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Abstract Osteopontin (OPN) is known to be one of the
cytokines that is involved in the vascular inflammation
caused by aldosterone (Ald). Previous reports have shown
that Ald increases OPN expression, and the mechanisms
for this remain to be clarified. In this study, we investigated
how Ald increases OPN expression in the vascular smooth
muscle cells (VSMCs) of rats. Ald increased OPN
expression time dependently as well as dose dependently.
This increase was diminished by spironolactone, a miner-
alocorticoid receptor (MR) antagonist. PD98059, an
inhibitor of p42/44 MAPK pathway, and SB203580, an
inhibitor of p38 MAPK pathway, suppressed Ald-induced
OPN expression and secretion in VSMCs. VSMCs migra-
tion stimulated by aldosterone required OPN expression.
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In conclusion, these data suggest that Ald-induced OPN
expression in VSMC is mediated by MR and signaling
cascades involving ERK and p38 MAPK. These molecules
may represent therapeutic targets for the prevention of
pathological vascular remodeling.
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Introduction

The proliferative phase of atherosclerotic lesion develop-
ment involves vascular smooth muscle cell (VSMC) pro-
liferation and migration, accumulation of extracellular
matrix, and fibrous cap formation.

Vascular injury induces modulation of VSMCs from a
quiescent to a proliferative state characterized by cell
division, cell migration into the intima, and secretion of
extracellular matrix. This sequence of events is character-
istic of the intimal hyperplasia seen in atherosclerosis, and
has been implicated in the pathogenesis of vessel restenosis
after balloon angioplasty of human coronary arteries.

Osteopontin (OPN) is a multifunctional glycophospho-
protein secreted by many cell types, including VSMCs and
endothelial cells [1]. It has been reported that OPN pro-
motes migration, extracellular matrix invasion, and pro-
liferation of VSMC [2, 3].

Cascella et al. [4] demonstrated that in response to
injury, OPN concentrations increase in several tissues, and
hypoxia, hyperglycemia, and mechanical injury to blood
vessels all result in enhanced OPN expression. These
increases may be significant for blood vessel growth
because overexpression of OPN has been shown to accel-
erate intimal thickening [5-7].
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These findings suggest that OPN serves as a critical
mediator during the pro-inflammatory and pro-fibrotic
process, thereby contributing to the development and/or
progression of cardiovascular diseases.

Aldosterone (Ald) has a well-established pathophysio-
logical role in hypertension and cardiovascular disease. In
addition to its primary function in regulating blood pres-
sure and electrolytic balance, aldosterone directly promotes
vascular remodeling and profibrotic changes in blood
vessels [8, 9]. Numerous experimental studies have pos-
tulated the possible direct cardiovascular effects by aldo-
sterone as responsible for the initiation of cardiovascular
inflammation and fibrosis (“aldosterone-induced vasculi-
tis”) [10, 11], although the cellular and molecular mecha-
nism(s) by which aldosterone induces such cardiovascular
injury remains unknown.

In coronary heart disease patients, aldosterone levels
have been reported to be independently associated with
plasma OPN levels [12]. Aldosterone has also been shown
to stimulate OPN gene transcription in VSMCs [13].
However, there are no studies that have evaluated the
signaling pathways involved in OPN induction in cultured
rat VSMCs. This study was undertaken to explore the
cellular mechanism by which aldosterone induces OPN
expression.

Materials and methods
Materials

All experimental protocols were approved by the Animal
Care and Use Committee of the University of Jiao Tong.
Aldosterone and spironolactone were obtained from
Sigma-Aldrich (St. Louis, MO, USA). RU486 was kindly
provided by Merck (Rahway, NJ, USA). Anti-phospho-
ERK, anti-phospho-JNK, and anti-phospho-p38 antibodies
were purchased from Cell Signaling Technology (Cell
Signaling, CA, USA), ff-actin was purchased from Sigma-
Aldrich (St. Louis, MO, USA). The neutralizing OPN
antibody was purchased from R&D Systems (Minneapolis,
MN, USA).

