.4.1 The Role of CTS on Neurotransmitter-Related Diseases
Dopamine (DA) is a neurotransmitter synthesized in the central nervous system and peripheray. The signaling pathways triggered by the activation of dopamine receptors are involved in the occurrence and development of various diseases of the nervous system, such as Parkinson’s disease, schizophrenia, Huntington’s disease, attention deficit and hyperactivity disorder, and addiction (Klein et al., 2019). Singh SV et al. found that endogenous CTS levels in the prefrontal cortex of patients with bipolar disorder were lower than those of normal subjects (Singh et al., 2020). Other studies have found that intraventricular injection of ouabain can cause manic-like hyperactivity in rats (el-Mallakh et al., 1995). Valvassori, S. S. et al. used the rat model of intraventricular injection of ouabain again in the study of manic conversion experiments in bipolar disorder (Valvassori et al., 2022). They found ouabain induced a manic-like effect in rats which was evident on the 7th day and rats exhibited depression-like behavior at 14th days when the manic-like effect gradually subsided (Valvassori et al., 2022). Lopachev A et al. found that the effect of ouabain is caused by the activation of the D2 receptor, and blocking the D2 receptor can prevent ouabain-induced hyperactivity and rigid movement in mice (Lopachev et al., 2019). Yu HS et al. found that activation of tyrosine hydroxylase in the ERK1/2 signaling pathway plays an important role in the manic-like hyperactivity model induced by ouabain in rats (Yu et al., 2011). It is speculated that endogenous CTS are involved in the pathophysiology of bipolar disorder through various mechanisms, and the corresponding biological activity may be related to its concentration. In addition, high concentrations of ouabain can increase the effect of extracellular DA concentration by reducing the uptake of DA by cells (Lopachev et al., 2019). The mechanism could help treat depression, cognitive impairment, and Parkinson’s disease.
In addition, glutamate (Glu) is the central nervous excitatory neurotransmitter, which is released by neurons into the synaptic cleft and binds to ionic or metabolic receptors to transmit excitement message, and overactivation or inhibition of its receptors may produce cytotoxic reactions, and the excitoxicity of Glu induced is one of the many neurodegenerative diseases’ common signs (Olney, 1994; Iovino et al., 2020). In addition, the accumulation of large amounts of cytoplasmic Ca2+ has also been proposed to one of the most important triggers of the mechanism of cell death (usually apoptosis), and Glu induces Ca2+ homeostasis imbalance, which together contributes to neuronal damage (Khodorov, 2004; Giorgi et al., 2012). Sibarov DA et al. found in their study that in the process of excitoxicity damage to neurons, low-dose ouabain could accelerate the excretion of Ca2+ in neurons through NCX, improving cytoplasmic calcium overload and reducing apoptosis events (Sibarov et al., 2012). It is suggested that CTS can regulate Ca2+ homeostasis imbalance induced by glutamic acid and provide a new treatment for neurodegenerative diseases as a new neuroprotective agent.
3.4.2 Study on the Effect of CTS on HCY
Hyperhomocysteinemia is considered as a risk factor for stroke and an independent risk factor for intracranial atherosclerotic stenosis (Liu et al., 2019; Moretti and Caruso, 2019). In addition, it also aggravates many neurodegenerative diseases, including Parkinson’s disease and Alzheimer’s disease (Miller, 2000; Huang et al., 2005; Hu et al., 2013). Therefore, the control of nerve damage caused by HCY is an important means to prevent the occurrence of cerebrovascular diseases and alleviate the symptoms of Parkinson’s disease and Alzheimer’s disease. HCY-induced neurodegeneration is caused by neuronal permanent plasma membrane depolarization and cytosolic Ca2+ overload of neurons, known as excitotoxic stress (Ivanova et al., 2020). Studies have found that ouabain can effectively antagonize neuronal damage caused by high HCY (Ivanova et al., 2020). Ouabain rapidly reduced the effects of calcium overload and reduced mitochondrial intima potential induced by Glu or HCY in neurons with short duration (4 h) excitotoxic injury. In neurons that undergo prolonged (24 h) excitotoxic injury, ouabain plays a neuroprotective role by triggering an intracellular neuroprotective cascade dependent on protein kinase A (PKA) and protein kinase C (PKC) to prevent neuronal apoptosis. Under excitotoxic stress, the maintenance of ion gradient on the plasma membrane by NKA consumes ATP and increases the burden of mitochondria, resulting in a decrease in mitochondrial intima voltage, while the long-term increase of intracellular Ca2+ concentration and mitochondrial dysfunction can lead to cell apoptosis through signal cascade (Ivanova et al., 2020). Ivanova MA et al. found that after co-treatment with HCY and ouabain, the accumulation intracellular Ca2+ and the decrease of mitochondrial intima potential were prevented to alleviate cellular ATP deficiency, thus reducing neuronal death events (Ivanova et al., 2020). This neuroprotective effect was closely related to Ca2+ clearance promoted by NCX (Ivanova et al., 2020). These studies suggest that low concentrations of ouabain protect nerve cells from excitotoxic damage by regulating the NKA/NCX system and reducing calcium overload in nerve cells.
In conclusion, ouabain has a lot of pharmacological activity and dose-dependent characteristics in the study of the nervous system, which not only participates in the regulation of nervous and mental activities but also has good clinical significance for central degenerative diseases and neuron injury.
3.5 Effects of CTS on Autoimmune and Inflammation-Related Diseases
CTS also have immune system activity and have potential application in the treatment of autoimmune and inflammatory diseases. At present, guidelines for indications and clinical use of CTS for the treatment of the diseases have not been licensed, but the pathogenesis and the development process of autoimmune diseases are complex and changeable, and now there is still a lack of specific medicine clinical treatment of these diseases, so it is particularly important to explore multi-target drugs regulating the immune system. It has been found that CTS can participate in the regulation of key immune cells in the pathological development of Rheumatoid arthritis (RA), atherosclerosis (AS), airway inflammation, and neuroinflammation (Shi et al., 2016; Zeitlin et al., 2017; Saeed et al., 2020; Jansson et al., 2021). Although there are rarely clinical applications of CTS in these diseases, it is rational to speculate that CTS will become an effective drug for immunotherapy in the future.
