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a b s t r a c t

Recent studies revealed the potential of Na+/K+-ATPase as a target for anticancer therapy and showed
additional modes of action of cardiotonic steroids (CSs), a diverse family of naturally derived compounds,
as inhibitors of Na+/K+-ATPase. The results from epidemiological studies showed significantly lower mor-
tality rates in cancer patients receiving CSs, which sparked interest in the anticancer properties of these
drugs. The present study was designed to investigate the anticancer effect of CSs (ouabain or cinobufagin)
and to elucidate the molecular mechanisms of CS activity in hepatoma cell lines (HepG2 and SMMC-7721).
Ouabain and cinobufagin significantly inhibited cell proliferation by attenuating the phosphorylation of
extracellular regulated kinase (ERK) and down-regulating the expression of C-myc. These CSs also induced

2+

a /K -ATPase
epatoma cancer
poptosis
ell cycle

cell apoptosis by increasing the concentration of intracellular free calcium ([Ca ]i) and induced S phase
cell cycle arrest by down-regulating the expression of Cyclin A, cyclin dependent kinase 2 (CDK2) and
proliferating cell nuclear antigen (PCNA) as well as up-regulating the expression of cyclin dependent
kinase inhibitor 1A (p21CIP1). Overexpression of ERK reversed the antiproliferation effect of ouabain or
cinobufagin in HepG2 and SMMC-7721 cells. Currently, the first generation of CS-based anticancer drugs
(UNBS1450 and Anvirzel) are in Phase I clinical trials. These data clearly support their potential use as

cancer therapies.

. Introduction

Hepatocellular carcinoma (HCC) is the fifth most common can-
er and the third leading cause of cancer death in the world.
nly 10–20% of HCC patients can be treated surgically, while most
CC patients are treated exclusively with chemotherapy. How-
ver, treatment of HCC with a variety of anticancer agents, such as
nthracene ring anticancer antibiotics, alkaloids, and the podophyl-
otoxin class of anticancer drugs is limited by multi-drug resistance
MDR). Research aimed at finding new targeted drugs for the treat-

ent of HCC is therefore a high priority [1,2]. Cardiotonic steroids
CSs) are synthetic or naturally occurring steroid hormones exten-
ively found in decorative plants or animal species, and they include

uabain, digoxin, cinobufagin and others. These compounds inhibit
a+/K+-ATPase activity by targeting the first 4–6 transmembrane

egions of the Na+/K+-ATPase � subunit [3–6]. CSs have been
idely used for the treatment of heart failure, but retrospective

� Article from the special issue on steroids and cancer.
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epidemiological studies revealed surprising results during the late
20th century: very few patients maintained on CS treatment for
heart problems died from cancer, which suggested the possible
use of these compounds in oncology [7,8]. Mijatovic found that
the Na+/K+-ATPase was the Achilles heel of multi-drug-resistant
cancer cells and showed that CSs could be especially applicable
to notoriously drug-resistant cancers [9]. Anvirzel, which is an
aqueous extract of the plant Nerium oleander, and UNBS1450,
which is a semi-synthetic derivative of the novel cardenolide 2′′-
oxovoruscharin, have entered Phase I clinical trials and are showing
more anticancer properties than platina derivatives, including cis-
platin, carboplatin and oxaliplatin [10,11].

The properties of Na+/K+-ATPases identify this enzyme as a
potential target for the development of anticancer drugs based on
its role as a versatile signal transducer and the association of its
overexpression and increased enzymatic activity with the devel-
opment and progression of different cancers [12]. Prior studies

reported that Na+/K+-ATPases are highly expressed in malignant
cells, including human prostate cancer PC-3, DU-145 cells [11],
human non-small cell lung cancer (NSCLC) A549 cells [13], glioblas-
toma Hs683, U373-MG, U87-MG, T98G cells [14], and breast cancer
MCF-7 cells [15]. Mijatovic reported a significant reduction of cell

dx.doi.org/10.1016/j.jsbmb.2010.12.016
http://www.sciencedirect.com/science/journal/09600760
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nvasion and proliferation caused by knock-down of Na+/K+-ATPase
1 subunit expression in (NSCLC) A549 cells [13]. The overexpres-
ion Na+/K+-ATPases in malignant cells might provide a higher
umber of target acceptors for CSs compared with normal cells
o mediate the killing of tumour cells. However, the mechanisms

ediating the anticancer effect of CSs in malignant cells remain
nclear.

Previous studies have shown that inhibition of Na+/K+-ATPase
ctivity by CSs causes an increase in intracellular Na+ con-
entration, depolarisation of the cell membrane, activation of
oltage-dependent Ca2+ channels and influx of extracellular [Ca2+],
esulting in an increase of intracellular [Ca2+] that acted as a signal
or apoptosis [16]. In addition to transporting ions, Na+/K+-ATPases
nteract with adjacent membrane proteins and trigger cytosolic
ascades that send signals to intracellular organelles. The signalling
athways that were found to be rapidly elicited by the interaction of
Ss with the Na+/K+-ATPase and that were independent of changes

n intracellular Na+ and K+ concentrations include the deactivation
f Src kinase [17], inhibition of the Src mediated activation of the
pidermal growth factor receptor (EGFR) [18], and activation of I�B
ignalling [19].

The present study focused on the elucidation of the molec-
lar mechanisms mediating the anticancer activity of CSs using
uabain and cinobufagin on human hepatoma cancer cell lines
HepG2 and SMMC-7721). CSs were found to inhibit cell prolifer-
tion by attenuating ERK phosphorylation, which correlated with
he down-regulation of C-myc expression. These processes were
ypothesised to induce cell apoptosis by increasing intracellular

ree Ca2+ concentration and to cause S phase cell cycle arrest by
own-regulating the expression of Cyclin A, CDK2 and PCNA and
p-regulating the expression of p21CIP1. The present data also indi-
ated that overexpression of ERK reversed the antiproliferation
ffect of ouabain or cinobufagin in HepG2 and SMMC-7721 cells.
he current study provides experimental evidence and theoretical
upport for the development of CSs as novel anticancer therapeutic
gents.

