
Abstract. A human steroid hormone, ouabain, has been
shown to play a role in several types of cancer cell behavior;
however, its effects on cancer metastasis are largely unknown.
Herein, we demonstrate that sub-toxic concentrations of
ouabain facilitate cancer cell detachment from the
extracellular matrix in human lung cancer cells. Ouabain at
concentrations of 0-10 pM significantly enhanced cell
detachment in dose- and time- dependent manners, while
having minimal effect on cell viability. The detachment-
inducing effect of ouabain was found to be mediated through
focal-adhesion kinase and ATP-dependent tyrosine kinase
pathways. Alpha-5 and beta-1 integrins were found to be
down-regulated in response to ouabain treatment. Since
detachment of cancer cells is a prerequisite process for
metastasis to begin, these insights benefit our understanding
over the molecular basis of cancer biology.  

Despite advances in chemotherapy, as well as novel strategies
to overcome lung cancer, this type of cancer remains a
leading cause of death (1). The majority of deaths of patients
with lung cancer are due to metastasis, a process by which
cancer cells spread from their origin to other parts of the
patient’s body (2-5). In order to elucidate molecular targets
for the development of novel therapies, insights into lung
cancer cell biology regarding metastasis are very important.
Cancer metastasis consists of several key components (6, 7).

While other steps of metastasis such as anoikis, migration,
invasion, and cancer cell adhesion to the endothelial surface
have been intensively studied, the molecular basis of cancer
cell detachment from the original tumor is largely unknown. 

This early dissemination of cancer cells from their
extracellular matrix (ECM) was shown to be critical to
successful metastasis and such a process occurs via the
cascades of focal adhesion dissociation (8-11). Even though the
mechanisms of cancer cell detachment are not yet defined,
evidence indicates that focal adhesion kinase (FAK) and ATP-
dependent tyrosine kinase (AKT) pathways play important
roles in both cell detachment and cell motility (12, 13).
Activation of FAK or AKT was shown to induce focal adhesion
dissociation in many cell models (13, 14). Furthermore,
integrins, proteins linking focal adhesion complex with
components of the ECM were shown to be critical for proper
cell adhesion. Among various types of integrins, alpha-5 and
beta-1 integrins have garnered predominant attention in cancer
research since their activity was shown to be important for
adhesion in several types of cancers (15-19). 

Ouabain, an endogenous substance that has been identified
as a human hormone, has gained increasing attention in cancer
research (20-23). Ouabain was reported found in plasma in
concentrations ranging from 2-770 pM (24) and was shown to
sensitize cancer cells to death induced by TNF-related
apoptosis-inducing ligand (TRAIL) (25). Because cancer cells
in the patient’s body are likely to be exposed to ouabain and
there is no report indicating effects of ouabain in regulation of
cancer cell detachment, the present study aimed to elucidate
the possible regulatory role of the specific substance. The
knowledge gained from this study may lead to a better
understanding of cancer biology and may help in the search
for new molecular targets for novel anticancer strategies.  

Materials and Methods
Cells and reagents. Human lung adenocarcinoma H23 cells were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA), and cultured in RPMI-1640 medium containing
10% fetal bovine serum, 2 mM L-glutamine, 100 IU/ml penicillin,
and 100 μg/ml streptomycin were obtained from GIBCO BRL Life
Technologies, Inc. (Gaithersburg, MD, USA) in 37˚C with 5% CO2-
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humidified incubator. Ouabain, concanamycin A (CMA), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
Hoechst 33342 and propidium iodide (PI) were obtained from Sigma
Chemical, Inc. (St. Louis, MO, USA). Matrigel was obtained from
Becton Dickinson, Inc. (Mississauga, Ontario, Canada). Rabbit
monoclonal antibody to integrin, p-FAK, FAK, p-AKT and AKT were
obtained from Cell Signaling Technology, Inc. (Danvers, MA, USA).

Cell viability assay. Cell viability was evaluated using MTT assay.
Briefly, H23 cells were seeded at a density of 104 cells/well in 96-
well plate, overnight. After that, they were treated with different
concentrations of ouabain for 12 h. Cell viability was determined by
incubation with MTT solution (5.0 mg/ml in phosphate-buffered
saline (PBS)) and incubated at 37˚C for 4 h. The optical density was
then determined by a microplate reader (Anthros, Durham, NC,
USA) at 570 nM, and the percentage of viable cells was calculated
relative to control cells.