RA is a systemic autoimmune disease characterized by synovial hyperplasia accompanied by persistent arthritis, and its pathogenesis is associated with complex factors, including smoking, obesity, pathogen infection, synovial injury, synovial fibroblast hyperplasia, etc. (Lin et al., 2020). Saeed H et al. found that digoxin is closely related to cytokine expression in peripheral blood mononuclear cells (PBMCs) of RA patients, and digoxin can significantly reduce cytokines such as IL-1β, IL-6, and IL-17, among which the effect was most prominent against IL-6 (Saeed et al., 2020). Second, digoxin inhibits Th17 cell differentiation by decreasing the expression of retinoic acid receptor-related orphan receptor γT (ROR-γT) and down-regulating the expression of IL-1β, IL-6, IL-17, and IL-23 in RA patients’ PBMCs (Saeed et al., 2020). Škubnik J et al. further studies found that the activity of CTS is concentration-dependent, that is, a low concentration of CTS can activate ROR-γT, while a high concentration of CTS inhibited ROR-γT transcription (Škubník et al., 2021b). ROR-γT activation induces Th17 to produce IL-17 and IL-22, which further activates immune cells such as follicular B-helper T cells (TFH), type 1 and 2 helper T cells (Th1, Th2), type 1 regulatory T cells (TR1), and regulatory T cells (Treg) to promote autoimmune diseases (Škubník et al., 2021b) (Figure 6). The above-mentioned mechanism suggests that CTS have a multi-pathway regulatory effect on the inflammatory development process involving immune cells. In addition, although the existing clinical treatment of disease-improving antirheumatic drugs (DMARDs) can effectively improve the symptoms of the disease and prevent the progression of RA to a certain extent, the side effects and treatment cost limit the long-term and widespread use of patients (Lin et al., 2020). Therefore, the exploration of novel anti-inflammatory drugs with low toxicity, high efficiency, and low cost is one of the clinical objectives for the treatment of RA, and CTS can be used as a potential lead compound for the treatment of RA, which has broad application prospects.
[image: Figure 6]FIGURE 6 | Effects of different concentrations of CTS on the cellular immune system.
AS is a common chronic inflammatory disease, which is an inflammatory injury process of arterial vascular endothelial and vascular wall involving a variety of inflammatory cells and inflammatory factors (Zhu et al., 2018). Extensive studies have found that the occurrence and development of AS can be effectively prevented and treated through anti-inflammatory and immune regulation. Shi H et al. found that lanatoside C can promote the occurrence of AS, which may be due to the up-regulation of SR-A and CD36 gene expression mediated by peroxisome proliferator-activated receptors (PPARs), resulting in increased oxLDL uptake and foam cell formation (Shi et al., 2016). Although this finding was obtained from animal studies, lanatoside C is a cardiotonic steroid approved by the US Food and Drug Administration (FDA) for the treatment of HF and arrhythmia (Shi et al., 2016). Therefore, it is widely used in clinical practice and needs attention.
In addition, Zeitlin PL et al. found that digoxin inhibited the transcription of inflammatory factors (IL-8 and IL-6) in patients with airway inflammation, and this effect could be detected after digoxin reached serum steady-state concentration (generally 4 weeks) (Zeitlin et al., 2017). Secondly, Galvao J et al. found that ouabain negatively regulates ovalbumin-induced allergic airway inflammation by inhibiting the production of IL-3 and IL-4 (Galvão et al., 2017). The foregoing indicates that the biological activity of CTS in inhibiting immune-inflammatory response can play an effective therapeutic role in respiratory immune inflammation-related diseases.
A variety of neurological diseases also have immune-inflammatory pathophysiological features, such as Alzheimer’s disease, Parkinson’s disease, Amyotrophic lateral sclerosis and multiple sclerosis, which promote disease occurrence through neuron injury and blood-brain barrier dysfunction (Ransohoff, 2016). Most trials for new therapeutic agents in AD are conducted in patients already receiving cholinesterase inhibitors, memantine, or both and are thus new types of add-on treatment. (Cummings et al., 2019). In addition, neuroinflammation contributes to the progression of neurodegenerative diseases, and if the efficacy of CTS in this area is confirmed, it could be a breakthrough in the treatment of such diseases. Fortunately, Jansson D et al. identified digoxin and lanatoside C as inflammatory modulators of blood-brain barrier cells by screening 1280 FDA-approved drugs (Jansson et al., 2021). Therefore, a cardiotonic steroid is expected to be used as a new drug in the treatment of neuroinflammatory-driven degenerative diseases.
In conclusion, current studies have found that CTS have an obvious inhibitory effect on the immune-inflammatory response, which has shown their prospects of development and application in the clinical treatment of immune-inflammatory diseases related to a variety of systems in the future. However, their mechanism of action is still very complex, which requires further in-depth study and confirmation.
4 SUMMARY AND OUTLOOK
The pharmacological activity of CTS in cardiovascular diseases is the earliest research field discovered and applied in clinical practice. By inhibiting NKA, CTS eventually cause the increase of intracellular Ca2+ concentration to exert a positive inotropic effect and reduce heart rate by improving vagal nerve activity. With the continuous progress of research on the biological activity of CTS in the multidisciplinary field of medicine, CTS are gradually found to be a class of compounds with a variety of complex pharmacological activities, and are expected to develop novel therapeutic drugs in the treatment of clinical multidisciplinary diseases (respiratory system, tumor, diseases of the nervous system and immune inflammation-related diseases, etc.).
In tumor diseases, CTS have a significant antitumor effect on some tumors. The antitumor mechanism may be involved in inhibiting the metabolism of cancer cells and inhibiting the growth of cancer cells by increasing the ROS content in cancer cells, affecting the secretion of cytokines, interacting with nuclear receptors to affect gene expression, and regulating signal transduction pathways. The expression of the NKA subunit in some cancer cells may be altered compared with healthy tissues (Mijatovic et al., 2007). Studies have shown that the antitumor effect of CTS is mainly through the non-transport function of NKA, that is, the activation of signal transduction function (Bejček et al., 2021). The specific antitumor efficacy and mechanism of action need further study. Anti-tumor drugs are easy to produce drug resistance, so it is the goal of cancer research to find an anti-tumor drug that can be synthesized stably and has multiple subspecies. The diversity of sugar residue structure of the natural cardiotonic steroid drugs expands the variety and biological activity of the drug, and sugar residue also has a great impact on its anti-tumor activity and pharmacokinetic properties (Ye et al., 2004; Chen, 2013). Therefore, on the premise that the effective antitumor site substituents remain unchanged, the adverse reactions of CTS in antitumor activity can be avoided by further modification of sugar residues. In addition, the blood drug concentration is also a major factor affecting the effect of drugs, and it has been found that humans may not be able to tolerate the high concentration of CTS used in most preclinical studies (Osman et al., 2017). The goal of optimal clinical effect at minimum concentration can be achieved by altering the dynamics and tissue distribution of the drug in the body by changing the dosage form and preparation technology.
Secondly, the antiviral activity of CTS involves non-specific and highly specific effects. The non-specific mechanism is related to the blocking of NKA and regulation of the balance of intracellular and extracellular ions, and the specific mechanism is mainly the interaction with NKAα1subunit (Škubník et al., 2021a). The related mechanisms affect many viruses such as HIV, CMV, SARS-CoV-2 and so on. The broad antiviral activity exhibited by CTS is an uplifting discovery, although we still need to continue to explore more molecular mechanisms, especially the antiviral targets of CTS. However, CTS, one drug with multiple drug targets, can treat a variety of viral infectious diseases, which is a worthy research topic for both clinical and scientific research. Therefore, we expect that CTS will become a new broad-spectrum antiviral drug and play a significant clinical effect on the treatment of more viruses.