Cell culture

VSMC were prepared from thoracic aorta of Sprague—
Dawley rats by enzyme dispersion and grown in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10 % bovine serum, as previously described [14]. The
cultures were maintained at 37 °C in a 5 % CO,/95 % O,
humidified atmosphere. Cells were between passages 4—15
for all experiments.

Synthesis of antisense oligonucleotides

Phosphorothioate-derived ~ oligodeoxynucleotides ~ was
chemically synthesized by MWG Biotech AG (Germany)
and was composed of the following sequences: OPN
antisense 5'-AACCACTGCCAGTCTCAT-3’, OPN sense:
5'-ATGAGACTGGCAGTGGTT-3/, and OPN scramble
sense: 5'-AACTACTATCAGTCTCGT-3'. The OPN sense
oligodeoxynucleotide sequence comprised the first five
codons of rat OPN mRNA, and antisense OPN oligode-
oxynucleotides comprised the complementary sequence.

Western blotting

Whole cell extracts were prepared essentially as before
[15].The samples were then resolved on polyacrylamide
gels containing SDS and transferred to a nitrocellulose
membrane by electroblotting. The membrane was incu-
bated in blocking buffer (TBS Containing 5 % skim milk
and 0.1 %Tween20) for 2 h, followed by incubation with
the primary antibody diluted in the same buffer. The spe-
cific secondary antibody was detected using peroxidase-
conjugated anti-IgG at 1:2,000. Relative proteins were
detected by the supersignal chemiluminescence system
(ECL, Pierce) followed by exposure to autoradiographic
film.

Transient transfection and luciferase assay

Transfections were performed with the SuperFect trans-
fection reagent (Qiagen, Hilden, Germany) method.
Luciferase activity was detected with a luciferase assay kit
(Promega Corporation, Madison, WI).

Migration assays

Cell migration was performed with the Transwell (Costar)
system, which allows cells to migrate through 8-um pore
size polycarbonate membrane. The OPN sense, antisense,
or its scrambled sequence oligodeoxynucleotides were
pretreated to cells at concentrations of 25 pM in DMEM
with 0.5 % FBS for 8 h; then trypsinized, washed, and
resuspended in serum-free DMEM (5 x 105 cells/mL).
This suspension (100 pL) was added to the upper chamber
of transwells. The lower chamber was filled with 600 puL
serum-free DMEM containing aldosterone (10-7 M) or not
containing aldosterone. After 6-h stimulation by aldoste-
rone, filters were removed, and cells remaining on the
upper surface of the membrane (that had not migrated
through the filter) were removed with a cotton swab. Then,
membranes were washed with PBS, and cells present
beneath the membrane were fixed with cold methanol for
15 min and stained with Hemalun. Cells were counted in
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ten high-power microscope fields. Analysis was performed
on three wells for each condition, and each experiment was
repeated three times [16].

Enzyme-linked immunosorbent assay (ELISA)

Confluent VSMCs in 6-cm collagen-coated plates were
incubated with aldosterone alone or along with spirono-
lactone, RU486, PD98059, SB203580, and SP600125, and
concentrations of OPN in medium were determined by
commercially available ELISA kit (Immuno-Biological
Laboratories, Gunma, Japan) according to the manufac-
turer’s instructions.

Rat carotid balloon injury model

All animals used in this study were treated in accordance
with the Guidelines of the Institutional Animal Experi-
mental Committee of JiaoTong University. Male 10-week-
old Wistar rats (275-320 g) were anesthetized with sodium
pentobarbital (20 mg/kg, intraperitoneally). The left com-
mon carotid artery was denuded of endothelium and
stretched with a 2 Fr Fogarty balloon catheter (Baxter
Healthcare, Deerfield, USA), as described elsewhere [17].
Rats were treated with spironolactone (200 mg/kg/day) in
olive oil or only olive oil continuously for 2 weeks using
osmotic minipumps (Model 2002; Alzet Corporation,
Cupertino, USA) that were subcutaneously implanted at the
time of the surgery. Blood pressure was measured every
7 days by the tail-cuff method. Two weeks after balloon
injury, rats were euthanized and perfusion-fixed with 4 %
paraformaldehyde. The injured arteries were excised and
embedded in paraffin.

