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INTRODUCTION
Cardiovascular diseases (CVD) are the leading cause of death 

worldwide [1-3]. Increased incidence of obesity, diabetes and other 
factors in both developed and developing countries enhances the 
CVD burden [2]. Although there are many treatment therapies 
including medications, vascular intervention, surgery, the injured 
tissue will incompletely recover. Stem cell therapy is considered as 
a potential therapy for CVD treatment [4].

Angiogenesis is the development the new vessels from current 
ones. Endothelial progenitor cells (EPCs) were derived from adult 

peripheral blood [5]. Endothelial cells are present on the inner 
membrane of the blood vasculature and contribute primarily to 
the pathological progression of cardiovascular disease. The endo-
thelial cells differentiated from the EPCs contribute to endothelial 
vasculature formation [6]. EPCs can form new blood vessels via 
sprouting and intussusception, an essential physiological process 
[7]. Recent data show EPCs can have important pathophysiologi-
cal and therapeutic applications in ischemia and atherosclerotic 
diseases; further, patients with acute myocardial infarction have 
been known to have increased EPC numbers in the blood, which 
might be beneficial for such applications [8,9]. Our results are 
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ABSTRACT Cardiovascular disease (CVD) and its complications are the leading cause 
of morbidity and mortality in the world. Because of the side effects and incomplete 
recovery from current therapy, stem cell therapy emerges as a potential therapy for 
CVD treatment, and endothelial progenitor cell (EPC) is one of the key stem cells 
used for therapeutic applications. The effect of this therapy required the expansion 
of EPC function. To enhance the EPC activation, proliferation, and angiogenesis using 
dronedarone hydrochloride (DH) is the purpose of this study. DH received approval 
for atrial fibrillation treatment and its cardiovascular protective effects were already 
reported. In this study, DH significantly increased EPC proliferation, tube formation, 
migration, and maintained EPCs surface marker expression. In addition, DH treat-
ment up-regulated the phosphorylation of AKT and reduced the reactive oxygen 
species production. In summary, the cell priming by DH considerably improved the 
functional activity of EPCs, and the use of which might be a novel strategy for CVD 
treatment.
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similar to those of earlier reports on the repair of injured tissues 
after EPC transplantation in the hind limb ischemia model [10].

Dronedarone hydrochloride (DH), an alternative to amioda-
rone, is a multichannel blocking antiarrhythmic drug for atrial 
fibrillation (AF) and atrial flutter treatment [11-13]. DH exhibits a 
protective effect on the microcirculation during treatment of AF 
[14], and results showed that during AF, treatment with DH de-
creased deaths and first hospitalization because of cardiovascular 
events [14,15]. Surprisingly, to date, studies on the effect of DH on 
EPCs are lacking. Therefore, we hypothesize that DH-based cell 
priming might be beneficial for EPC application for CVD treat-
ment.

Protein kinase B (AKT) is a critical downstream effector mol-
ecule of stromal-derived factor 1 and vascular endothelial growth 
factor (VEGF); it traffics EPCs efficiently into the ischemic 
muscle, and mediates EPC homing, angiogenesis, and endothe-
lial survival [16]. We have shown the role of extracellular signal-
regulated kinase (ERK) activation in improving EPC functions 
[17]. AKT are upstream regulators of target tuberous sclerosis 
complex (TSC1/2), and after activation, the TSC1/2 inhibits Rheb, 
further inhibiting the mechanistic target of rapamycin complex 1 
[18]. Moreover, our recent studies showed the role of AKT/mTOR 
signaling in EPC growth, proliferation, differentiation, and an-
giogenesis [19].

Reactive oxygen species (ROS) contribute to the pathogenesis 
of various diseases, including diabetes, acute ischemia, athero-
sclerosis. ROS function as secondary intracellular messengers and 
regulate the total redox that controls the apoptosis, proliferation, 
self-renewal, senescence, and differentiation [20,21]. ROS play a 
crucial role in EPC function maintenance [22]. High ROS pro-
duction leads to EPC dysfunction.

