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Abstract: Cardiac glycosides (CGs) are natural steroid compounds occurring both in plants and an-

imals. They are known for long as cardiotonic agents commonly used for various cardiac diseases 

due to inhibition of Na+/K+-ATPase (NKA) pumping activity and modulating heart muscle contrac-

tility. However, recent studies show that the portfolio of diseases potentially treatable with CGs is 

much broader. Currently, CGs are mostly studied as anticancer agents. Their antiproliferative prop-

erties are based on the induction of multiple signaling pathways in an NKA signalosome complex. 

In addition, they are strongly connected to immunogenic cell death, a complex mechanism of in-

duction of anticancer immune response. Moreover, CGs exert various immunomodulatory effects, 

the foremost of which are connected with suppressing the activity of T-helper cells or modulating 

transcription of many immune response genes by inhibiting nuclear factor kappa B. The resulting 

modulations of cytokine and chemokine levels and changes in immune cell ratios could be poten-

tially useful in treating sundry autoimmune and inflammatory diseases. This review aims to sum-

marize current knowledge in the field of immunomodulatory properties of CGs and emphasize the 

large area of potential clinical use of these compounds. 
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1. Introduction 

According to the Global Cancer Observatory study (GLOBOCAN) 2020, it is esti-

mated that in 2020, there was an increase of 19.3 million new cases of cancer, half of which 

lead to patient death. Based on the prediction models, in 2040, the global cancer burden 

is expected to rise to 28.4 million cases, which would mean a 46% increase in comparison 

to 2020 [1]. These very negative expectations put extreme pressure on the development of 

novel anticancer drugs. However, the evaluation process of completely new substances 

ranging from compound synthesis, through preclinical and clinical trials, to everyday 

clinical use, is very lengthy. A much more time- and cost-efficient approach to obtain a 

“novel” anticancer drug is to screen substances, which have been already approved for 

other indications than cancer, and, thus, they have been proven safe. Such an approach is 

called drug-repositioning, or drug-repurposing. Among such potential repurposed drug 

candidates belong, for example, cardiac glycosides (CGs), currently used in clinical prac-

tice for the treatment of heart diseases, such as congestive heart failure or cardiac arrhyth-

mias. Furthermore, CGs also exert very promising anticancer activity both in vitro and in 

vivo [2–18], which is based mainly on the induction of complex signaling cascades in 

Na+/K+-ATPase (NKA) signalosome and induction of immune response. This fact could 

be utilized not only for cancer treatment but also in the treatment of a plethora of autoim-

mune and inflammatory diseases. Based on the immunomodulatory properties of CGs, 

they represent a promising multifunctional treatment modality. 
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2. Cellular Targets of Cardiac Glycosides 

CGs are natural steroid compounds, which occur mainly in plants, such as foxgloves 

(Digitalis sp.) [19–22] or oleanders (Nerium sp.) [23–26], but also animals, e.g., in the skin 

of particular amphibians such as toads (Bufa bufa and others) [27,28]. Besides, there are 

equivalents of CGs also in humans, referred to as digitalis-like factors [29,30]. CGs from 

all plants, animals, and humans have a conserved structure, which is composed of a ster-

oid core, a lactone ring, and a sugar moiety. Depending on the lactone ring, two major 

groups of CGs are distinguished: cardenolides, which have a 5-membered lactone ring, 

and bufadienolides with a 6-membered lactone ring. Cardenolides, for example, digitoxin, 

digoxin, or oleandrin, are found mainly in plants, whereas bufadienolides, such as bufalin 

or cinobufagin, occur mainly in animals. The variations of the particular compounds are 

mostly ensured by different compositions of sugars. CGs include commonly occurring 

sugars, such as glucose, galactose, mannose, or rhamnose, but also very specific ones such 

as digitoxose, thevetose, cymarose, allose, or altrose [31]. The constitution of the sub-

stances naturally impacts their biological properties, mainly the duration of the inhibition 

of NKA, which is the key cellular target of CGs. 

NKA is a transmembrane protein with enzyme activity. It usually forms a dimer, 

which is composed of different isoforms of α and β subunits depending on specific tissue. 

NKA acts as an antiport transporter of Na+ and K+ ions through the plasma membrane. 

This transport is ensured by energy from adenosine triphosphate (ATP) cleavage and it is 

crucial for the maintenance of the cell plasma membrane potential. The CG binding to 

NKA impedes this function, which leads to the accumulation of Na+ ions in the cytosol 

[32]. As a consequence, the Na+/Ca2+ exchanger is activated and the intracellular concen-

tration of Ca2+ increases (Figure 1). The Ca2+ ions play an important role in heart muscle 

contractility. They bind and conformationally change troponin, which in the relaxed state 

of the muscle prevents actin-myosin contraction. Thereby, they ensure the unmasking of 

myosin for its binding to actin. [33]. Thus, CGs directly affect heart muscle contractility, 

which is the main reason for their use in cardiology. 

