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compound also increased the number of cells in subG1 in 
a concentration- and time-dependent manner. At a long 
term, the reduction of cumulative population doubling was 
shown along with an increase of β-galactosidase positive 
cells and larger nucleus, indicative of senescence. Subse-
quently, CON inhibited the Na,K-ATPase in A549 cells at 
nM concentrations. Interestingly, at the same concentra-
tions, CON was unable to directly inhibit the Na,K-ATPase, 
either in pig kidney or in red blood cells. Additionally, 
results of docking calculations showed that CON binds 
with high efficiency to the Na,K-ATPase. Taken together, 
our data highlight the potent anticancer effects of CON in 
A549 cells, and their possible link with non-classical inhi-
bition of Na,K-ATPase.
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Abbreviations
CON	� Convallatoxin
NSCLC	� Non-small cell lung cancer
PAC	� Paclitaxel
FBS	� Fetal bovine serum
TB	� Trypan blue
NII	� Nuclear irregularity index
SDS	� Sodium dodecyl sulfate
DOC	� Deoxycholate
EDTA	� Ethylenediaminetetraacetic acid
RIPA	� Radioimmunoprecipitation assay buffer
PVDF	� Polyvinylidene fluoride
DAPI	� 4′,6-Diamidino-2-phenylindole
EGTA	� Ethylene glycol tetraacetic acid
FACS	� Fluorescence-activated cell sorting.

Abstract  Cardenolides are cardiac glycosides, mostly 
obtained from natural sources. They are well known for 
their inhibitory action on the Na,K-ATPase, an effect that 
regulates cardiovascular alterations such as congestive 
heart failure and atrial arrhythmias. In recent years, they 
have also sparked new interest in their anticancer poten-
tial. In the present study, the cytotoxic effects of the natu-
ral cardenolide convallatoxin (CON) were evaluated on 
non-small cell lung cancer (A549 cells). It was found that 
CON induced cytostatic and cytotoxic effects in A549 
cells, showing essentially apoptotic cell death, as detected 
by annexin V-propidium iodide double-staining, as well 
as changes in cell form. In addition, it prompted cell cycle 
arrest in G2/M and reduced cyclin B1 expression. This 
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Introduction

Lung cancers are the leading cause of cancer deaths world-
wide, with non-small cell lung cancer (NSCLC) represent-
ing the majority of cases [1]. Although NSCLC chemo-
therapy uses a variety of drugs with distinct mechanisms 
of action, the overall survival rate is low [2]. In addition, 
cell death resistance is a limiting factor in the therapeutic 
effects of a drug, leading to drug resistance [3]. Therefore, 
the search for new anticancer agents, especially with dif-
ferent mechanisms of action from those clinically available, 
remains an important goal to be followed.

Most of the anticancer agents in clinical use are natural 
products or derivatives. In this context, marine and terres-
trial organisms are considered important sources for novel 
lead compounds. Some of the well-known plant-derived 
anticancer drugs in clinical use are the vinca alkaloids vin-
blastine and vincristine, isolated from Catharanthus roseus; 
etoposide and teniposide, which are semisynthetic deriva-
tives of the natural lignan podophyllotoxin; and paclitaxel 
and docetaxel, which are derived from the Taxus species [4, 
5].

In recent years, cardenolides mainly obtained from Digi-
talis lanata, D. purpurea, and Convallaria majalis have 
been shown to present anticancer potential [reviewed in: 
[6–9]. In  vitro and in  vivo approaches have revealed that 
some cardenolides (e.g., digoxin, digitoxin, oleandrin, oua-
bain, and UNBS1450) present potent and selective antican-
cer properties [10–16].

The anticancer potential of convallatoxin (CON) 
(Fig.  1a), a well-known cardenolide with one l-rhamnose 
sugar, has been investigated in vitro against different can-
cer cells (e.g., colorectal [11], lung [17], cervical, fibro-
sarcoma, liver [18], breast [19], and pancreatic [20]), with 
promising results.

The cytotoxic effects of cardenolides have been cor-
related with the inhibition of Na,K-ATPase, a transmem-
brane antiport ion transporter that pumps three sodium out 
and two potassium into the cell membrane against their 
concentration gradients [21]. Na,K-ATPase exists as het-
erodimer conformations in the cell membrane, with equi-
molar amounts of the α and β subunits. A γ subunit is also 
encoded by the FXYD2 gene and forms part of the Na,K-
ATPase in some tissues [22]. The α subunit has a molecu-
lar weight of 112  kDa and is the catalytic subunit of the 
enzyme that contains the domains to binding Na+, K+, 
ATP as well as cardenolides. Four different isoforms have 
been described for the α subunit: α1, which is ubiquitously 
expressed across the tissues; α2, which is expressed in 
muscle, adipocyte, heart, and brain; α3, which is expressed 
mainly in brain; and α4, which is expressed in testis cells 
[23]. Moreover, these isoforms exhibit different sensitivi-
ties to cardenolides, which is dependent on two amino acid 

modifications in the first extracellular region of the α1 sub-
unit. The α1 subunit in rodents is essentially cardenolide 
insensitive, showing ∼1000-fold less sensitivity than the 
human subunit, whereas in humans, all isoforms present 
the same sensitivity to cardenolides [9]. In addition to its 
ion-translocating function, this protein complex may act as 
a receptor for cardenolide-activating intracellular signaling 
pathways, eliciting marked effects on cancer cell behavior. 
The most probable pathways include the involvement of 
Na,K-ATPase in cell adhesion, invasion, metabolism, and 
death [21, 24–26].