The pharmacological activity of CTS in the nervous system, on the one hand, protects neurons from the toxic damage of Glu or HCY by regulating the NKA/NCX system, thus inhibiting apoptosis cascade caused by intracellular ion imbalance (Ivanova et al., 2020). On the other hand, it provides a new idea for reducing the risk factors of cerebrovascular diseases and improving the symptoms of neurodegenerative diseases. In autoimmune inflammatory diseases of the nervous system, most treatments are still hormone-based, such as multiple sclerosis, neuromyelitis optica and acute myelitis. However, hormone therapy is a double-edged sword. Long-term use will cause adverse reactions such as femoral head necrosis, osteoporosis, and glucorticoid induced glaucoma. Therefore, the regulatory role of CTS in autoimmune inflammatory diseases of the nervous system is expected to become a new alternative or supplementary hormone therapy.
The pharmacological activity of CTS in immune inflammation-related diseases is related to the activity of regulating the functions of immune cells and cytokines (Škubník et al., 2021b). The effects of CTS in regulating inflammation in different systems are divergent. When using them clinically, attention should also be paid to the production of side effects, especially in patients with cardiovascular diseases complicated by immune inflammation-related diseases. As inflammatory diseases have always been a crucial and difficult topic, CTS have expanded the research direction for studying the targets of such diseases and could become an effective supplement to inflammatory regulators.
In summary, CTS not only exert their pharmacological effects in the cardiovascular system through the adjustment of NKA/NCX , but also exhibit abundant research results in other four main systems, including tumors, viral infections, nervous system diseases and immune inflammation-related diseases. In addition, we also look forward to the research progress of CTS in other fields. There are many benefits to develop new applications based on existing drugs such as shortening the development cycle, saving development costs, and owning safety verification. Well-known examples are the development process of aspirin and thalidomide. The research progress of CTS in multi-system diseases have expanded the direction of their clinical research and CTS could be used as a lead compound to be promoted in the drug treatment of multi-system or multi-disease in the future.
AUTHOR CONTRIBUTIONS
All authors in this article made substantial contributions to the paper. JR is responsible for constructing ideas, literature research, chart drawing, review writing, and revision; XGa is responsible for paragraph writing, chart drawing, and proposes revisions to the content; XGu makes important suggestions on the content and is responsible for paragraph writing and revision; NW and XW participates in the arrangement of the full text and provides many valuable revisions to this article.
FUNDING
This work was supported by grants from the General Project of National Natural Science Foundation of China (82170284, 81773733), Major Project of Heilongjiang Province Applied Technology Research and Development Program (GA18C006), Shaoshuaijiebang Project, Strengthening and Efficiency Enhancement of Advantaged and Characteristic Disciplines Project of Harbin Medical University (HMUMIF-21026).
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.
REFERENCES
 Alobaida, M., and Alrumayh, A. (2021). Rate Control Strategies for Atrial Fibrillation. Ann. Med. 53 (1), 682–692. doi:10.1080/07853890.2021.1930137
 Amarelle, L., and Lecuona, E. (2018). The Antiviral Effects of Na,K-ATPase Inhibition: A Minireview. Int. J. Mol. Sci. 19 (8). doi:10.3390/ijms19082154
 Ayogu, J. I., and Odoh, A. S. (2020). Prospects and Therapeutic Applications of Cardiac Glycosides in Cancer Remediation. ACS Comb. Sci. 22 (11), 543–553. doi:10.1021/acscombsci.0c00082
 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
 Bejček, J., Jurášek, M., Spiwok, V., and Rimpelová, S. (2021). Quo Vadis Cardiac Glycoside Research?Toxins (Basel) 13 (5). doi:10.3390/toxins13050344
 Bers, D. M. (2002). Cardiac Excitation-Contraction Coupling. Nature 415 (6868), 198–205. doi:10.1038/415198a
 Biggar, R. J. (2012). Molecular Pathways: Digoxin Use and Estrogen-Sensitive Cancers-Rrisks and Possible Therapeutic Implications. Clin. Cancer Res. 18 (8), 2133–2137. doi:10.1158/1078-0432.Ccr-11-1389
 Boff, L., Munkert, J., Ottoni, F. M., Zanchett Schneider, N. F., Ramos, G. S., Kreis, W., et al. (2019). Potential Anti-herpes and Cytotoxic Action of Novel Semisynthetic Digitoxigenin-Derivatives. Eur. J. Med. Chem. 167, 546–561. doi:10.1016/j.ejmech.2019.01.076
 Boff, L., Schneider, N. F. Z., Munkert, J., Ottoni, F. M., Ramos, G. S., Kreis, W., et al. (2020). Elucidation of the Mechanism of Anti-herpes Action of Two Novel Semisynthetic Cardenolide Derivatives. Arch. Virol. 165 (6), 1385–1396. doi:10.1007/s00705-020-04562-1
 Boos, C. J., Anderson, R. A., and Lip, G. Y. (2006). Is Atrial Fibrillation an Inflammatory Disorder?Eur. Heart J. 27 (2), 136–149. doi:10.1093/eurheartj/ehi645
 Cai, H., Kapoor, A., He, R., Venkatadri, R., Forman, M., Posner, G. H., et al. (2014). In Vitro combination of Anti-cytomegalovirus Compounds Acting through Different Targets: Role of the Slope Parameter and Insights into Mechanisms of Action. Antimicrob. Agents Chemother. 58 (2), 986–994. doi:10.1128/aac.01972-13
 Caohuy, H., Eidelman, O., Chen, T., Liu, S., Yang, Q., Bera, A., et al. (2021). Common Cardiac Medications Potently Inhibit ACE2 Binding to the SARS-CoV-2 Spike, and Block Virus Penetration and Infectivity in Human Lung Cells. Sci. Rep. 11 (1), 22195. doi:10.1038/s41598-021-01690-9
 Carlisle, M. A., Fudim, M., DeVore, A. D., and Piccini, J. P. (2019). Heart Failure and Atrial Fibrillation, like Fire and Fury. JACC Heart Fail 7 (6), 447–456. doi:10.1016/j.jchf.2019.03.005
 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
 Chen, Y., Cai, X., Huang, W., Wu, Y., Huang, Y., and Hu, Y. (2015). Increased All-Cause Mortality Associated with Digoxin Therapy in Patients with Atrial Fibrillation: An Updated Meta-Analysis. Med. Baltim. 94 (52), e2409. doi:10.1097/md.0000000000002409
 Chen, Y. J. (2013). The Structural Modification of Bufalin and its Structure-Cytotoxicity Relationships Study. Zhejiang University of Technology. 
 CMA, CSCP, CMJPH, CSGP, EBCJGP and EGRM (2021). Guidelines for Rational Drug Use at Primary Level in Chronic Heart Failure. Chin. J. Gen. Pract. 20 (01), 42–49. 
