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Abstract
Purpose Cardenoliddes are steroid glycosides which
are known to exert cardiotonic eVects by inhibiting the
Na+/K+-ATPase. Several of these compounds have been
shown also to possess anti-tumor potential. The aim of the
present work was the characterization of the tumor cell
growth inhibition activity of four cardenolides, isolated
from Periploca graeca L., and the mechanisms underlying
such an eVect.
Methods The pro-apoptotic and cytostatic eVect of the
compounds was tested in U937 (monocytic leukemia) and
PC3 (prostate adenocarcinoma). Characterization of apop-
tosis and cell cycle impairment was obtained by cytoXuori-
metry and WB. 
Results Periplocymarin and periplocin were the most
active compounds, periplocymarin being more eVective
than the reference compound ouabain. The reduction of cell
number by these two cardenolides was due in PC3 cells
mainly to the activation of caspase-dependent apoptotic
pathways, while in U937 cells to the induction of cell cycle
impairment without extensive cell death. Interestingly,
periplocymarin, at cytostatic but non-cytotoxic doses, was
shown to sensitize U937 cells to TRAIL.
Conclusions Taken together, our data outline that cardiac
glycosides are promising anticancer drugs and contribute to

the identiWcation of new natural cardiac glycosides to
obtain chemically modiWed non-cardioactive/low toxic
derivatives with enhanced anticancer potency.

Keywords Cardenolides · PC3 · U937 · Apoptosis · 
Cell cycle · TRAIL

Introduction

The class of steroid-like compounds designed cardiac gly-
cosides includes well-known drugs such as digoxin, digi-
toxin, and ouabain. These compounds have been used for
many years mainly for the treatment of cardiac congestion
and some types of cardiac arrhythmias [1]. The known and
accepted mode of action of cardiac glycosides is inhibition
of ubiquitous plasma membrane Na+/K+-ATPase [2].
Recent Wndings suggest for Na+/K+-ATPase a new interest-
ing role as signal transducer, demonstrating its involvement
not only in maintaining electrolyte balance but also in sev-
eral biological processes [3, 4]. Over the years there have
been various reports suggesting that cardiac glycosides may
have an anticancer utilization [5]. Evidences of the antineo-
plastic potential of cardiac glycosides have been obtained
in in vitro studies. Their ability to induce cell death in cells
from tumors of diVerent hystogenetic origin [6–9] and to
interfere with cell adhesion and cell–cell interaction pro-
cesses has been demonstrated [10]. In addition to these
studies on cancer cells in vitro, the most relevant evidences
of the beneWcial eVects of cardiac glycosides in cancer
treatment were drawn from epidemiological data. The death
rate and cancer recurrence turned out to be lower in women
with breast cancer treated with digitalis than in non-treated
patients [11]. Moreover, Haux et al. [12] observed a
reduced incidence of leukemia/lymphoma and kidney/urinary
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tract tumors in subjects with elevated plasmatic concentra-
tions of digitoxin.

One of the main obstacles for the clinical utilization of
these molecules as antitumoral are their narrow range of ther-
apeutic safety: in most of cell culture studies, in fact, the
doses of compounds used to induce apoptosis are considered
cardiotoxic; moreover diVerent species of model animals
show a wide variability in susceptibility of these cardiac
glycosides making problematic extrapolation from animal
model in the human [13]. However, Langenhan et al. [14]
showed that sugar modiWcations by neoglycorandomization,
can dramatically, and independently, modulate both cyto-
toxic properties and the Na+/K+-ATPase inhibitory properties
of cardiac glycosides. Moreover, Daniel et al. [15] found that
the removal of the chemical group responsible for inhibition
of Na+/K+-ATPase did not abrogate the proapoptotic eVect of
some cardiac glycosides, thus suggesting that in addition to
inhibition of Na+/K+-ATPase, other mechanisms might be
responsible for apoptotic induction by these compounds.
Several mechanisms have been proposed to underlie the anti-
neoplastic potential of cardiac glycosides [16], which include
inhibition of glycolisis, increase of intracellular Ca++ and
hydrogen peroxide, cellular acidiWcation, inhibition of topoi-
somerase II, regulation of Wbroblast growth factor-2, inacti-
vation of transcription factor NF-kB.

