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Abstract. The increased proliferation and migration of vascular 
smooth muscle cells (VSMCs) are key events in the development 
of artery restenosis following percutaneous coronary interven-
tion. Digoxin has long been used in the treatment of heart 
failure and has been shown to inhibit the proliferation of cancer 
cells through multiple pathways. However, the potential role of 
digoxin in the regulation of VSMC proliferation and migra-
tion and its effectiveness in the treatment of cardiovascular 
diseases, such as restenosis, remains unexplored. In the present 
study, we demonstrate that digoxin-induced growth inhibition 
is associated with the downregulation of CDK activation and 
the restoration of p27Kip1 levels in platelet-derived growth 
factor (PDGF)-stimulated VSMCs. In addition, we found that 
digoxin restored the PDGF‑BB-induced inhibition of integrin 
linked kinase (ILK) expression and prevented the PDGF‑BB-
induced activation of glycogen synthase kinase  (GSK)-3β. 
Furthermore, digoxin inhibited adhesion molecule and extra-
cellular matrix relative protein expression. Finally, we found 
that digoxin significantly inhibited neointima formation, 
accompanied by a decrease in cell proliferation following 
vascular injury in rats. These effects of digoxin were shown to 
be mediated, at least in part, through an increase in ILK/Akt 
signaling and a decrease in GSK-3β signaling in PDGF‑BB-
stimulated VSMCs. In conclusion, our data demonstrate that 

digoxin exerts an inhibitory effect on the PDGF‑BB-induced 
proliferation, migration and phenotypic modulation of VSMCs, 
and prevents neointima formation in rats. These observations 
indicate the potential therapeutic application of digoxin in the 
treatment of cardiovascular diseases, such as restenosis.

Introduction

During the switching from a differentiated/contractile to a 
dedifferentiated/synthetic phenotype, the increased prolifera-
tion and migration of vascular smooth muscle cells (VSMCs) 
are key events in the development of artery restenosis following 
percutaneous coronary intervention  (1-3). All these events 
may be induced by cytokines, such as platelet-derived growth 
factor BB (PDGF‑BB) (4). PDGF‑BB initiates a multitude of 
biological effects through the activation of intracellular signal 
transduction pathways that contribute to VSMC phenotypic 
modulation, proliferation, migration and collagen synthesis. 
The importance of PDGF‑BB in the development of neointima 
formation has been established in models of arterial injury (5). 
Therefore, the inhibition of PDGF-stimulated VSMC prolif-
eration, migration and phenotypic modulation may represent 
an important point of therapeutic intervention in restenosis 
following angioplasty.

Digoxin has been used as an effective therapy to treat 
patients with congestive heart failure (CHF) for decades (6,7). 
Previous studies have highlighted a new aspect of the biology 
of cardiac glycosides as versatile signal transducers (8,9) in that 
they control the transcription of specific genes (10). Cardiac 
glycosides (endogenous and exogenous) have been implicated 
in the regulation of a number of important physiological and 
pathological states (11-13). Furthermore, unexpected results 
from epidemiological studies describing significantly lower 
mortality rates of patients with cancer receiving cardiac glyco-
sides have sparked new interest into the anticancer properties 
of these drugs. Subsequent in vitro and in vivo studies verified 
these initial observations (14-16). Another study demonstrated 
that digoxin inhibited the growth of neuroblastoma tumor 
xenografts in mice and angiogenesis in chick chorioallan-
toic membrane assays (17). In addition, in a previous study, 
Yoshida  et  al  (18) demonstrated that digoxin suppressed 
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retinal and choroidal neovascularization, which blocks several 
proangiogenic pathways. However, the role of digoxin in 
regulating VSMC activation is not yet clearly understood. 
Although digoxin has been found to attenuate the development 
of right ventricle hypertrophy and prevent pulmonary vascular 
remodeling, as well as the increase in pulmonary artery smooth 
muscle cell [Ca2+]i and pH levels that occur in mice exposed to 
chronic hypoxia (19), little is known about the role of digoxin 
in regulating aortic VSMC proliferation and migration and its 
effectiveness in the prevention of restenosis.

In this study, we demonstrate that digoxin exerts an inhibi-
tory effect on the PDGF‑BB-induced proliferation, migration 
and phenotypic modulation of VSMCs, and prevents neointima 
formation induced by balloon injury. We also demonstrate 
that the digoxin-induced growth inhibition is associated with 
the downregulation of CDK activation and the restoration of 
p27Kip1 levels in PDGF-stimulated VSMCs. This effect of 
digoxin is mediated, at least in part, through an increase in 
integrin linked kinase (ILK)/Akt signaling and a decrease in 
glycogen synthase kinase (GSK)-3β signaling in PDGF‑BB-
stimulated VSMCs.

Materials and methods

Ethics statement. Animal experiments were carried out in 
accordance with the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health 
(DHWE publication no.  96-01, revised in 2002) and was 
approved by the Ethics Review Board for Animal Studies of 
Institute of Southeast University, Nanjing, China.

