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a b s t r a c t

Cardiac glycosides (CGs) are approved for the treatment of cardiovascular alterations and their known
cellular target is the alpha subunit of the sodium (Na+)/potassium (K+)-ATPase (NKA).
Pharmacologically, they represent a well-known generation of drugs for treating cardiovascular prob-
lems, thus allowing the investigation of potential dose-dependent side effects.
Interestingly, since the end of the 1960s, epidemiological studies have indicated that anti-cancer effects

were associated with the regular use of these compounds. Since then, a large body of evidence has been
accumulated on the in vitro and in vivo effects of CGs in various experimental models, thus confirming
their selective action on cancer cell proliferation and viability.
CGs have the potential for targeted therapeutic applications. Many of the anti-cancer activities of these

compounds have been linked to the inhibition of their primary target, the NKA. A number of studies have
shown a correlation between the overexpression of specific alpha subunits in cancerous versus non-
cancerous cells and cancer cell responsiveness. Other findings have provided evidence of the on-target
nature of the ascribed anti-cancer effects. More recently, studies have indicated additional intracellular
targets for these agents, whose modulation might be, at least in some instances, unrelated to NKA target-
ing. These include endosomal trafficking of both NKA and Src kinase, downregulation of pro-survival
Mcl-1 and Bcl-xL pro-survival proteins, and immunogenic cell death induction, among others.
This research update summarizes the current knowledge about CGs as new, targeted anti-cancer

agents, alone or in combination with other chemotherapeutic compounds.
� 2016 Elsevier Inc. All rights reserved.
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1. Fundamental mode of action of cardiac glycosides

Considering the ability of many natural compounds with
chemopreventive or therapeutic potential to target multiple cellu-
lar components, it is essential to assess the anti-cancer potential of
compounds with a more limited range of molecular targets allow-
ing targeted interaction with cellular components. Among the
many natural chemical entities, cardiac glycosides (CGs) have been
previously described as scaffolds with a more limited target range
at low nanomolar concentrations to limit off-target effects, thus
representing a potential, targeted anti-cancer treatment approach.

CGs are clinically used drugs for the treatment of cardiac dis-
eases. Their mechanism of action is activated by the binding and
inhibition of or interference with the sodium (Na+)/potassium
(K+)-ATPase (NKA) transmembrane pump that controls Na+, K+,
and Ca2+ ion flows in muscle contraction as well as in excitable
cells [1]. NKA targeting as the initial trigger of the anti-cancer
activity of CGs is described in Section 2. Chemically, CGs are char-
acterized by a steroidal nucleus with 4 rings (A, B, C, and D). The
sugar moiety on ring A in position 3 controls the pharmacodynam-
ics of the compound. The nature of the lactone on the D ring in
position 17 divides CGs in two subgroups: cardenolides present a
butyrolactone, whereas bufadienolides are characterized by an a-
pyrone. The sugar and lactone moieties are in the cis conformation
relative to the steroid core [1]. Fig. 1A depicts the core CG scaffolds.

Cardenolides are not only endogenous or exogenous com-
pounds that inhibit the NKA pump to increase Na+ and intracellular
Ca2+ ions while depleting cells of K+; recent studies have shown
that this pump can activate an elaborate signalosome, leading to
the inhibition of proliferation and induction of cell death [2]. A
body of evidence indicates a dynamic balance between two dis-
tinct pools of functional NKA, pumping versus non-pumping, that
have differential sub-cellular localizations as well as preferential
a- and b-subunit isoform compositions, with important modula-
tory outcomes [3–5].

The inhibition of the ion pump activity versus the activation of
the cell death signalosome is dependent on the nature and concen-
tration of the cardenolide used. At elevated doses and for extended
periods of time, CGs profoundly affect the vital ionic gradients
leading to cell death by apoptosis or necrosis. This effect is not
directly dependent on other intracellular cancer-specific pathways
but merely kills cells by disrupting ionic homeostasis. At lower
concentrations, selected CGs activate a precise signaling pathway
or signalosome involving the a-subunit of the NKA and acting via
Src-EGFR-Ras-Raf-extracellular signal-regulated kinase (ERK),
AKT/Protein kinase (PK)B, and phosphoinositide 3-kinase (PI3K)
to inhibit proliferation and cell survival [6]. Moreover, other
reports suggest that the relative expression of specific NKA
subunits might actively influence the susceptibility to specific

cardenolides. The modulation of diversified, even opposite, cellular
responses has been shown by several CGs including ouabain (1)
[7–9] and oleandrin (2) [10] (Fig. 1B and C illustrates all CGs men-
tioned in this research update, following their order in the text).

A new targeted anti-cancer therapeutic approach would there-
fore be to (i) select CGs with a particularly high affinity for the NKA
a-subunit and (ii) match those CGs to cancer types overexpressing
these subunits to ultimately activate cell death [11]. Moreover,
better knowledge of the specific cell death regulators expressed
by target cancer types would allow the design of additional
‘‘smart” co-treatments, thereby further strengthening the anti-
cancer effects of CGs.

2. Anti-cancer activity of CGs

2.1. Overview

The aim of this research update is not to give an extensive over-
view of existing CGs but to provide insight into the specific anti-
cancer activities of this family of compounds and related identified
targets. Nature is a rich source of CGs such as digitoxin (3) and
digoxin (4), two cardenolides extracted from the foxglove or
Digitalis purpurea. Digitoxin was first used in the eighteenth cen-
tury by the botanist William Withering, although the active

Fig. 1. (A) Main cardiac glycosides. Cardiac glycosides (CGs) present a steroidal
nucleus with 4 rings (A, B, C and D). The sugar moiety on ring A, in position 3,
controls the pharmacodynamics of the compound. The nature of the lactone on the
D ring in position 17 divides CGs into two subgroups: cardenolides present a
butyrolactone, and bufadienolides are characterized by an a-pyrone. The sugar and
lactone moieties are in the cis conformation relative to the steroid core [1]. (B and C)
The molecular structures of CGs as described in the text. Each molecule is
numbered in order of its appearance in the text.
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