In our previous work [17] we investigated the antiprolif-
erative activity of cardenolides isolated from Periploca
graeca L. (Asclepiadaceae) small branches, a perennial
liana occurring wild in southeast European and west Asian
countries, and we found that 17�-conWguration of the lac-
tone ring is crucial for the cytotoxic eVect, together with the
presence of a sugar residue at C-3, while no signiWcant
changes in the IC50 values were observed between the
mono-, di-, and tri-glycosilated compounds. In the present
study, we tested the antiproliferative activity of the most
abundant compounds periplogenin, periplocymarin, perip-
locin, and 17�-periplocin (Chart 1) in U937 (human mono-
cytic leukemia) and PC3 (androgen-independent prostate
adenocarcinoma) cell lines. The mechanism(s) underlying
the growth inhibition activity of the more active com-
pounds periplocymarin and periplocin were investigated.
Moreover, the capability of periplocymarin to sensitize
U937 cells to TRAIL-induced apoptosis was studied.

Materials and methods

Chemicals

Fetal bovine serum (FBS) was from Bio-Whittaker, CellTiter-
Blue® Reagent was from Promega. Antibodies: anti-caspase-3
(rabbit polyclonal, AAP113) was obtained from Stressgen
(CA, USA), anti-� tubulin (mouse monoclonal, B-5-1-2)

from Sigma-Aldrich (MO, USA), peroxidase-conjugated
secondary antibodies goat anti-rabbit (111-035-003) and
goat anti-mouse IgG (115-035-003) from Jackson Immuno-
Research (PA, USA). Porcine cerebral cortex Na+/K+-ATP-
ase, ouabain, and all the other chemicals were purchased
from Sigma-Aldrich (MO, USA). Human recombinant
Superkiller TRAIL (tumor necrosis factor-related apoptosis
inducing ligand, ALX-201-115), monoclonal antibody to
human TRAIL receptor DR5 (ALX-804-298) and isotype
control immunoglobulins (mouse IgG1, ALX-804-870)
were purchased from Alexis Biochemicals. FITC-conju-
gated secondary antibody goat anti-mouse IgG (115-095-003)
was from Jackson ImmunoResearch (PA, USA).

Periplogenin, periplocymarin, periplocin, and its 17�-
isomer were isolated from P. graeca L. small branches. The
dried powdered stems (480 g) were extracted with n-hex-
ane, CHCl3, CHCl3-MeOH (9:1), and MeOH, to give 3.2,
6.7, 8.6, and 16.0 g of the respective residues. The CHCl3

extract (6.0 g) was puriWed by Xash silica gel column
(6.0 £ 16.0 cm), eluting with CHCl3 followed by increas-
ing concentrations of MeOH (between 1 and 100%) in
CHCl3. Fractions of 30 mL were collected and grouped into
ten fractions (1–10). Fractions 2 (330 mg) and 6 (400 mg)
were subjected to RP-HPLC on a C18 �-Bondapak column
(30 cm £ 7.8 mm, Xow rate 2.0 mL min¡1) with MeOH-
H2O (3:2) to aVord pure periplogenin and periplocymarin
from fraction 2 and 17�-periplogenin and periplocin from
fraction 6, respectively. The structural characterization of
pure compounds was obtained by NMR and MS analyses.

Cells and treatment

Human monocytic leukemia U937 and androgen indepen-
dent prostate cancer PC3 cells were from Cell Bank in

Chart 1
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GMP-IST (Genova, Italy). Cells were maintained in RPMI
1640 medium supplemented with 10% (v/v) FBS, 2 mM
L-glutamine and antibiotics (100 U/mL penicillin, 100 �g/mL
streptomycin) at 37°C in humidiWed atmosphere with 5%
CO2. To ensure logarithmic growth, cells were subcultured
every 2 days. Human peripheral blood mononuclear cells
(PBMC) were isolated from buVy coats of healthy donors
(kindly provided by the Blood Center of the Hospital of
Battipaglia, Salerno, Italy) by using standard Ficoll–Hypaque
gradients. Freshly isolated PBMC contained 95.6 § 2.7%
live cells. Tested compounds and ouabain, used as a refer-
ence molecule, were dissolved in DMSO and stored as
stock solutions (4 mM) at ¡20°C. Working solutions,
prepared in PBS, were used to obtain the desidered concen-
trations in culture medium. In all experiments, the Wnal
concentration of DMSO did not exceed 0.013% (v/v).