Reagents. Recombinant human PDGF‑BB, trypan blue reagent, 
the phosphoinositide  3-kinase (PI3K) specific inhibitor, 
LY294002, the GSK-3β antagonist, SB415286, and cell prolifera-
tion reagent 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) were purchased from Sigma, St. Louis, MO, 
USA. The proliferating cell nuclear antigen (PCNA) antibody 
was purchased from Cell Signaling Technology (Product 
no. 2586s). Trypsin-ethylenediaminetetraacetic acid (EDTA) 
(0.25%), Dulbecco's modified Eagle's medium/F12 (DMEM/F12) 
and fetal bovine serum (FBS) were from PromoCell (Heidelberg, 
Germany). The digoxin injection was acquired from Minsheng 
Pharmaceutical Group Co., Ltd. (Hangzhou, China). Digoxin 
was purchased from J&K Scientific Ltd. (Beijing, China) and 
dissolved in dimethyl sulfoxide (DMSO), and the concentration 
of DMSO was <0.8% in the control and drug-containing medium.

Cell proliferation assay. Proliferation was measured using cell 
counts and MTT assay, as previously described. For cell counts: 
VSMCs were seeded onto 96-well plates (4x103 cells/well) and 
treated with various concentrations of digoxin for 24 h prior 
to stimulation with or without PDGF‑BB (25 µg/l). The cells 
were then trypsinized with 0.1% trypsin-EDTA and counted 
using a hemocytometer under a microscope. For MTT assay: 
briefly, the cells at 60% confluency were plated in a 96-well 
microplate, and growth was arrested by serum deprivation 
for 24 h. The cells were then treated with PDGF‑BB (25 µg/l) 
in the presence/absence of digoxin for 24 h and loaded with 
MTT for the last 3 h. Subsequently, the cells were dissolved by 
DMSO, and the color intensity was read at 540 nm.

Evaluation of cell viability. Trypan blue exclusion was used 
to determine the viability of the VSMCs and human umbilical 
vein endothelial cells (HUVECs; purchased from  PromoCell, 
Heidelberg, Germany; Cat.  no. C-12200). Following treat-
ment with various concentrations of digoxin for 24 or 48 h, 
the VSMCs or HUVECs were trypsinized and incubated 
with 0.4% trypan blue dye. Cell viability was assessed by the 
automated determination of the percentage of cells that were 
able to exclude trypan blue using a Countess Automated Cell 
Counter (Invitrogen).

Assays of cell cycle progression. Cell cycle progression was 
assessed using propidium iodide (PI) staining with fluores-
cence-activated cell sorting (FACS) analysis. Briefly, cells at 
70% confluence were pre-incubated in the presence or absence 
of digoxin (100 nM) in serum-free medium for 24 hand and 
then stimulated with PDGF‑BB (25 µg/l) for 24 h. The cells 
were then trypsinized and fixed with ethanol at 4˚C overnight. 
The fixed cells were collected by centrifugation (1000 x g, 4˚C), 
washed twice in phosphate-buffered saline (PBS) and incu-
bated with 600 µl PI staining buffer (20 mg/ml PI and 50 mg/
ml RNaseA), and then analyzed with FACS. The cell cycle 
distributions were analyzed using MultiCycle AV software 
(Phoenix Flow Systems, San Diego, CA, USA).

Western blot analysis. The VSMCs were cultured in a 9-cm 
diameter dish, grown to 70-80% confluency, and then starved 
in serum-free medium for 24 h. The cells were lysed in radio-
immunoprecipitation assay (RIPA) buffer with protease and 
phosphatase cocktails. Equal amounts of protein (60-100 µg) 
were separated by 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and electrotransferred onto 
PVDF membranes (Millipore, Billerica, MA, USA). The 
membranes were blocked, and then incubated with various 
antibodies overnight, such as anti-CDK4 (Cat. no. SC23896, 
1:500), anti-CDK6 (Cat. no. SC53638, 1:500), anti-p27Kip1 
(Cat. no. SC1641, 1:500) (all from Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA, USA), anti-SM22a (Cat. no. A5228, 1:1,000), 
anti-calponin (Cat. no. C2687, 1:1,000), anti-smooth muscle (SM) 
α-actin (Cat. no. A2172, 1:1,000) (all from Sigma), anti-phospho-
c-Jun NH2-terminal kinase (p-JNK; Tyr183/185; Cat. no. 5135, 
1:1,000), anti-JNK (Cat. no. 9258 1:1,000), anti-p38 mitogen-
activated protein kinase  (MAPK; Cat.  no.  9228, 1:1,000), 
anti-phospho-p38 MAPK (Thr180/Tyr182; Cat. no. 4092, 1:1,000; 
p-MAPK), anti-extracellular signal-regulated kinase (ERK)1/2 
(Cat.  no.  4696, 1:1,000), anti-phospho-ERK1/2 (p-ERK, 
Tyr204; Cat. no. 4374, 1:1000), anti-phospho-Akt (p-Akt, S473; 
Cat.  no.  12694, 1:1,000), anti-Akt (Cat.  no.  2920, 1:1,000), 
anti-phospho-GSK-3β (p-GSK-3β, S9; Cat. no. 14630, 1:1,000), 
anti-GSK-3β (Cat. no. 9832, 1:1,000) (all from Cell Signaling 
Technology), anti-ILK (Cat. no. 61183, 1:1,000; BD Biosciences, 
Franklin Lakes, NJ, USA), anti-intercellular adhesion mole-
cule-1 (ICAM-1; Cat. no. 4915, 1:500), anti-vascular cell adhesion 
molecule-1 (VCAM-1; Cat. no. 13662, 1:500) (both from Cell 
Signaling Technology), anti-matrix metalloproteinase (MMP)-2 
(Cat.  no.  SC13594, 1:500), anti-MMP-9 (Cat.  no.  SC21733, 
1:500) anti-tissue inhibitors of metalloproteinase (TIMP)-1 
(Cat. no. SC21734, 1:500), anti-TIMP-2 (Cat. no. SC365671, 
1:500) (all from Santa Cruz Biotechnology, Inc.), anti-glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH; Cat. no. 5174, 
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1:2,500) and anti-β‑actin (Cat. no. 8457, 1:2,500) (both from Cell 
Signaling Technology), and then with the horseradish peroxidase-
conjugated secondary antibody (Beijing TDY Biotech Co., Ltd.) 
(1:5,000) for 2 h. Specific protein expression levels were normal-
ized to GAPDH or β-actin for total protein analyses or to total 
proteins for phosphorylated protein measurements. The blots 
were analyzed using the ChemiDoc™ MP imaging system (Bio-
Rad Laboratories, Inc., Hercules, CA, USA). The experiments 
were replicated a number of times.