Although previous reports have addressed the cytotoxic 
effects of cardenolides, the investigation of their distinct 
mechanisms of cell death and their relationship with the 
possible membrane targets in different cancer cells has not 
yet been explored [8]. Additionally, few of these works 
have given special attention to CON. In this context, we 
herein describe, for the first time, the cytotoxic and cyto-
static effects prompted by CON in A549 cells, including 
its mechanism of cell death and cell cycle modulation. 
These data were also linked to the effects of CON on Na,K-
ATPase, the main target membrane of cardenolides.

Materials and methods

Cardenolides, chemicals, and cells

Convallatoxin, the positive control paclitaxel (PAC) and 
the inhibitor chloroquine (CQ) were purchased from 
Sigma–Aldrich, St. Louis, MO, USA. Prior to dilution in 
culture medium, these samples were dissolved in dimethyl 
sulfoxide (DMSO) (Merck Millipore, Billerica, MA, USA). 
Caspase inhibitor (z-VAD-FMK) was also purchased from 
Merck.

Human NSCLC cells (A549 cells, ATCC: CCL185) 
were grown in Minimal Essential Medium (MEM; Cultilab, 
Campinas, SP, Brazil) supplemented with 10% fetal bovine 
serum (FBS; Gibco, Carlsbad, CA, USA) and maintained 
at 37 °C in a humidified incubator under 5% CO2/95% air. 
Cells were maintained free of antibiotics, and were rou-
tinely screened for microorganisms, including mycoplasma.

Cell viability assessment

Trypan blue (TB) staining was used to evaluate A549 cell 
viability [27]. Cells (5 × 105/well in 6-well plates) were 
treated with CON up to 24, 48, and 72 h. Cells were then 
harvested by trypsinization and TB dye was added to the 
cell suspensions. Total cells (viable and non-viable) were 
counted on a Countess™ automated cell counter (Invit-
rogen, Carlsbad, CA, USA). Data were normalized to the 
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control and reported as number of cells and percentage of 
TB-positive cells.

Clonogenic assay

The clonogenic assay was performed according to Franken 
[28]. A549 cells (5 × 10² cells/well in six-well plates) were 
incubated at 37 °C for 24  h. Thereafter, treatment with 
CON at various concentrations was performed for 48  h. 
The medium was then removed, and cells received fresh 
medium supplemented with 10% FBS for 10  days. The 
medium was replaced every 3 days. After this period, the 
colonies were stained with crystal violet and counted using 
a stereomicroscope (Olympus, Center Valley, PA, USA).

Cell form analyses

To evaluate the cell form alterations, A549 cells were 
seeded in 12-well plates and treated with CON (10 and 100 
nM) and PAC (100 nM) for 48 h. After treatment, the cells 
were fixed and incubated with TRITC-labeled-phalloidin 
(Invitrogen, Carlsbad, USA) for F-actin staining. Fluores-
cence images were obtained using a Olympus FluoView™ 
1000, Hicksville, NY, USA from the Microscopy Center of 
the Federal University of Rio Grande do Sul (UFRGS) and 
brightness-contrast images were obtained using a BX-41 
inverted microscope (Olympus).

Nuclear form analyses

As described in “Cell form analyses” section, fixed cells 
were further DAPI-stained in 0.1% Triton X-100 (v/v in 
PBS) for 20 min at room temperature. To verify the influ-
ence of caspases, their inhibitor z-VAD was used in co-
treatment with CON at 100 nM. Nuclei images were taken 
and quantified using the Software Image J 1.50i (National 
Institutes of Health, Bethesda, USA) and the plugin “NII_
Plugin” is available at http://www.ufrgs.br/labsinal/NMA/. 
Data were presented as a plot of Area versus nuclear irregu-
larity index (NII), which separates nuclei by their morpho-
metric phenotype. The percentages of normal, large regu-
lar, and small regular nuclei were determined as described 
[29].

Flow cytometry for cell cycle analyses

A549 cells were treated with CON for 24, 48, and 72  h, 
and the effects on cell cycle were evaluated by propid-
ium iodide staining (PI—Sigma–Aldrich), as previously 
described [30]. Flow cytometry analyses were performed 
on a fluorescence-activated cell sorting (FACS) Canto II 
cytometer [Becton Dickinson (BD) GmbH, Heidelberg, 
Germany] and the events were acquired for each group. 

The population of cells in each phase of the cell cycle was 
determined using the free software Flowing 2.5.0 (Univer-
sity of Turku, Finland).

Flow cytometry for apoptosis analyses

A549 cells were treated with CON for 12 and 48  h, and 
then subjected to the annexin V-FITC Apoptosis Detec-
tion Kit (Sigma–Aldrich) [31]. Data were obtained with 
a FACS Canto II cytometer, and analyses were performed 
using the software Flowing 2.5.0. Camptothecin (5  μM) 
(Sigma–Aldrich) was used as positive control for apoptosis, 
and a pellet of cells freezing (− 80 °C)/defrosting (56 °C) 
was used as necrosis control. Apoptotic cells were identi-
fied by annexin V—propidium iodide double-staining.