 

Figure 1. Physiological action of Na+/K+-ATPase and Na+/Ca2+ exchanger compared to the action after treatment with car-

diac glycosides (CGs). In homeostasis, Na+/K+-ATPase pumps three Na+ ions out of a cell and two K+ ions into the cell. 

Physiologically Na+/Ca2+ exchanger imports three Na+ ions back into the cell in exchange for one Ca2+ ion. When the activity 

of Na+/K+ ATPase is blocked by CGs, Na+ ions accumulate inside the cell, which leads to a subsequent increase in intracel-

lular Ca2+ ion concentration due to activation of the Na+/Ca2+ exchanger. Inspired and adapted according to ref. [34]. 

The aforementioned inhibition of NKA pumping activity occurs at high therapeutic 

concentrations of CGs (hundreds of nM) [32]. However, when lower CG concentrations 

of the compounds are used, a complex signalosome is formed with NKA in its center. 
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Upon the lower CG concentrations, NKA, besides pumping, plays an important role also 

as a receptor. The very complex cascade of NKA signalosome (Figure 2), has been recently 

extensively reviewed elsewhere, see refs. [35–37]. In brief, after stimulation of NKA by 

CGs, protein tyrosine phosphorylation has been detected, though, NKA does not include 

a kinase domain. It is now well-established that this kinase activity is ensured by mem-

brane-associated non-receptor tyrosine kinases from the Src family, which are regulated 

by the α1-subunit of NKA. The binding of CGs to NKA, thus, indirectly activates further 

transduction cascade, since NKA/Src is linked to several other partners, the most im-

portant of which are the epidermal growth factor receptors (EGFR). Activation of EGFR 

by phosphorylation leads to recruitment of adaptor Src-homology domain-containing 

protein, which then binds to a protein complex of growth factor receptor-bound protein 2 

and “Son of Sevenless” protein (Sos) and subsequent Ras/Raf/MEK/ERK signaling cascade 

activation (serine/threonine kinase/mitogen-activated protein kinase kinase/extracellular 

signal-regulated kinase). This important pathway is involved mainly in cell cycle progres-

sion and cell proliferation.  

Besides this complex pathway, EGFR is involved in other important cellular pro-

cesses, such as regulating cytokines, hydrogen peroxide, or G protein-coupled receptors. 

In addition, NKA/Src can regulate the activity of phosphatidylinositol 3-kinase, which ac-

tivates protein kinase B, leading to activation of several other proteins including the mam-

malian target of rapamycin, a kinase involved strongly in cell cycle progression. In sum-

mary, the binding of CGs to NKA stimulates diverse signaling pathways, many of which 

are directly involved in cell growth, proliferation, and cell death [38]. In addition to the 

main mechanism of NKA-binding, CGs can work through many other mechanisms. Both 

specific and unspecific modes of CGs action have been discovered so far, such as increas-

ing the level of cholesterol by enhancing the activity of the key enzyme of cholesterol syn-

thesis, 3-hydroxy-3-methylglutaryl-coenzyme A reductase [39], or altering the fluidity of 

the cell plasma membrane [40]. All this contributes to complex responses of cells to CG 

treatment, the outcomes of which might therefore be rather unpredictable. In addition to 

this complex mechanism of action of CGs, great variability of their biological actions 

comes also from NKA itself. Different isoforms of NKA subunits are expressed in different 

tissues [32] and CGs have different affinities for the particular isoforms. For example, di-

goxin and digitoxin are more selective to α2 and α3 than to α1 NKA isoform. On the con-

trary, ouabain is rather selective to α1 NKA isoform [41]. However, in some species this 

may vary. It has been described that in rats and mice, α1 isoform of NKA is resistant to 

ouabain [42]. The significant differences in CG action linked to α subunit NKA isoforms 

are caused also by the fact that the individual isoforms differ in their biological role. The 