Na+/K+-ATPase inhibition assay

The Na+/K+-ATPase inhibitory potency of tested molecules
was evaluated in a cell-free system. Na+/K+-ATPase activ-
ity was monitored spectrophotometrically by the molybdate
assay according to Jortani et al. [18] Samples containing
the buVer alone were used as no-inhibitor control and
results were expressed as percentage of ATPase activity
with control considered as 100%.

Cell proliferation and viability

U937 and PC3 in 96 well-plates (2 £ 104/well and 1 £ 104/
well, respectively) were exposed to increasing concentra-
tions of cardenolides or vehicle only for the indicated
times. Then, the number of cells was quantiWed by using
the CellTiter-Blue® Cell Viability assay. The CellTiter-
Blue® Reagent was added and the cultures incubated for 1 h
before Xuorescence (�exc 560 nm, �em 590 nm) readings
were taken. At these wavelengths, none of tested com-
pounds have a Xuorescence signal.

Flow cytometry analyses

Apoptosis detection

The DNA content was evaluated by propidium iodide (PI)
incorporation in permeabilized cells according to the avail-
able protocol [19] and Xow cytometry. Data from 10,000
events per sample were collected and the percentage of the
elements in the hypodiploid region was calculated using the
CellQuest software. PI staining of non-permeabilized cells
was taken as a measure of necrosis. The percentage of cells
actively undergoing apoptosis was also evaluated by
Annexin V/PI test according to the manufacturer’s instruc-
tions (Human Annexin-V/FITC kit, Bender Medsystem,

CA, USA). Annexin V binds phosphatidylserine residues
exposed during apoptosis and PI stains the cellular DNA of
those that have compromised cell membranes. Green
(Annexin V-FITC) and red (PI) Xuorescence of individual
cells were measured by Xow cytometry. Electronic com-
pensation was required to exclude overlapping of the two
emission spectra.

Depolarization of mitochondria

Loss of mitochondrial transmembrane potential was deter-
mined using the potential sensitive probe tetramethylrhod-
amine ethyl ester (TMRE) [20]. BrieXy, control and treated
PC3 cells were loaded at 37°C with TMRE dye (5 nM, Wnal
concentration). After 30 min, cells were harvested and Xuo-
rescence intensity was evaluated by Xow cytometry (FL2
channel).

Cell cycle analysis

To evaluate cell cycle distribution, control and treated
U937 cells were harvested and nuclei were labeled with PI
as described for apoptosis detection and analyzed by Xow
cytometry. Data from 20,000 events per sample were
collected and the relative percentage of the cells in G0/G1,
S and G2/M phases of the cell cycle were determined using
the MODFIT software (Becton Dickinson, San Jose, CA,
USA).

Western blot

Activation of the eVector caspase-3 was evaluated by
measuring the extent of the 32-kDa proenzyme (CPP32)
processing to generate 17- and 12-kDa fragments. Western
blot analyses were performed as previously described [21].
Signals were visualized using the enhanced chemilumines-
cence Western blotting detection system according the
manufacturer’s instructions (Amersham, USA).

ImmunoXuorescence

U937 cells (2 £ 105) were washed twice with PBS and
incubated with saturating amounts of mouse anti-TRAIL-
R5, or an appropriate isotype control antibody for at least
1 h on ice. After being washed once, the cells were exposed
to a FITC-conjugated goat anti-mouse for an additional
hour. Then cells were rinsed twice in PBS, resuspended in
the same buVer, and analyzed by Xow cytometry. Excita-
tion wavelength used for FITC was 488 nm; the emitted
green Xuorescence (�max 520 nm) was detected using FL-1
band-pass Wlter. A total of 20,000 cells were analyzed for
each sample. Data analysis was performed by using the
Cell Quest software.
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RT-PCR