 Cho, J., Lee, Y. J., Kim, J. H., Kim, S. I., Kim, S. S., Choi, B. S., et al. (2020). Antiviral Activity of Digoxin and Ouabain against SARS-CoV-2 Infection and its Implication for COVID-19. Sci. Rep. 10 (1), 16200. doi:10.1038/s41598-020-72879-7
 Chovancova, B., Liskova, V., Babula, P., and Krizanova, O. (2020). Role of Sodium/Calcium Exchangers in Tumors. Biomolecules 10 (9). doi:10.3390/biom10091257
 Citterio, L., Bianchi, G., Scioli, G. A., Glorioso, N., Bigazzi, R., Cusi, D., et al. (2021). Antihypertensive Treatment Guided by Genetics: PEARL-HT, the Randomized Proof-Of-Concept Trial Comparing Rostafuroxin with Losartan. Pharmacogenomics J. 21 (3), 346–358. doi:10.1038/s41397-021-00214-y
 Cohen, T., Williams, J. D., Opperman, T. J., Sanchez, R., Lurain, N. S., and Tortorella, D. (2016). Convallatoxin-Induced Reduction of Methionine Import Effectively Inhibits Human Cytomegalovirus Infection and Replication. J. Virol. 90 (23), 10715–10727. doi:10.1128/jvi.01050-16
 Cummings, J. L., Tong, G., and Ballard, C. (2019). Treatment Combinations for Alzheimer's Disease: Current and Future Pharmacotherapy Options. J. Alzheimers Dis. 67 (3), 779–794. doi:10.3233/jad-180766
 Davis, N. L., King, C. C., and Kourtis, A. P. (2017). Cytomegalovirus Infection in Pregnancy. Birth Defects Res. 109 (5), 336–346. doi:10.1002/bdra.23601
 DeMots, H., Rahimtoola, S. H., Kremkau, E. L., Bennett, W., and Mahler, D. (1976). Effects of Ouabain on Myocardial Oxygen Supply and Demand in Patients with Chronic Coronary Artery Disease. A Hemodynamic, Volumetric, and Metabolic Study in Patients without Heart Failure. J. Clin. Invest 58 (2), 312–319. doi:10.1172/jci108474
 Deng, L. J., Qi, M., Li, N., Lei, Y. H., Zhang, D. M., and Chen, J. X. (2020). Natural Products and Their Derivatives: Promising Modulators of Tumor Immunotherapy. J. Leukoc. Biol. 108 (2), 493–508. doi:10.1002/jlb.3mr0320-444r
 Doris, P. A., Hayward-Lester, A., Bourne, D., and Stocco, D. M. (1996). Ouabain Production by Cultured Adrenal Cells. Endocrinology 137 (2), 533–539. doi:10.1210/endo.137.2.8593799
 el-Mallakh, R. S., Harrison, L. T., Li, R., Changaris, D. G., Levy, R. S., and Levy, R. S. (1995). An Animal Model for Mania: Preliminary Results. Prog. Neuropsychopharmacol. Biol. Psychiatry 19 (5), 955–962. doi:10.1016/0278-5846(95)00123-d
 El-Seedi, H. R., Khalifa, S. A. M., Taher, E. A., Farag, M. A., Saeed, A., Gamal, M., et al. (2019). Cardenolides: Insights from Chemical Structure and Pharmacological Utility. Pharmacol. Res. 141, 123–175. doi:10.1016/j.phrs.2018.12.015
 Feinauer, M., Lindmar, R., Löffelholz, K., and Ullrich, B. (1986). Ouabain Enhances Release of Acetylcholine in the Heart Evoked by Unilateral Vagal Stimulation. Naunyn Schmiedeb. Arch. Pharmacol. 333 (1), 7–12. doi:10.1007/bf00569652
 Ferrari, F., Santander, I. R. M. F., and Stein, R. (2020). Digoxin in Atrial Fibrillation: An Old Topic Revisited. Curr. Cardiol. Rev. 16 (2), 141–146. doi:10.2174/1573403x15666190618110941
 Ferrari, P., Ferrandi, M., Valentini, G., and Bianchi, G. (2006). Rostafuroxin: an Ouabain Antagonist that Corrects Renal and Vascular Na+-K+- ATPase Alterations in Ouabain and Adducin-dependent Hypertension. Am. J. Physiol. Regul. Integr. Comp. Physiol. 290 (3), R529–R535. doi:10.1152/ajpregu.00518.2005
 Ferrari, P. (2010). Rostafuroxin: an Ouabain-Inhibitor Counteracting Specific Forms of Hypertension. Biochim. Biophys. Acta 1802 (12), 1254–1258. doi:10.1016/j.bbadis.2010.01.009
 François, K. O., and Balzarini, J. (2011). The Highly Conserved Glycan at Asparagine 260 of HIV-1 Gp120 Is Indispensable for Viral Entry. J. Biol. Chem. 286 (50), 42900–42910. doi:10.1074/jbc.M111.274456
 Fu, J., Wu, Z., and Zhang, L. (2019). Clinical Applications of the Naturally Occurring or Synthetic Glycosylated Low Molecular Weight Drugs. Prog. Mol. Biol. Transl. Sci. 163, 487–522. doi:10.1016/bs.pmbts.2019.03.005
 Galvão, J. G. F. M., Cavalcante-Silva, L. H. A., Carvalho, D. C. M., Ferreira, L. K. D. P., Monteiro, T. M., Alves, A. F., et al. (2017). Ouabain Attenuates Ovalbumin-Induced Airway Inflammation. Inflamm. Res. 66 (12), 1117–1130. doi:10.1007/s00011-017-1092-9
 Gardner, T. J., Cohen, T., Redmann, V., Lau, Z., Felsenfeld, D., and Tortorella, D. (2015). Development of a High-Content Screen for the Identification of Inhibitors Directed against the Early Steps of the Cytomegalovirus Infectious Cycle. Antivir. Res. 113, 49–61. doi:10.1016/j.antiviral.2014.10.011
 Gerkau, N. J., Rakers, C., Durry, S., Petzold, G. C., and Rose, C. R. (2018). Reverse NCX Attenuates Cellular Sodium Loading in Metabolically Compromised Cortex. Cereb. Cortex 28 (12), 4264–4280. doi:10.1093/cercor/bhx280
 Giorgi, C., Baldassari, F., Bononi, A., Bonora, M., De Marchi, E., Marchi, S., et al. (2012). Mitochondrial Ca(2+) and Apoptosis. Cell Calcium 52 (1), 36–43. doi:10.1016/j.ceca.2012.02.008
 Goto, A., Ishiguro, T., Yamada, K., Ishii, M., Yoshioka, M., Eguchi, C., et al. (1990). Isolation of a Urinary Digitalis-like Factor Indistinguishable from Digoxin. Biochem. Biophys. Res. Commun. 173 (3), 1093–1101. doi:10.1016/s0006-291x(05)80898-8
 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
 Herzog, E., Argulian, E., Levy, S. B., and Aziz, E. F. (2017). Pathway for the Management of Atrial Fibrillation and Atrial Flutter. Crit. Pathw. Cardiol. 16 (2), 47–52. doi:10.1097/hpc.0000000000000109