α1 isoform exhibits both a pumping and signaling function, α2 plays a role in Ca2+ signal-

ing and cardiac contractility, and α3 is linked to cardiac hypertrophy [43]. Recently, Singh 

et al. also reported a significant contribution of α subunit NKA isoforms in patients with 

bipolar disease, since changes in levels of particular subunits may alter levels of endoge-

nous CGs and, thus, affect the disease development [44]. With knowledge of these facts, 

we must precisely consider the significance of the experimental data. The action of CGs 

must always be related to the levels of particular isoforms of the NKA α subunit and be 

always compared among individual species and tissues.  
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Figure 2. A schematic representation of the Na+/K+-ATPase (NKA) signalosome. Adapted from [45]. AP1–transcription 

factor; CGs–cardiac glycosides; EGFR-epidermal growth factor receptor; ERK- extracellular signal-regulated kinase; Grb2-

growth factor receptor-bound protein 2; IP3–inositol triphosphate; IP3R–inositol triphosphate receptor; MEK-mitogen-ac-

tivated protein kinase kinase; NF-κB-nuclear factor kappa-light-chain-enhancer of activated B cells; PKC–protein kinase 

C; PLC–phospholipase C; Raf–serine/threonine kinase; Ras–rat sarcoma protein; ROS–reactive oxygen species; Shc–Src 

homology 2 domain-containing transforming protein 1; Sos–son of sevenless; Src-non-receptor tyrosine kinase. 

3. Immunogenic Cell Death and CGs 

Cell death is an extremely important process, which plays a role in homeostasis 

maintenance or tissue renewal. We distinguish accidental cell death, which occurs under 

extreme non-physiological conditions, and regulated cell death (RCD), which occurs most 

commonly both physiologically (also referred to as programmed cell death) and after ex-

posure to exogenous stress stimuli. Physiologically, cell death plays an important role in 

human and animal development [46], tissue remodeling in plants [47], but occurs also in 

unicellular organisms, such as bacteria [48]. Stress-driven cell death ensures a right phys-

iological equilibrium by eliminating irreversibly damaged cells. A lot of specific RCD mo-

lecular pathways (systematically described by the Nomenclature Committee on Cell 

Death, ref. [49]) have been described so far; however, morphologically, we distinguish 

three basic types: Type I, apoptosis, is typical by cytoplasmic shrinkage, chromatin con-

densation (pyknosis), nuclear fragmentation (karyorrhexis), and plasma membrane 

blebbing, all resulting in the creation of intact vesicles digested subsequently by macro-

phages. Type II, autophagy, is characterized by the formation of vesicles with fragments 

of cellular structures, which then fuse with lysosomes. Finally, type III RCD, necrosis, dif-

fers from the previous cell death types by practically direct shrinkage of the cytoplasmic 

membrane [49]. 

Immunogenic cell death (ICD), in contrast to the aforementioned RCD types, leads 

to potent stimulation of immune and inflammatory response and even establishment of 

long-term immunological memory. Recently ICD has been extensively reviewed by Gal-

luzzi et al. [50], thus, here we describe only basic molecular principles of ICD. ICD is a 



Biomolecules 2021, 11, 659 5 of 16 
 

 

type of RCD, which leads to the complete immunological response of the organism to 

infected or malignant cells. Such cells express and present antigens derived from micro-

organisms (microbe-associated molecular patterns), or mutation processes in tumors (tu-

mor neoantigens). These antigens are recognized by T cells. Healthy cells are usually not 

able to undergo ICD since their antigens are tolerated by the immune system. The most 

crucial molecules for the ICD process are damage-associated molecular patterns 

(DAMPs), which are usually constantly present in cells. They are first released, when ex-

posed to certain stress factors, such as viruses, radiation, and photodynamic therapies, or 

some US Food and Drug Administration (FDA)-approved drugs (oxaliplatin [51], lurbi-

nectedin [52], and cyclophosphamide [53]). Major DAMPs are ATP, calreticulin (CALR), 

high-mobility group box 1 (HMGB-1), type I interferon (IFN), annexin A1 (ANXA1), heat 

shock proteins 70 and 90 (HSP70, HSP90), or diverse nucleic acids, mainly cancer cell de-

rived ones. DAMPs ensure mainly recruitment of antigen-presenting cells (APCs) and T 

cells, especially guiding the interaction between APCs and dying cells, promotion of mat-

uration of APCs, and their capacity to affect cross-presentation (Figure 3).  

 

Figure 3. A schematic illustration of immunogenic cell death. The release of damage-associated molecular patterns 

(DAMPs), and activation of immune cells. ANXA1–annexin A1; APC–antigen-presenting cells; ATP–adenosine triphos-

phate; CALR–calreticulin; CD–a cluster of differentiation; DC –dendritic cells; ER–endoplasmic reticulum; HMGB-1–high 

mobility group box 1; HSP90/HSP70– heat shock protein 90/70; IFNγ–interferon γ; IL-interleukin; MHC I/-II–major histo-

compatibility complex I/II; TLR–Toll-like receptor; P2RX2/7-P2X purinoceptor 2/7; TNF α–tumor necrosis factor α. 