. Materials and methods

.1. Chemicals and reagents

Ouabain and cinobufagin were purchased from Sigma Aldrich
St. Louis, MO). H-DMEM medium and FBS were obtained from
ibco (NY, USA). Rabbit polyclonal anti ERK, and anti CDK2 anti-
odies, anti �-actin, mouse monoclonal anti-phospho-ERK, and
oat anti-rabbit IgG-FITC were from Santa Cruz (Santa Cruz, CA).
ouse monoclonal anti C-myc, P21CIP1 as well as rabbit polyclonal

nti Cyclin A and PCNA antibodies were obtained from NeoMark-
rs (Fremont, CA). Anti-rabbit and anti-mouse IgG, horseradish
eroxidase-linked secondary antibodies were purchased from
PL (Gaithersburg, MD). Enhanced chemiluminescence detection
eagents were obtained from Amersham (USA). PrimeScriptTM RT
nd all primers were from TaKaRa (Shiga, Japan), SYBR green
CR master mix was from ABI (Applied Biosystems, Foster, CA),
ura-3/AM was from Invitrogen (Invitrogen Carlsbad, CA), and
ura-2/AM was purchased from Sigma–Aldrich (St. Louis, MO).

.2. Cell culture

Human hepatocellular carcinoma cell lines (HepG2, SMMC-

721) were obtained from ATCC (Manassas, VA) and routinely
aintained in Dulbecco’s modified Eagle’s medium (DMEM) sup-

lemented with 10% foetal bovine serum (GIBCO), 2 mmol/L
-glutamine (GIBCO) and 100 units/mL penicillin–streptomycin
GIBCO). All cultures were maintained at 37 ◦C in a humidified 5%
& Molecular Biology 125 (2011) 181–191

CO2 atmosphere and were mycoplasma-free. For flow cytometry of
ouabain and cinobufagin treated cells, cells were washed in sterile
PBS and cultured in serum free medium for at least 24 h prior to the
addition of drugs.

2.3. Cell growth assay

Experiments were conducted in 96-well plates containing
DMEM supplemented with 10% FBS. HepG2 and SMMC-7721 cells
were seeded at a density of 4 × 103 cells/well in 200 �L of medium
and cultured for 24 h. The medium was replaced with fresh com-
plete medium, containing 10% FBS and different concentrations
of ouabain (0.001, 0.01, 0.1, 1 and 10 �mol/L) and cinobufagin
(0.01, 0.1, 1, 10, 10 and 100 �mol/L). A volume of 20 �L of CCK-
8 reagent was added into each well at 24, 48 and 72 h. The
plates were returned to the incubator for 3 h, and the absorbance
at 450 nm was measured using an enzyme-linked immunosor-
bent assay microplate reader (Molecular Devices, Sunnyvale, USA).
Cell growth was calculated using the following equation: %
cell growth = 100[(O.D.treatment − O.D.blank)/(O.D.control − O.D.blank)].
The drug concentrations required to inhibit cell growth by 50%
(IC50) were calculated from the cytotoxicity curves (Bliss’s soft-
ware; Bliss Co, CA, USA). IC50 = concentration of ouabain or
cinobufagin resulting in 50% inhibition of cell growth. Values were
expressed as means ± SD of three separate experiments.

2.4. Cell cycle analysis

A total of 5 × 105 cells were incubated at 37 ◦C overnight in 10-
cm plastic dishes in DMEM supplemented with 10% FBS. Cells were
cultured in serum free DMEM medium for 24 h and treated with
various concentrations of ouabain (0, 0.1, 0.5 �mol/L) and cinobufa-
gin (0, 1, 5 �mol/L) for 24 h. Cells were trypsinised, washed in cold
phosphate-buffered saline (PBS, pH 7.4), fixed in 70% ethanol/30%
PBS and stored at 4 ◦C until processing. A portion (1 mL) of the fixed
cell suspension containing 1 × 106 cells was washed twice in cold
PBS. The fixed cells were treated for 30 min at 4 ◦C in the dark with
fluorochrome DNA staining solution (1 mL) containing 40 �g of pro-
pidium iodide (PI) and 0.1 mg of RNase A. Sub G0/G1, S, and G2/M
cells were gated out as appropriate. PI fluorescence was measured
in the FL3 channel (670 nm long pass filter) after cell doublets were
excluded by pulse processing. A total of 10,000 cells were counted
per sample. Cell debris was excluded from the analysis by appropri-
ately raising the forward scatter threshold. The data were analysed
with CellQuest software.

2.5. Assessment of apoptosis by Hoechst staining

Hoechst 33342 staining was performed as follows. Cells were
seeded in a 6-well chamber slide at a density of 5 × 104 cells/well
and cultured for 24 h. Cell were then subjected to different treat-
ments [0.5 �mol/L ouabain, 5 �mol/L cinobufagin, 2 mmol/L EGTA,
2 mmol/L EGTA + 0.5 �mol/L ouabain, 2 mmol/L EGTA + 5 �mol/L
cinobufagin] for 24 h at 37 ◦C. Cells were fixed with ice-cold
methanol:acetic acid (3:1) at room temperature for 10 min fol-
lowed by two washes with ice-cold PBS and incubated with
10 �g/mL Hoechst 33342 for an additional 10 min. The changes
in the nuclei of cells after Hoechst 33342 staining were observed
under a fluorescent microscope (Olympus, BX-60, Japan).

2.6. [Ca2+]i concentration measurement by confocal microscopy
and spectrofluorophotometer
Cells were cultured on confocal culture dishes to approximately
70% confluence and treated with 0.5 �mol/L ouabain and 5 �mol/L
cinobufagin for 24 h. The fluorescence indicator Fura-3/AM (Invit-
rogen, USA) was reconstituted in dimethylsulfoxide (DMSO) and
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dded to the samples at a final concentration of 10 �g/mL. The final
oncentration of DMSO in each sample was less than 0.1%. Cells
ere incubated in the dark for 60 min at 37 ◦C followed by a 30-min
ash in Krebs buffer; fluorescence images were captured using a

onfocal microscope (FV500, Olympus, Japan). The excitation wave-
ength was 488 nm, and the emission wavelength was 510 nm. The
uorescence intensity was assessed by Image-Pro Plus 6.0 software.

