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Abstract. The aim of the current study was to investigate the
effect of aldosterone on apoptosis in human aortic smooth
muscle cells (HA-VSMC) and to determine the role of fibulin-5
in the aldosterone-induced apoptosis of HA-VSMC cells.
Through the construction of a fibulin-5 eukaryotic overexpres-
sion vector and a short hairpin RNA interference plasmid,
fibulin-5 was overexpressed and silenced, respectively. The role
of fibulin-5 in the aldosterone-induced apoptosis of HA-VSMC
was subsequently determined. The overexpression of fibulin-5
inhibited the apoptosis of cells, particularly at low concentra-
tions of aldosterone; a smaller effect on apoptosis was induced
by high concentrations of aldosterone. fibulin-5 knockdown
promoted the apoptosis of cells induced by high concentra-
tions of aldosterone but had a smaller effect on the apoptosis of
cells induced by low concentrations of aldosterone. Therefore,
the results of the current study indicate that fibulin-5 inhibits
the aldosterone-induced apoptosis of HA-VSMC cells and
that this effect may be altered by changing the aldosterone
concentration.

Introduction

Aldosterone-producing adenoma (APA) is a benign adenoma
that causes autonomous secretion of aldosterone (1). Its
symptoms include fatigue; the prevalence of APA in patients
with hypertension is 8% (1). Few patients die of APA and
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most cases of APA-associated deaths are caused by the
complications, including hypertensive cerebral haemorrhage,
arrhythmia caused by hypokalaemia, renal failure and electro-
lyte disturbance (1). The primary method for treating APA is
surgical resection; however, poor regulation of blood pressure
following surgery is a long-term clinical problem as hyper-
tension can lead to vascular remodeling (2). If the surgery
occurred after the vascular remodeling or medication did not
fully treat hypertension, the rate of post-operative complica-
tions may increase (2). Aldosterone may induce vascular
remodelling; it can directly lead to vascular remodelling and
induce the apoptosis of vascular smooth muscle cells. The
apoptosis of vascular endothelial cells and an imbalance in
their proliferation may lead to vascular remodelling (3).

Fibulin-5 belongs to the fibulin family of proteins, which
are extracellular matrix proteins and may serve an important
role in aldosterone-induced vascular remodelling. Fibulin-5
is a multifunctional protein that serves an important role in
maintaining the formation and stabilization of elastic fibres,
as well as the proliferation, migration and apoptosis of human
aortic vascular smooth muscle cells (4,5). This experiment
stimulates the vascular remodeling which occurs in PA. It also
shows that the mice lack of fibulin-5 get more severe vascular
remodeling and fibulin-5 can improve it (6). In the presence of
aldosterone, fibulin-5 deposition in the rat aorta significantly
increases, suggesting that fibulin-5 may serve an impor-
tant role in aldosterone-induced vascular remodelling (7).
Furthermore, the regulation of fibulin-5 during apoptosis
differs in different types of cells or in different environments
in the same cell (8-12). Therefore, it is important to clarify the
effect of fibulin-5 on the apoptosis of human ascending aortic
smooth muscle cells treated with aldosterone.

Materials and methods

Cells and reagents. Human ascending aortic smooth muscle
cells (HA-VSMCs) were purchased from the Advanced
Research Center, Central South University. Cells were
cultured in complete medium [RPMI 1640 medium (Hyclone;
GE Healthcare Life Sciences) containing 12% fetal bovine
serum (both Gibco; Thermo Fisher Scientific, Inc.)] at 37°C.
All cells were routinely resuscitated and passaged and cells
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used in the following experiment were all in the logarithmic
growth phase.

Apoptosis-inducing agents, including cycloheximide, which
acted as a positive control, and aldosterone were purchased
from Sigma-Aldrich; Merck KGaA, dissolved in dimethyl
sulfoxide, and stored at 4°C. Puromycin was purchased from
InvivoGen, dissolved in complete medium, sterilized using a
0.22 pm filter and stored at -20°C. Lipofectamine® 2000 was
purchased from Invitrogen; Thermo Fisher Scientific, Inc.
Fibulin-5 monoclonal antibody was purchased from Abcam.
The Lenti-Pac™ HIV Expression Packaging kit, All-in-One™
First-Strand cDNA Synthesis kit and SYBR-Green Master
with Rox kit were all purchased from GeneCopoeia, Inc.