Nuclear staining assay. Apoptotic and necrotic cell death were
determined by Hoechst 33342 and PI co-staining. After treated with
different concentrations of ouabain, cells were incubated with 10 μM
of Hoechst 33342 and 5 μg/ml of PI for 30 min at 37˚C. Apoptotic
cells having condensed chromatin and/or fragmented nuclei and PI-
positive necrotic cells were visualized and scored under a
fluorescence microscope (Olympus IX51 with DP70).

Cell-ECM adhesion assay. Cell-ECM adhesion assay was performed
as follows. Briefly, matrigel was thawed at 4˚C for 12 h, diluted to
final concentration at 0.2 μg/ml, spread evenly on the surface of 96-
well plates, and incubated at 37˚C for 12 h. Cells were treated with
non-toxic concentrations of ouabain, then trypsinized to produce
single cells and immediately seeded onto matrigel-coated plate. Cells
were allowed to adhere to the matrigel for 30 min at 37˚C, then the
cells were washed three times with PBS. Adherent cells were
evaluated by MTT assay and scoring under an inverted microscope
(Olympus IX51 with DP70).

Detachment assay. Suspended cells (5×103 cells/well) were seeded
on matrigel-coated 96-well plates for 12 h. Cells were then treated
with non-toxic concentrations of ouabain for 6 h. After that, cells
were dissociated from matrigel by incubated with 0.1% trypsin at
37˚C for 5-10 min. The remaining cells after washing with PBS were
observed under an inverted microscope (Olympus IX51 with DP70).
The remaining cells were determined using MTT assay and scored
under an inverted microscope (Olympus IX51 with DP70).

Western blot analysis. After specific treatments, cells were washed
twice with cold PBS and incubated with lysis buffer containing 
20 mM TrisHCl (pH 7.5), 1% Triton X-100, 150 mM sodium
chloride, 100 mM phenylmethyl sulfonyl fluoride, and protease
inhibitor cocktail (Roche Molecular Biochemicals, Indianapolis, IN,
USA) for 40 min on ice, collected whole cell lysates and centrifuged
at 13,709 ×g at 4˚C for 15 min. The supernatants of the whole cell
lysates were collected and assayed for protein content using the BCA
protein assay. Loading dye was added to equal amounts of protein
from each sample then, denatured by heating at 95˚C for 5 min. The
proteins containing loading dye were loaded onto 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) to separation. After
separation, the proteins were transferred onto nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA). The transferred

membranes were blocked with 5% nonfat dry milk in TBST (25 mM
TrisHCl pH 7.5, 125 mM sodium chloride and 0.05% Tween 20) for
1 h at room temperature. The membranes were then washed three
times with TBST for 8 min and incubated with a secondary
horseradish peroxidase (HRP)-conjugated anti-rabbit antibody for 
2 h. Following the incubation, the proteins were then visualized
using an enhanced chemiluminescence detection kit.

Statistical analysis. Data were presented as the means±S.D. from
three independent experiments. Statistical analysis was carried out
using one-way ANOVA and post-hoc test at a significance level of
p<0.05. SPSS 18.0 (SPSS Inc., Chicago, IL, USA) was used for all
statistical analyses.

Results
Effect of ouabain on the viability of human lung cancer H23
cells. Firstly, we characterized the effects of ouabain on the
survival of human lung cancer H23 cells. Because previous
studies have reported the concentrations of ouabain and
ouabain-like substances in human plasma to range from 2-
770 pM, the concentration range of 0-50 pM of ouabain was
selected for the present study. H23 cells were cultured in
presence and absence of ouabain (0-50 pM) for 12 h, and cell
viability was determined by the MTT viability assay. Figure
1A shows that when cells were treated with ouabain, at
concentrations ranging from 0-10 pM, neither cytotoxicity nor
proliferative effects were observed. A significant decline in
cell viability was detected in cells treated with 50 pM
ouabain, with approximately 70% of the cells remaining
viable. Accordingly, the Hoechst33342 staining assay
indicated that at 0-10 pM, ouabain did not cause apoptosis
(Figure 1B and C).

Ouabain enhanced lung cancer H23 cell detachment. To
elucidate the effect of ouabain on lung cancer cell
detachment, we performed cell-ECM adhesion and
detachment assays. For cell-ECM adhesion assay, cells were
incubated with ouabain at sub-toxic concentrations (0-10 pM)
for 0-6 h and were subjected to the cell-ECM adhesion assay.
After trypsinization, cells were allowed to adhere to the
matrigel surface for 30 min and adhered cells were
determined by the MTT assay and cell counting. Figure 2
shows that treatment with ouabain significantly reduced the
number of adhered cells in dose- (Figure 2 A-C) and time-
dependent manners (Figure 2D-F) compared to the non-
treated H23 control cells. Treatment with ouabain at 5 and 10
pM reduced the adhesion of cells to approximately 65% and
50%, respectively (Figure 2A and B). 