 Hill, A. B. (2018). The Immune Response to CMV Infection and Vaccination in Mice, Monkeys and Humans: Recent Developments. Curr. Opin. Virol. 28, 161–166. doi:10.1016/j.coviro.2018.01.006
 Howard, C. M., Estrada, M., Terrero, D., Tiwari, A. K., and Raman, D. (2020). Identification of Cardiac Glycosides as Novel Inhibitors of eIF4A1-Mediated Translation in Triple-Negative Breast Cancer Cells. Cancers (Basel) 12 (8). doi:10.3390/cancers12082169
 Hu, X. W., Qin, S. M., Li, D., Hu, L. F., and Liu, C. F. (2013). Elevated Homocysteine Levels in Levodopa-Treated Idiopathic Parkinson's Disease: a Meta-Analysis. Acta Neurol. Scand. 128 (2), 73–82. doi:10.1111/ane.12106
 Hu, Y. F., Chen, Y. J., Lin, Y. J., and Chen, S. A. (2015). Inflammation and the Pathogenesis of Atrial Fibrillation. Nat. Rev. Cardiol. 12 (4), 230–243. doi:10.1038/nrcardio.2015.2
 Huang, G., Dragan, M., Freeman, D., and Wilson, J. X. (2005). Activation of Catechol-O-Methyltransferase in Astrocytes Stimulates Homocysteine Synthesis and Export to Neurons. Glia 51 (1), 47–55. doi:10.1002/glia.20185
 Iovino, L., Tremblay, M. E., and Civiero, L. (2020). Glutamate-induced Excitotoxicity in Parkinson's Disease: The Role of Glial Cells. J. Pharmacol. Sci. 144 (3), 151–164. doi:10.1016/j.jphs.2020.07.011
 Ivanova, M. A., Kokorina, A. D., Timofeeva, P. D., Karelina, T. V., Abushik, P. A., Stepanenko, J. D., et al. (2020). Calcium Export from Neurons and Multi-Kinase Signaling Cascades Contribute to Ouabain Neuroprotection in Hyperhomocysteinemia. Biomolecules 10 (8). doi:10.3390/biom10081104
 Jansson, D., Dieriks, V. B., Rustenhoven, J., Smyth, L. C. D., Scotter, E., Aalderink, M., et al. (2021). Cardiac Glycosides Target Barrier Inflammation of the Vasculature, Meninges and Choroid Plexus. Commun. Biol. 4 (1), 260. doi:10.1038/s42003-021-01787-x
 Jelliffe, R. W. (2014). The Role of Digitalis Pharmacokinetics in Converting Atrial Fibrillation and Flutter to Regular Sinus Rhythm. Clin. Pharmacokinet. 53 (5), 397–407. doi:10.1007/s40262-014-0141-6
 Kamano, Y., Yamashita, A., Nogawa, T., Morita, H., Takeya, K., Itokawa, H., et al. (2002). QSAR Evaluation of the Ch'an Su and Related Bufadienolides against the Colchicine-Resistant Primary Liver Carcinoma Cell Line PLC/PRF/5(1). J. Med. Chem. 45 (25), 5440–5447. doi:10.1021/jm0202066
 Kaplan, J. H. (2002). Biochemistry of Na,K-ATPase. Annu. Rev. Biochem. 71, 511–535. doi:10.1146/annurev.biochem.71.102201.141218
 Kapustnick, Y., Lutsenko, R., and Sуdorenko, A. (2021). COMBINED PHARMACOLOGICAL THERAPY INCLUDING SEVERAL ANTIARRHYTHMIC AGENTS FOR TREATMENT OF DIFFERENT DISORDERS OF CARDIAC RHYTHM. Georgian Med. News 315, 85–93. 
 Karaś, K., Sałkowska, A., Dastych, J., Bachorz, R. A., and Ratajewski, M. (2020). Cardiac Glycosides with Target at Direct and Indirect Interactions with Nuclear Receptors. Biomed. Pharmacother. 127, 110106. doi:10.1016/j.biopha.2020.110106
 Khodorov, B. (2004). Glutamate-induced Deregulation of Calcium Homeostasis and Mitochondrial Dysfunction in Mammalian Central Neurones. Prog. Biophys. Mol. Biol. 86 (2), 279–351. doi:10.1016/j.pbiomolbio.2003.10.002
 Kirch, W. (2001). Pressor and Vascular Effects of Cardiac Glycosides. Eur. J. Clin. Invest 31, 5–9. doi:10.1046/j.1365-2362.2001.0310s2005.x
 Klein, M. O., Battagello, D. S., Cardoso, A. R., Hauser, D. N., Bittencourt, J. C., and Correa, R. G. (2019). Dopamine: Functions, Signaling, and Association with Neurological Diseases. Cell Mol. Neurobiol. 39 (1), 31–59. doi:10.1007/s10571-018-0632-3
 Kotecha, D., Bunting, K. V., Gill, S. K., Mehta, S., Stanbury, M., Jones, J. C., et al. (2020). Effect of Digoxin vs Bisoprolol for Heart Rate Control in Atrial Fibrillation on Patient-Reported Quality of Life: The RATE-AF Randomized Clinical Trial. Jama 324 (24), 2497–2508. doi:10.1001/jama.2020.23138
 LaBella, F. S., Templeton, J. F., Sashi Kumar, V. P., and Bose, D. (1989). Progesterone Derivatives that Bind to the Digitalis Receptor. Trends Pharmacol. Sci. 10 (1), 11–14. doi:10.1016/0165-6147(89)90094-1
 Laird, G. M., Eisele, E. E., Rabi, S. A., Nikolaeva, D., and Siliciano, R. F. (2014). A Novel Cell-Based High-Throughput Screen for Inhibitors of HIV-1 Gene Expression and Budding Identifies the Cardiac Glycosides. J. Antimicrob. Chemother. 69 (4), 988–994. doi:10.1093/jac/dkt471
 Lam, P. H., Bhyan, P., Arundel, C., Dooley, D. J., Sheriff, H. M., Mohammed, S. F., et al. (2018). Digoxin Use and Lower Risk of 30-day All-Cause Readmission in Older Patients with Heart Failure and Reduced Ejection Fraction Receiving β-blockers. Clin. Cardiol. 41 (3), 406–412. doi:10.1002/clc.22889
 Leenen, F. H. H., Wang, H. W., and Hamlyn, J. M. (2020). Sodium Pumps, Ouabain and Aldosterone in the Brain: A Neuromodulatory Pathway Underlying Salt-Sensitive Hypertension and Heart Failure. Cell Calcium 86, 102151. doi:10.1016/j.ceca.2019.102151
 Liana, D., and Phanumartwiwath, A. (2022). Leveraging Knowledge of Asian Herbal Medicine and Its Active Compounds as COVID-19 Treatment and Prevention. J. Nat. Med. 76 (1), 20–37. doi:10.1007/s11418-021-01575-1
 Li, H., Zhou, H., Wang, D., Qiu, J., Zhou, Y., Li, X., et al. (2012). Versatile Pathway-Centric Approach Based on High-Throughput Sequencing to Anticancer Drug Discovery. Proc. Natl. Acad. Sci. U. S. A. 109 (12), 4609–4614. doi:10.1073/pnas.1200305109
 Lin, J., Denmeade, S., and Carducci, M. A. (2009). HIF-1alpha and Calcium Signaling as Targets for Treatment of Prostate Cancer by Cardiac Glycosides. Curr. Cancer Drug Targets 9 (7), 881–887. doi:10.2174/156800909789760249