Long‑term culture of A549 cells treated with CON 
and determination of population doublings

The long-term analysis was performed according to Silva 
et al. [32]. Cells were plated in 12-well plates at a density 
of 2 × 104 cells/well and exposed to CON at 10 and 50 nM, 
renewing the medium every 72 h. Treatments with a mini-
mum 20% and a maximum 80% of cells confluence were 
trypsinized, and population doublings (PD) were deter-
mined according to the formula PD =[log N(t) × logN(to)]/
log 2, where N(t) is the number of cells per well at time 
of passage and N(to) is the number of cells seeded in the 
previous passage. The sum of PDs was then plotted against 
the culture time. After all, the cells were stained with SA-β-
gal (Materials and Methods “Senescence-associated-β-
galactosidase (SA-β-gal) staining”) and DAPI, as shown in 
Materials and Methods “Nuclear form analyses”.

Senescence‑associated‑β‑galactosidase (SA‑β‑gal) 
staining

After long-term treatment (15 days), cells were washed 
with PBS, fixed in paraformaldehyde 4% for 15  min at 
room temperature, washed, and incubated with fresh SA-β-
gal staining solution (1  mg/mL X-gal (Sigma–Aldrich), 
40 mM citric acid/sodium phosphate (pH 6.0), 5 mM potas-
sium ferrocyanide, 5 mM potassium ferricyanide, 150 mM 
NaCl, and 2 mM MgCl) for 12 h at 36 °C. The results were 
presented as the ratio of SA-β-gal-positive cells to total 
cells of three independent experiments.

Molecular modeling analyses

The CON analog was generated using MarvinSketch (Mar-
vinSketch. [http://www.chemaxon.com/marvin/sketch/
index.jsp]). Next, CON was refined using the semi-empir-
ical parametric method 7 (PM7) [33] implemented on 

http://www.ufrgs.br/labsinal/NMA/
http://www.chemaxon.com/marvin/sketch/index.jsp
http://www.chemaxon.com/marvin/sketch/index.jsp
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MOPAC software [34]. Gasteiger charges were then added 
to CON and the molecular target 4HYT [35] using the 
AutoDock Tools software [36]. A grid box was generated 
to cover the entire binding site with x, y, z −27.065, 20.469, 
−69.469 Å. The validation redocking step was performed 

according to a previous study [37]. Finally, the docking 
process was performed using AutoDock Vina, with exhaus-
tiveness set to 20 [38]. The docking results were analyzed 
using Discovery Studio 4.5 [39].
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Fractionation of cell lysates and preparation 
of membrane fractions

A total of 3.0 × 105 cells were grown in 75  cm2 culture 
flasks and treated with CON (5, 10, and 50 nM). After 48 h 
of treatment, cells were washed with PBS and removed by 
scrapping the surface of the culture flask in a membrane 
preparation buffer [6 mM Tris (pH 6.8), 20 mM imidazole, 
0.25 M sucrose, 0.01% SDS, 3 mM EDTA, and 1/1000 pro-
tease inhibitor]. Cells were homogenized in a potter–Elve-
hjem system (Nova Técnica, Piracicaba, SP, Brazil), for 
twenty stokes in ice. This step was followed by centrifuga-
tion at 4000×g for 10  min at 4 °C (Eppendorf, Hamburg, 
Germany). Next, the supernatant was subjected to centrifu-
gation at 20,000×g for 90 min at 4 °C. Finally, the pelleted 
membrane fraction was resuspended in 150 µL of mem-
brane preparation buffer.

The purified Na,K-ATPase was prepared from pig kid-
ney outer medulla as proposed by Jørgensen [40], with the 
modifications described by Jensen, Nørby, and Ottolenghi 
[41]. The stock preparations were kept at −20 °C in stor-
age buffer (12.6 mM imidazole, 0.625 mM EDTA, 250 mM 
sucrose, titrated to pH 7.4 with HCl). The ATPase activity 
at 37 °C was in the range of 6–20 μmol mg− 1 min− 1, values 
compatible with fully functional preparations.

Preparations of human erythrocyte cytoplasm-free mem-
brane ghosts were performed according to Sousa and cow-
orkers [42]. Briefly, the blood concentrates were spun at 
6500×g for 10 min at 4 °C. The precipitates were dissolved 
in a solution of 20 mM Tris–HCl (pH 7.4), 130 mM KCl, 
and 0.6 mg/ml phenylmethylsulfonyl fluoride (PMSF). This 

suspension was spun at 6500×g for 10  min at 4 °C. The 
cells were submitted to lysis by freezing in liquid nitro-
gen followed by thawing at room temperature (25 °C). The 
lysates were then mixed with 5  mM 4-2-hydroxyethyl-
1-piperazineethanesulfonic acid (HEPES; pH 7.4), 1  mM 
ethylenediamine tetraacetic acid (EDTA), and 0.6  mg/ml 
PMSF and spun again at 9,000×g for 10 min at 4 °C. This 
centrifugation step was repeated four times; the resulting 
pellet was dissolved in 10 mM HEPES (pH 7.4), 130 mM 
KCl, 0.5 mM MgCl2, and 0.05 mM CaCl2, and finally spun 
at 9000×g for 10 min, mixed with a small volume of this 
last buffer, and stored in nitrogen until use.