This study aimed to explore the beneficial effects of DH on 
EPC molecular mechanisms and vascular characteristics.

METHODS

Isolation and culture of EPCs

Human umbilical cord blood from healthy volunteers accord-
ing to the protocol approved by the Institutional Review Board of 
Pusan National University Yangsan Campus Hospital (approval 
no. PNUYH-05-2017-053). All volunteers who had samples 
taken had provided informed consent. The present study was ap-
proved by the ethics committee of the Yangsan Hospital of Pusan 
National University and was performed in accordance with the 
declaration of Helsinki. Mononuclear cells (MNCs) from the 
human umbilical cord blood were isolated by density gradient 
centrifugation using ficoll (GE Healthcare, Buckinghamshire, 
UK). After isolation, MNCs were seeded on 1% gelatin-coated 
culture plates and maintained in endothelial growth medium-2 
(EGM-2) (Lonza, Walkersville, MD, USA) containing endothelial 

basal medium-2 with 5% fetal bovine serum (FBS), 1% penicillin-
streptomycin, human VEGF, human basic fibroblast growth 
factor, human insulin-like growth factor-1, human epidermal 
growth factor, ascorbic acid, and GA-1000. The medium was 
changed every day, and the colonies were cultured further for ex-
perimental use. EPC cells from passages 4 to 13 were used in the 
experiments.

Cytotoxicity assay

The cell cytotoxicity assays were conducted using D-Plus CCK-
8 (CCK-8-Dongin LS, Seoul, Korea). Before seeding cells, each 96-
well plate was coated with 1% gelatin (Sigma, St. Louis, MO, USA) 
dissolved in 1×phosphate-buffered saline (PBS), incubated for at 
least 15 min in a CO2 incubator and washed once with 1×PBS. Af-
ter removing the gelatin, 5,000 cells were seeded per well and in-
cubated overnight. The spent media were replaced with fresh me-
dia containing DMSO, DH (Sigma), DH plus 5 µM AKT inhibitor 
(Sigma) and incubated for 24 h, 48 h. After that, the media were 
aspirated, and a diluted CCK-8 solution (a 10:1 ratio of media to 
CCK-8 solution) was added to each well and incubated for 2 h in a 
CO2 incubator. The absorbance at 450 nm was measured using a 
microplate reader (Tecan XFluor, Mannedorf, Switzerland).

Tube formation assay (in vitro angiogenesis)

For the in vitro tube formation assay, 96-well plates coated with 
matrigel GFR (BD Biosciences, San Jose, CA, USA) were incu-
bated in a CO2 incubator for 30 min, and 6,000 cells/well with or 
without DH were seeded and incubated for 6–12 h. The cell tube 
formation ability was determined by counting the number of 
tubes formed and measuring the total length of the tubes formed 
using a microscope (Olympus, Tokyo, Japan). Images were cap-
tured in one microscopic field per well under 40× magnification. 
Scar bar: 200 µm.

Western blot analysis

Total protein was extracted with pro-prep for 30 min on ice 
and vortexed for 5 s every 5 min. The supernatant was collected 
and the protein concentration was determined using a bicin-
choninic acid kit (Thermo Fisher Scientific, Rockford, IL, USA). 
Proteins were separated by 8%–10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to immobilon 
polyvinylidene fluoride membranes (Millipore, Billerica, MA, 
USA). The membranes were blocked with 5% skim milk at room 
temperature for 1 h, and incubated with primary antibodies 
against AKT, p-AKT (S473) (Cell signaling technology, Boston, 
MA, USA), β-actin (Santa Cruz Biotechnology, Dallas, TX, USA) 
at 4°C overnight. After removing the primary antibody, the mem-
branes were washed with 1× Tris-buffered saline containing 0.1% 
Tween 20 (TBST) for 1 h. The membranes were incubated with 
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secondary antibodies at room temperature for 1 h. Anti-rabbit 
horseradish peroxidase (HRP) conjugate and anti-mouse HRP 
conjugate (Enzo Life Sciences, Farmingdale, NY, USA) were used 
as secondary antibodies. After washing the membranes again 
with 1× TBST for 1 h, the bands were visualized using immobilon 
crescendo western HRP substrate (Immobilon; Millipore) and X-
ray film. β-Actin was used as the loading control for Western blot 
results.