To measure [Ca2+]i by dual-wavelength spectrofluorophotome-
er, as described previously [20]. Cells were cultured on culture
ishes to approximately 70% confluence and treated with 0.1,
.5 �mol/L ouabain and 1, 5 �mol/L cinobufagin for 24 h. The flu-
rescence indicator Fura-2/AM (Sigma, Dorset, UK) was dissolved
n dimethylsulfoxide and aliquots (10 �L) were stored at −20 ◦C
ntil used. Cell suspensions were incubated with 3 �mol/L of
ura-2/AM in 3 mL for 30 min at 37 ◦C in the dark. A standard
ntracellular calibration procedure was performed after cell per-

eabilisation with 5 �mol/L ionomycin (Sigma) to calculate the
Ca2+]i from the ratio of the fluorescence intensities emitted at
he two wavelengths and measured by spectrofluorophotome-
er (RF-5301PC) (Shimadzu, Japan). The Grynkiewicz equation
as used, providing a dissociation constant of 225 nmol/L of

ura-2/AM for Ca2+. The Rmin value was obtained by perfus-
ng permeabilised cells with Krebs buffer in which CaCl2 was
eplaced by 2 mmol/L EGTA. The Grynkiewicz equation is as
ollows: [Ca2+]i (nmol/L) = Kd × [(R − Rmin)/Rmax − R)] × Sfb, where
he Kd for Ca2+ binding to fura-2/AM at 37 ◦C = 225 nmol/L,
= 340/380 ratio, Rmax = 340/380 ratio under Ca2+-saturating condi-

ion, Rmin = 340/380 ratio under Ca2+-free conditions, and Sfb = ratio
f baseline fluorescence (380 nm) under Ca2+-free and -bound con-
itions. The Rmax, Rmin, and the derived Sfb along with measured R
alues from cell suspensions were substituted into the Grynkiewicz
quation and [Ca2+]i was estimated.

.7. RNA isolation and reverse transcription real-time PCR

Cells were seeded into 6-cm plastic dishes at a density of
× 105 cells/dish and cultured for 24 h. Subsequently, 0.1 and
.5 �mol/L ouabain and 1 and 5 �mol/L cinobufagin were added.
fter 24 h, total RNA was isolated using the TRIzol reagent (Invit-
ogen, Carlsbad, CA) according to the manufacturer’s protocol.
irst-strand cDNA samples were synthesised using a TaqDNA
olymerase (TaKaRa Shiga, Japan). For real-time PCR quantifi-
ation, �-actin RNA levels were quantified in all samples as an
nternal control. Messenger RNA (mRNA) levels were calculated
elative to �-actin mRNA. Real-time PCR was performed in a 25-�l
olume with SYBR Green PCR Master Mix (Applied Biosystems,
A). Fluorescence was detected on an ABI 7500 system (Applied
iosystems, CA). Primer sequences for real-time PCR were as

ollows: ERK: 5′-TACACCAACCTCTCGTACATCG-3′ (forward) and 5′-
ATGTCTGAAGCGCAGTAA GATT-3′ (reverse); C-myc: 5′-TGGTC-
CCCTCCTATGTTG-3′ and 5′-CCGGGTCGCAGATGAAACTC-3′;
CNA: 5′-GGCTCCATCCTCAAGAAGGTG-3′ and 5′-GGGACGAGT-
CATGCTCTG-3′; cyclin A: 5′-CGCTGGCGGTACTGAAGTC-3′

nd 5′-AAGGAGGAACGGTGACATGC-3′; CDk2: 5′-ACCTCCA-
GAGATTCCAGACC-3′ and 5′-CCCAGGTTTGAGAGCAGTTCC-
′; P21CIP1: 5′-CCTGTCACTGTCTTGTACCCT-3′ and 5′-CCCGCA-
TATCTTGCCTCC-3′; �-actin: 5′-CTAGGGTGCAAGCCCAAGGA-3′

nd 5′-ACAGTT ATGCCAAGCCCACCA-3′. Sample mRNAs were
ormalised to the respective �-actin expression levels. The results
ere expressed as fold induction.
.8. Western blot analysis

Cells were seeded on culture dishes and grown to 85% conflu-
nce, cultured in 0.1 and 0.5 �mol/L ouabain and 1 and 5 �mol/L
inobufagin for 24 h, lysed in lysis buffer (50 mmol/L Tris–HCl, pH
& Molecular Biology 125 (2011) 181–191 183

7.4, 150 mmol/L NaCl, 1 mmol/L EDTA, 5% (v/v) �-mercaptoethanol,
1% Nonidet P-40, 0.25% sodiodeoxycholate, 5 �g/mL leupeptin,
5 �g/mL aprotinin, 0.2 mmol/L phenylmethyl sulfonyl fluoride)
and incubated on ice for 30 min, followed by centrifugation at
14,000 rpm for 20 min. The supernatant was stored at −70 ◦C. Pro-
tein concentrations were measured with the BCA protein assay
(Pierce, Rockford, IL), and samples were diluted to obtain equal con-
centrations. A total of 60 �g of total protein lysate for each sample
was diluted in reducing sample buffer and subjected to 12% SDS-
PAGE in 1 × TGS (Tris–glycine SDS) at 100 V for 2 h. The proteins
were then electrotransferred to polyvinylidene fluoride (PVDF)
membranes (Millipore, USA) using a semi-dry transfer apparatus
(Bio-rad) at 15 mV for 1 h at room temperature. The membranes
were blocked using 1 × TTBS (Tween20/Tris-buffered salt solution)
containing 5% nonfat milk for 2 h at room temperature. Primary
rabbit anti-ERK antibody (1:200, Santa Cruz), mouse anti-phospho-
ERK antibody (1:200, Santa Cruz), mouse anti-C-myc (1:200), rabbit
anti-PCNA (1:200), rabbit anti-cyclin A (1:200), rabbit anti-CDK2
(1:200), mouse anti-p21CIP1 (1:200) and rabbit anti-�-actin anti-
bodies were added to the blocking buffer and incubated overnight
at 4 ◦C. Membranes were washed three times in 1× TTBS, for 15 min
each, on a shaker. The blots were then incubated with compatible
mouse anti-rabbit IgG-HRP or goat anti-mouse IgG-HRP (1:2500,
KPL Gaithersburg, MD) for 2 h at room temperature. The blots were
washed in TTBS three times, for 15 min each. The proteins were
visualised using ECLTM Western blotting detection reagents (Amer-
sham, USA), and the signals were detected using Image Station
4000R (Kodak, USA). �-Actin was used as a protein loading con-
trol. All the experiments were performed at least twice with similar
results. Quantification of the Western blot results was performed
using Bandscan 5.0 software.