Measurement of CON effects on Na,K‑ATPase activity

Na,K-ATPase activity was measured using two membrane 
preparation approaches. Firstly, membrane fractions from 
A549 cells were prepared as described in item 2.8. A549 
cells membrane preparations (15 µg of protein) were incu-
bated at 37 °C for 1 h in 120 mM NaCl, 20 mM KCl, 2 mM 
MgCl2, 3  mM ATPNa2, and 50  mM HEPES, (pH 7.5). 
Secondly, The purified Na,K-ATPase (9.6 µg of protein) or 
erythrocyte ghost membranes (23 µg of protein) were incu-
bated at 37 °C for 20 min in medium containing 130 mM 
NaCl, 20 mM KCl, 40 mM Tris–HCl (pH 7.4), and 5 mM 
MgCl. Both experiments of membrane preparations were 
evaluated in the absence or presence of ouabain (1  mM) 
and increasing concentrations of CON. The Na,K-ATPase 
activity was determined by measuring the Pi released, 
using a previously described colorimetric method [43], and 
specific activity was considered as the difference between 
the total and ouabain-resistant ATPase activities [44].

Western blot analyses

A549 cells (5.0 × 105/well in six-well plates) were treated 
with CON at 10 and 100 nM for 24 h or 48 h. Whole cells 
were harvested after lysis with RIPA lysis buffer (25 mM 
Tris–HCl pH 8.0, 137 mM NaCl, 10% glycerol, 0.1% SDS, 
0.5% DOC, 1% NP40, 2mM EDTA pH 8.0, 5  mg ml− 1 
leupeptin, 5  mg ml− 1 aprotinin, 0.2  mM Pefabloc, 1  mM 
sodium vanadate, and 5 mM benzamidine) and centrifuged 
at 10,000×g for 20 min, at 4 °C. Protein concentration was 
determined by the Bradford assay (kit from Bio-Rad, Her-
cules, USA). Equivalent amounts of protein were separated 
on a 10% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS–PAGE) followed by electron transfer to 
PVDF membranes (Millipore, Darmstadt, HE, Germany). 
After blocking with 5% non-fat milk in PBS Tween, mem-
branes were incubated overnight at 4 °C with cyclin B1 
antibody or LC3B (Cell Signaling Technology, Danvers, 
MA, USA). After incubation with the corresponding sec-
ondary antibody conjugated to horseradish peroxidase, 

Fig. 1   CON induced cytotoxic effects in A549 cells. a Chemi-
cal structure of convallatoxin. b Growth inhibition of A549 cells by 
CON expressed as number of cells after 24, 48, and 72 h of treatment 
obtained by the Trypan blue assay. The data shown represent the scat-
ter plot (+bars representing the mean of three independent experi-
ments) ***p < 0.001 (ANOVA followed by Dunnett’s test) when 
compared to the untreated control (CC). c Effects of CON on A549 
cell viability. The viability was normalized as a percentage of cells 
and represented as scatter plot (+bars representing the mean of three 
independent experiments). **p < 0.01 and ***p < 0.001 (ANOVA 
followed by Dunnett’s test) when compared to the untreated control 
(CC). d CON reduced clonogenic survival. After 48 h of CON treat-
ment, cells were washed with warm PBS, received fresh medium and 
were allowed to grow for 10 days. Colonies of A549 cells were meas-
ured by staining them with crystal violet. The images shown repre-
sent the mean ± SD of three independent experiments. e A549 cell 
form changes in cells treated with CON at 10 and 100 nM for 48 h. 
Images were captured by a phase-contrast microscope, 400×. Red 
arrows indicate form changes in relation to the control. The images 
shown are representative of three independent experiments. f F-actin 
staining with rhodamine phalloidin and DAPI of A549 cells after 
CON treatment and captured by a fluorescence microscope, 400×. 
Yellow arrows indicate changes in cytoskeletal form in relation to the 
control. The images shown are representative of three independent 
experiments. (Color figure online)

◂
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protein bands were revealed by Pierce Enhanced Chemilu-
minescence ECL substrate (Thermo Scientific, MA, USA) 
using a ChemiDoc MP device (Bio-Rad). An antibody 
against β-actin (Sigma–Aldrich) was used as control for 
equal loading.

Statistical analyses

The results were expressed as scatter plot (+bars represent-
ing the mean of three independent experiments) as recom-
mended by Klaus (2016) to show small datasets (<10) [45] 
or stacked bars to show cell cycle data. Statistical analyses 
were performed by one-way ANOVA followed by the Dun-
nett’s or Tukey’s post hoc tests. GraphPad Prism 5 software 
(GraphPad, USA) was used to calculate all the data.

Results

CON affected A549 cells proliferation and viability

In the present study, CON was evaluated for its effects on 
A549 cell proliferation and viability by Trypan blue assay 
(Fig.  1b, c). CON reduced A549 cell numbers at all the 
tested concentrations after 48  h (Fig.  1b). The decrease 
in proliferation observed at 100 nM was accompanied by 
the accumulation of Trypan blue-positive cells at 48  h 
(Fig.  1c). Effects on cell viability were time-dependent. 
No significant statistical differences were observed in rela-
tion to the controls on Trypan blue-positive cells after 24, 
48, and 72 h when cells were treated with CON at 10 nM. 
Treatment with CON at 100 nM decreased the number of 
viable cells in relation to the controls, within the first 48 h, 
reaching only 30% of cell death after 72 h.