Scratch wound healing assay

Cells (2 × 105 cells/well) were seeded on a 6-well plate and cul-
tured to 90% confluence (about two days). Cells were scratched 
using a 200 µl pipet tip and washed twice with PBS. Next, the cells 
were incubated in complete medium with or without DH and the 
AKT inhibitor for 6 h at 37°C in a CO2 incubator. Images were 
captured using a light microscope (Olympus). The wound heal-
ing area was measured using ImageJ software (NIH, Bethesda, 
MD, USA). Cell migration activity was calculated as the migra-
tion area: [(initial scratch area A0h – final scratch area A6h) / initial 
scratch area A0h) × 100%]. Scar bar: 200 µm.

Transwell migration assay

Transwell migration assays were performed using 24-well 
Transwell inserts (8 µM pore size; Costar, Columbia, WA, USA). 
In each upper insert, 2 × 104 cells were seeded in 100 µl of EGM-
2; EGM-2 containing 2% FBS was placed in each lower chamber 
and incubated at 37°C for 6 h. Later, cells were fixed for 10 min-
utes in 4% paraformaldehyde and stained for 30 min with 0.5% 
crystal violet (25% methanol and 1% crystal violet at a ratio of 1:1). 

The inserts were washed twice with distilled water until clean, 
and the membranes were excised and mounted on glass slides. 
The cell migratory ability was quantified by counting the number 
of migrated cells in three random microscopic fields (4× magni-
fication) using a Lion Heart FX automated microscope (Biotek, 
Winooski, VT, USA). Scar bar: 1,000 µm.

Flow cytometry analysis

Pretreated cells were identified and characterized by f low 
cytometry using hematopoietic stem cell markers CD34, c-kit, 
CXCR4, Tie2, CD31, and CD144 (BD Pharmingen, Franklin 
Lake, NJ, USA). FACS gating was applied using unstained cells as 
a negative control. The flow cytometry analysis was carried out 
by fluorescence-activated cell sorting (FACS; BD FACS canto 2, 
San Joes, CA, USA). The percentage of stained cells was shown as 
red peaks.

Carboxy-H2DFFDA assay

ROS production was evaluated using a carboxy-H2DFFDA 
probe (Life Technologies, Carlsbad, CA, USA). Cells were incu-
bated with 1 µM carboxy-H2DFFDA at 37°C for 20 min in the 
dark and washed twice with PBS. Next, the cells were collected 
and analyzed by FACS (BD Biosciences). Total cellular ROS levels 
were expressed as the average DCF fluorescence intensity of the 
cells.

Statistical analysis

Statistical analyses were performed using the GraphPad Prism 

Fig. 1. Effect of DH on EPC prolifera-
tion. (A) The chemical structure of DH. 
(B) EPCs were cultured with varying 
concentrations of DH for 24 h, 48 h and 
cell proliferation assessed by the CCK-8 
assay. (C) EPC morphology during treat-
ment with DH. Data represent the mean 
± SEM. DH, dronedarone hydrochloride; 
EPC, endothelial progenitor cell. The 
results are considered statistically signifi-
cant at *p < 0.05, **p < 0.01, ***p < 0.001 
when compared to untreated groups.
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software version 5 (GraphPad Software Inc., San Diego, CA, 
USA). Data are presented as mean ± standard error of the mean 
(SEM). Data were analyzed by the Student’s t-test. The p-values 
were designated as follows: *p < 0.05, **p < 0.01, ***p < 0.001. The 
experimental data presented were an average of three indepen-
dent experiments.

RESULTS

Effect of DH on EPC proliferation

This study aimed to evaluate DH activity on EPC bioactivities. 
The chemical structure of DH is shown in Fig. 1A. DH signifi-
cantly improved cell proliferation in a dose-dependent manner 
(0.1, 0.2, 0.5, 1, 2 µM) for 24 h and 48 h. (Fig. 1B). DH did not 
change the morphology of EPCs (Fig. 1C).