VSMC culture and treatment. Primary VSMCs were obtained 
from the thoracic aortas of male Sprague-Dawley rats weighing 
between 150 and 180 g (3 rats per experiment for the VSMCs), 
and were grown in DMEM/F12 medium containing 10% FBS, 
25 mmol/l HEPES (pH 7.4) at 37˚C in a humidified atmosphere 
of 95% air and 5% CO2, as previously described (20). The purity 
of the VSMCs was assessed by cell morphological observations 
as the characteristic ‘hill and valley’ growth pattern and posi-
tive immunocytochemical staining with a monoclonal antibody 
against smooth muscle α-actin. All the experiments were 
performed using VSMCs at passages 3-8.

Migration assay. Migration assay was performed using the 
Transwell system (a 6.5-mm polycarbonate membrane with 
8.0-µm pores; Corning, Inc., Corning, NY, USA) (20). Cells 
suspensions  (5x104), containing fresh serum free medium, 
were seeded on the upper chamber. PDGF‑BB with or without 
digoxin was added to the bottom chamber as the chemoattrac-
tant. The cells were allowed to migrate through the membrane 
to the lower surface for 6 h. Cells on the upper surface of the 
membrane that had not migrated were scraped off with cotton 
swabs, and cells that had migrated to the lower surface were 
fixed by 3.7% paraformaldehyde and stained with 0.1% crystal 
violet/20% methanol and counted. The migrated cell numbers 
were calculated as the number of migrated cells/5 different 
random high-power fields (at x200 magnification).

Immunofluorescence staining. Following treatment, the 
cells were washed with PBS, fixed with 3.7% paraformalde-
hyde for 15 min at room temperature, and then treated with 
0.1% Triton X-100 in PBS for 5 min. After washing, the cells 
were blocked with 2% bovine serum albumin (BSA) in PBS for 
30 min. The cells were then incubated with primary antibodies 
for 1 h at room temperature, washed with PBS, and then incu-
bated with FITC-conjugated secondary antibodies for 1 h in the 
dark. Cells were mounted with 90% glycerol-PBS and examined 
under a fluorescence microscope (Nikon, Tokyo, Japan).

Balloon injury and morphometric analysis of neointima 
formation. Balloon denudation of the left common carotid 
artery of the male Sprague-Dawley rats was performed, 
as previously described  (20). Sprague-Dawley rats (n=48, 
weighing 300-350 g) were anesthetized using chloral hydrate 
(350 mg/kg, i.p.), and the left common and external carotid 
arteries were exposed and isolated. A 1.5 F Fogarty catheter 
(Edwards Lifesciences, Irvine, CA, USA) was introduced 
into the common carotid artery through an arteriotomy in the 
external carotid artery and inflated to 2.0-3.0 atm and with-
drawn repeatedly 3 times. The external carotid artery was then 
ligated, and the blood flow was restored. Following balloon 

injury, digoxin (1.0 mg/kg/day) was intraperitoneal injected 
for 14 days. The control rats also received a similar volume 
of distilled water. For preparing the sham-operated rats, the 
left common carotid artery and external carotid artery were 
exposed and ligated as above, but the catheter was not inserted 
into the vessels. The arteries were collected on day 14 after 
balloon injury, and embedded in paraffin to prepare cross 
sections. Sections for analysis were taken from the middle part 
of the injured segment and cut at equally spaced intervals of 
2 mm. The prepared sections were cleared with xylene, and 
hydrated with ethanol. The sections were stained with hema-
toxylin and eosin or incubated overnight at 4˚C with primary 
antibodies (PCNA; 1:200). The incubated sections were treated 
with biotinylated pan-specific antibody (Vector Laboratories, 
Burlingame, CA, USA) for 1 h and incubated in ABC solu-
tion (Elite ABC kit, Vector Laboratories) prepared according 
to the manufacturer's instructions. After 1 h of incubation, the 
sections were stained with diaminobenzidine (DAB) reagent 
(Vector Laboratories) and with methyl green counterstain. The 
stained sections were observed with a BX51 light microscope 
(Olympus, Tokyo, Japan). Neointima thickening was assessed 
using the intima/media (I/M) thickness ratio measured from 
haematoxylin and eosin-stained arterial cross sections with a 
computer-based Image-Pro Morphometric System in a double-
blind manner. Four discontinuous sections from each vessel 
were measured in a Sprague-Dawley rat, whereas 6 rats were 
used in each experimental group [the control (distilled water, 
the sham-operated rats and the digoxin-treated rats].