U937 cells were seeded in 12-well plates (5 £ 105 cells/
well) and exposed for 24 h to 100 nM periplocymarin or
vehicle only. To detect the expression of DR5 and house-
keeping gene �-actin, total cellular RNA was extracted
from 5 £ 105 cells using TRIzol ®LS Reagent (Invitrogen,
Carlsbard, CA, USA) according to the manufacturer’s
instructions. cDNAs were synthesized from 2 �g of total
RNA using the SuperScript First-Strand Synthesis System
kit for RT-PCR (Invitrogen, Carlsbard, CA, USA) with the
supplied oligo(dT) primers under conditions described by
the manufacturer. The simultaneous ampliWcation of DR5
and �-actin was performed in a 20 �L reaction mixture
using cDNA derived from 200 ng of RNA (10% of Wrst-
strand reaction mix) using Platinum® Taq DNA Polymer-
ase (Invitrogen, Carlsbard, CA, USA). The following
speciWc primer pairs were used in polymerase chain reaction:
DR5 sense, 5�-GCTTCATGGACAATGAGATAAAGGT
GGCT-3�; DR5 antisense, 5�-CCAAATCTCAAAGTAC
GCACAAACGG-3�; �-actin sense, 5�-TGACGGGGTC
ACCCACACTGTGCCCATCTA-3�; �-actin antisense, 5�-C
TAGAAGCATTTGCGGTGGACGATGGAGGG-3�, giving
products of 502 and 661 base paires respectively. PCR
products were size-fractionated by 1,5% agarose gel
electrophoresis and the resulting bands were detected by
ethidium bromide staining. Images were acquired with a
Gel Doc System (Gel Doc 2000, BioRad).

Statistical analysis

Data are expressed as the mean § standard error of the
mean (SEM) of at least three independent experiments, per-
formed in duplicate, showing similar results. DiVerences
between treatment groups were analyzed by the student
t test or by ANOVA test. DiVerences were considered
signiWcant when P < 0.05.

Results

Antiproliferative activity

Exponentially growing cultures of U937 and PC3 cells
were incubated with increasing doses of each cardenolide
and the number of viable cells was evaluated after 24 h.
The EC50 value (half maximal eVective concentration) for
each compound was calculated from the respective dose–
response curves (Table 1). In both cell lines cardenolides
displayed the same EC50 ascending order, even though
U937 proved more susceptible than PC3. Periplocymarin
and periplocin were active in a nanomolar range of doses
like the reference compound ouabain [6], while periplogenin

and 17�-periplocin displayed their inhibitory activity at
doses higher than 1 and 2.5 �M, respectively. Changes in
the cell number by periplocymarin and periplocin were also
monitored as a function of incubation time without any
further loading of the drugs (Fig. 1). As indicated by the
slopes of the growth curves, cardenolide-treated PC3 cells
seemed to recover with the time a proliferation rate compa-
rable to that of controls; by contrast, U937 showed a more
marked delay in recovering the proliferation rate of con-
trols, thus suggesting that periplocymarin and periplocin
might cause the reduction of the cell number through diVer-
ent mechanisms.

Inhibition of Na+/K+-ATPase

Next, we evaluated the inhibitory activity of cardenolides
against porcine Na+/K+-ATPase in a cell-free system.
Figure 2 shows that periplocymarin and periplocin, the
most active as growth inhibitor, displayed also the highest
Na+/K+-ATPase inhibitory activity. Interestingly, irrespec-
tive of whether periplocymarin growth inhibition potency
was comparable to that of ouabain, its Na+/K+-ATPase
inhibition activity was, even slightly, lower than that of the
reference compound [18].

Pro-apoptotic activity of cardenolides

A reduction of tumor cell number might depend upon the
occurrence of cell death (cytotoxic eVect) or cell cycle
block (cytostatic eVect). Thus, to characterize the mecha-
nisms underlying the antiproliferative eVects of periplo-
cymarin and periplocin on PC3 and U937, the ability of the
two cardenolides to induce cell death (by apoptosis or
necrosis) or to aVect cell cycle progression was further

Table 1 Cancer cell growth inhibition by cardenolides

PC3 and U937 cells were cultured in the absence and in the presence
of increasing doses of cardenolides or ouabain for 24 h and the number
of cells was determined as described in “Materials and methods”. Data
represent the mean values § SEM of three experiments performed in
quintuplicate
a Cell growth inhibition potency is expressed as EC50, which is the
eVective concentration of the compound that causes a 50% reduction
in cell number relative to untreated cells. EC50 values for each isomer
were calculated from the dose-response curves