Immunohistochemistry

A monoclonal antibody against OPN (MPIIIB101; 1:200
dilution) was used as the primary antibody. The sections
were visualized using a Vectastain ABC kit (Vector Lab-
oratories, Burlingame, USA), with diaminobenzidine
(DAB) as the substrate. Hematoxylin was used as a counter
stain. Negative controls were established using nonimmune
serum in place of the primary antibody. The degree of OPN
immunoreactivity was determined as the percentage of
OPN-positive area in the injured vessels.

Statistical analysis

Data were expressed as means + SEM. Differences
between groups were examined for statistical significance
using unpaired ¢ test or ANOVA with Dunn’s post hoc test,
if they were appropriate. P values less than 0.05 were
considered statistically significant.

@ Springer

Results

Role of aldosterone in neointimal formation and OPN
expression in the balloon-injured rat carotid artery

Previous studies have indicated that aldosterone plays a
critical role in neointimal formation following vascular
injury. To investigate the role of aldosterone in OPN
expression in injured arteries, rats were treated with spi-
ronolactone or vehicle for 2 weeks following balloon
injury to the carotid arteries. No significant difference in
blood pressure was found between these two groups
(117 £ 8 mmHg in the control group, 122 + 7 mmHg in
the spironolactone group). Two weeks after injury, a sig-
nificant degree of neointimal hyperplasia was observed
(Fig. 1a). Treatment with spironolactone reduced the
intima/media ratio by 42 %. Spironolactone administration
also resulted in decreased OPN expression in the vessel
wall following balloon injury by 55 %, indicating that OPN
expression in the injured artery is at least partially medi-
ated by aldosterone (Fig. 1b).

OPN is critical for aldosterone-induced vascular
smooth muscle cells migration

Our previous study has shown that Aldo increased VSMCs
migration. To determine if the migration of VSMCs is OPN
dependent, migration experiments with Aldo were per-
formed in the presence of OPN anti-sense. As shown in
Fig. 2a, b, we found that cells transfected with OPN anti-
sense significantly inhibited Ald-induced OPN expression
in VSMCs measured by western blot. Aldosterone signifi-
cantly increased migration measured by transwell chamber.
OPN anti-sense significantly attenuated aldosterone-
induced VSMCs migration, whereas OPN sense or scramble
sense cannot inhibit aldosterone-induced VSMCs migra-
tion, demonstrating that OPN is essential for aldosterone-
induced migration in VSMCs. We also found OPN
neutralizes antibody-attenuated aldosterone-induced VSMCs
migration (data not shown).

Aldosterone induces osteopontin expression
and secretion in vascular smooth muscle cells

We first examined whether aldosterone directly induces
OPN in cultured VSMCs. As shown in Fig. 3, aldosterone
induced the OPN expression in a time-dependent manner,
with the maximal effect at 24 h (Fig. 3a). Aldosterone dose
dependently (107°-10~7 M) increased steady-state OPN
protein levels in VSMCs (Fig. 3b); about 1.8-fold increase
(P < 0.05) was induced by as low as 107" M and the
maximal effect observed at 1077 M Ald. Likewise, aldo-
sterone dose dependently (107°—10"7 M) increased the
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Fig. 1 Effect of an aldosterone receptor blocker on rat carotid artery
neointimal formation following balloon injury in vivo. a Representa-
tive cross-sections of an injured carotid artery, an injured carotid
artery treated with spironolactone (200 mg/kg/day) for 2 weeks, and
an uninjured carotid artery. Arrows indicate the neointima. Original
magnification x 100. The graph shows morphometric analysis of the
injured carotid arteries. Animals were treated with either vehicle
(n = 11) or spironolactone (n = 8). Mean ratios of intima to media
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Fig. 2 Effect of anti-sense for OPN on the Ald-induced migration of
vascular smooth muscle. VSMCs were pretreated with OPN sense,
antisense, or its scrambled sequence oligodeoxynucleotides for 8 h
and subsequently stimulated by Ald for 6 h, the transfect efficiency
was measured by western blot. VSMCs pretreated with OPN anti-
sense significantly inhibited Ald-induced OPN expression (a).
Vascular smooth muscle were treated with Ald (1077 M) for 8 h