Statistical analysis. Data are presented as the means ± SEM. 
ANOVA and a paired or unpaired t-test were performed for 
statistical analysis where appropriate. A value of P<0.05 was 
considered to indicate a statistically significant difference.

Results

Digoxin inhibits the proliferation of VSMCs induced by 
PDGF‑BB. The VSMCs were pre-treated with various concen-
trations (10-500 nmol/l) of digoxin followed by stimulation 
with PDGF‑BB (25  µg/l) for 24  h. Digoxin inhibited the 
PDGF‑BB‑induced proliferation of VSMCs in a concentration-
dependent manner (Fig. 1A and B). The number of cells was 
significantly increased following treatment with 25  µg/l 
PDGF‑BB compared to the non-stimulated group. However, the 
cell numbers were significantly reduced following co-culture 
with 10-500 nM digoxin. In addition, MTT assay revealed the 
same inhibitory pattern on VSMC proliferation (Fig. 1B). The 
cells treated with digoxin (10-500 nM) for 24 h in the absence 
of PDGF‑BB showed no significant difference in viability 
compared with the untreated cells, suggesting that digoxin 
is not cytotoxic at the concentrations tested. Furthermore, 
re-endothelialization is a vital process for arterial injury repair. 
To exclude a cell cytotoxic effect of digoxin, we determined cell 
necrosis by trypan blue exclusion in the absence or presence 
of digoxin. We examined the effects of digoxin on endothelial 
cell viability. The HUVECs were incubated in the absence or 
presence of digoxin for 48 h before their viability was analyzed 
according to their ability to exclude trypan blue. Digoxin did 
not induce the necrosis of HUVECs at up to 48 h (Fig. 1C), and 
digoxin had no negative effect on VSMC viability (Fig. 1D).
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Digoxin inhibits the PDGF‑BB-induced cell cycle progres‑
sion of VSMCs. To elucidate the mechanisms responsible for 
the anti-proliferative effects of digoxin, the effects of digoxin 
on cell cycle progression were analyzed. The cells were pre-
incubated in the presence or absence of digoxin in serum-free 
medium for 24 h and then stimulated with PDGF‑BB (25 µg/l). 
After 24 h, an individual nuclear DNA content is reflected 
as the fluorescence intensity of incorporated PI. As shown 
by flow cytometry, treatment with PDGF‑BB alone signifi-
cantly increased the percentage of cells in the S phase while 
decreasing the G0/G1 cell population. By contrast, digoxin at 
a concentration of 100 nM significantly increased the fraction 
of G0/G1 phase cells and decreased the number of VSMCs in 
the S phase, indicating that digoxin prevented cell cycle entry/
progression into the G0/G1 phase (Fig. 2). This result suggests 
that digoxin acts at the early stages of cell cycle progression.

Effects of digoxin on the PDGF‑BB-induced expression of 
cell cycle-related proteins in VSMCs. Cell cycle progres-
sion is tightly regulated through specific CDK cyclin protein 
complexes (21). To elucidate the mechanisms responsible for 
digoxin-induced cell cycle arrest, the effects of digoxin on cell 
cycle events, such as CDK protein expression, were analyzed 
by western blot analysis. The expression of CDK4 and CDK6 
was induced by PDGF‑BB (25 µg/l), whereas treatment with 
digoxin (100 nM) significantly decreased the expression of 
these molecules (Fig. 3A). Cyclin-CDK complexes are precisely 

regulated by cell cycle inhibitors that block their catalytic 
activity. One such inhibitor is p27Kip1, which inactivates the 
cyclin-CDK complexes in the G1 phase, leading to cell cycle 
arrest (22). Subsequently, we assessed the effects of digoxin 
on the induction of p27Kip1 expression. p27Kip1 was consti-
tutively expressed in the serum-starved quiescent VSMCs and 
was downregulated by stimulation with PDGF‑BB. By contrast, 
pre-treatment with digoxin partly restored p27Kip1 expres-
sion to levels that were comparable to those in the quiescent 
cells (Fig. 3).

Effects of digoxin on the regulation of smooth muscle cell 
contractile gene expression. To evaluate the phenotypic modula-
tion of VSMCs by digoxin, western blot analysis was used to 
detect differentiated phenotype markers. VSMCs were pre-
cultured in serum-free medium for 24 h and then treated with 
digoxin (100 nM) for 24 h followed by stimulation with or without 
PDGF‑BB (25 µg/l) for 24 h. PDGF‑BB reduced the protein 
levels of SM22a, calponin and SM α-actin (Fig. 4). Moreover, 
pre-treatment with digoxin partially blocked the suppressive 
effects of PDGF‑BB, suggesting that digoxin contributes to 
maintaining the quiescent (differentiated) state of VSMCs.