Compound EC50 (nM)a

PC3 U937

Periplogenin 1410 § 65 1200 § 56

Periplocymarin 180 § 10 83 § 9

Periplocin 267 § 21 120 § 10

17�-periplocin >2500 >2500

Ouabain 210 § 18 94 § 11
123



Cancer Chemother Pharmacol (2009) 64:793–802 797
investigated. PC3 and U937 cells were exposed for 24 h to
doses of periplocymarin and periplocin close to the respec-
tive EC50 values in the two cell lines. The induction of
DNA fragmentation (hypodiploid cells), assessed by Xow
cytometry after cell permeabilization and PI staining, was
taken as an evidence of apoptotic mode of cell death. As
summarized in Fig. 3, both compounds displayed signiW-
cant pro-apoptotic activity in PC3 cells. In particular, the
percentages of apoptotic cells exposed to periplocymarin
and periplocin were about nine and Wvefold higher than that
of control cells, respectively. In contrast, in U937 cells both
the two cardenolides turned out to cause only a slight
increase in the percentage of apoptotic cells. Very high
doses (>1,000 nM) of periplocymarin and periplocin were
required to observe a 30–40% of apoptotic cells.

It must be pointed out that doses ·300 nM of periplo-
cymarin or periplocin did not cause PC3 and U937 necrotic
death as assessed by Tripan blue exclusion assays or PI
staining of non-permeabilized cells (data not shown).

Analysis of cardenolide-induced apoptosis in PC3 cells

To get further evidence for periplocymarin-induced apopto-
tic mode of cell death in PC3 cells, the exposure of phos-
phatidylserine residues, a hallmark of early apoptosis [22],
was evaluated in cells exposed to diVerent doses of the car-
denolide for 14 h. Double-staining of cells with Annexin V
and PI allows for the discrimination of live cells (unstained
with either Xuorochrome, Annexin V¡/PI¡) from early
apoptotic cells (Annexin V+/PI¡), late apoptotic cells
(Annexin V+/PI+) or necrotic cells (stained only with PI).
Figure 4, upper panel, shows that periplocymarin caused a
dose-dependent increase in the percentage of cells in both
early and late apoptosis, without any signiWcant increase in
the percentages of necrotic cells (Annexin V¡/PI+).
Figure 4 shows also that the presence of Z-VAD fmk, a
pan-caspase inhibitor, strongly reduced, if not completely
ablated, the percentage of periplocymarin-induced

Fig. 2 ATPase inhibition by cardenolides. Inhibition of porcine Na+/
K+ ATPase activity by periplogenin (PG), periplocymarin (PCY),
periplocin (PC), 17�-periplocin (17�-PC) and by the reference
compound ouabain was evaluated as described in “Materials and
methods”. Data are expressed as percentage of sodium pump activity.
Results represent the mean values § SEM of three separate experi-
ments performed in duplicate

Fig. 1 Kinetics of PC3 and 
U937 growth inhibition by car-
denolides. Cells were cultured in 
presence of a Wxed dose (PC3, 
200 nM; U937, 100 nM) of peri-
plocymarin (PCY) and periplo-
cin (PC) up to 48 h. Control cells 
(C) received only the vehicle. 
The number of cells was quanti-
Wed as described in “Materials 
and methods”. Data represent 
the mean values § SEM of three 
experiments performed in quin-
tuplicate

Fig. 3 Cardenolides induced apoptosis in cancer cells. PC3 and U937
cells were exposed for 24 h to 200 or 100 nM of periplocymarin (PCY)
and periplocin (PC), respectively. Control cells were exposed to vehi-
cle only (C). DNA fragmentation was evaluated by Xow cytometry (PI
staining of permeabilized cells) and results are expressed as the
percentage of the total cell population analyzed (10,000 events). Data
reported are the mean values § SEM from three separate experiments.
*P < 0.05
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phosphatidylserine exposure. This result suggested the
involvement of caspases in the apoptotic death response
elicited by periplocymarin. Accordingly, the activation of
the eVector caspase-3 was found in periplocymarin-treated
PC3 cells. The blots reported in Fig. 4, lower panel, show
the presence of the 17 and 12-kDa digestion fragments in
cardenolide-exposed cells, while only the zymogen (32 kDa)
was detectable in controls.