CON inhibited A549 cell colony formation

To assess the effects of CON on the reproductive cell integ-
rity to establish colonies, the clonogenic activity was inves-
tigated in A549 cells. Following 48 h exposure to various 
concentrations of this compound (0, 10, 50, and 100 nM), 
cells seeded in six-well plates were then incubated with 
free-CON media for 10 days. It was found that CON expo-
sure leads to significant suppression of colony formation, 
since the lowest tested concentration (10 nM) almost com-
pletely abolished the clonogenic capacity. Colonies with 
more than 50 cells were not observed at all the concentra-
tions tested (Fig. 1d).

CON exposure caused cell form changes in A549 cells

In order to verify the cell form features after CON expo-
sure, brightness–contrast images were taken after 48 h of 

treatment. As shown in Fig.  1e, cells treated with CON 
at 100 nM for 48  h showed the typical appearance of 
apoptotic cells, such as cell shrinkage and apoptotic bod-
ies under a phase-contrast microscope, as shown for PAC 
(Supplementary data, Fig. S1). In Fig.  1f, rhodamine 
phalloidin staining showed that CON treatment induced 
partial disorganization and disruption of the actin stress 
fibers.

CON induced cell cycle arrest and down‑regulated 
cyclin B1 expression

To further investigate the growth inhibition potential of 
CON in A549 cells, the effects on cell cycle progression 
were evaluated by FACS analyses. Cell distribution after 
24, 48, and 72 h of CON treatment was different from that 
of the untreated controls, as observed in Fig. 2a, b. Expo-
sure of A549 cells to CON at 10 and 100 nM showed a 
significant increase in cells in the G2/M phase at all times 
tested, followed by an increase in cells in subG1 over the 
time.

We also evaluated the expression of a key molecular 
driver of G2/M phase, cyclin B1, after 24 h of treatment by 
WB analysis. Figure 2c, d shows that CON down-regulates 
cyclin-B1.

Nuclear form analyses of A549 cells

Since CON treatment resulted in a significant decrease in 
cell viability, as well as enhancement of cells in subG1 
and form changes, we wondered whether it would induce 
apoptosis. Initially, cell death was measured in A549 cells 
by microscopic observation of nuclear form upon staining 
with the nuclei dye DAPI. Cells untreated or treated with 
CON for 24, 48, and 72 h were incubated with DAPI for 
15 min at 37 °C, and the nuclear form was observed by flu-
orescence microscopy (Fig. 3a). The images were captured 
and analyzed by nuclear morphometric analysis (NMA) 
(Fig.  3b). The morphometric analysis of nuclei size and 
irregularity showed that CON at 100 nM increased the per-
centage of small and regular nuclei, characteristic of apop-
tosis (Fig.  3c). To verify the involvement of caspases, at 
the same concentration of CON (100 nM) that caused sig-
nificant induction of cell death, cells were co-treated with 
the pan caspase inhibitor z-VAD. In this condition, small 
and regular nuclei almost disappeared, showing that CON 
effects in A549 cells are caspase-dependent. Cells with 
irregular nuclei (large and small) comprised less than 2%, 
and are not shown in the graph. PAC was used as positive 
control and showed a high percentage of fragmented and 
shrunken nuclei (Supplementary Material, Fig. 1).
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Fig. 3   CON induced apoptotic cell death. a A549 cells were stained 
with DAPI in order to detect nuclear form. Cells treated with CON 
(10 and 100 nM) for 24, 48, and 72 h were photographed and ana-
lyzed. Red arrows indicate shrunken and fragmented nuclei. 400×. 
b The data were presented as a plot of area versus nuclear irregu-
larity index (NII), which separates nuclei by their morphomet-
ric phenotypes. Letters represent normal (N), large regular (LR), 
and small regular (SR) nuclei. c The data shown are represented 
as scatter plot (+bars representing the mean of three independent 
experiments).**p < 0.01 and ***p < 0.001 (ANOVA followed by 
Dunnett’s test) when compared to the untreated control (CC). d A549 
cells were stained with annexin V-FITC and PI, following treatment 

with CON, and analyzed by flow cytometry. In each panel, the lower 
left quadrant shows cells that are negative for both annexin V-FITC 
and PI; the lower right quadrant shows annexin V positive cells, 
which are in the early stage of apoptosis; the upper left shows PI posi-
tive cells, which are dead; and upper right shows both annexin V and 
PI positive cells, which are in the late stage of apoptosis. e Percent-
ages of annexin V positive cells (early and late apoptosis) after 12 
and 48 h of CON treatment. The data shown are represented as scatter 
plot (+bars representing the mean of three independent experiments). 
(**p < 0.01, ANOVA followed by Dunnett’s test) when compared to 
the untreated control (CC). (Color figure online)
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Evaluation of apoptosis

To confirm the induction of apoptosis observed by nuclei 
shrinkage, annexin V-FITC/PI double-staining was per-
formed. A549 cells were treated with CON for 12 and 48 h. 
Fig.  3d shows four sets of populations: unstained viable 
cells, early apoptotic cells (annexin V positive), necrotic 
cells (PI positive cells), and late apoptotic cells (annexin 
V and PI positive cells). CON treatment (100 nM) led to 
a significant increase in the population of cells undergoing 
apoptosis after 48 h of treatment (Fig. 3e).