 Lin, Y. J., Anzaghe, M., and Schülke, S. (2020). Update on the Pathomechanism, Diagnosis, and Treatment Options for Rheumatoid Arthritis. Cells 9 (4). doi:10.3390/cells9040880
 Liu, Y., Song, J. H., Hou, X. H., Ma, Y. H., Shen, X. N., Xu, W., et al. (2019). Elevated Homocysteine as an Independent Risk for Intracranial Atherosclerotic Stenosis. Aging (Albany NY) 11 (11), 3824–3831. doi:10.18632/aging.102019
 Liu, Y., Xu, W., Huang, Z. H., Guo, J., and Jiang, R. W. (2020). An Efficient Strategy for the Chemo-Enzymatic Synthesis of Bufalin Glycosides with Improved Water Solubility and Inhibition against Na+ , K+ -ATPase. Chem. Biodivers. 17 (11), e2000529. doi:10.1002/cbdv.202000529
 Longhurst, J. C., and Ross, J. (1985). Extracardiac and Coronary Vascular Effects of Digitalis. J. Am. Coll. Cardiol. 5 (5), 99a–105a. doi:10.1016/s0735-1097(85)80468-x
 Lopachev, A., Volnova, A., Evdokimenko, A., Abaimov, D., Timoshina, Y., Kazanskaya, R., et al. (2019). Intracerebroventricular Injection of Ouabain Causes Mania-like Behavior in Mice through D2 Receptor Activation. Sci. Rep. 9 (1), 15627. doi:10.1038/s41598-019-52058-z
 Lopes, R. D., Rordorf, R., De Ferrari, G. M., Leonardi, S., Thomas, L., Wojdyla, D. M., et al. (2018). Digoxin and Mortality in Patients with Atrial Fibrillation. J. Am. Coll. Cardiol. 71 (10), 1063–1074. doi:10.1016/j.jacc.2017.12.060
 Ma, J., Esplin, M. S., Adair, C. D., Mason, L. A., and Graves, S. W. (2012). Increasing Evidence for and Regulation of a Human Placental Endogenous Digitalis-like Factor. Reprod. Sci. 19 (4), 437–448. doi:10.1177/1933719111424441
 Malcolm, S. B. (1991). Cardenolide-Mediated Interactions between Plants and Herbivores. Acad. Press Inc. 1, 251–296. doi:10.1016/B978-0-12-597183-6.50012-7
 Malik, A., Masson, R., Singh, S., Wu, W. C., Packer, M., Pitt, B., et al. (2019). Digoxin Discontinuation and Outcomes in Patients with Heart Failure with Reduced Ejection Fraction. J. Am. Coll. Cardiol. 74 (5), 617–627. doi:10.1016/j.jacc.2019.05.064
 Mason, D. T., and Braunwald, E. (1964). STUDIES ON DIGITALIS. X. EFFECTS OF OUABAIN ON FOREARM VASCULAR RESISTANCE AND VENOUS TONE IN NORMAL SUBJECTS AND IN PATIENTS IN HEART FAILURE. J. Clin. Invest 43 (3), 532–543. doi:10.1172/jci104939
 Mattiuzzi, C., and Lippi, G. (2019). Current Cancer Epidemiology. J. Epidemiol. Glob. Health 9 (4), 217–222. doi:10.2991/jegh.k.191008.001
 McDonough, A. A., Geering, K., and Farley, R. A. (1990). The Sodium Pump Needs its Beta Subunit. Faseb J. 4 (6), 1598–1605. doi:10.1096/fasebj.4.6.2156741
 Medina-Ortiz, K., López-Alvarez, D., Navia, F., Hansen, T., Fierro, L., and Castaño, S. (2021). Identification of Na+/K+-ATPase α/β Isoforms in Rhinella Marina Tissues by RNAseq and a Molecular Docking Approach at the Protein Level to Evaluate α Isoform Affinities for Bufadienolides. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 254, 110906. doi:10.1016/j.cbpa.2021.110906
 Mijatovic, T., Van Quaquebeke, E., Delest, B., Debeir, O., Darro, F., and Kiss, R. (2007). Cardiotonic Steroids on the Road to Anti-cancer Therapy. Biochim. Biophys. Acta 1776 (1), 32–57. doi:10.1016/j.bbcan.2007.06.002
 Miller, J. W. (2000). Homocysteine, Alzheimer's Disease, and Cognitive Function. Nutrition 16 (7-8), 675–677. doi:10.1016/s0899-9007(00)00307-5
 Moretti, R., and Caruso, P. (2019). The Controversial Role of Homocysteine in Neurology: From Labs to Clinical Practice. Int. J. Mol. Sci. 20 (1). doi:10.3390/ijms20010231
 Morimoto, M., Tatsumi, K., Yuui, K., Terazawa, I., Kudo, R., and Kasuda, S. (2021). Convallatoxin, the Primary Cardiac Glycoside in Lily of the Valley (Convallaria Majalis), Induces Tissue Factor Expression in Endothelial Cells. Vet. Med. Sci. 7 (6), 2440–2444. doi:10.1002/vms3.614
 Mukhopadhyay, R., Venkatadri, R., Katsnelson, J., and Arav-Boger, R. (2018). Digitoxin Suppresses Human Cytomegalovirus Replication via Na+, K+/ATPase α1 Subunit-dependent AMP-Activated Protein Kinase and Autophagy Activation. J. Virol. 92 (6). doi:10.1128/jvi.01861-17
 Murray, C. J. L. (2022). COVID-19 Will Continue but the End of the Pandemic Is Near. Lancet 399 (10323), 417–419. doi:10.1016/s0140-6736(22)00100-3
 Olney, J. W. (1994). Excitatory Transmitter Neurotoxicity. Neurobiol. Aging 15 (2), 259–260. doi:10.1016/0197-4580(94)90127-9
 Osman, M. H., Farrag, E., Selim, M., Osman, M. S., Hasanine, A., and Selim, A. (2017). Cardiac Glycosides Use and the Risk and Mortality of Cancer; Systematic Review and Meta-Analysis of Observational Studies. PLoS One 12 (6), e0178611. doi:10.1371/journal.pone.0178611
 Pashazadeh-Panahi, P., and Hasanzadeh, M. (2020). Digoxin as a Glycosylated Steroid-like Therapeutic Drug: Recent Advances in the Clinical Pharmacology and Bioassays of Pharmaceutical Compounds. Biomed. Pharmacother. 123, 109813. doi:10.1016/j.biopha.2020.109813
 Plante, K. S., Plante, J. A., Fernandez, D., Mirchandani, D., Bopp, N., Aguilar, P. V., et al. (2020). Prophylactic and Therapeutic Inhibition of In Vitro SARS-CoV-2 Replication by Oleandrin. bioRxiv . doi:10.1101/2020.07.15.203489
 Pourkarim, F., Pourtaghi-Anvarian, S., and Rezaee, H. (2022). Molnupiravir: A New Candidate for COVID-19 Treatment. Pharmacol. Res. Perspect. 10 (1), e00909. doi:10.1002/prp2.909
 Prassas, I., and Diamandis, E. P. (2008). Novel Therapeutic Applications of Cardiac Glycosides. Nat. Rev. Drug Discov. 7 (11), 926–935. doi:10.1038/nrd2682