Mitochondria have been shown to play a central role in
apoptosis signaling pathways, especially the intrinsic sig-
naling pathway [23]. Mitochondria initiating the apoptotic
cascade have altered mitochondrial transmembrane poten-
tial (��m) and permeabilized outer membrane, resulting in
the release of soluble pro-apoptotic proteins. Thus, changes
of ��m in periplocymarin- and periplocin-treated PC3
were monitored to assess the involvement of mitochondria
in cardenolide-induced apoptosis. As shown in Fig. 5, cell
treatment with both compounds caused a signiWcant
increase in the percentage of cells with depolarized mito-
chondria, as compared to control cells.

Cell cycle impairment by cardenolides

The Wnding that periplocymarin and periplocin, at concen-
trations eVective in reducing the U937 cell number by 50%,
exhibited very low pro-apoptotic activity in this cell line,
prompted us to investigate the eVects of the two cardeno-
lides on U937 cell cycle progression. Cells were exposed
for 24 h to 100 nM of each cardenolide and cell cycle distri-
bution was evaluated in PI labeled nuclei (as for apoptosis
detection) by Xow cytometry. According to our hypothesis,
periplocymarin and periplocin impaired U937 cell cycle
progression, by causing cells to accumulate in G2/M
(Fig. 6). Conversely, PC3 cells exposed to 200 nM
(+EC50) of periplocymarin or periplocin for 24 h displayed
only a slight increase in the percentage of cells in G0/G1,
but substantially the cell cycle proWle was similar to that of
control cells (data not shown).

Periplocymarin sensitizes U937 toward TRAIL-induced 
apoptosis

First we evaluated the amount of TRAIL, a cytokine of the
TNF family with selective antitumor activity [24], required
to induce apoptosis in U937. Cells were exposed for 24 h to
increasing doses of TRAIL and the percentage of hypodip-
loid cells was measured by Xow cytometry after PI labeling
of permeabilized cells. Up to 70 ng/ml of the drug, the per-
centage of apoptotic cells was only slight increased (<10%)
as compared to control (3%). At 150 ng/ml TRAIL the per-
centage of hypodiploid cells raised to 30% (data not
shown).

To evaluate the capability of periplocymarin to sensitize
U937 to apoptosis induced by TRAIL, cells were exposed
for 24 h to sub-optimal doses of both compounds, alone or

Fig. 4 Periplocymarin induced caspase-dependent apoptosis in pros-
tate cancer cells. Upper panel PC3 cells were incubated for 14 h with
periplocymarin (PCY) or vehicle only (C). An aliquot of cells was pre-
exposed for 1 h to 30 �M z-VAD-fmk before addition of 200 nM PCY.
Cells were double-stained with Annexin V-FITC and PI before Xow
cytometric analysis. Gray bars percentages of apoptotic cells (Annex-
inV+/PI¡ plus AnnexinV+/PI+ cells); black bars percentages of necrot-
ic cells (AnnexinV¡/PI+ cells). Lower panel PC3 cells were treated
with 200 nM of periplocymarin (PCY) or vehicle (C) for 14 h. Activa-
tion of pro-caspase 3 was evaluated by Western blot as described in
“Materials and methods”. The amount of proteins loaded was equal in
all lanes of the gel, as veriWed on parallel immunoblots probed with
anti-tubulin antibody

Fig. 5 Alteration of the mitochondrial transmembrane potential in
prostate cancer cells. Mitochondrial depolarization was assessed by
Xow cytometry in PC3 cells treated for 14 h with 200 nM of periplo-
cymarin (PCY), periplocin (PC) or vehicle only (C, solid Wlled gray
histograms) and then loaded with TMRE. The histograms are represen-
tative of three experiments performed in duplicate with similar results
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combined, and the percentages of apoptotic cells were
measured. As summarized in Fig. 7 (upper panel), while
TRAIL alone (10 ng/ml) induced less than 10% of hypo-
diploid cells, its combination with periplocymarin caused
more than 50% cells to undergo apoptosis. Interestingly,
PBMC did not undergo apoptosis either when exposed to
the single agents or their combination. The sensitization of
neoplastic cells to TRAIL was detectable also at earlier
times as assessed by evaluating the exposure of phosphati-
dylserine residues in U937 cells co-treated with periplo-
cymarin and TRAIL for 16 h (Fig. 7, lower panel).