CON affected A549 cells at long‑term treatment

Further experiments were conducted to determine if long-
term treatment with CON would affect A549 cell prolifera-
tion. These cells were treated for 48 h, followed by CON-
free medium for 14 days. CON reduced the number of CPD 
in comparison to the control at 10 nM (Fig. 4a); however, 
the cells maintained their proliferative potential. At 50 nM, 
few cells survived until the end of the experiment (less than 
10% confluence) making impossible to count CPD. Addi-
tionally, after this period, cells were stained to evaluate 
nuclear form and SA-β-gal-positive cells (Fig.  4b). CON 
induced at 50 nM an increase of ~80% of β-gal-positive 
cells (Fig.  4c). At 10 nM, an increase of larger regular 
nuclei (Fig. 4d, e) was observed as well as the cells become 

flat, increase their volume and display a vacuole-rich cyto-
plasm, characteristic of senescence.

CON effects on Na,K‑ATPase activity

Figure  4 shows the ability of CON to inhibit the Na,K-
ATPase isolated both from pig kidney (Fig. 5a) and human 
erythrocytes (Fig. 5b). The most significant inhibition was 
observed at the highest tested concentrations (500 nM, 
1 and 10  µM). On the other hand, when the enzyme was 
obtained from A549 cells treated with CON (5 nM) for 
48  h, it caused a 60% decrease in Na,K-ATPase activity 
(Fig. 5c).

According to the docking calculation outcomes, CON 
was able to bind to the Na,K-ATPase through − 11.3 Kcal/
mol. Our previous studies showed that ouabain complex 
with Na,K-ATPase by −9.8 Kcal/mol. This result suggests 
that CON binds to the enzyme as effectively as ouabain. 
Figure 6 shows the complex formed between CON and the 
Na,K-ATPase. As can be seen, the CON complex among 
the domains M1, M2, M4, M5, and extracellular M7-8 
transmembrane alpha-helix domains of the α1 subunit 
(Fig. 6a), composed of Gln111, Asp121, Leu125, Ala323, 
Glu312, Phe316, Phe783, Phe786, Arg880 (Fig.  6b). In 
addition, Gln111 and Glu117 formed hydrogen bonds; 
while Leu125, Phe316, Ala323, Phe783, and Phe786 per-
formed hydrophobic interaction (Fig.  6c). In contrast, a 

Fig. 3   (continued)
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steric bulk was observed for Glu312 and Arg880 against 
rhamnose moiety.

Discussion

In a recent publication [17], we reported that CON was 
one of the most effective cardenolides, among other tested 
cardenolides, in reducing proliferation, migration, and 
invasion of A549 cells. In that paper, we also showed the 
inhibition of proliferation of other cancer cells, such as 
human rhabdomyosarcoma RD, human colon carcinoma 
HCT-8, and human prostate carcinoma LNCaP. In previous 
reports, CON has been reported to be a potent cytotoxic 
cardenolide with IC50 values at nM concentration ranges, 
as identified herein. Its anti-proliferative effects were evalu-
ated in cancer cells from different origins, such as colorec-
tal (HT29, HCT116, and CC20) [11], non-small cell lung 
(H460 and A549) [17, 18, 46, 47], glioblastoma (U87MG) 
[47], cervical (HeLa) [18], liver carcinoma (HepG2) [18, 
48], fibrosarcoma (HT1080) [18], pancreatic (MiaPaCa-2, 
BxPC-3, Panc-1, Capan-1, Su.86.86, and CFPAC-1) [20], 
breast (MCF-7), ovarian (1A9), kidney derived from meta-
static skin (CAKI-1), skin (S-KMEL-2) [47], and prostate 
cell lines (DU-145) [48], and (PC3) [47]. Some of these 
reports also mentioned that CON was more cytotoxic to 
cancer cells than to non-cancerous cells [17, 18].

Although several studies have reported the anti-prolifer-
ative effects of CON in different cancer cells, few of them 
have investigated its effects in more detail [17, 18, 49]. In 
the current investigation, we focused on Na,K-ATPase and 
on the cytotoxic and cytostatic effects of CON in a NSCLC 
by various experimental approaches. Firstly, we evaluated 
loss of membrane integrity by TB. This assay showed that 
CON reduced viability in a concentration and time-depend-
ent manner. Moreover, the clonogenic assay defines the 
relationship between the concentration of a drug used to 
produce the effects and the fraction of cells that retain their 
ability to reproduce. Herein, we show that CON was able to 
inhibit the clonogenic capacity of A549 cells. Kaushik and 

coworkers (2016) also showed CON effects on clonogenic 
survival in NSCLC, H460 cells. They showed that CON at 
25 nM almost completely abolished the clonogenic capac-
ity of these cells, similar to what we found in this study at 
10 nM.