Digoxin inhibits the activation of the GSK-3β/Akt signaling 
cascade induced by PDGF‑BB in VSMCS. To further delin-
eate the cellular and molecular mechanisms underlying the 
inhibition of PDGF‑BB-induced VSMC growth by digoxin, 

Figure 1. Digoxin prevents the proliferation of vascular smooth muscle cells (VSMCs) induced by platelet-derived growth factor (PDGF)-BB. VSMCs were 
pre-cultured in serum-free medium for 24 h and then treated with the indicated concentrations of digoxin (10 to 500 nM) for 24 h in the presence or absence of 
PDGF‑BB (25 µg/l). (A) The cells were trypsinized with 0.1% trypsin-EDTA and counted using a hemocytometer under a microscope (#P<0.01 vs. the control 
group; *P<0.05 vs. treatment with PDGF‑BB alone; n=6). (B) The viability of VSMCs was detected by MTT assay. MTT reagent was added at 24 h followed 
by further incubation for 3 h. Results are expressed as the mean OD540 ± SEM of measurements from 4 different experiments (#P<0.01 vs. the control group; 
*P<0.05 vs. treatment with PDGF‑BB alone; n=6). (C) Human umbilical vein endothelial cells (HUVECs) were incubated in growth medium in the absence or 
presence of various concentrations of digoxin for 48 h, and cell viability was evaluated by trypan blue exclusion (no signficant changes were observed vs. control 
group; n=4). (D) VSMCs were incubated in growth medium in the absence or presence of different concentrations of digoxin for 48 h, and cell viability was 
evaluated by counting the number of cells that excluded the trypan blue dye (no signficant changes were observed vs. control group; n=4).
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the serum-starved VSMCs were stimulated with PDGF‑BB 
for various periods of time in the absence or presence of 
didoxin (100 nM), and the phosphorylation status of ERK1/2, 
JNK and p38 MAPK, was measured by western blot analysis 
using antibodies that identify the active (phosphorylated) forms 

of these kinases. Our results revealed that PDGF‑BB induced 
the rapid and sustained phosphorylation of ERK1/2, JNK and 
p38, without affecting their total levels. However, no changes 
were observed in the phosphorylated forms of ERK1/2, JNK 
and p38 when the cells were pre-treated with digoxin at the 

Figure 2. Digoxin inhibits platelet-derived growth factor (PDGF)-BB-induced cell cycle progression in vascular smooth muscle cells (VSMCs). The cells were pre-
incubated in the presence or absence of digoxin (100 nM) in serum-free medium for 24 h and then stimulated with PDGF‑BB (25 µg/l). After 24 h, the cell population 
in the G0/G1, S and G2/M phase was determined by flow cytometric analysis. (A) Representative cell cycle profiles are shown. (B) Quantification of VSMCs in the 
G0/G1, S and G2/M phase as determined by flow cytometric evaluation (#P<0.05 vs. the control group; *P<0.05 vs. treatment with PDGF-BB alone; n=3).

Figure 3. Effects of digoxin on platelet-derived growth factor (PDGF)-BB-
induced cell cycle related-protein epxression in vascular smooth muscle 
cells (VSMCs). The cells were pre-incubated in the presence or absence of 
digoxin (100 nM) in serum-free medium for 24 h and then stimulated with 
PDGF‑BB (25 µg/l) for 24 h. The expression levels of cell cycle regulatory 
proteins (p27Kip1, CDK6 and CDK4) was measured by western blot analysis. 
The results are expressed as relative values from 3 independent experiments. 
(#P<0.05 vs. the control group; *P<0.05 vs. treatment with PDGF alone; n=4).

Figure 4. Effect of digoxin on the regulation of smooth muscle cell contrac-
tile profiles. Vascular smooth muscle cells (VSMCs) were pre-cultured in 
the serum-free medium for 24 h and then treated with the digoxin (100 nM) 
for 24 h and then stimulated with platelet-derived growth factor (PDGF)-BB 
(25 µg/l) for 24 h. (A) Protein levels of SM22a, calponin and SM α-actin were 
determined by western blot analysis and quantified by densitometry. β-actin 
was used as an internal control. (B) Bar graphs showing the quantification 
of the western blots; results are expressed as percentages of the control. The 
results are expressed as relative values from 3 independent experiments. 
(#P<0.05 vs. the control group; *P<0.05 vs. treatment with PDGF alone; n=3).
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indicated time points (Fig. 5A and B). Previous studies have also 
demonstrated that the GSK3β/Akt signal transduction pathway 
is critically involved in VSMC proliferation and migration. 
Therefore, we evaluated the effects of digoxin on the PDGF-
induced activation of the GSK3β/Akt pathway. Our results 
revealed that PDGF‑BB induced the rapid and sustained phos-
phorylation of GSK3β and Akt (Fig. 5A, C and D). However, the 
PDGF‑BB-induced GSK3β phosphorylation was significantly 
impaired by digoxin in a time-dependent manner. However, the 
increased phosphorylation of Akt was even observed at 15 min 
after PDGF‑BB and digoxin co-treatment, and was sustained 
for up to 30 min compared to stimulation with PDGF‑BB alone 
as assessed by western blot analysis. These results suggest 
that digoxin reduces GSK-3β and increases Akt activity in 
PDGF‑BB-stimulated VSMCs.