Construction of interference and overexpression vectors. The
interference and overexpression vectors were designed and
constructed by GeneCopoeia, Inc. The fibulin-5 overexpressing
vector was constructed using the OmicsLink™ expression
cloning vector EX-Z5658-Lv105. The control plasmid used was
EX-NEG-Lv105. The fibulin-5 gene (1,347 bps; NM_006329)
was cloned into the vector, competent cells were transformed
and the culture was expanded by selecting a colony and culture
in LB liquid culture medium supplemented with 100 pg/ml
ampicillin for 12-16 h at 37°C at 200 rpm. Extracted plasmids
were sequenced for lentivirus packaging. The interference
vector was constructed using the OmicsLink™ short hairpin
(sh)RNA Expression Clone vector psi-LVRUG6P. The fibulin-5
shRNA sequence was 5-GGATACTCACTGTTACCATTC-3'
and the scramble shRNA sequence of the control vector was
5-GCTTCGCGCCGTAGTCTTA-3".

Lentiviral packaging of the fibulin-5 interference and
overexpression vector. Using the Lenti-Pac™ HIV Expression
Packaging kit (GeneCopoeia), the interference plasmid and
overexpression plasmid were transfected into 293T cells with
DNA-lipofectamine 2000 Reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). Complete medium was replaced 8 h after trans-
fection. The culture supernatants rich in lentiviral particles were
collected following 48 h culture and stored at -80°C.

Construction of the fibulin-5 stably transmitted HA-VSMC
cell line. Following 72 h fibulin-5 interference, HA-VSMC
cells were infected with overexpression and control lentivirus
particles (MOI, 5) using polybrene™ (EMD Millipore; Merck
KGaA) and 1.5 pg/ml puromycin to kill any cells that were
not successfully transfected. The medium was changed every
2 days and continuous screening continued for 2 weeks with
complete medium to expand the cell culture. Reverse tran-
scription-quantitative polymerase chain reaction (RT-qPCR)
was used to verify the expression of fibulin-5 mRNA and
western blotting was performed to evaluate the expression of
fibulin-5 protein.

Detection of a stable transfection effect. RNA was extracted
using TRIzol® (Thermo Fisher Scientific, Inc.) from each group
of cells in the logarithmic growth phase. The concentration and
purity of RNA were determined using a spectrophotometer at
a wavelength of 260 and 280 nm. RT was performed using the
All-in-One™ First-Strand cDNA Synthesis kit (GeneCopoeia)
under the following reaction conditions: 42°C for 60 min and

70°C for 5 min. Primers were designed and synthesized by
GeneCopoeia. qPCR was performed using the SYBR-Green
Master with Rox kit (GeneCopoeia). The reaction conditions
for gPCR were 95°C for 10 min, followed by 40 cycles of 95°C
for 15 sec, 60°C for 30 sec and 72°C for 30 sec. nRNA expres-
sion in each group was quantified using the 224 method (13).

Western blotting. The expression level of fibulin-5 was
detected in the human ascending aortic smooth muscle cells
from the following groups by western blotting: HA-VSMC,
mPFibulin-5, mFibulin-5 Ctrl, shFibulin-5 Ctrl, and shFibulin-5.
Briefly, protein samples were obtained using RIPA lysis
buffer (Beyotime Institute of Biotechnology) containing
protease inhibitor cocktail (EMD Millipore; Merck KGaA),
following which protein concentrations were measured using
Bicinchoninic Acid Protein Assay Kit (Beyotime Institute of
Biotechnology). Samples at 30 mg/lane were separated by
10% SDS-PAGE and then transferred onto a PVDF membrane
(EMD Millipore; Merck KGaA). B-Actin was used as a loading
control. The membrane was then blocked with 5% fat-free milk
atroom temperature for 40 min and separately with either mouse
anti-Fibulin-5 (1:1,000; cat. no. ab66339; Abcam) or mouse
anti-B-actin (1:5,000; cat. no. ab6276; Abcam) primary anti-
bodies overnight at 4°C. The membranes were then incubated
with peroxidase-conjugated goat anti-mouse IgG secondary
antibody at room temperature for 1 h (1:10,000; cat. no. A4416;
Sigma-Aldrich; Merck KGaA). Protein bands were visual-
ized using SuperSignal™ West Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific, Inc). ImageJ software
(version 1.46; National Institutes of Health) was used for grey
scale analysis and to calculate relative protein expression.