Secondly, cell cycle analyses suggested an arrest of the 
G2/M phase and a concentration-dependent activation of 
caspases, which was evidenced by cell accumulation in the 
subG1 phase. Several cardenolides have been demonstrated 
to have anti-proliferative activity via cell cycle regulation 
[13]. These effects are well documented, essentially sug-
gesting the accumulation in the G2/M phase [10, 14, 50, 
51], as observed in this work. These effects may precede 
the onset of cell death prompted by this compound [8]. In 
lung cancer cells (A549 and H460), the effects on cell cycle 
distribution of treatment with two well-known cardiac gly-
cosides, digoxin (50 nM) and ouabain (25 nM), for 24 h, 
revealed no significant alterations in the G1 or S phases. A 
slight increase in G2/M arrest was observed in A549 cells, 
and a more significant G2/M arrest was shown in H460 
cells [10]. Since our results showed that the percentage of 
cells in the G2/M phase increased upon exposure to CON, 
we further investigated how CON might induce G2/M 
phase arrest. Specifically, we examined the expression of a 
key molecular driver of this phase, named cyclin B1, using 
Western blot analyses. Cyclin-dependant kinase complexes 
(CDKs) are positive regulators of cell cycle progression. 
Especially, the complex B-CDK1 needs to be activated dur-
ing the G2/M phase in order to permit cell cycle progres-
sion [52]. CON proved to down-regulate cyclin B1, similar 
to what was reported by Elbaz et  al. (2012) for digitoxin 
and the synthetic analog D6-MA. Kaushik and cowork-
ers (2016) reported that CON arrested more than 80% of 
H460 cells in the G0/G1 phase in dose-dependent manner. 
The same authors verify that CON significantly inhibits the 
expression of cell cycle proteins CDK4 and cyclin D1 [49].

Thirdly, to investigate whether CON mediated reduc-
tion of cell viability and increased cells in subG1, we 
performed the NMA and annexin V experiments. DAPI 
staining showed mainly condensed nuclei, with apoptosis 
induction being observed in A549 cells (further validated 
by NMA analysis and z-VAD protection). As it has been 
shown by CON, the externalization of phosphatidylserine 
is also an indicator of apoptosis [31]. Additionally, differ-
ent authors showed that CON caused induction of apoptosis 
and autophagy in HeLa cells [18] and in H460 cells [49]. 
We also evaluated the possible induction of autophagy 
by CON; however, this was not confirmed in A549 cells 
(Supplementary data S2). These data indicate the ability 
of CON to trigger diverse pathways and to induce differ-
ent mechanisms of cell death, depending on cell type. In 
general, cardenolides exert anti-proliferative and cytostatic 
effects on different cancer cell models, as also mentioned 

Fig. 4   Long-term effects of CON in A549 cells. a Cells were treated 
with CON (10 and 50 nM) for 48 h followed by growth in the drug-
free medium for the indicated time. Cumulative population doubling 
(CPD) were counted. b After 15 days, cells were stained with SA-β-
gal in order to detect senescence or DAPI in order to detect nuclear 
form. Red arrows indicate SA-β-gal-positive cells. Yellow arrows 
indicate large nuclei. The images shown are representative of three 
independent experiments for both conditions 400×. c percentage of 
SA-β-gal-positive cells. d DAPI stained cells were presented as a 
plot of Area versus nuclear irregularity index (NII), which separates 
nuclei by their morphometric phenotypes. Letters represent normal 
(N), irregular (I), large regular (LR), and large irregular (LI) nuclei. 
e The data shown are represented as scatter plot (+bars representing 
the mean of three independent experiments). (Color figure online)

◂
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in this work [11, 37, 51, 53]. Their ability to reduce cancer 
cell viability is one of the main hallmarks of their antican-
cer activities. In this sense, after 48 h of treatment, CON 
showed a percentage of cells arrested lower than the cell 
number; this effect is probably caused by the induction 
of apoptosis in parallel with cell cycle arrest. However, 
besides apoptosis, different kinds of cell death might co-
exist in this cell population when treated with CON. None-
theless, multiple types of cell death are triggered by these 
compounds, and the induction of apoptosis has been more 
frequently reported [18, 54–56].

After all the experiments with short duration times 
(~72  h), we decided to treat cells for 48  h and evaluate 
CON effects after long recovery times (up to 15 days). As 
reported by Silva and coworkers (2016), cancer is a chronic 
disease and needs to be evaluated also in long experi-
mental times which may be fundamental to plan in  vivo 

experimental conditions. After this period, CON induced 
senescence in ~20% of the population at the lowest concen-
tration tested. At 50 nM, very few cells survived and senes-
cence can operates as a mechanism of tumor suppressor to 
prevent the proliferation of seriously damaged cells.

To improve the pharmacological window of CON or 
other cardenolides, substituents on the aglycone moiety and 
the stereochemical orientation may vary greatly and enrich 
their activity [9]. Cardenolides, such as convallatoxol and 
convalloside have a similar chemical structure to CON, and 
showed less cytotoxicity than CON among several cancer 
cells tested [19]. Levrier and coworkers deduced that the 
aldehyde group at C10 on CON plays an important role in 
the cytotoxic activity. However, in another study, convalla-
toxol, which presents an OH group instead of an aldehyde 
group at C10, showed strong induction of apoptosis [57]. 
Nonetheless, the structure–activity relationship among 