2.9. Plasmids, transient transfection, cell viability assay and gene
expression.

The full-length ERK cDNA was isolated from the HCC
cell line SMMC-7721 using PCR with the following primer
pairs: 5′-AATAAGCTTCCTTCCTCCTCCTCCCGGTC-3′ (forward), 5′-
GCTCTAGATTAAGATCTGTATCCTGGCTGG-3′ (reverse). The PCR
product was cloned into the pCMV(+) vector (Invitrogen, NY, USA)
to create the pCMV(+)-ERK plasmid. The orientation of the insert
and the cDNA product were verified by sequencing. The cells were
cultured in 6-well plates and transfected with pCMV(+)-ERK or a
blank vector using FuGene HD reagents according to the manufac-
turer’s instructions (Basel, Switzerland). After 36 h of transfection,
the medium was replaced with DMEM supplemented with 10%
(v/v) FBS.

The cells were fixed with 4% paraformaldehyde in PBS (pH 7.4),
permeabilised with 0.5% Triton X-100 in PBS, and washed with
PBS at room temperature. After blocking with 5% milk in PBS, the
cells were incubated with the rabbit anti-ERK antibody (1:200,
Santa Cruz, CA) at 4 ◦C for 12 h. The cells were incubated with
Cruz MarkerTM compatible goat anti-rabbit IgG-FITC (1:500, Santa
Cruz, CA) at 37 ◦C for 1 h followed by three 15-min washes in PBS.
Images were captured under a confocal microscope (FV500, Olym-
pus, Japan). The effect of different treatments on cell viability was
determined by the CCK-8 assay. The expression of ERK, p-ERK and
C-myc was determined by Western blotting. All the experiments
were performed at least twice with similar results. The results were
analysed using Image-Pro Plus 6.0 or Bandscan 5.0 software.
2.10. Statistical analyses

Data were expressed as means ± SD. Statistical differences were
analysed by one-way ANOVA followed by Tukey’s post-hoc tests. A
value of P < 0.05 was considered a statistically significant difference.



184 Z.-W. Xu et al. / Journal of Steroid Biochemistry & Molecular Biology 125 (2011) 181–191

F
i
p

F
c
C
B
c
1
c
(
(

ig. 1. Effects of ouabain and cinobufagin on the viability of HepG2 and SMMC-7721 ce
n time- and dose-dependent manners. (C) and (D) Cinobufagin inhibited the proliferatio
oint represents the mean ± standard error of three independent experiments.

ig. 2. Effects of ouabain and cinobufagin on cell cycle distribution in HepG2 and SMMC-7
ells subjected to different treatments for 24 h (A1: control; A2: 0.1 �mol/L ouabain; A3:
ell cycle distribution of SMMC-7721 cells subjected to different treatments (B1: contro
5: 5 �mol/L cinobufagin). (C) Columns and vertical bars represent the mean ± standard e
inobufagin groups at S phase increased significantly compared with the HepG2 contro
�mol/L cinobufagin groups at G0/G1 phase decreased significantly compared with the
inobufagin groups at G2/M phase decreased significantly compared with the control gro
n = 3). The proportions of 0.5 �mol/L ouabain and 5 and 1 �mol/L cinobufagin groups
*P < 0.05).
lls. (A) and (B) Ouabain inhibited the proliferation of HepG2 or SMMC-7721 cells
n of HepG2 or SMMC-7721 cells in time- and dose-dependent manners. Each data

721 cells for 24 h assessed by Flow Cytometry. (A) Cell cycle distribution of HepG2
A2: 0.5 �mol/L ouabain; A4: 1 �mol/L cinobufagin; A5: 5 �mol/L cinobufagin). (B)
l; B2: 0.1 �mol/L ouabain; B3: A2:0.5 �mol/L ouabain; B4: 1 �mol/L cinobufagin;
rror (n = 3). The proportions of the 0.5 and 0.1 �mol/L ouabain and 5 and 1 �mol/L
l group (*P < 0.05). The proportions of the 0.5 and 0.1 �mol/L ouabain and 5 and
control group (*P < 0.05). The proportions of the 0.5 �mol/L ouabain and 5 �mol/L
up (*P < 0.05). (D) Columns and vertical bars represent the mean ± standard error

at S phase increased significantly compared with the SMMC-7721 control group
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ig. 3. Effects of ouabain and cinobufagin treatments for 24 h on the induction of
A1) and (B1) HepG2 and SMMC-7721 control groups; (A2) and (B2) HepG2 and SM
ells treated with 5 �mol/L cinobufagin; (A4) and (B4) HepG2 and SMMC-7721 cel
mmol/L EGTA + 0.5 �mol/L ouabain (A6) and (B6) HepG2 and SMMC-7721 cells tre