The release of the aforementioned DAMPs occurs for the most part after induction of 

endoplasmic reticulum (ER) stress by the above-discussed stimuli. It is now well estab-

lished that ER stress is essential for CALR plasma membrane exposure, which is one of 
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the most important steps in ICD induction. ER stress is a complex cellular pathway, which 

includes multiple proteins, such as protein kinase R-like ER kinase (PERK), which is phos-

phorylated at the beginning of the ER stress response and further phosphorylates eukar-

yotic translation initiation factor 2α (eIF2α). Phosphorylation of PERK is essential for cell 

death to be immunogenic because if PERK is depleted, the immunogenicity is lost. How-

ever, the process of CALR exposure is more complicated and includes multiple steps, ex-

tensively described in ref. [54]. Besides this direct pathway beginning with ER stress, an 

important role in ICD is played by reactive oxygen species (ROS), which, however, seem 

to be a double-edged sword in this process. On one hand, it has been proven that ROS-

induced autophagy triggers ER stress [55], on the other hand, ROS oxidize HMBG-1 and 

weaken the function of T cells [56]. In general, ROS are needed for ICD induction, since 

antioxidants successfully impede ICD, but for the further flow of the ICD process, it is of 

benefit to remove them from the tumor microenvironment [54,56]. To sum up, for ICD 

induction, ER stress-causing, and ROS-generating compounds must be sought. These 

characteristics are possessed also by CGs, as we showed while discussing NKA signal-

osome.  

CGs were first identified to cause ICD by Menger et al. in 2012, who designed auto-

mated specific epifluorescence microscopy assays for ICD detection. They monitored the 

release and translocation of DAMPs, such as CALR, ATP, or HMGB-1, after exposure of 

human osteosarcoma cells (U-2 OS) to 1,040 FDA-approved and experimental drugs. The 

cells were stably producing CALR in a fusion with a green fluorescent protein (GFP), 

which enabled monitoring of CALR localization. ATP was stained with quinacrine and 

HMBG-1 release was detected by the decreased intensity of fluorescence emission of 

HMBG-1-GFP in the nucleus or increased fluorescence emission intensity in the extracel-

lular area (detected by an enzyme-linked immunosorbent assay). In this screening, four 

CGs, digoxin, digitoxin, ouabain, and lanatoside A, were identified to be among the top 

ten most effective ICD inducers. The ability of CGs to cause CALR plasma membrane 

exposure and ATP and HMGB-1 release from cells to the extracellular area was further 

confirmed in a panel of human cancer cell lines, particularly cells from the cervix (HeLa), 

breast (MDA-MB 231), and colon adenocarcinoma (HCT 116), non–small-cell lung (A549), 

prostate (LNCaP), oral squamous (Cal27), and hepatocellular carcinoma (HepG2). In the 

same study, the authors confirmed that CGs induced ER stress, which was documented, 

for example, by phosphorylation of eIF2α. Moreover, it was shown that antioxidants in-

hibit the cytotoxicity of CGs, which means there is a strong correlation between their cy-

totoxicity and induction of ICD. Interestingly, Menger et al. confirmed the ability of cancer 

cells pretreated with CGs to vaccinate syngeneic mice against subsequent development of 

tumors consisting of the same type of cells, indicating that CGs can induce immunological 

memory [57].  

Such “vaccination” property represents an extremely interesting tool in developing 

novel anticancer therapies. Most recently, Xiang et al. [58] confirmed this effect of CGs 

and implemented it in their combinatorial approach. They combined a standard cancer 

chemotherapeutic cisplatin bound to N-(2-hydroxypropyl) methacrylamide polymer (P-

cis) with digoxin and investigated antitumor efficacy of such combination in B16F10 mel-

anoma-bearing mice. They reported that P-cis was far more cytotoxic than cisplatin alone. 

Unfortunately, 5% of a tumor tissue remained viable after the treatment, thus, resulting 

in a subsequent recurrence of the tumor. However, in the group receiving P-cis in combi-

nation with digoxin, 100% cytotoxicity was confirmed, due to very potently induced ICD, 

which was demonstrated mainly by increased levels of cytotoxic CD8+ T lymphocytes. 