The next step was to evaluate whether the observed peri-
plocymarin-induced sensitization was due to an increased
surface membrane expression of DR5, the only functional
receptor in U937 cells [25]. As shown by immunoXuores-
cence proWles reported in Fig. 8, the extent of anti-TRAIL-
R5 antibody binding to the receptor was eVectively
enhanced in cardenolide-treated U937 as compared to con-
trol cells. Moreover, by means of RT-PCR analysis, we
demonstrated that periplocymarin induced an increase in
DR5 receptor mRNA levels (Fig. 9).

Discussion

In the present study, we evaluated the cell growth inhibition
activity of periplogenin, periplocymarin, periplocin, and its

17�-isomer, four naturally occurring cardenolides [17], in
two tumor-derived cell lines. PC3, a human prostate cancer
cell line, and U937 cells, a human monocytic leukemia cell
line, were chosen as an experimental model since the
antitumor potential of cardiac glycosides in prostate cancer
and leukemia cell lines has been previously demonstrated
[6, 26, 27].

Despite the close similarity, tested compounds displayed
diVerent cell growth inhibitory potency. Periplocymarin
and periplocin were the most eVective as cell growth inhib-
itors, being active in a nanomolar range of doses like the
reference compound ouabain [6]. The diVerent ability of
tested compounds to interact with porcine Na+/K+ ATPase
seems to account, at least in part, for their diVerent growth
inhibition potency. 17�-periplocin and periplogenin are the
less eVective as Na+/K+-ATPase inhibitors and displayed
also the lowest antiproliferative activity. It is well estab-
lished that the 17�-conWguration of the lactone is crucial
for the interaction with the pump [28] and that genines are
less potent than glycosides [18]. The diVerence in the
time-dependent kinetics of inhibition suggested that peri-
plocymarin and periplocin, the most eVective as cell growth
inhibitors, activated diVerent response in the two cell lines.
Accordingly, we found that the reduction of cell number by
the two cardenolides was due to the activation of apoptotic
pathways in PC3 cells, while in U937 cells to the induction
of cell cycle impairment. One possible explanation for the

Fig. 6 EVect of cardenolides on 
cell cycle progression in U937 
cells. Upper panel U937 cells 
were incubated for 24 h with 
100 nM of periplocymarin 
(PCY), periplocin (PC), or the 
vehicle only (C). Cell cycle dis-
tribution was evaluated by Xow 
cytometry after PI staining of 
nuclei. Data are expressed as the 
percentage of the total cell popu-
lation in each phase of the cell 
cycle. Results indicate the mean 
values § SEM of three separate 
experiments. *P < 0.05 versus 
C. Lower panel Representative 
histograms of cell cycle distribu-
tion of U937 cells treated with 
vehicle only or PCY
123



800 Cancer Chemother Pharmacol (2009) 64:793–802
diVerent responses elicited by tested cardenolides in
PC3 and U937 cells might be that diVerent isoforms of
Na+/K+-ATPase proteins are expressed in these two cell
lines. Na+/K+-ATPase is an oligomer composed of three
polypeptides, �, � subunits and the auxiliary FXYD sub-
unit, the Wrst containing the “catalytic” site and the binding
sites for ATP and glycosides [29]. The main isoforms of �
subunits (�1, �2, and �3) have been characterized [30].
Though Na+/K+-ATPase signaling has been reported to be
primarily associated with �1 isoform, also the other iso-
forms seem to be relevant as modulator of �1-mediated sig-
naling [30]. PC3 cells were found to express both the �1
and �3, while U937 express only the �1 isoform [31, 32].
Moreover, a diVerent composition of PC3 and U937 plasma
membrane might also contribute to the diVerent eVects
observed in the two cell lines. Data reported by Raghavendra
et al. [33] supported the latter hypothesis. They found that
oleandrin, a naturally occurring cardiac glycoside, induced
apoptosis in human cancer cells, but not murine, and
attributed such a diVerence to a diVerent plasma membrane
composition in the two species.