Assessment of apoptosis in HA-VSMCs following treatment
with aldosterone. HA-VSMC cells in the logarithmic growth
phase were plated in a 6-well plate at a density of 5x10°.
Following incubation, cells were treated with 0, 1, 10, 100 and
1000 uM aldosterone for 1, 2, 3,4 and 5 days. Cells were then
collected. Cells treated with 4 mg/1 actinomycin for 3 h were
used as apoptotic positive controls as actinomycin (Beijing
Solarbio Science & Technology Co., Ltd.) represses transcrip-
tion and induce necrosis; untreated cells were used as negative
controls. Levels of apoptosis were measured using the Annexin
V-fluorescein isothiocyanate (FITC) apoptosis detection kit
(NeoBioscience Technology Co., Ltd.) and a flow cytometer.
Cells (5x10°/ml) were resuspended in 1X binding buffer and
stained with Annexin V-FITC and propidium iodide for 5 min
at room temperature, followed by flow cytometry detection.
The rate of apoptosis was analysed using CellQuest software
(version 3.3; BD Biosciences).

Assessment of fibulin-5 interference and overexpression on
aldosterone-induced apoptosis. Cells overexpressing, knock-
down and control cells in the logarithmic growth phase were
seeded into a 6-well plate (5x10° cells/well) following overnight
incubation were treated with different concentrations of aldoste-
rone for 48 h. Cells were grown under a humidified atmosphere
containing 5% CO, at 37°C. Cells were collected and levels of
apoptosis were measured using flow cytometry. Cells treated
with actinomycin for 3 h were used as apoptotic positive controls
and untreated cells were used as negative controls.
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Statistical analysis. Results were plotted using Graph
Pad Prism 6.01 (GraphPad Software, Inc.) and analyzed
using one-way analysis of variance followed by a
Student-Newman-Keuls test. Data were analysed using the
SPSS 21.0 statistical software package (IBM Corp.) and all
data are presented as the mean =+ standard deviation of three
independent experiment.

Results

Determination of fibulin-5 interference and overexpression
in stable cell lines. The fibulin-5 overexpression and interfer-
ence lentiviruses were used to infect HA-VSMC cells. Cells
were then screened with puromycin for 2 weeks, subsequently
mRNA and protein were extracted from cells for analysis.
The expression of fibulin-5 mRNA and protein in each treated
group was detected by RT-qPCR and western blotting, respec-
tively. The results demonstrated that the expression fibulin-5
in cell lines overexpressing fibulin-5 was significantly higher
(~3 times) compared with the control groups and the expression
of mRNA in shFibulin-5 interference cells was significantly
downregulated by 69% (Fig. 1). Furthermore, the results of
western blotting confirmed that the expression of fibulin-5
protein in cells transfected with overexpressing lentivirus was
significantly increased (2 times) compared with control cells
(Fig. 2). However, the expression of fibulin-5 in cells trans-
fected with shFibulin-5 was significantly downregulated by
~80% compared with the control group. These results confirm
that stable cell lines exhibiting fibulin-5 overexpression and
inhibition were successfully constructed and that they could
be used in subsequent experiments.

Aldosterone induces the apoptosis of HA-VSMCs.
The effect of different concentrations of aldosterone
(1, 10, 100 and 1,000 M) on the apoptosis of HA-VSMCs at
different time points (48 h and 5 days) was determined using
the Annexin V-FITC/propidium iodide Apoptosis Detection
kit. The results indicated that treatment with <10 M aldoste-
rone for 5 days did not induce apoptosis in HA-VSMC cells
(Fig. 3). The effect on the apoptosis of HA-VSMCs following
treatment with 1,000 M aldosterone for 24 h was not signifi-
cant (data not shown); however, 48 h treatment with 1,000 xM
aldosterone was effective at inducing apoptosis. After 72 h
aldosterone treatment, the toxicity was more notable, where the
number of C-+ cells increased markedly. Increased apoptotic
rate in C+-\C++ cells was also observed (Fig. 3), in accordance
with the results of previous studies (14,15).