OPN positive
area (%control)

: .

vehicle spironolactone

(I/M ratio) are represented as the means = SEM. b Effect of an
aldosterone receptor blocker on in vivo OPN expression at 14 days
after balloon injury. OPN expression in an injured carotid artery, an
injured carotid artery treated with spironolactone, and an uninjured
artery are shown. Original magnification, x200. The graph shows the
percentage of OPN-positive area in the injured vessels. Animals were
treated with either vehicle (n = 11) or spironolactone (n = 8). Values
are the means = SEM. *P < 0.05 vs. vehicle
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and subsequently studied cells migration by using transwell appara-
tus. The increased migration was blocked by treatment with ant-sense
for OPN (b). Each bar represents mean + SE of cell migrated per
high-power fields for three independent experiments. *P < 0.05 vs.
vascular smooth muscle in DMEM alone. **P < 0.05 vs. vascular
smooth muscle in Ald
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Fig. 3 Aldosterone induces a b
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secretion of OPN into media (Fig. 3c); about 1.3-fold
increase (P < 0.05) was induced by as low as 10° M and
about a 4-fold increase by 107’ M.

Mitogen-activated protein kinases (MAPKs)
and mineralocorticoid receptor (MR) receptor were
involved in OPN expression

As shown in Fig. 4, aldosterone activates p42/p44 MAPK,
JNK1/2, and p38 MAPK with the maximal effect at 5, 30,
and 10 min, respectively in VSMCs (Fig. 4a). A selective
MR antagonist, spironolactone (10_6 M), blocked the p42/
p44 MAPK and p38 MAPK expression induced by aldo-
sterone (Fig. 4b). To further determine the role of aldo-
sterone receptors in OPN expression and whether the
MAPK activation was involved in aldosterone-induced
OPN expression in VSMCs, VSMCs were pretreated with a
selective MR antagonist, spironolactone (10_6 M), a
selective GR antagonist, RU486 (10_6 M), p38 MAPK
inhibitor SB203580 (20 mM), p42/p44 MAPK inhibitor
PD98059 (20 mM), and JNK1/2 inhibitor SP600125. The
aldosterone (1077 M)-induced OPN expression was
blocked by MR antagonist, spironolactone, p38 MAPK
inhibitor SB203580 (20 mM), and p42/p44 MAPK inhib-
itor PD98059 (Fig. 4c). In contrast, pretreatment with a
JNK1/2 inhibitor SP600125 and GR antagonist RU486 did
not block aldosterone-induced OPN expression. These
results suggest that aldosterone induced OPN expression
through MR, p38 MAPK, and p42/p44 signaling pathway
in VSMCs. Likewise, the aldosterone-stimulated OPN
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secretion was also blocked by MR antagonist, spironolac-
tone, p38 MAPK inhibitor SB203580 (20 mM), and p42/
p44 MAPK inhibitor PD98059 (Fig. 4d).

Discussion

This study demonstrates that aldosterone directly induced
OPN protein expression and secretion in rat VSMCs,
whose effects were completely blocked by a selective MR
receptor antagonist. The aldosterone-induced upregulation
of OPN protein expression and secretion was also com-
pletely blocked by p38 MAPK inhibitor and p42/p44
MAPK inhibitor, suggesting that aldosterone-induced OPN
expression and secretion is mediated by MR and signaling
cascades involving p38 MAPK p42/p44 MAPK.