Characterization of EPCs

EPC and endothelial cells (ECs) surface markers are important 
for evaluating endothelial function. We confirmed the effect of 
24 h treatment with 0.5 µM DH on endothelial functional activa-
tion, and the surface markers of EPCs and ECs were evaluated by 
flow cytometry analysis (Fig. 2). There is no significant difference 
in the expression of cell surface markers between the two groups.

Priming of DH enhances the angiogenic activity in 
EPCs

EPCs play a crucial role in angiogenesis, and angiogenesis is 
believed to be a vital indicator of EPC function. The effect of DH 
on in vitro cell tube formation was assessed. For tube formation 
assay, cells were treated with DH (0.5 µM) for 12 h and DH treat-
ed cells displayed significantly enhanced tubular networks and 
branch points (Fig. 3B, C). Along with the tube formation ability, 
mobilization and homing abilities are also important indicators 
of EPC functionality. For evaluating the effect of DH on cell mi-
gratory ability, the scratch wound healing assay (Fig. 3D, F) and 
transwell migration assay (Fig. 3E, G) were performed. Results 
showed that DH treatment significantly increased scratch wound 
healing and transwell migration.

Priming of DH regulates AKT signaling and ROS 
reduction in EPCs 

Previously, we confirmed the role of AKT/mTOR and ERK 
signaling in EPC functionality [17,19]. Therefore, to elucidate the 
underlying mechanism of the DH effect on enhancing EPC func-
tion, cells were treated with or without DH (0.5 µM) for 24 h, and 
the phosphorylation of AKT and its total form expression were 
assessed by Western blotting. Compared with the control group, 
DH significantly increased the expression of phosphor-AKT in 

Fig. 2. Characterization of endothelial functional activation by EPC and EC surface markers. The expression of EPC (CD34, c-kit, CXCR4) and EC 
(Tie2, CD31, CD144) surface markers were analyzed by flow cytometry, and no significant differences were observed. FACS gating was applied using 
unstained cells as a negative control. The fraction of positively stained cells was determined by comparison with unstained cells. The percentage of 
positively stained cells is indicated by the positive peaks (red lines show cells stained with each antibody, and black lines show the negative control 
cells). EPC, endothelial progenitor cell; EC, endothelial cell; FACS, fluorescence-activated cell sorting.
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dose-dependent manner (Fig. 4A, B). DH in the combination 
with AKT inhibitor inhibited the phosphor-AKT expression in 
Western blot (Fig. 4C, D). To determine whether AKT signaling 
plays the role in DH enhances the proliferation, wound healing. 
Treatment of cells with DH (0.5 µM) in combination with AKT 
inhibitor (5 µM) blocked cell proliferation, wounding healing 
(Fig. 4E, F, and G). Optimal ROS production play a crucial role in 
physiological activities, increased production of ROS lead to the 
EPC dysfunction that exhibits the reduction of proliferation, mi-
gration. Our data showed that DH reduced significantly the ROS 
production (Fig. 4H, I).

DISCUSSION
Asahara et al. [5] that is the first scientist isolated successful 

EPCs. Characteristics and function of EPCs are more knowledge-
able. EPCs can form new blood vessels [23]. EPCs are released 
from the bone marrow into circulating blood during vascular 
damage [24]. After differentiation, the mature endothelial cells 
play a vital role in the repair of blood vessels [25]. EPC prolifera-
tion, tube formation, and ability to migratory reflect their health 
[26].