. Results

.1. Effects of ouabain and cinobufagin on the growth of HepG2
nd SMMC-7721 cells

The CCK-8 assay was performed to analyse the effects of ouabain
nd cinobufagin on the viability of HepG2 and SMMC-7721 cells.
s shown in Fig. 1, ouabain and cinobufagin inhibited the growth

f cells in both a time- and dose-dependent manner (*P < 0.05). The
C50 values (the concentration of ouabain or cinobufagin that results
n a 50% reduction in absorbance compared with the control) of
ells treated for 24, 48 and 72 h were calculated based on the CCK-8
ssay. The IC50 values for ouabain were 0.25, 0.04, and 0.01 �mol/L

ig. 4. Measurement of [Ca2+]i in HepG2 and SMMC-7721 cells treated with ouabain or ci
he images of [Ca2+]i loaded Fura-3/AM under different treatments were captured using
MMC-7721 cells, respectively; (A2) and (B2) The images of [Ca2+]i in HepG2 and SMMC-7
mages of [Ca2+]i in HepG2 and SMMC-7721 cells, respectively, treated with 5 �mol/L cino
n = 3); the fura-3/AM [Ca2+]i labelling of cells treated with 0.5 �mol/L ouabain and 5 �m
*P < 0.05). (D) Measurement of the 340/380 ratio by dual-wavelength spectrofluorophoto
.1 and 0.5 �mol/L ouabain or 1 and 5 �mol/L cinobufagin for 24 h were significantly highe
y Rmax , Rmin and Sfb. Columns and vertical bars represent the mean ± standard error(n =

oaded with fura-2/AM and treated with 0.5 �mol/L ouabain and 5 �mol/L cinobufagin w
osis in HepG2 and SMMC-7721 cells assessed by fluorescence microscopy (200×).
721 cells treated with 0.5 �mol/L ouabain; (A3) and (B3) HepG2 and SMMC-7721

ted with 2 mmol/L EGTA; (A5) and (B5) HepG2 and SMMC-7721 cells treated with
with 2 mmol/L EGTA + 5 �mol/L cinobufagin.

in HepG2 cells and 0.34, 0.11 and 0.02 �mol/L in SMMC-7721 cells
at 24, 48 and 72 h, respectively. The IC50 values for cinobufagin
were 2.82, 0.90 and 0.32 �mol/L for HepG2 cells and 3.04, 1.03 and
0.42 �mol/L for SMMC-7721 cells at 24, 48, and 72 h, respectively.
These results reflected the antiproliferative effect of ouabain and
cinobufagin on HepG2 and SMMC-7721 cells.

3.2. Effects of ouabain and cinobufagin on the cell cycle
The abilities of ouabain and cinobufagin to affect specific phases
of the cell cycle may provide clues to explain the mechanism of
action of these compounds. HepG2 and SMMC-7721 cells were
exposed to 0.1 and 0.5 �mol/L ouabain and 1 and 5 �mol/L cinob-

nobufagin for 24 h by confocal microscope or spectrofluorophotometer. (A) and (B)
a confocal microscope (100×). (A1) and (B1) The images of [Ca2+]i in HepG2 and
721 cells, respectively, treated with 0.5 �mol/L ouabain for 24 h; (A3) and (B3) The

bufagin for 24 h; (C) Columns and vertical bars represent the mean ± standard error
ol/L cinobufagin groups was significantly higher compared with the control group
meter. (D1) and (D2) The 340/380 ratios of HepG2 or SMMC-7721 cells treated with
r than those of the control group (*P < 0.05). (E) The values of [Ca2+]i were calculated
3); (E1) and (E2) The [Ca2+]i values of HepG2 and SMMC-7721 cells, respectively,

ere significantly higher than those of the control group (*P < 0.05).
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Fig. 5. Effects of ouabain and cinobufagin on the expression of ERK, C-myc, PCNA, Cyclin A, CDK2 and P21CIP1 mRNA. HepG2 and SMMC-7721 cells were subjected to
d 24 h. T
a rnal c
( sults
e as we

u
i
S
3
i
o
c
i
5
g
g
g

ifferent treatments (0.5 and 0.1 �mol/L ouabain; 5 and 1 �mol/L cinobufagin) for
nalysis using specific primer pairs. The signals were normalised to a �-actin inte
mean ± standard error n = 3). *Significantly different from control, P < 0.05. The re
xpression but down-regulated C-myc, PCNA, Cyclin A and CDK2 mRNA expression

fagin for 24 h. Fig. 2 shows the arrest of the cell cycle at S phase
n treated cells. The proportions of HepG2 and SMMC-7721 cells in

phase were 15.8 ± 2.61% and 21.6 ± 3.52% in the control group,
3.0 ± 5.45% and 59.6 ± 8.45% and 29.5 ± 4.87% and 54.9 ± 9.06%

n HepG2 and SMMC-7721 cells treated with 0.1 and 0.5 �mol/L
uabain, respectively. The proportions of HepG2 and SMMC-7721
ells in S phase were 39.2 ± 6.47% and 56.3 ± 9.12%, respectively,

n cells treated with 1 �mol/L cinobufagin and 38.7 ± 6.39% and
0.0 ± 8.25%, respectively, in cells treated with 5 �mol/L cinobufa-
in. The proportions of cells in S phase in the ouabain or cinobufagin
roups were significantly increased compared with the control
roup (*P < 0.05, n = 3). These results indicated that ouabain and
otal RNA was isolated and subjected to cDNA synthesis followed by real-time PCR
ontrol, and the results were expressed as fold induction in comparison to control
of real-time PCR indicated that ouabain or cinobufagin did not affect ERK mRNA
ll as up-regulated P21CIP1 mRNA expression.

cinobufagin might change the cell cycle distribution, in particular
by increasing the proportion of cells in S phase.

3.3. Effects of ouabain and cinobufagin on apoptosis

As shown in Fig. 3, following exposure to 0.5 �mol/L ouabain
and 5 �mol/L cinobufagin for 24 h, the cells underwent signif-

icant morphological changes. Treated cells detached from the
culture plate and shrank, forming small apoptotic bodies. Other
characteristic signs of apoptosis, such as nuclear condensation
and fragmentation, were also observed by Hoechst 33342 stain-
ing. The proportion of apoptotic cells among those treated with
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Fig. 6. Effects of ouabain and cinobufagin on the expression of ERK, C-myc, PCNA, Cyclin A, CDK2 and P21CIP1 proteins. HepG2 and SMMC-7721 cells were incubated with
different concentrations of ouabain and cinobufagin for 24 h. (A) shows the Western blot results. 1: HepG2 control group; 2: Cells treated with 0.5 �mol/L ouabain; 3: Cells
treated with 0.1 �mol/L ouabain; 4: Cells treated with 5 �mol/L cinobufagin; 5: Cells were treated with 1 �mol/L cinobufagin. Western blots showing the expression of ERK,
C nal co
r trol. *S
t phosp
a