Digoxin activates the ILK signaling cascade and inhibits 
the activation of the GSK-3β signaling cascade induced by 
PDGF‑BB in VSMCs. ILK has been shown to be a critical 
effector in the PI3K-dependent signaling pathway that is 
downstream from both growth factor and integrin receptor 
activation (23). The stimulation of ILK results in the activa-
tion of Akt and the inhibition of GSK-3β (23). Thus, we further 
examined the effects of digoxin on the PDGF‑BB-induced acti-
vation of the PI3K/ILK/GSK-3β signal transduction pathway in 
VSMCs. The VSMCs were pre-cultured in serum-free medium 
for 24 h and then stimulated with PDGF‑BB for 48 h in the 
absence or presence of digoxin (100 nM). The protein levels 

of ILK, GSK-3β and Akt were determined by western blot 
analysis. Our results revealed that digoxin restored the expres-
sion of ILK which was suppressed by PDGF‑BB and prevented 
the PDGF‑BB-induced increase in GSK-3β expression without 
affecting the level of Akt in the cells treated with both PDGF‑BB 
and digoxin (Fig. 6).

Digoxin inhibits PDGF‑BB-induced cell migration through 
the PI3K/GSK-3β signaling cascade. The migration of smooth 
muscle cells from the media to the intimal region is another 
important component of vascular lesion formation  (24). 
PDGF‑BB initiates a multitude of biological effects through 
the activation of intracellular signal transduction pathways 
that contribute to VSMC migration (25). Thus, we examined 
the effects of digoxin on PDGF‑BB-induced VSMC migration 
by Transwell assay which is used to assess chemotaxis. We 
examined whether digoxin plays a role in regulating VSMC 
migration. Treatment with PDGF‑BB (25 µg/l) for 6 h increased 
the basal migration of the VSMCs by >2-fold (Fig. 7); however, 
compared to stimulation with PDGF‑BB alone, a 30% decrease 
in cell migration was observed in the cells treated with both 
PDGF‑BB and digoxin. These results suggest that digoxin is 
a potent inhibitor of VSMC migration. Co-stimulation with 
LY294002, an inhibitor of PI3K, inactivated ILK/Akt and 
prevented the anti-migratory effects of digoxin in the VSMCs. 
However, pre-treatment with SB415286, a specific antagonist 
of GSK-3β, resulted in a >2-fold decrease in the number of 
VSMCs moving across the membrane, compared to co-culture 

Figure 5. Digoxin inhibits the activation of glycogen synthase kinase (GSK)-3β induced by platelet-derived growth factor (PDGF)-BB and increases Akt signaling 
cascade in vascular smooth muscle cells (VSMCs). VSMCs were pre-cultured in the serum-free medium for 24 h. The serum-starved VSMCs were then stimulated 
with PDGF‑BB for the indicated periods of time in the absence or presence of didoxin (100 nM). The protein levels of p-ERK1/2, ERK1/2, p-GSK-3β, GSK-3β, 
p-Akt, Akt, JNK, p-JNK, p-p38, p38 and integrin linked kinase (ILK) were determined by western blot analysis. GAPDH was used as an internal control. 
(A) One representative image out of 4 independently performed experiments is shown. (B) Bar graphs showing the quantification of the western blots; results were 
expressed as percentage of the control (*P<0.05 vs. treatment with PDGF alone; n=4).
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with PDGF‑BB and digoxin. These data demonstrate that 
digoxin inhibits PDGF‑BB-induced cell migration through the 
PI3K/GSK-3β signaling cascade.

Digoxin inhibits the PDGF‑BB induced expression of adhe‑
sion molecules and effects the expression of key proteins in 
the extracellular matrix (ECM) in VSMCs. To elucidate the 
molecular mechanisms responsible for the inhibitory effects of 
digoxin on VSMC migration, we examined the effects of digoxin 
on the migration regulatory proteins, ICAM-1 and VCAM-1. 
The stimulation of serum-starved VSMCs with PDGF‑BB 
for 48 h in the absence of digoxin induced the upregulation 
of ICAM-1 and VCAM-1 protein expression (Fig. 8A and B). 
Treatment with 100 nM digoxin resulted in an ~60% decrease 
in the protein levels of ICAM-1 compared to the levels in the 
PDGF‑BB-treated cells, and a 40% decrease was observed in 
the VCAM-1 level.

It is well known that MMPs degrade the ECM and promote 
VSMC migration from the media to the intimal region. The 
balance of MMPs and TIMPs is crucial to maintaining the 
dynamic equilibrium of the ECM (26). Therefore, we detected 
key factors in the ECM in VSMCs. Digoxin increased the protein 
expression of TIMP-1 and TIMP-2 which was suppressed by 
PDGF‑BB in vitro (Fig. 8C). A similar result was obtained for 
the ratio of TIMP-2/MMP-2 and TIMP-1/MMP-9 (Fig. 8D). 
These findings suggest that digoxin inhibits the migration of 
VSMCs induced by PDGF‑BB by suppressing the expression 
of migration-related proteins in these cells.