Furthermore, we elucidated the effect of ouabain on cancer
cell detachment using cell detachment assay. Cells were
sparsely seeded in order to avoid cell-cell contact. After 12 h
incubation, the cells were incubated with 0-10 pM ouabain
for 6 h and were dissociated from matrigel surfaces by
incubating with 0.1% trypsin at 37˚C for 5-10 min. The
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percentage of remaining cells to that of total cells was
assessed by the MTT assay and cells scored under an inverted
microscope. Figure 3 shows that treatment with ouabain
significantly enhanced the detachment of cells in dose-
dependent manner. Taken together, these results suggest that
ouabain at physiological concentration weakened cancer cell
adhesion to ECM surface and facilitate detachment. 

Ouabain induces FAK and AKT activation and reduction of
alpha-5 and beta-1 integrin. Having demonstrated the
potentiating effect of ouabain on lung cancer cell detachment,
we next examined the underlying mechanism, focusing on the
expression level and activation of the proteins known to play

roles in cancer cell-ECM adhesion. Cells were treated with
ouabain for 6 h and expression of FAK, activated FAK
(phosphorylation at Tyr 397), AKT, activated AKT
(phosphorylation at Ser 473), alpha-5 integrin, and beta-1
integrin were evaluated by western blot analysis. Figure 4
indicates that treatment with ouabain significantly increased
the levels of phosphorylated FAK (Tyr 397) and
phosphorylated AKT (Ser 473), whereas ouabain exposure
had no significant effect on the levels of total FAK and total
AKT. For dose-dependent assessment, cells were treated with
non-toxic concentrations of ouabain for 6 h and expression
levels of these proteins were evaluated. Figure 4A and B
indicate that treatment with ouabain resulted in the activation
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Figure 1. Effect of ouabain (OB) on cytotoxicity in lung cancer H23 cells. A: Effect of ouabain on H23 cell viability. Cells were treated with different
concentrations (0-50 pM) of ouabain for 12 h. The cell viability was analyzed using the MTT assay. B: Apoptotic cell count from Hoechst 33342
staining of ouabain-treated cells for 12 h. C: The pictures of Hoechst 33342 staining of ouabain-treated cells for 12 h. The data are the mean±S.D.
(n=3). *p<0.05 versus the non-treated control.



of FAK and AKT in a dose-dependent fashion. The time-
dependent effect of ouabain on FAK and AKT activation were
also evaluated. Cells were treated with 10 pM ouabain for 0-
6 h, and the level of proteins was detected by western
blotting. Figure 4C and D show that an increase of ouabain
exposure caused an increase in activation of FAK and AKT.

These results indicate the involvement of the FAK and AKT
pathways in the ouabain-facilitated detachment of these cells.

As alpha-5 and beta-1 integrins have been implicated in
cancer cell adhesion to the ECM surface (19), we tested
whether detachment of H23 cells in the present study was
associated with the decrease of these integrins. Interestingly,
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Figure 2. Effect of ouabain (OB) on H23 cell adhesion. Cells were exposed to ouabain at different concentrations for 6 h and subjected to cell-
extracellular matrix (ECM) adhesion assay. Cells were allowed to adhere to the matrigel surface for 30 min and adhered cells were determined by
the MTT assay (A) and cell counting (B). C: Phase-contrast images of adhered cells. For time-dependent experiments, cells were treated with 10 pM
ouabain for 1-6 h and subjected to the assay. Cell adhesion was evaluated by the MTT assay (D) and cell counting (E). F: Phase-contrast images
of adhered cells. The data are the mean±S.D. (n=3). *p<0.05 versus the non-treated control.



ouabain treatment significantly decreased the cellular level
of alpha-5 and beta-1 integrins in dose- and time-dependent
manners (Figure 5). Because cellular integrins were
previously shown to be tightly regulated via degradation
through the lysosomal pathway (34, 35), we further tested
whether treatment with ouabain could facilitate this
degradation of integrins. Cells were treated with ouabain in
the presence or absence of concanamycin A (CMA, a
specific inhibitor that blocks lysosomal degradation of
proteins) for 0-6 h and level of integrins was determined.
Western blot analysis revealed that treatment with ouabain
down-regulated alpha-5 and beta-1 integrins in a time-
dependent manner and the addition of CMA significantly
inhibited such effects of ouabain (Figure 5C and D). These

results indicate that ouabain facilitates cancer cell
detachment by mediating alpha-5 and beta-1 integrin
degradation through a lysosomal mechanism. Taken together,
we see that it is likely that this endogenous substance at
specific biological concentrations could enhance cancer cell
detachment via FAK and AKT activation, as well as
facilitating of integrin degradation.