Besides, key components of ICD were identified in P-cis/digoxin-treated mice, namely 

CALR exposure on the plasma membrane and increase in extracellular ATP and HMGB-

1. Considering that digoxin has very low systemic cytotoxicity, its property to induce ICD 

could be of extreme importance for future combinatorial anticancer applications with cur-

rently used drugs, which are not able to eliminate the tumor fully.  
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4. Immunomodulatory Action of CGs in Cancer Treatment 

The classic ICD pathway is, however, not the only mechanism, by which CGs impact 

the immune system and could, thus, be beneficial in cancer treatment. Da Silva et al. [59] 

studied the effects of ouabain on melanoma-bearing mice. They reported modulated lev-

els of B and T cells, reduction of regulatory T cells, and anti-inflammatory properties of 

ouabain, for example, a reduction of cytokines such as interleukin 1β (IL-1β). Moreover, 

Shih et al. reported increased levels of T cells, macrophage phagocytosis, and natural killer 

cell levels after treatment of WEHI-3 (leukemia cells) tumor-bearing mice with ouabain 

[60]. The complex impact of ouabain on the immune system and inflammation has been 

reviewed in ref. [61]. The research group of Shih et al. also presented a study of a bufadi-

enolide bufalin, which affected the immune system of mice comparably to ouabain [62]. 

Bufalin was also described to inhibit hepatocellular carcinoma (HCC) proliferation and 

migration. Yang et al. discovered a specific mechanism of bufalin immune system induc-

tion connected with reduced expression of the APOBEC3F gene (DNA dC->dU-editing 

enzyme). The authors bring evidence that the APOBEC3F gene is involved in the intestinal 

immune network of production of immunoglobulin A antibodies. As they found, certain 

members of this network, mainly polymeric immunoglobulin receptors or some chemo-

kine receptors, are often upregulated in HCC and are linked with enhanced cell prolifer-

ation. By downregulating the APOBEC3F gene and decreasing cellular concentrations of 

the intestinal immune network receptors, bufalin is probably able to inhibit HCC growth 

[63]. 

Besides bufalin, other bufadienolides are also capable of immune system induction. 

Xie et al. extensively described immunogenic properties of cinobufagin, which is one of 

the active compounds in traditional Chinese medicine Chan Su prepared from the skin 

and parotid glands of Chinese toad, Bufo bufo gargarizans. Cinobufagin inhibits the matu-

ration and production of cytokines and IL-1β, upregulates gene expression of human β-

defensins, and induces secretion of human neutrophil peptides from neutrophils, which 

contributes mainly to its antimicrobial activity [64]. Cinobufagin is not the only bufadi-

enolide from Chan Su with immunomodulatory properties. Cao et al. confirmed telocino-

bufagin to increase proliferation of natural killer cells and macrophages, enhance prolif-

eration of splenocytes, and increase levels of IL-2, IL-12, interferon-γ, or tumor necrosis 

factor in vitro [65]. Telocinofufagin and bufalin were studied also by Yuan et al. together 

with two other bufadienolides, gamabufotalin, and arenobufagin. Interestingly, the latter 

two compounds exert a selective antiproliferative activity against cancer cell lines U-87 

(glioblastoma) and SW1990 (pancreatic adenocarcinoma), since they were 3–5 times more 

toxic to these cell lines than to normal peripheral blood mononuclear cells. The other two 

tested compounds did not show such activity. Furthermore, gamabufotalin is capable of 

specifically downregulating the immunosuppressive regulatory T cells, which are often 

overexpressed in tumors, thus enhancing the antitumor immunity [66]. To sum up, CGs 

are potent immunostimulatory compounds, which with the use of potentiation of the im-

mune system effectively inhibit cancer cell growth and tumor progression. 

5. Immunomodulatory Action of CGs in Treatment of Autoimmune and Inflamma-

tory Diseases 

Besides cancer treatment, CGs could also be beneficial in the treatment of autoim-

mune diseases. The groundbreaking evidence in this field was published in 2011 by Huh 

et al., who studied the effects of digoxin on murine T-helper cells expressing IL-17 (Th17 

cells). In their study, digoxin was reported to specifically inhibit the transcriptional activ-

ity of retinoic acid receptor-related orphan receptor γ thymus (RORγt), which is expressed 

only in Th17 cells and is essential for IL-17 transcription. Due to this inhibitory activity of 

digoxin, differentiation of Th17 cells was inhibited, while other types of T cells were not 



Biomolecules 2021, 11, 659 8 of 16 
 

 

affected. Therefore, the onset of autoimmune reactions in mice was delayed and their se-

verity was reduced. Importantly, Huh et al. also studied non-toxic derivatives of digoxin, 