The apoptotic mode of cell death induced by periplo-
cymarin in PC3 cells was conWrmed by the occurrence of
phosphatidylserine externalization, a hallmark of early
apoptosis, and by mitochondrial potential disruption. The
apoptotic process activated by periplocymarin involved a
caspase-dependent pathway, as demonstrated by the activa-
tion of caspase 3 and the reversion of apoptotic cell death in
the presence of the pan-caspase inhibitor, Z-VAD fmk. The
pro-apoptotic potential displayed by periplocymarin in
androgen-independent prostate cancer cells was compara-
ble to that of ouabain [6], as both compounds are eVective
at nanomolar concentrations.

In U937 cells, periplocymarin caused cells to arrest in
the G2/M phase of cell cycle but had very low eVect on cell
viability. Kometiani et al. [34] showed that ouabain treat-
ment of MDA-MB-435s breast cancer cell line had no
eVect on cell viability but resulted in the arrest of prolifera-
tion. They observed that ouabain caused an increase in the
levels of cell cycle inhibitor p21Cip1 and subsequent growth
arrest. According to previous Wndings [15, 16], we found
that periplocymarin exhibited low cytotoxic eVects on

Fig. 7 Periplocymarin sensi-
tized U937 cells but not normal 
cells to TRAIL. U937 cells and 
PBMC were treated simulta-
neously with 100 nM periplo-
cymarin (PCY) and 10 ng/ml of 
TRAIL alone or in combination. 
Control cells were incubated 
with vehicle only (C). Upper 
panel 24 h following cell treat-
ment, DNA fragmentation was 
evaluated by Xow cytometry and 
results are expressed as the per-
centage of the total cell popula-
tion analyzed (10,000 events). 
Data reported are the mean 
values § SEM from three sepa-
rate experiments. Lower panel 
16 h following treatment, U937 
cells were double-stained with 
Annexin V-FITC and PI and 
analyzed by Xow cytometry. The 
percentage shown represents the 
percentage of cells in the desig-
nated quadrants (Lower left via-
ble cells, Annexin¡/PI¡; lower 
right early apoptotic cells, 
Annexin+/PI¡; upper right late 
apoptotic cells, Annexin+/PI+; 
upper left necrotic cells, 
Annexin¡/PI+). Dot plots are 
representative of two replicate 
experiments with similar results
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human peripheral blood mononuclear cells (PBMC), as the
number of cells undergoing apoptotic death after cardeno-
lide-treatment was less than doubled as compared to
untreated ones.

The tumor necrosis factor (TNF)–related apoptosis-
inducing ligand (TRAIL) is a potential new anticancer drug
because it selectively induces apoptosis in a variety of
tumor cells, but it is relatively non-toxic to normal cells
[35]. Unfortunately, cancer cells are often resistant to
TRAIL-induced apoptosis [36, 37]. Oleandrin and other
cardiac glycosides were shown to sensitize lung cancer
cells to TRAIL-induced apoptosis by up-regulation of death

receptors 4 (DR4) and 5 (DR5) on both RNA and protein
levels [38]. U937 leukemia-derived cells were shown to be
able to escape cell death triggered by low doses of TRAIL
[39]. Here we demonstrated that periplocymarin, at doses
causing an arrest in G2/M without extensive cell death, sen-
sitized U937 cells to non-apoptotic doses of TRAIL. The
eVect seems to be due to the cardenolide-induced enhanc-
ing of surface membrane expression of DR5, the TRAIL
receptor expressed in U937 cells [25]. However, Inoue
et al. [40] found that the increase of TRAIL receptors
induced by histone deacetylase (HDAC) inhibitors was not
suYcient to explain their capability to sensitize lymphoid
cells to TRAIL. Thus, the possibility that cardenolides sen-
sitize U937 to TRAIL also by enhancing receptor clustering
(due to changes of membrane Xuidity and/or ceramide
release [41]) or cooperating with the receptor downstream
signaling [39] should be considered.

In this work we conWrmed the antiproliferative activity
of 17�-cardenolides isolated from P. graeca L. and we evi-
denced the capability of periplocymarin to strongly sensi-
tize U937 cells to non-apoptotic dose of TRAIL. Taken
together, our data outline that cardiac glycosides are prom-
ising anticancer drugs and contribute to the identiWcation of
new natural cardiac glycosides. The future goal could be to
consider cardiac glycosides as “lead compounds” and to
obtain chemically modiWed non-cardioactive derivatives
with enhanced anticancer potency.
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