2
r
5
l
t
i
e

3

t

-myc, PCNA, Cyclin A, CDK2 and P21CIP1 are shown. �-actin was used as an inter
epresent densitometry measurement of specific bands using �-actin levels as a con
hat ouabain or cinobufagin did not affect the expression of ERK but attenuated ERK
s well as up-regulated the expression of P21CIP1.

mmol/L EGTA + 0.5 �mol/L ouabain or 5 �mol/L cinobufagin was
educed significantly compared with the 0.5 �mol/L ouabain or
�mol/L cinobufagin groups (P < 0.05). Apoptosis-related morpho-

ogical alterations were not found in control or 2 mmol/L EGTA
reated cells. These results indicated that ouabain and cinobufagin
nduced apoptosis in HepG2 and SMMC-7721 cells and that this
ffect was suppressed by treatment with 2 mmol/L EGTA.
.4. Intracellular free Ca2+ concentration ([Ca2+]i)

Fig. 4A and B show [Ca2+]i in HepG2 and SMMC-7721 cells
hrough images captured by confocal microscopy. The fluorescence
ntrol. Each experiment was repeated three times with similar results. Histograms
ignificantly different from control, P < 0.05. The results of Western blotting indicate
horylation and down-regulated the expression of C-myc, PCNA, Cyclin A and CDK2

intensity was analysed by Image-Pro Plus 6.0 software. The [Ca2+]i
fluorescence intensities of the HepG2 and SMMC-7721 controls
were 114.76 ± 16.84 and 94.52 ± 14.51, respectively. In HepG2 and
SMMC-7721 cells treated with 0.5 �mol/L ouabain, fluorescence
intensities were 252.28 ± 26.14 and 227.16 ± 23.54, respectively;
in HepG2 and SMMC-7721 cells treated with 5 �mol/L cinobufagin,
these values were 241.54 ± 20.12 and 218.46 ± 19.31, respectively.

The [Ca2+]i fluorescence intensity of HepG2 and SMMC-7721 cells
treated with 0.5 �mol/L ouabain or 5 �mol/L cinobufagin was sig-
nificantly increased compared with the control group (*P < 0.05).

Fig. 4D and E show the results of the measurement of [Ca2+]i
in cells treated with 0.1 and 0.5 �mol/L ouabain or 1 and 5 �mol/L
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Fig. 7. The role of ERK in the antiproliferation effects induced by ouabain and cinobufagin in HepG2 and SMMC-7721 cells. (A) and (B) The expression level of ERK on cells
was detected by immunocytochemistry (200×). (A1) and (B1) HepG2 and SMMC-7721 cells, respectively; (A2) and (B2) HepG2/pCMV-blank and SMMC-7721/pCMV-blank
cells, respectively; (A3) and (B3) HepG2/pCMV-ERK and SMMC-7721/pCMV-ERK cells, respectively. (C) and (D) HepG2 and SMMC-7721 cell viabilities were measured by
CCK-8 assay. Ouabain and cinobufagin were added to the medium after a 36-h transfection. Control value = 100%, *P < 0.05 versus control group; aP < 0.05, bP < 0.05 versus
HepG2 or SMMC-7721 cells treated with ouabain or cinobufagin groups. (E) The expression of ERK, p-ERK and C-myc in cells treated with 0.5 �mol/L ouabain and 5 �mol/L
cinobufagin for 24 h. Each lane was loaded with 60 �g of protein. Similar results were obtained in three other experiments. 1: HepG2 or SMMC-7721 cells; 2: HepG2 or SMMC-
7721 /pCMV-blank cells; 3: HepG2 or SMMC-7721/pCMV-ERK cells; 4: HepG2 or SMMC-7721 cells treated with 0.5 �mol/L ouabain; 5: HepG2 or SMMC-7721/pCMV-ERK
c 5 �m
c s using
H ated t
c e dow

c
c
0
T
w
i

ells treated with 0.5 �mol/L ouabain; 6: HepG2 or SMMC-7721 cells treated with
inobufagin. (F) Histograms represent densitometry measurements of specific band
epG2 or SMMC-7721 cells treated with ouabain or cinobufagin. These results indic
ells by attenuating ERK phosphorylation and down-regulating the expression of th

inobufagin for 24 h using fura-2/AM. The 340/380 ratio in HepG2

ells was 0.74 ± 0.12; the ratios in cells treated with 0.1 and
.5 �mol/L ouabain were 1.03 ± 0.17 and 1.38 ± 0.22, respectively.
he 340/380 ratios in cells treated with 1 and 5 �mol/L cinobufagin
ere 1.11 ± 1.23 and 1.42 ± 0.25, respectively. The 340/380 ratio

n SMMC-7721 was 0.71 ± 0.11, while the ratios in cells treated
ol/L cinobufagin; 7, HepG2 or SMMC-7721/pCMV-ERK cells treated with 5 �mol/L
�-actin levels as a control. *P < 0.05 versus control group; aP < 0.05, bP < 0.05 versus

hat ouabain and cinobufagin inhibited the proliferation of HepG2 and SMMC-7721
nstream transcription factor C-myc.

with 0.1 and 0.5 �mol/L ouabain were 0.94 ± 0.19 and 1.25 ± 0.25,

respectively; the ratios with 1 and 5 �mol/L cinobufagin were
0.88 ± 0.17 and 1.17 ± 0.28, respectively. The values of [Ca2+]i
were calculated by Rmax, Rmin and Sfb. The [Ca2+]i of HepG2 cells
was 23.04 ± 3.80 nmol/L; the [Ca2+]i for 0.1 �mol/L ouabain was
64.68 ± 10.67 nmol/L, and the [Ca2+]i for 0.5 �mol/L ouabain was
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11.71 ± 18.43 nmol/L. The [Ca2+]i values for 1 and 5 �mol/L cinob-
fagin were 76.30 ± 11.45 and 128.84 ± 21.26 nmol/L, respectively.
he [Ca2+]i in SMMC-7721 cells was 16.67 ± 2.76 nmol/L; in cells
reated with 0.1 and 0.5 �mol/L ouabain, the [Ca2+]i values were
3.01 ± 8.75 and 93.36 ± 15.40 nmol/L, respectively; in cells treated
ith 1 and 5 �mol/L cinobufagin, these values were 48.37 ± 7.98

nd 96.82 ± 15.97 nmol/L, respectively. The [Ca2+]i fluorescence
ntensities of HepG2 and SMMC-7721 cells treated with 0.1 and
.5 �mol/L ouabain or 1 and 5 �mol/L cinobufagin were signifi-
antly increased compared with the control group (*P < 0.05).The
ncrease in [Ca2+]i caused by treatment with ouabain and cinob-
fagin might be the cause of the apoptosis observed in these cells.