Effect of fibulin-5 on the aldosterone-induced apoptosis of
HA-VSMC. Under the same conditions (logarithmic growth
phase and fibulin-5 interference and overexpression), stable
strains and the corresponding control cell group were treated
with 100 and 1,000 M aldosterone for 48 h. The apoptosis rate
of each group was detected by flow cytometry. As presented
in Fig. 4, the rates of apoptosis were significantly increased
following treatment with high concentrations of aldosterone
(1,000 uM) in fibulin-5 knockdown cells compared with their
respective control. However, fibulin-5 knockdown cells were
significantly increased compared with their respective cells
following treatment with 100 uM Aldo. The rate of apoptosis
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Figure 1. The expression of fibulin-5 mRNA in each treated group was
detected by reverse transcription-quantitative polymerase chain reaction.
“P<0.05, “P<0.01. HA-VSMC, human ascending aortic smooth muscle cells;
Ctrl, control; m, magnifying expression vector; sh, short hairpin.
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Figure 2. The expression of fibulin-5/f-actin protein in the different treat-
ment groups was determined by western blotting. ““P<0.005. HA-VSMC,
human ascending aortic smooth muscle cells; Ctrl, control; m, magnifying
expression vector; sh, short hairpin.

in cells overexpressing fibulin-5 significantly decreased
following stimulation with low concentrations of aldosterone
compared with their respective controls.

These results suggest that fibulin-5 inhibits aldoste-
rone-induced apoptosis. When the aldosterone concentration
is high, the inhibitory activity of fibulin-5 is saturated, thereby
reducing its inhibitory activity.

Discussion
PA is the most common cause of secondary hypertension. It

was previously thought that patients with PA only accounted
for 1-2% of the total population with hypertension but it has
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Figure 3. HA-VSMCs were treated with different concentrations of Aldo (0, 1, 10, 100 and 1,000 M) for different durations (1, 2, 3,4 and 5 days). Apoptosis
was measured using the Annexin V-fluorescein isothiocyanate/propidium iodide Apoptosis Detection kit. HA-VSMC, human ascending aortic smooth muscle
cells; Aldo, aldosterone; B1, B2, B3 and B4, normal cell control groups; C-+, dead cells; C++: Late apoptotic cells; C--, living cells; C+-, early apoptotic cells.

been demonstrated that patients with PA account for >10%
of the total hypertensive population (16). APA is the most
common type of PA and accounts for 70-80% of all cases of
PA. The primary method of treating APA is via surgical resec-
tion; however, a long-term follow-up study revealed that the
postoperative hypertension control rate was only 33-87% and
has become a long-term clinical problem. Vascular remodel-
ling may be responsible for stimulating hypertension; however,
the specific mechanism remains to be elucidated.
Aldosterone directly stimulates vascular remodelling
and a number of previous studies have indicated that aldo-
sterone damages the cardiovascular system (17-19). Blood
vessels can express the mineralocorticoid receptor (MR)
and 11B-hydroxysteroid dehydrogenases (20). The latter is an
enzyme that ensures that aldosterone is specifically bound to