 Ransohoff, R. M. (2016). How Neuroinflammation Contributes to Neurodegeneration. Science 353 (6301), 777–783. doi:10.1126/science.aag2590
 Rasheduzzaman, M., Yin, H., and Park, S. Y. (2019). Cardiac Glycoside Sensitized Hepatocellular Carcinoma Cells to TRAIL via ROS Generation, p38MAPK, Mitochondrial Transition, and Autophagy Mediation. Mol. Carcinog. 58 (11), 2040–2051. doi:10.1002/mc.23096
 Reuter, H., Pott, C., Goldhaber, J. I., Henderson, S. A., Philipson, K. D., and Schwinger, R. H. (2005). Na(+)--Ca2+ Exchange in the Regulation of Cardiac Excitation-Contraction Coupling. Cardiovasc Res. 67 (2), 198–207. doi:10.1016/j.cardiores.2005.04.031
 Saeed, H., Mateen, S., Moin, S., Khan, A. Q., and Owais, M. (2020). Cardiac Glycoside Digoxin Ameliorates Pro-inflammatory Cytokines in PBMCs of Rheumatoid Arthritis Patients In Vitro. Int. Immunopharmacol. 82, 106331. doi:10.1016/j.intimp.2020.106331
 Scalese, M. J., and Salvatore, D. J. (2017). Role of Digoxin in Atrial Fibrillation. J. Pharm. Pract. 30 (4), 434–440. doi:10.1177/0897190016642361
 Schönfeld, W., Weiland, J., Lindig, C., Masnyk, M., Kabat, M. M., Kurek, A., et al. (1985). The Lead Structure in Cardiac Glycosides is 5 beta, 14 beta-androstane-3 beta 14-diol. Naunyn Schmiedebergs Arch. Pharmacol. 329 (4), 414–426. doi:10.1007/bf00496377
 Sethi, N. J., Nielsen, E. E., Safi, S., Feinberg, J., Gluud, C., and Jakobsen, J. C. (2018). Digoxin for Atrial Fibrillation and Atrial Flutter: A Systematic Review with Meta-Analysis and Trial Sequential Analysis of Randomised Clinical Trials. PLoS One 13 (3), e0193924. doi:10.1371/journal.pone.0193924
 Shi, H., Mao, X., Zhong, Y., Liu, Y., Zhao, X., Yu, K., et al. (2016). Lanatoside C Promotes Foam Cell Formation and Atherosclerosis. Sci. Rep. 6, 20154. doi:10.1038/srep20154
 Sibarov, D. A., Bolshakov, A. E., Abushik, P. A., Krivoi, , and Antonov, S. M. (2012). Na+,K+-ATPase Functionally Interacts with the Plasma Membrane Na+,Ca2+ Exchanger to Prevent Ca2+ Overload and Neuronal Apoptosis in Excitotoxic Stress. J. Pharmacol. Exp. Ther. 343 (3), 596–607. doi:10.1124/jpet.112.198341
 Siegel, R. L., Miller, K. D., Fuchs, H. E., and Jemal, A. (2021). Cancer Statistics, 2021. CA A Cancer J. Clin. 71 (1), 7–33. doi:10.3322/caac.21654
 Singh, S., Shenoy, S., Nehete, P. N., Yang, P., Nehete, B., Fontenot, D., et al. (2013). Nerium Oleander Derived Cardiac Glycoside Oleandrin Is a Novel Inhibitor of HIV Infectivity. Fitoterapia 84, 32–39. doi:10.1016/j.fitote.2012.10.017
 Singh, S. V., Fedorova, O. V., Wei, W., Rosen, H., Horesh, N., Ilani, A., et al. (2020). Na+, K+-ATPase α Isoforms and Endogenous Cardiac Steroids in Prefrontal Cortex of Bipolar Patients and Controls. Int. J. Mol. Sci. 21 (16). doi:10.3390/ijms21165912
 Škubník, J., Bejček, J., Pavlíčková, V. S., and Rimpelová, S. (2021a). Repurposing Cardiac Glycosides: Drugs for Heart Failure Surmounting Viruses. Molecules 26 (18), 5627. doi:10.3390/molecules26185627
 Škubník, J., Pavlíčková, V., and Rimpelová, S. (2021b). Cardiac Glycosides as Immune System Modulators. Biomolecules 11 (5), 659. doi:10.3390/biom11050659
 Souza E Souza, K. F. C., Moraes, B. P. T., Paixão, I. C. N. P., Burth, P., Silva, A. R., and Gonçalves-de-Albuquerque, C. F. (2021). Na+/K+-ATPase as a Target of Cardiac Glycosides for the Treatment of SARS-CoV-2 Infection. Front. Pharmacol. 12, 624704. doi:10.3389/fphar.2021.624704
 Stoffer, S. S., Hynes, K. M., Jiang, N. S., and Ryan, R. J. (1973). Digoxin and Abnormal Serum Hormone Levels. Jama 225 (13), 1643–1644. doi:10.1001/jama.1973.03220410045010
 Strauss, M., Smith, W., Fedorova, O. V., and Schutte, A. E. (2019). The Na+K+-ATPase Inhibitor Marinobufagenin and Early Cardiovascular Risk in Humans: a Review of Recent Evidence. Curr. Hypertens. Rep. 21 (5), 38. doi:10.1007/s11906-019-0942-y
 Swift, F., Tovsrud, N., Sjaastad, I., Sejersted, O. M., Niggli, E., and Egger, M. (2010). Functional Coupling of α2-isoform Na+/K+-ATPase and Ca2+ Extrusion through the Na+/Ca2+-Exchanger in Cardiomyocytes. Cell Calcium 48 (1), 54–60. doi:10.1016/j.ceca.2010.06.006
 Templeton, J. F., Ling, Y., Marat, K., and LaBella, F. S. (1997). Synthesis and Structure−Activity Relationships of 17β-Substituted 14β-Hydroxysteroid 3-(α-L-Rhamnopyranoside)s: Steroids that Bind to the Digitalis Receptor. J. Med. Chem. 40 (10), 1439–1446. doi:10.1021/jm960880l
 Tymiak, A. A., Norman, J. A., Bolgar, M., DiDonato, G. C., Lee, H., Parker, W. L., et al. (1993). Physicochemical Characterization of a Ouabain Isomer Isolated from Bovine Hypothalamus. Proc. Natl. Acad. Sci. U. S. A. 90 (17), 8189–8193. doi:10.1073/pnas.90.17.8189
 Valvassori, S. S., Cararo, J. H., Marino, C. A. P., Possamai-Della, T., Ferreira, C. L., Aguiar-Geraldo, J. M., et al. (2022). Imipramine Induces Hyperactivity in Rats Pretreated with Ouabain: Implications to the Mania Switch Induced by Antidepressants. J. Affect Disord. 299, 425–434. doi:10.1016/j.jad.2021.12.021
 Wang, F., Liu, L., Tong, Y., Li, L., Liu, Y., and Gao, W. Q. (2020). Proscillaridin A Slows the Prostate Cancer Progression through Triggering the Activation of Endoplasmic Reticulum Stress. Cell Cycle 19 (5), 541–550. doi:10.1080/15384101.2020.1716484
 Wang, H., Yuan, W., and Lu, Z. (2001). Effects of Ouabain and Digoxin on Gene Expression of Sodium Pump Alpha-Subunit Isoforms in Rat Myocardium. Chin. Med. J. Engl. 114, 1055–1059.