.5. Effects of ouabain and cinobufagin on the expression levels of
RK, C-myc, cyclin A, CDK2, PCNA and P21CIP1 mRNAs and proteins

ERK is a member of the MAPK family, which protect cells from
poptosis through the phosphorylation and activation of down-
tream transcription factors that regulate antiapoptotic molecules,
uch as C-myc, Elk1 and Bcl-XL. The C-Myc proto-oncogene is a
ranscription factor that has an important role in the regulation
f many cellular processes, including proliferation, differentiation,
ell cycle and apoptosis. The expression of C-Myc is frequently asso-
iated with tumorigenesis, autonomous proliferation and growth.
he results of real-time PCR (Fig. 5A and B) and Western blot-
ing (Fig. 6B–D) analyses indicated that 0.1 and 0.5 �mol/L ouabain
nd 1 and 5 �mol/L cinobufagin did not affect the expression of
otal ERK but attenuated ERK phosphorylation as well as down-
egulated the expression of C-myc (*P < 0.05). Cyclin-dependent
inases (CDKs) and cyclin-dependent kinase inhibitors (CKIs) play
mportant roles in the regulation of cell cycle. CDK2 interacts with
yclin A and PCNA to form a complex that plays a crucial role

n allowing cells to make the transition from S to G2/M phase.
21CIP1, which is a negative regulator of the cell cycle and inhibits
DK2 activity, is dysregulated in cancer and has been shown to
irectly contribute to autonomous proliferation and disruption
f cellular senescence. Figs. 5 and 6 show that the expressions
f PCNA (Figs. 5C and 6E), cyclin A (Figs. 5D and 6F) and CDK2
Figs. 5E and 6G) were down-regulated compared with the control
roup (*P < 0.05), while the expression of P21CIP1 (Figs. 5F and 6H)
as up-regulated in comparison with the controls (*P < 0.05).

.6. pCMV-ERK plasmid, transient transfection, cell viability
ssay and gene expression

In HepG2 or SMMC-7721 cells transiently transfected with
he pCMV-ERK plasmid, the expression of ERK was significantly
igher than in control or pCMV-blank cells (P < 0.05) (Fig. 7A and
). The CCK-8 assay was performed to analyse the effect of dif-

erent treatments on the viability of cells. As shown in Fig. 7C
nd D, the survival ratio of HepG2 or SMMC-7721 cells treated
ith 0.5 �mol/L ouabain or 5 �mol/L cinobufagin for 24 h were

4.51 ± 6.27 and 43.41 ± 4.32%, and 42.50 ± 6.12 and 48.32 ± 6.75%,
espectively. The survival rates of HepG2/pCMV-ERK or SMMC-
721/pCMV-ERK cells with the same treatments were 68.44 ± 8.10
nd 71.23 ± 8.21%, and 65.21 ± 8.42 and 77.21 ± 8.21%. On the
ontrary, the survival ratio of pCMV-ERK or pCMV-blank group
as not significantly different than the control group (P > 0.05).

hese results indicated that overexpression of ERK significantly
ntagonised the antiproliferation effect of ouabain or cinbufagin

*P < 0.05). Fig. 7E and F show that 0.5 �mol/L ouabain or 5 �mol/L
inobufagin did not affect the expression of total ERK, but atten-
ated ERK phosphorylation and down-regulated the expression of
-myc in HepG2 or SMMC-7721 cells (*P < 0.05). The expression
f ERK and C-myc in HepG2/pCMV-ERK or SMMC-7721/pCMV-
& Molecular Biology 125 (2011) 181–191 189

ERK cells treated with 0.5 �mol/L ouabain or 5 �mol/L cinobufagin
was significantly higher than in HepG2 or SMMC-7721 cells sub-
jected to the same treatments (bP < 0.05). These results indicated
that ouabain and cinobufagin inhibited the proliferation of HepG2
and SMMC-7721 cells by inhibiting the phosphorylation of ERK and
down-regulating the expression of the downstream transcription
factor C-myc.

4. Discussion

Recent studies have shown that the expression of Na+/K+-
ATPases in mammalian cells was closely related to the incidence,
development and migration of cancer and played key roles in ion
transport, metabolism and signal transduction. Hence, targeting
Na+/K+-ATPases to treat malignant tumours has become a focal
point of research. Johnson et al. used cell-based high-throughput
screening of chemical libraries against several potential cancer tar-
gets and found that a class of CSs potently inhibited the plasma
membrane Na+/K+-ATPase, resulting in the inhibition of four of six
prostate cancer target genes [21]. Additionally, several CSs have
also shown significant antitumor activities in experimental can-
cer models [22–27]. The data from the present study indicated
that ouabain or cinobufagin, as representative types of CSs, dis-
played significant anticancer activity through the inhibition of cell
proliferation, induction of apoptosis and alteration of cell cycle dis-
tribution.

The receptor for CSs was the Na+/K+-ATPase, which represents a
very interesting and potentially selective target in anticancer ther-
apy because the expression levels of its various � and � subunits
are markedly different in cancer cells compared with normal cells
[6]. The signalling pathways affected by CSs are different in normal
(pro-proliferative) and cancer cells (anti-proliferative). Thus, it was
not surprising to find evidence of different CSs-mediated mecha-
nisms of action in different cell types. The results of previous studies
also suggested overall higher levels of the Na+/K+-ATPase �1 sub-
unit in a larger proportion of clinical HCC tissue samples compared
with those in normal liver tissues [28]. We concluded that the over-
expression of the Na+/K+-ATPase would provide more binding sites
for CSs on HCC cells.