The incidence of cardiovascular diseases continuously increas-
ing due to the aging population, metabolism diseases increas-
ing. Stem cell transplantation is a therapeutic potential therapy 
against ischemic diseases. The effect of this therapy required the 
improvement of EPC functions. This study aimed to investigate 
the effect of the US Food and Drug Administration-approved 
drug DH on human EPC bioactivity. Previous reports showed 
the effect of DH on CVD and hospitalization for cardiovascular 
events during AF treatment [15]. We hypothesize that DH might 

Fig. 3. DH enhances EPC functional ability. (A) EPCs treated with or without DH (0.5 µM) were seeded on matrigel-coated wells and the angiogenic 
function was evaluated in a tube formation assay. Representative images of tube formation (40×). (B, C) Quantification of the number of branches and 
length. (D, E) Representative images of the scratch wound healing and migration assay. (F, G) Quantification of the migrated area and number of mi-
grated cells. Data represent the mean ± SEM. DH, dronedarone hydrochloride; EPC, endothelial progenitor cell. The results are considered statistically 
significant at *p < 0.05, **p < 0.01, ***p < 0.001 when compared to untreated groups.
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enrich functional EPC activity. Our results validated the hypoth-
esis and showed the stimulatory effect of DH on EPC prolifera-
tion, tube formation, and cell migration (Figs. 1, 3, 4). So priming 
with DH may enhance the functional of EPCs.

The EPC (CD34, c-kit, and CXCR4) and EC surface markers 
(Tie2, CD31, and CD144) play important roles in endothelial 

functional activity. Our results clearly demonstrated that DH 
did not affect cell morphology (Fig. 1C), or typical EPC and EC 
surface markers (Fig. 2). Therefore, these data suggest that DH-
primed EPCs are not altered significantly, thus indicating the 
safety of DH for priming EPCs.

AKT is a serine/threonine-specific protein kinase implicated 

Fig. 5. Schematic diagram representa-
tion of DH enhance the angiogenic 
activity via AKT signaling. Exposure of 
DH up-regulate the expression of p-AKT, 
ROS reduction lead to the improvements 
of EPC function. DH, dronedarone hydro-
chloride; EPC, endothelial progenitor cell; 
ROS, reactive oxygen species.

Fig. 4. DH enhances angiogenic activity by regulating AKT signaling. (A) Protein level expression of AKT and its phosphorylation was evaluated 
by Western blotting in dose dependent-manner of DH. (B) Quantification of Western blots. (C) Protein level expression of AKT and its phosphorylation 
was evaluated by Western blots. EPCs were cultured with DMSO, DH, and DH plus AKT inhibitor (5 µM). (D) Quantification of Western blots. (E) Cell 
treated with DH (0.5 µM) and in the combination with AKT inhibitor (5 µM) for 24 h then proliferation was measured. Scratch wound healing assay 
was performed to measure wound healing properties and cell migration was measured with the Image J software (NIH, Bethesda, MD, USA). (F) Rep-
resentative images of the scratch wound healing assay. (H) Carboxy-H2DFFDA was used to measure ROS production. Cells were pretreated with DH 
with or without AKT inhibitor then ROS was measured by FACS. (I) Quantification of ROS production. Data represent the mean ± SEM. DH, dronedar-
one hydrochloride; EPC, endothelial progenitor cell; ROS, reactive oxygen species; FACS, fluorescence-activated cell sorting. The results are considered 
statistically significant at *p < 0.05, **p < 0.01, ***p < 0.001 when compared to untreated groups.
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in a variety of cellular functions, such as cell proliferation, cell 
migration, and angiogenesis. Phosphorylation of AKT leads to 
P70S6K phosphorylation to further activate protein synthesis, 
and eNOS phosphorylation increases nitric oxide release, a criti-
cal regulator of EPC angiogenesis and migration. Priming with 
DH enhances the phosphor-AKT expression in dose-dependent 
manner. We also determine that DH in the combination with 
AKT inhibitor dramatically reduces the phosphor-AKT expres-
sion (Fig. 4A–D). We showed that inhibition of AKT negatively 
regulated cell proliferation, wound healing (Fig. 4E, F).

Excessive ROS production was observed in various diseases 
condition such as diabetes, ischemia, atherosclerosis that results 
in EPC dysfunction [27]. We also showed that priming with DH 
reduced significantly the ROS production in EPCs (Fig. 4H, I). It 
suggested the protective role of DH in EPCs function.

Our study showed that priming of DH is a promising thera-
peutic strategy to enhance the EPCs functions via regulation of 
the AKT signaling pathway. The effect of DH in EPC bioactivities 
was illustrated in Fig. 5.
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