20,22-dihydrodigoxin-21,23-diol, and digoxin-21-salicylidene, which retained the affinity 

to RORγt and could thus be used as structural carriers for targeted therapy against auto-

immune diseases [67]. Interestingly, Karaś et al. [68] reported the ability of cardenolides 

digoxigenin, dihydroouabain, and strophanthidin to activate RORγt in HepG2 cells, 

which is exactly the opposite activity to that reported by Huh et al. This important differ-

ence might be caused by structural differences among the compounds, but also by the 

concentrations of the CGs. Huh et al. experimented with rather high concentrations of 

digoxin (dozens of µM), thus, Karaś et al. [69] decided to study lower concentrations of 

the same compound, which would be also more suitable for clinical purposes. Surpris-

ingly, they identified that digoxin activates RORγt in HepG2 cells similarly to the com-

pounds in their previous study. Likewise, Karaś et al. reported induction of transcription 

of IL17A/F, IL21, IL22, IL23R, CCR4, and CCR6 genes in Th17 cells, which shows a very 

complex impact of digoxin on the cellular immune system (see Figure 4).  

 

Figure 4. Cardiac glycosides at low nanomolar concentrations activate RORγt, whereas at high concentrations they cause 

RORγt transcriptional inhibition. This influences the production of interleukins (IL) 17 and 22 in T-helper cells expressing 

IL-17 (Th17). The interleukins promote autoimmune diseases by activating immune cells, such as follicular B-helper T cells 

(TFH), type 1 and type 2 T-helper cells (Th1, Th2), type 1 regulatory T cells (TR1), and regulatory T cells (Treg). These cells 

produce IL, interferon γ (IFNγ), or transforming growth factor-beta (TGF-β). 
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Th17 cells play an important role in inflammation and development of different in-

flammation-related diseases. Untreatable abdominal aortic aneurysm (AAA) occurring 

commonly in elderly males is one of them. This disease is characterized by local enlarge-

ments in the infrarenal aorta, the rupture of which causes death in 75 to 95% of patients. 

The rupture of the aorta in AAA is directly linked to inflammation, which is caused mainly 

by Th17 cells. Thus, Wei et al. [70] proposed digoxin to be a potential treatment for AAA. 

Their experiments on the apolipoprotein E-deficient mice model confirmed digoxin effi-

cacy since high doses of digoxin (40 µg per day per mouse) decreased AAA incidence 

twice in comparison to the control model. However, digoxin was not able to completely 

prevent AAA development and its concentration needed for RORγt inhibition was much 

higher (>10 µM) than the half-maximal cytotoxic concentration (dozens to hundreds of 

nM for various non-malignant cell lines after 48 h) [71]. Therefore, nontoxic derivatives of 

digoxin are needed to achieve a better therapeutic outcome, as well as to further study the 

relationships between Th17 and AAA. In general, IL-17 and Th17 are the basis for the very 

large clinical potential of digoxin. Due to RORγt inhibition and subsequent suppression 

of Th17 cells, digoxin could be beneficial also for the treatment of rheumatoid arthritis, 

atherosclerosis, or colitis [72–74].  

When talking about digoxin and inflammation, the effect of CGs on sterile (pathogen-

free) inflammation in the liver, particularly non-alcoholic steatohepatitis (NASH), must 

be mentioned. Ouyang et al. [75] reported their pivotal research on this topic in 2018 and 

only three years after, clinical trials of digoxin in the treatment of sterile inflammation 

(recruiting) [76] and NASH (not yet recruiting) [77] are in progress. Thus, these conditions 

joined the clinically tested portfolio of digoxin, which was so far limited to heart condi-

tions and cancer. In the study of Ouyang et al., the action of digoxin on NASH was re-

ported to be based on suppressing oxidative stress and maintaining cellular redox home-

ostasis. This was ensured by suppressing hypoxia-induced factor 1 α via binding to py-

ruvate kinase M2 (PKM2). Furthermore, digoxin was able to inhibit transcription of 

PKM2-dependent genes by impeding the binding of PKM2 to histones. By binding to 

PKM2, digoxin ensured also downregulation of transcription of nuclear factor kappa-

light-chain-enhancer of activated B cells (NFκB) and, most importantly, lowered the for-

mation of cytotoxic ROS in a cell. Therefore, the ratio of dead cells was lower and the 

progression of sterile inflammation was minimal as showed on mice models. Given this 

pivotal evidence, digoxin represents a potential treatment for NASH or sterile inflamma-

tion, and further studies on human patients are recommended to confirm this hypothesis.  