Effects of digoxin on neointima formation and cell prolif‑
eration in vivo. To investigate the role of digoxin in regulating 
VSMC proliferation in vivo, rat carotid arteries were harvested 

on day 14 following balloon injury, and an increased I/M 
thickness ratio of the carotid arteries was observed (Fig. 9A). 
The administration of digoxin injection (1.0 mg/kg/day) signifi-
cantly decreased the I/M thickness ratio by >45% compared 
with the injured control rats (Fig. 9B) and inhibited the injury-
induced increase in PCNA expression in the neointima of 
carotid arteries (Fig. 9C), and attenuated neointima formation. 
These results suggest that digoxin exerts an inhibitory effect on 
cell proliferation in vivo, and may be an effective agent for the 
prevention of restenosis following angioplasty.

Discussion

In the present study, to the best of our knowledge, we demonstrate 
for the first time that digoxin inhibits the PDGF‑BB-induced 
phenotypic switching, proliferation and migration of VSMCs, 
and prevents neointima formation induced by balloon injury, 
at least in part through an increase in ILK/Akt signaling and a 
decrease in GSK-3β signaling.

Indeed, a number of studies have described the effects 
of cardiac glycosides, such as digoxin and digitoxin, on 
the regulation of cell attachment  (27), the orientation of 
polarity  (28), protein trafficking  (29) and the induction of 
proliferation (30,31). Overall, it is now clear that the ultimate 
response to cardiac glycoside treatment is dependent on the 
tissue, exposure time and dose (15). Numerous studies have 
confirmed the anti-proliferative effects of cardiac glycosides 
in several cancer cell lines, including breast (32), prostate (33), 
melanoma (34), pancreatic  (35), lung  (36), leukaemia  (37), 
neuroblastoma (38) and renal adenocarcinoma (39). The exact 
mechanisms underlying these effects of cardiac glycosides are 
not yet fully understood. Our study demonstrated that the anti-

Figure 6. Digoxin increases integrin linked kinase (ILK) signaling and inhibits glycogen synthase kinase (GSK)-3β signaling activated by platelet-derived 
growth factor (PDGF)-BB in vascular smooth muscle cells (VSMCs). VSMCs were pre-cultured in the serum-free for 24 h. The serum-starved VSMCs were 
then stimulated with PDGF‑BB for 48 h in the absence or presence of digoxin (100 nM). Protein levels of ILK, GSK-3β and Akt were determined by western blot 
analysis. β-actin was used as an internal control. (A) One representative image out of 4 independently performed experiments is shown. (B) Bar graphs showing 
the quantification of the western blots; results were expressed as percentage of the control (#P<0.05 vs. control;*P<0.05 vs. PDGF treatment with alone; n=4).
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proliferative activity of digoxin was associated with cell cycle 
arrest in the G0/G1 phase (Fig. 2). Cell cycle progression is a 
tightly regulated process that involves a complex cascade of 
events. A previous study indicated that pharmacological inter-
ventions to regulate the cell cycle inhibit VSMC proliferation 
and block neointimal hyperplasia (40). Therefore, the inhibition 
of VSMC cycle progression is considered an effective strategy 
for the control of VSMC proliferation. In this study, the fact 
that digoxin permitted the VSMCs to arrest in the G0/G1 phase 
suggests that the modulation of cell cycle regulatory proteins 
occurs following digoxin treatment. CDK4 and CDK6 are 
key mediators during the progression from the G0/G1 to the 
S phase of the cell cycle by forming complexes with cyclin A, 
E and D1 (41). Our data demonstrated that the expression of 
the cell cycle regulatory proteins, CDK4 and CDK6, decreased 

after the VSMCs were treated with digoxin, compared to 
stimulation with PDGF‑BB alone (Fig. 3), indicating that cell 
cycle arrest in the G0/G1 phase is due to the downregula-
tion of CDK/cyclin complex expression (4). The results from 
different research groups have also demonstrated that p27Kip1 
inhibits the proliferation and migration of VSMCs (42,43). In 
the present study, the digoxin-induced upregulation of p27Kip1 
expression was consistent with the inhibitory effects of digoxin 
on VSMC migration. These results suggest that the effects of 
digoxin on p27Kip1 expression are involved in its inhibitory 
effects on VSMC proliferation and migration.

VSMCs can undergo transition from a quiescent, contrac-
tile/differentiated phenotype to a synthetic/dedifferentiated 
phenotype (44). To date, compelling evidence has indicated that 
PDGF‑BB induces a profound suppression of VSMC marker 

Figure 7. Digoxin inhibits platelet-derived growth factor (PDGF)-BB induced cell migration through the phosphoinositide 3-kinase (PI3K)/glycogen synthase 
kinase (GSK)-3β signaling cascade. Vascular smooth muscle cells (VSMCs) were pre-cultured in serum-free medium for 24 h. The VSMCs were then cultured in 
a cell migration filter insert and stimulated with PDGF‑BB (25 µg/l) for 6 h with or without digoxin treatment (100 nmol/l). (A) Transwell assay was used for the 
evaluation of the migration of VSMCs. Magnification, x200. (B) Cellular migration was determined by counting the cells that migrated through the pores. The 
results are presented as the means ± SEM from 5 different experiments. (#P<0.05 vs. control group; *P<0.05 compared to PDGF‑BB alone group; and ※,$P<0.05 
compared to PDGF + digoxin group).
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gene expression through multiple complementary pathways 
and plays a pivotal role during restenosis (20,45). In accordance 

with previous studies, we observed that PDGF‑BB decreased 
SM α-actin, SM22a and calponin expression. Our in vitro 