Discussion 

Ouabain, a cardiac glycoside member isolated from plants, was
found to be endogenously produced in humans and classified as
a human hormone (20, 26). It has lately garnered increasing
attention in cancer research. Here, we demonstrate for the first
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Figure 3. For detachment assay, cells were incubated with 0-10 pM ouabain (OB) for 6 h and were dissociated from matrigel surfaces by incubated
with 0.1% trypsin at 37˚C for 5-10 min. The percentage of remained cells to that of total cells was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (A) and cell scoring (B) under an inverted microscope. C: Phase-contrast images of remaining cells. The
data are the mean±S.D. (n=3). *p<0.05 versus the non-treated control.



time that ouabain at physiological concentrations (0-10 pM)
facilitates lung cancer cell detachment. Even though detachment
of cancer cells from their original tumor is accepted as an
important initial process of cancer metastasis, there are only few
studies to elucidate the cellular mechanisms of cell detachment. 

Interestingly, ouabain and its related compounds are found
in human plasma at different concentrations depending on the
status of individuals as well as methods of assessment. In
most cases, plasma ouabain concentrations are reported to be
between 2-770 pM (24). The present study aimed to
investigate the effect of this endogenous substance at its
physiological levels, we therefore selected concentrations of

0-50 pM; however, ouabain at concentrations of more than 50
pM caused significant cytotoxicity towards human lung
cancer cells. This result is consistent with the previous
experiments indicating that ouabain possesses activity against
many types of cancers (21, 22, 25, 27). Besides its direct
cytotoxicity, we previously found that ouabain at non-toxic
concentrations sensitized TRAIL-mediated death by down-
regulating anti-apoptotic myeloid cell leukemia sequence-1
(MCL-1) protein in H292 and H460 cells (25).  

Cell-ECM adhesion plays an important part for survival of
the cancer cells by activating the survival signal through
integrin-AKT-dependent mechanisms (28). Although the
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Figure 4. Ouabain (OB) activates the focal-adhesion kinase (FAK)-ATP-dependent tyrosine kinase (AKT) pathways. (A) Cells were treated with 0-
10 pM ouabain for 6 h, and the expression of phosphorylated FAK, total FAK, phosphorylated AKT, and total AKT were determined by western
blotting. To confirm equal loading of the samples, the blots were reprobed with β-actin antibody. C: Cells were treated with 10 pM ouabain for 0-
6 h and proteins were evaluated. B and D: The immunoblot signals were quantified by densitometry. The data are the mean±S.D. (n=3). *p<0.05
versus the non-treated control.



detachment of cells will disrupt such survival and trigger
detachment-mediated apoptosis (anoikis), certain cancer cells
have the ability to resist anoikis and further spread (29, 30). For
cell detachment, integrin binding to extracellular compartments
must be disrupted and previous studies showed that such
dissociation of integrin resulted from the activation of FAK and
AKT pathways (10, 11, 31). In certain studies, FAK action was
shown to involve downstream AKT (32). In addition, activation
of AKT was found to regulate internalization and recycling of
integrin (33). The internalization of integrins, under certain
conditions, leads to degradation of cellular integrins via the
lysosomal pathway (34, 35). Consistent with this finding, our
results indicate that ouabain-mediated cell detachment involves
FAK and AKT activation, and down-regulation of cellular
integrins. Furthermore, using specific inhibitors of lysosomal
degradation pathway, we found that ouabain reduced cellular
integrins through the lysosomal pathway.

In summary, the present study demonstrated the possible
role of ouabain at its physiological levels on the detachment
of lung cancer cells. Ouabain exposure activated the FAK-
AKT signaling pathway and reduced the level of integrins
through lysosomal degradation. The knowledge gained from
the present study may benefit our understanding on cancer
biology and cancer metastasis.
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Figure 5. Ouabain (OB) down-regulates beta-1 and alpha-5 integrins via lysosomal pathway. A: Cells were treated with 0-10 pM ouabain for 6 h,
and the expression of beta-1 and alpha-5 integrins were determined by western blotting. To confirm equal loading of the samples, the blots were re-
probed with β-actin antibody. C: Cells were treated with 10 pM ouabain for 0-6 h in the presence or absence of lysosomal inhibitor concanamycin
A (CMA) and proteins were evaluated. B and D: The immunoblot signals were quantified by densitometry.  The data are the mean±S.D. (n=3).
*p<0.05 versus the non-treated control.
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