Fig. 5   Concentration–response inhibition of Na,K-ATPase activ-
ity. a Purified Na,K-ATPase activity from pig kidney preparation. 
b Na,K-ATPase activity of red blood cell membrane preparation. c 
Na,K-ATPase activity in A549 cells. Cells were incubated with CON 
for 48 h with various concentrations, and membrane preparation was 

performed. The data shown are represented as scatter plot (+bars rep-
resenting the mean of three independent experiments). **p < 0.01, 
***p < 0.001 and ****p < 0.0001 (ANOVA followed by Dunnett’s 
test) when compared to the untreated control (CC). (Color figure 
online)
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Fig. 6   Na,K-ATPase complexed with CON. a Close-up view of the 
binding site of human model (solid ribbons representation) with 
CON (tube representation). b 3D representation of the binding site of 

Na,K-ATPase complexed with CON. c 2D pharmacophoric diagram 
between CON and Na,K-ATPase. The non-polar hydrogen was omit-
ted for better visualization. (Color figure online)
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seven cardenolides, including CON, revealed that their 
potent cytotoxicity is associated to the presence of a mono-
glycoside unit at C3 and an aldehyde function at C10 on the 
aglycone [19].

Additionally, the structural differences among card-
enolides cis–trans–cis steroids could interfere with bind-
ing properties of Na,K-ATPase, and also appear to alter 
subsequent signaling cascades. For example, several facts 
suggest that the DNA topoisomerases might be involved in 
the anticancer activity of cardiac glycosides, including oua-
bain, digoxin, and proscillaridin A in breast cancer MCF-7 
cells. Several topoisomerase inhibitors currently used in the 
clinic (e.g., etoposide and camptothecin derivatives) have a 
lactone moiety, which seems to be crucial for their antican-
cer effects [57]. In this way, it is possible that CON modu-
lated the activity of topoisomerase II prior to the induction 
of apoptosis. However, cardenolides effects in topoisomer-
ase II on lung cancer cells have not been reported in the 
literature so far and should be better investigated.

Next, we tested whether CON inhibits Na,K-ATPase 
enzyme activity. This enzyme plays essential roles in 
ionic homeostasis and the regulation of diverse cell sign-
aling events, including apoptosis, by binding to card-
enolides [7]. The docking experiments confirmed that 
CON binds with high efficiency to the M1, M2, M4, M5, 
and extracellular M7-8 transmembrane. Although CON 
shows high binding energy in docking, this cannot be 
directly associated with a potent inhibitory effect of the 
pump. Based on these results, Weigand [58] tested the 
binding affinities of CON and ouabain to the α1 and 2 
isoforms, and found similar binding affinities.

CON treatment is able to cause direct inhibition of pig 
kidney and human erythrocyte only at high concentra-
tions (500 nM and 1  µM, respectively). However, lower 
concentrations (5–10 nM) were needed to inhibit the 
Na,K-ATPase in intact cells, at a range of concentrations 
similar to those required for the cytostatic effects in A549 
cells. Other cardenolides presented similar effects on 

Fig. 7   CON induced cytostatic and cytotoxic effects in A549 cells, 
showing essentially apoptotic cell death. In addition, it prompted cell 
cycle arrest in G2/M and reduced cyclin B1 expression. CON also 
inhibited the Na,K-ATPase in A549 cells at nM concentrations. How-

ever, at the same concentrations, CON was unable to directly inhibit 
the Na,K-ATPase, either in pig kidney or in red blood cells. (Color 
figure online)
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membrane preparations and in intact cells, showing the 
possibility of the modulation of Na,K-ATPase expression 
in the cell membrane [59].

It is likely that the ability of CON to inhibit the Na,K-
ATPase at low concentrations in A549 cells is dependent 
on the modulation levels of the enzyme in the membrane, 
and not on the direct inhibition. A549 cells expressed α1, 
α2, and α3 isoforms of Na,K-ATPase [60]. Even though 
the affinity of the isoforms in humans is similar, there is 
little information about the specific signaling pathways 
modulated by the different isoforms. It has been demon-
strated that the α2 isoform is not able to activate ERK1/2 
and Src [61, 62]. Another important fact is that cells 
that have low or no expression of α3 isoform are almost 
insensitive to the effect of ouabain, and the specific ratio 
between α1:α3 may be important to determine the sensi-
tivity for cardiotonic steroid drugs [60].

The lack of correlation between these two Na,K-
ATPase activity models prompts discussion of how CON 
affects this enzyme. These results appear not to be linked 
to the classical alterations in pumping activity, the posi-
tive inotropic effect that causes an increase in intracel-
lular calcium, but rather, to the stimulation of the non-
pumping pool of Na,K-ATPase, which in turn activates 
intracellular signaling pathways [8, 63].

Conclusion

In conclusion, we showed that CON possesses cyto-
toxic properties. A549 cells treated with this cardenolide 
undergo death, as evidenced by loss of membrane integ-
rity, nucleus shrinkage, phosphatidylserine exposure, and 
caspase induction evidenced by z-VAD protection. More-
over, we showed, that CON induced G2/M phase arrest 
and cyclin B1 down-regulation. At a long term, CON also 
induces senescence in A549 cells. It also proved to be a 
Na,K-ATPase inhibitor, and the nature of this mechanism, 
such as signal transduction by protein–protein interac-
tions, is a matter that deserves further investigation in 
this cell line. Taken together, our findings suggest that 
CON might work as an antitumor agent to help prevent 
lung cancer (Fig. 7).
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