However, not only digoxin proceeded into clinical trials in connection with inflam-

mation. Related cardenolide digitoxin was tested on patients with cystic fibrosis (CF) as 

an agent potentially able to reduce airway inflammation. The major inflammatory marker 

present in sputum and fluid of CF patients is IL-8, the transcription of which is mediated 

by NFκB. Digitoxin, similarly to digoxin, was reported to suppress the activity of NFκB. 

The report from the preliminary clinical study of digitoxin (0.1 mg daily for 28 days) on 

CF patients showed good tolerability of this drug and a slight decrease of neutrophil lev-

els; however, it did not show a significant decrease of inflammatory markers, mainly IL-

8, in sputum. Moreover, it took a long time (up to 4 weeks) to reach a steady-state of ther-

apeutic concentration of digitoxin in serum. However, the study of nasal immune re-

sponse mRNA levels indicated significant transcriptional effects of digitoxin in patients. 

Mainly affected were levels of IL-8 and IL-6 mRNAs, which corresponds to the previous 

knowledge. Thus, it seems that digitoxin could be effective against airway inflammation, 

but observation longer than 28 days is needed for confirmation [78]. Besides digitoxin, 

bufalin was also reported as a potential airway inflammation drug. Zhakeer et al. studied 

its effects on asthmatic ovalbumin sensitized BALB/c mice and observed a significant de-

crease in levels of immune-inflammatory cells, such as macrophages, eosinophils, lym-

phocytes, or neutrophils, in bronchoalveolar lavage fluid. Additionally, levels of IL-4, IL-

5, and IL-13 in serum were lower. The main reason for such activity was confirmed again 
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as inhibition of NFκB [79]. Very similar outcomes were observed by Galvão et al. for oua-

bain [80].  

In addition to the aforementioned inflammatory conditions, neuroinflammation 

could be also potentially treatable with CGs. Jansson et al. [81] developed a screening sys-

tem for the identification of the compounds targeting inflammation in blood–brain bar-

rier-derived pericytes and endothelia. These cells are crucial for leucocyte extravasation 

during neurodegenerative diseases. By screening 1,280 FDA-approved drugs, the authors 

identified digoxin and lanatoside C as inflammation modifiers in the aforementioned 

cells. The two CGs potently inhibited IL-1β-induced secretion of cytokines and chemo-

kines, such as (C-C motif) ligand 2, intercellular adhesion molecule-1, soluble vascular cell 

adhesion molecule-1, or fractalkine. All inflammatory secretions were abolished in endo-

thelia, but in pericytes, increased levels of IL-6 were observed. The differences might be 

caused by cell-type-specific expression of NKA (as discussed in Section 2). To further con-

firm the anti-neuroinflammatory efficacy of CGs, Jansson et al. studied their effects on an 

ex vivo multicellular culture model explanted from post-mortem brains. This model of 

leptomeningeal and choroidal plexus tissue was shown to be similarly susceptible to di-

goxin and lanatoside C as pericytes and endothelia in vitro. Importantly, none of the CGs 

inhibited the inflammatory response fully, the basic level of inflammatory components 

needed for homeostasis was preserved. The mechanism of action of digoxin and lanato-

side C must yet be elucidated; however, the authors propose a certain role of NFκB or 

CCAAT/enhancer-binding protein δ, which downregulates IL-1β and is present in peri-

cytes. Neuroinflammation is a factor that highly increases the progression of neurodegen-

erative diseases. If the efficacy of CGs against this condition was proven, it would be a 

breakthrough in the treatment of many such diseases, since so far there are only a few 

effective drugs in the field and all the in vitro confirmed anti-neurodegenerative agents 

failed in in vivo preclinical and clinical testing. A similar premise holds good for other 

aforementioned conditions (Table 1). CGs, thus, represent extremely promising drug can-

didates and it is very worthy to study them further.  

Table 1. Potential therapeutic opportunities for cardiac glycosides (CGs) and the main mechanism of action against par-

ticular conditions. 

CG Condition Mechanism of Action Reference 

Digoxin, digitoxin, oua-

bain, bufalin 

gamabufotalin 

arenobufagin 

Cancer Induction of ICD [57,60,63,66] 

Cinobufagin Microbial infection Upregulating IL-1β [64] 

Digoxin 

Abdominal aortic aneu-

rysm 
RORγt inhibition, suppressing Th17 differentia-

tion 

[70] 

Rheumatoid arthritis [73] 

Colitis [72] 

Atherosclerosis [70] 

NASH 

Suppressing hypoxia-induced factor 1 α, NFκB 

transcription, and ROS through binding to 

PKM2 

[74] 

Digitoxin Cystic fibrosis Suppressing NFκB, downregulating IL-8 [78] 

Bufalin, ouabain 
Airway inflammation 

(asthma) 
Suppressing NFκB [79,80] 

ICD-immunogenic cell death; IL-1β-interleukin 1β; RORγt-retinoic acid receptor-related orphan receptor γ thymus; 

NASH-non-alcoholic steatohepatitis; NFκB-nuclear factor κB; ROS-reactive oxygen species; PKM2-protein kinase M2; IL-

8-interleukin 8. 
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6. Conclusions 

CGs are potent NKA inhibitors, which have long been used in cardiac medicine. 