MR. Aldosterone can lead to vasoconstriction and elevate blood
pressure (21). Hypertension can damage and remodel blood
vessels (21). In a previous study, to identify the pathogenesis
of PA, a micro-osmotic pump (ALZET 2004) was injected to
pump aldosterone into rats and thus establish an animal model
of PA. The systolic blood pressure of rats increased, plasma
aldosterone concentration increased and renin activity was
inhibited following 3 weeks perfusion with aldosterone. After
8 weeks, the mesenteric arteries of the rats exhibited marked
changed, including wall thickening and a smaller lumen (3).
Aldosterone induced the apoptosis of VSMCs. Apoptosis
serves an important role in the pathogenesis of vascular lesions
and excessive apoptosis leads to the loss of vascular cells (18).
Previous studies have demonstrated that aldosterone is able
induce apoptosis in cardiomyocytes and renal tubular epithelial
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Figure 4. (A) Fibulin-5 inhibited aldosterone-induced apoptosis in HA-VSMCs. (B) Quantification of apoptosis in HA-VSMCs following fibulin-5 overex-
pression or knockout, and treatment with Aldo. Paired t-tests were performed to evaluate whether differences were significant between groups. Results are
expressed as the mean =+ standard deviation. "P<0.05 and “P<0.01. Aldo, aldosterone; HA-VSMC, human ascending aortic smooth muscle cells; Ctrl, control;

m, magnifying expression vector; sh, short hairpin.

cells (7,17). A previous study by the current authors identified
found that treatment with aldosterone increased the number of
TUNEL-positive VSMCs in the aorta increased, indicating that
aldosterone may induce the apoptosis of rat aorta VSMCs in vivo.
Furthermore, the expression of the pro-apoptotic proteins Bax,
cytochrome ¢ and caspase-3 increased and the expression of the
apoptosis inhibition protein Bcl-2 decreased (3). These results
indicate that aldosterone induces the apoptosis of VSMCs via
the mitochondrial pathway; however, the specific mechanism of
action requires further clarification.

Aldosterone induces the deposition of fibulin-5 in the aorta.
Extracellular matrix proteins are an important component of
vascular remodelling. Fibulin-5 is a member of the fibulin
family and is also an important component of the extracel-
lular matrix. It has been demonstrated that fibulin-5 deposition
increases in PA rat aortic extracellular matrix proteins (7).

Fibulin-5 is a multifunctional protein that serves an important
role in cell proliferation, migration and apoptosis (4,5). The
ligation of the carotid artery of fibulin-5 knockout mice is
accompanied by severe neointima formation and thickening
of the outer membrane (6). The results of a previous study
indicated that the deposition of fibulin-5 in the aorta of the
rats significantly increased following treatment with aldoste-
rone, suggesting that fibulin-5 may serve an important role in
aldosterone-induced vascular remodelling (7).

Fibulin-5 also affects apoptosis. Fibulin-5 has cell- and
environment-specific functions; it is able to stimulate the
synthesis of fibroblast DNA but also inhibit the synthesis
of epithelial cells (8). Fibulin-5 knockout mice exhibited
increased intravascular vascular density in normal tissues and
reduced endothelial cell apoptosis (9). A polyvinylchloride
sponge increased the invasion of new blood vessels in fibulin-5
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knockout mice demonstrating that fibulin-5 inhibited cell
invasion (10). Fibrosarcoma cells overexpressing fibulin-5 that
were subcutaneously injected into mice inhibited the growth
of tumors, suggesting that fibulin-5 promotes apoptosis (11).
Under hypoxic conditions, knockout of the fibulin-5 gene
significantly increased the apoptosis of endothelial cells (12).
The apoptosis of vascular endothelial cells in fibulin-5
knockout mice with pancreatic cancer increases, indicating
that fibulin-5 inhibits the apoptosis of endothelial cells (9).
Thus, the regulation of apoptosis by fibulin-5 is different in
different types of cells or in different environments. The results
of the current study demonstrated that the overexpression of
fibulin-5 inhibited aldosterone-induced apoptosis, particu-
larly at lower concentrations of aldosterone and promoted
aldosterone-induced apoptosis following fibulin-5 knockdown,
particularly at higher concentrations of aldosterone. These
results suggest that fibulin-5 inhibits aldosterone-induced
H-VSMC apoptosis, and this effect may be associated with
concentrations of aldosterone in the body.

In conclusion, the results of the present study indicate that
fibulin-5 serves a role in the inhibition of aldosterone-induced
apoptosis of human aortic smooth muscle cells. The effect of
fibulin-5 in vivo may be associated with levels of aldosterone in the
body. However, the specific mechanism by which fibulin-5 inhibits
apoptosis remains unclear and further studies are required.
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