The treatment with CSs reduced mortality and hospitalisation
time in patients with chronic systolic and diastolic heart failure,
and several CSs are endogenously produced in mammals, but a
narrow therapeutic index related to their inotropic effects has
hindered their development as anticancer agents. The modified
CS 19-Hydroxy-2′′-oxovoruscharin (coded UNBS1450) was chem-
ically extracted from the root bark of the African plant Calotropis
by means of hemi-synthesis, and UNBS1450 showed remarkable
anticancer properties in different types of cancer cell lines, includ-
ing non-small-cell lung cancer (A549, SW-1573), colon cancer
(HCT116, S1), myelocytic leukaemia (HL-60) and breast cancer
(MDA-MB-231) [9]. Mijatovic found that CSs inhibited Na+/K+-
ATPase activity causing alterations in Na+ and K+ homeostasis,
simultaneously down-regulating the expression of the antiapop-
totic proteins Bcl-2 and Bcl-XL and inducing apoptosis [29].

However, intracellular free Ca2+ ([Ca2+]i) also plays a crit-
ical role in CSs-mediated cancer cell apoptosis. Our studies
demonstrated that inhibition of Na+/K+-ATPase by ouabain or
cinobufagin increases [Ca2+]i. Possible explanations for this effect
are: first, inhibition of Na+/K+-ATPase could reduce Na+/K+

exchange (intracellular Na+ for extracellular K+), causing mem-

brane depolarisation, activating voltage dependent Ca2+ channels,
resulting in the influx of extracellular Ca2+ [30]; secondly, increased
intracellular Na+ ([Na+]i) might switch Na+/Ca2+ exchanger func-
tion to the reverse mode [31]; finally, inhibiting Na+/K+-ATPase
activity could reduce the dephosphorylation of ATP, which would
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romote the phosphorylation of the Na+/K+-ATPase, and increase
he permeability of the cell membrane to extracellular Ca2+ or
nduce the expression of Calcium-Binding Protein (CABP) [32].
Ca2+]i acts as a second messenger and is essential for the mainte-
ance of the ionic balance and signal transduction in physiological
oncentrations, but a high concentration [Ca2+]i can cause double-
trand DNA breaks and induce apoptosis, activate Ca2+/Mg2+

ependent nucleate endonuclease, inhibit topoisomerase I and II
ctivities and change chromosomal structure [33,34]. As shown in
ig. 3, ouabain or cinobufagin induced typical apoptotic features of
ells such as membrane blebbing, cell shrinkage and detachment,
nd nuclear condensation and fragmentation.

ERK is a member of the MAPK family, which protects cells from
poptosis through the phosphorylation and activation of down-
tream transcription factors that regulate antiapoptotic molecules,
uch as IAPs, TRAF1/2 and Bcl-Xl. Elevated or deregulated expres-
ion of C-Myc has been detected in a wide range of human cancers
nd is associated with aggressive, poorly differentiated tumours
35,36]. We found that ouabain or cinobufagin could inhibit the
roliferation of HepG2 and SMMC-7721 cells. This anticancer
ffect was mediated by the attenuation of ERK phosphorylation
orrelated with the down-regulation of C-myc expression. Our
ata further confirmed that the expressions of p-ERK and C-myc
ere up-regulated by pCMV-ERK. In addition, the antiproliferation

ffects of CSs on HepG2 and SMMC-7721 cells were blocked by
ransient transfection with pCMV-ERK.

The cell cycle checkpoint control mechanism is essential for the
aintenance of genome stability. An increase in [Ca2+]i induced

ouble-strand DNA breaks is one of the most important signs of cell
ycle arrest. The progression through the mammalian cell cycle is
egulated by the sequential activation of CDKs at specific phases of
he cell cycle. The activity of CDKs is dependent on their association
ith cyclins, which are cofactors whose levels oscillate throughout

he cell cycle. PCNA is a positive regulator of DNA synthesis that
inds to the cyclin/CDK complex to regulate cell cycle progression.
s cyclin levels fluctuate, the activities of associated CDKs fluctuate
ccordingly. Cyclins also contribute to the substrate specificity of
DKs. The negative regulator of the cell cycle p21CIP1 inhibits the
ctivity of the CyclinA/CDK2/PCNA complex [37–41] and plays a
rucial role in the transition of cells from S to G2/M phases. In the
resent study, the effects of ouabain or cinobufagin on the inhi-
ition of HepG2 and SMMC-7721 cell proliferation were found to
e associated with the induction of cell cycle arrest at the S phase
hrough the down-regulation of the expression of Cyclin A, CDK2
nd PCNA as well as the up-regulation of the expression of P21CIP1.

The present data support the application of CSs as chemother-
py for human hepatoma chemotherapies. However, the existence
f the pump in the normal liver could hinder its effectiveness as
target for therapy. Studies have shown that a low concentration
f CSs promotes the proliferation of normal cells but inhibits the
rowth of tumour cells. There are several possible explanations for
his finding: the Na+/K+-ATPase �1 of HCC cells was expressed at
igh levels, which results in the magnification of CS mediated intra-
ellular signalling to inhibit tumour cell growth [28]. In addition,
ignificant differences in intracellular acidity between tumour cells
nd normal cells exist. The intracellular pH is 7.12–7.65 in tumour
ells, while it is 6.99–7.20 in normal cells. The alkaline environ-
ent within cancer cells plays a critical role in cell proliferation. CSs

nhibit the activity of the Na+/K+-ATPase and activate the Na+–H+

xchanger, thereby changing the alkaline environment within the
umour cells to promote apoptosis [42,43]. Taken together, these

ndings support the feasibility of CSs as a new anticancer agent.

The present results provided evidence to support prior find-
ngs showing the anticancer effect of CSs by demonstrating the
ffects of these agents on inhibition of cell proliferation, induction
f apoptosis and S phase cell cycle arrest in HepG2 and SMMC-

[

& Molecular Biology 125 (2011) 181–191

7721 cells. These observations emphasised the potential usefulness
of developing CSs as anticancer agents. Future studies will focus on
establishing animal models to explore the anticancer activity of CSs
and reduce cardiotoxicity, as well as limiting the side effects of this
class of compounds.
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