Figure 8. Digoxin inhibits platelet-derived growth factor (PDGF)-BB-induced adhesion molecule expression and effects the expression of key proteins in the 
extracelluar matrix in vascular smooth muscle cells (VSMCs). VSMCs were pre-cultured in serum-free medium for 24 h. The serum-starved VSMCs were then 
stimulated with PDGF‑BB for 48 h in the absence or presence of digoxin (100 nM). The protein levels of intercellular adhesion molecule-1 (ICAM-1), vascular 
cell adhesion molecule-1 (VCAM-1), matrix metalloproteinase (MMP)-2, MMP-9, tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-2 were determined 
by western blot analysis. (A) One representative image out of 4 independently performed experiments is shown. (B-D) The graphs represented the relative level 
of these proteins for 4 independent experiment. (#P<0.05 vs. the control group; *P<0.05 vs. treatment with PDGF alone; n=3).

Figure 9. Digoxin inhibits neointima formation in vivo. The sections of rat carotid arteries were prepared on day 14 following balloon injury. (A) H&E staining 
and (B) I/M thickness ratio analysis. (C) Quantification of PCNA-positive cells of carotid arteries of rats from either the control group or the digoxin-treated 
group (n=6; #P<0.05 vs. injured control treated with distilled water).
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experiments revealed that treatment with digoxin partly restored 
the expression of SM α-actin, SM22a and calponin (Fig. 4), 
accompanied by a decrease in cell proliferation and migration. 
These results suggest that digoxin halts the change toward a 
deleterious VSMC phenotype induced by PDGF‑BB, which in 
turn contributes to the suppression of neointima formation.

The mechanisms through which digoxin inhibits PDGF‑BB-
induced VSMC proliferation, migration and phenotypic 
modulation remain largely unclear. ILK is a widely expressed 
and evolutionally conserved component of cell-ECM adhesions. 
Activated ILK can directly phosphorylate Akt and GSK-3β (46); 
the phosphorylation of GSK-3β results in the inhibition of ILK. 
Yudowski et al  (47) found that PI3K-Akt activation was an 
important part of the complex and was bound to a proline-rich 
region of the catalytic α-subunit of Na+/K+-ATPase. In a similar 
manner, ouabain mediates proliferation through the nitric 
oxide-induced production of reactive oxygen species through 
the activation of the PI3K cascade (48). Our data demonstrated 
that digoxin restored the PDGF‑BB induced inhibition of ILK 
expression and prevented the PDGF‑BB-induced activation of 
GSK-3β without affecting the activation of the ERK1/2, JNK 
and p38 MAPK cascade. Additionally, digoxin prevented the 
PDGF‑BB induced proliferation and migration of VSMCs 
accompanied by the activation of Akt. These findings are 
consistent with those of a previous study showing that digoxin 
prevents TNF-α-induced apoptosis of endothelial cells accom-
panied by the activation of Akt through PI3K signaling (49).

It has previously been demonstrated that MMPs are rapidly 
activated following vascular injury in both atherosclerosis and 
angioplasty (50). MMPs degrade the ECM and promote VSMC 
migration from the media to the intimal region, and then initial 
VSMCs undergo proliferation, while migrating VSMCs secrete 
vast ECM products, including collagen I and III, progressively 
resulting in neointima formation (51). In this study, we found 
that digoxin significantly inhibited the expression of MMP-2 
and MMP-9 induced by PDGF stimulation, and also had a 
significant effect on both TIMP-2 and TIMP-1 (the inhibitors 
of the MMPs). The ratios of MMP-2/TIMP-2 and MMP-9/
TIMP-1 imply that VSMC migration may be a disequilibrium 
process induced by PDGF‑BB, and digoxin was able to balance 
the ratio to a normal condition. Therefore, the regulatory 
effects of digoxin on MMPs and TIMPs which are key factors 
in the ECM for VSMC migration, may contribute to its anti-
migratory effect on VSMCs.

In the present study, to determine whether our in vitro find-
ings have any physiological relevance, we evaluated the effects 
of digoxin on neointima formation using an animal model of 
arterial balloon-injury. Although the doses of digoxin injec-
tion (1.0 mg/kg/day) administered in this study are higher than 
those administered to humans, the comparison of the dosages 
between species is complicated by a number of factors. For 
example, on the basis of body weight versus surface area 
measurements, it has been suggested that a given dosage 
in humans requires a 12-fold higher dose in rats (19). Drug 
metabolism can also vary considerably owing to differential 
mechanisms of uptake, clearance and/or degradation. With 
these caveats in mind, plasma digoxin levels measured in this 
study were at or below the therapeutic range used in digoxin-
treated patients (0.5-2 ng/ml). Our in vivo data indicated that 
digoxin significantly inhibited neointima formation, accom-

panied by a decrease in cell proliferation following vascular 
injury in rats. These observations indicate the potential thera-
peutic application of digoxin in the treatment of cardiovascular 
diseases, such as restenosis.
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