However, due to the involvement of NKA in the very complex cellular signaling, CGs 

have recently attracted increased attention as potential therapeutics for various other in-

dications. Currently, they are being clinically tested mostly against cancer, since by trig-

gering the NKA signalosome, CGs can induce apoptosis. However, what makes CGs ex-

ceptional among other anticancer drug candidates such as antimitotics [82,83]? In this re-

view article, we showed that the great advantage of CGs in anticancer treatment is the 

induction of ICD. Owing to this characteristic, CGs might be an excellent option in com-

binatorial treatment, as they can efficiently eliminate cancer cells surviving after conven-

tional treatment. Furthermore, they might be useful in anticancer vaccination, as they 

have been shown to induce immunological memory. We also provided an overview of 

other potential therapeutic applications of CGs, which are linked with immunomodula-

tory properties, namely treating inflammation and autoimmune diseases. CGs can inhibit 

Th17 activity and IL-17 release through inhibition of the transcriptional activity of RORγt, 

by which they significantly reduce the inflammatory response. This, together with sup-

pressing NFκB activity, makes CGs potentially suitable for the treatment of sterile inflam-

mation, NASH, or airway inflammation complicating cystic fibrosis. In addition, due to 

IL-1β inhibition, CGs could also be beneficial in neuroinflammation and, thus, they rep-

resent a hope for the treatment of neurodegenerative diseases. To sum up, CGs could be 

potentially implemented in a broad portfolio of therapies, and, therefore, it is of great im-

portance to further study these compounds, elucidate their mechanism of immunomodu-

latory action, and move them further into clinical trials. 
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Abbreviations 

A549 Human cells from non–small-cell lung carcinoma 

AAA Abdominal aortic aneurysm 

ANXA1 Annexin A1 

AP1 Transcription factor 

APC Antigen-presenting cells 

APOBEC3F DNA dC->dU-editing enzyme 

ATP Adenosine triphosphate 

B16F10 Mouse cells from melanoma 

Cal27 Human cells from oral squamous carcinoma 

CALR Calreticulin 
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CD Cluster of differentiation 

CF Cystic fibrosis 

CG Cardiac glycosides 

DAMP Damage-associated molecular patterns 

DC Dendritic cell 

EGFR Epidermal growth factor receptor 

ER Endoplasmic reticulum 

ERK Extracellular signal-regulated kinase 

FDA US Food and Drug Administration 

GFP Green fluorescent protein 

GRB2 Growth factor receptor-bound protein 2 

HCC Human cells from hepatocellular carcinoma 

HCT 116 Human cells colon adenocarcinoma 

HeLa Human cells from cervical carcinoma 

HepG2 Human cells from hepatocellular carcinoma 

HMGB-1 High-mobility group box 1 

HSP70: HSP90 Heat shock proteins 70 and 90 

ICD Immunogenic cell death 

IFNγ Interferon γ 

IL Interleukin 

IP3 Inositol triphosphate 

IP3R Inositol triphosphate receptor 

LNCaP Human cells from prostate carcinoma 

MDA-MB 231 Human cells from breast carcinoma 

MEK Mitogen-activated protein kinase kinase 

MHC-I/-II Major histocompatibility complex I/II 

NASH Non-alcoholic steatohepatitis 

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 

NKA Na+/K+-ATPase 

P2RX2/7 P2X purinoceptor 2/7 

PCD Programmed cell death 

PERK Protein kinase R-like ER kinase 

PKC Protein kinase C 

PKM2 Pyruvate kinase M2 

PLC Phospholipase C 

Raf Serine/threonine kinase 

Ras Rat sarcoma protein 

Rcd Regulated cell death 
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RORγt Receptor-related orphan receptor γ thymus 

ROS Reactive oxygen species 

SHC Src homology 2 domain-containing transforming protein 1 

SOS Son of Sevenless 

Src Non-receptor tyrosine kinase 

TLR Toll-like receptor 

TNF α Tumor necrosis factor α 

U-2 OS Human cells derived from osteosarcoma 

WEHI-3 Human leukemia cells 
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