 Wang, J., Cai, H., Xia, Y., Wang, S., Xing, L., Chen, C., et al. (2018). Bufalin Inhibits Gastric Cancer Invasion and Metastasis by Down-Regulating Wnt/ASCL2 Expression. Oncotarget 9 (34), 23320–23333. doi:10.18632/oncotarget.24157
 Wong, R. W., Lingwood, C. A., Ostrowski, M. A., Cabral, T., and Cochrane, A. (2018). Cardiac Glycoside/aglycones Inhibit HIV-1 Gene Expression by a Mechanism Requiring MEK1/2-Erk1/2 Signaling. Sci. Rep. 8 (1), 850. doi:10.1038/s41598-018-19298-x
 WHO (2022). COVID-19 Weekly Epidemiological Update. edition 90. Geneva: World Health Organization. 
 Yamazaki, T., Akiyama, T., Kitagawa, H., Komaki, F., Mori, H., Kawada, T., et al. (2007). Characterization of Ouabain-Induced Noradrenaline and Acetylcholine Release from In Situ Cardiac Autonomic Nerve Endings. Acta Physiol. (Oxf) 191 (4), 275–284. doi:10.1111/j.1748-1716.2007.01749.x
 Yassin, A., AlRumaihi, K., Alzubaidi, R., Alkadhi, S., and Al Ansari, A. (2019). Testosterone, Testosterone Therapy and Prostate Cancer. Aging Male 22 (4), 219–227. doi:10.1080/13685538.2018.1524456
 Ye, M., Qu, G., Guo, H., and Guo, D. (2004). Novel Cytotoxic Bufadienolides Derived from Bufalin by Microbial Hydroxylation and Their Structure-Activity Relationships. J. Steroid Biochem. Mol. Biol. 91 (1-2), 87–98. doi:10.1016/j.jsbmb.2004.01.010
 Yu, H. S., Kim, S. H., Park, H. G., Kim, Y. S., and Ahn, Y. M. (2011). Intracerebroventricular Administration of Ouabain, a Na/K-ATPase Inhibitor, Activates Tyrosine Hydroxylase through Extracellular Signal-Regulated Kinase in Rat Striatum. Neurochem. Int. 59 (6), 779–786. doi:10.1016/j.neuint.2011.08.011
 Yu, Z., Feng, H., Zhuo, Y., Li, M., Zhu, X., Huang, L., et al. (2020). Bufalin Inhibits Hepatitis B Virus-Associated Hepatocellular Carcinoma Development through Androgen Receptor Dephosphorylation and Cell Cycle-Related Kinase Degradation. Cell Oncol. (Dordr) 43 (6), 1129–1145. doi:10.1007/s13402-020-00546-0
 Zeitlin, P. L., Diener-West, M., Callahan, K. A., Lee, S., Talbot, C. C., Pollard, B., et al. (2017). Digitoxin for Airway Inflammation in Cystic Fibrosis: Preliminary Assessment of Safety, Pharmacokinetics, and Dose Finding. Ann. Am. Thorac. Soc. 14 (2), 220–229. doi:10.1513/AnnalsATS.201608-649OC
 Zhang, C., Xie, S. H., Xu, B., Lu, S., and Liu, P. (2017). Digitalis Use and the Risk of Breast Cancer: A Systematic Review and Meta-Analysis. Drug Saf. 40 (4), 285–292. doi:10.1007/s40264-016-0484-z
 Zhao, H., Zhao, D., Jin, H., Li, H., Yang, X., Zhuang, L., et al. (2016). Bufalin Reverses Intrinsic and Acquired Drug Resistance to Cisplatin through the AKT Signaling Pathway in Gastric Cancer Cells. Mol. Med. Rep. 14 (2), 1817–1822. doi:10.3892/mmr.2016.5426
 Zhao, S., Li, X., Wu, W., Liu, S., Shen, M., Zhang, Z., et al. (2021). Digoxin Reduces the Incidence of Prostate Cancer but Increases the Cancer-specific Mortality: A Systematic Review and Pooled Analysis. Andrologia 53 (11), e14217. doi:10.1111/and.14217
 Zhou, Y., Zhang, L., Xie, Y. H., and Wu, J. (2022). Advancements in Detection of SARS-CoV-2 Infection for Confronting COVID-19 Pandemics. Lab. Invest 102 (1), 4–13. doi:10.1038/s41374-021-00663-w
 Zhu, Y., Xian, X., Wang, Z., Bi, Y., Chen, Q., Han, X., et al. (2018). Research Progress on the Relationship between Atherosclerosis and Inflammation. Biomolecules 8 (3). doi:10.3390/biom8030080
 Zhyvoloup, A., Melamed, A., Anderson, I., Planas, D., Lee, C. H., Kriston-Vizi, J., et al. (2017). Digoxin Reveals a Functional Connection between HIV-1 Integration Preference and T-Cell Activation. PLoS Pathog. 13 (7), e1006460. doi:10.1371/journal.ppat.1006460
 Ziff, O. J., Lane, D. A., Samra, M., Griffith, M., Kirchhof, P., Lip, G. Y., et al. (2015). Safety and Efficacy of Digoxin: Systematic Review and Meta-Analysis of Observational and Controlled Trial Data. Bmj 351, h4451. doi:10.1136/bmj.h4451
GLOSSARY
ACEI angiotensin-converting enzyme inhibitors
ACh acetylcholine
AF Atrial fibrillation
Afl Atrial flutter
AMPK adenosine-activated protein kinase
AR androgen receptor
ARB angiotensin receptor blockers; HF: heart failure
AS atherosclerosis
CMV Cytomegalovirus
CTS cardiotonic steroids
CGscardiac glycosidesCHF cardiac glycosidesCHFchronic heart failure
CICR Ca2+-induced Ca2+-release
COVID-19 Corona Virus Disease 2019
DA Dopamine
DMARDs disease-improving antirheumatic drugs
EDLF endogenous digitalis-like factor
eIF eukaryotic translation initiation factor
EO endogenous ouabain
ER estrogen receptor
FDA Food and Drug Administration.
FGF-2 fibroblast growth factor-2
GCV ganciclovir
GDMT guideline-directed medical therapies
Glu glutamate
HCMV human cytomegalovirus
RBD Receptor Binding Domain
HCY homocysteine
HIF-1 hypoxia-inducible factor 1
HIV-1 human immunodeficiency virus-1
IC50 50% inhibitory concentration
MBG marinobufagenin
NCX sodium-calcium exchanger
NFκB nuclear factor kappa B
NKA sodium and potassium pump
NR nuclear receptors
PCa prostate cancer
RA Rheumatoid arthritis
ROR-γT retinoic acid receptor-associated orphan receptor γT
ROS reactive oxygen species
RyR ryanodine receptor
PBMCs peripheral blood mononuclear cells
PKA protein kinase A
PKC protein kinase C
PPARs peroxisome proliferator-activated receptors
SR sarcoplasmic reticulum
TFH follicular B-helper T cells
TR1 type 1 regulatory T cells
TRAIL tumor necrosis factor-related apoptosis-inducing ligand
Treg regulatory T cells
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