Two recent clinical trials, the Randomized Aldactone
Evaluation Study and the Eplerenone Post-Acute Myocar-
dial Infarction Heart Failure Efficacy and Survival Study,
showed that the MR antagonists, spironolactone and epl-
erenone (Eplr), improved the prognosis of chronic heart
failure patients, even at doses less than the threshold that
causes significant renal effects [18, 19]. This finding sug-
gests that MR antagonism may have a direct protective
effect on the cardiovascular system. MR is distributed in
not only distal renal tubules but also nonepithelial tissues,
such as the cardiovascular system, including VSMCs
[20, 21]. There is a large body of evidence that Ald induces
inflammatory changes in the vasculature leading to dete-
rioration in vascular function.
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Fig. 4 MAPK pathways were involved in Ald-induced OPN expres-
sion and secretion in vascular smooth muscle. VSMCs were exposed
to 1077 M aldosterone for the indicated times. The cells were then
harvested and 20 pg of the lysates subjected to western blot analysis
using antibodies to phosphorylated ERK, JNK, and P38, their activity
reached peak at 5, 30, and 10 min, respectively (a). Cells were treated
with Ald (10”7 mol/L), alone or along with spironolactone. The cells
were then harvested and 20 pg of the lysates subjected to western blot
analysis using antibodies to phosphorylated ERK, JNK, and P38 (b).

Aldosterone stimulates epidermal growth factor receptor
synthesis in VSMCs, and this effect requires MR binding
[22, 23]. Irita et al. [24] demonstrated that aldosterone dose
and time dependently induced a significant increase in OPN
expression in rat renal fibroblasts, and OPN-small interfer-
ing RNA completely inhibited the induction of cell prolif-
eration and collagen synthesis in response to aldosterone.
Significant relationships have also been identified between
aldosterone and OPN in vivo. MR antagonists block OPN
synthesis in blood vessels of angiotensin II transgenic mice
[25], and OPN knockout mice demonstrate reduced cardiac
fibrosis after aldosterone infusion [26]. In humans, changes
in plasma OPN concentrations correlate with changes in
aldosterone, and patients with primary hyper-aldosteronism
have increased plasma levels of OPN [27]. These findings

OPN
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OPN protein level
(fold increased)

(fold increased)
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Cells were treated with Ald (10_7 mol/L), alone or along with
spironolactone, RU486 for 24 h. Then, cells were preincubated with
20 mM PD98059, SB203580, SP600125 for 1.5 h and then treated
with 1077 mol/L. Ald for 24 h (b, ¢). OPN protein expression was
determined by western blotting analysis. Secretion of OPN in medium
was measured by ELISA. The gels represent results of three
independently performed experiments. Normalized data (bar graphs)
are presented as mean + SEM. *P < 0.05 vs. vascular smooth
muscle in DMEM alone (control). **P < 0.05 vs. VSMCs in Ald

suggest that aldosterone could induce changes in OPN that
lead to vascular remodeling. In this study, the aldosterone-
induced OPN protein expression and secretion in VSMCs
was inhibited by a selective MR antagonist (spironolactone).
These results suggest that the aldosterone in its physiologi-
cal and/or pathophysiological concentrations regulates OPN
expression through MR in VSMCs.

MAPKSs, a large family of serine-threonine kinases, have
important functions as mediators of signal transduction and
are activated by a variety extracellular stimuli. Three
subgroups of MAPKSs have clearly been identified: the
extracellular signal-regulated kinases(p42/44 MAPK), the
p38 kinase, and the c-jun N-terminal kinases (JNKs).
Aldosterone stimulated mesangial cell mitosis and acti-
vated ERK1/2 and SAPK/INK signaling [28].
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Aldosterone enhances IGF-I-mediated IRS-1, Akt,
MAPK, and p70S6K phosphorylation. Aldosterone also
enhances IGF-I-induced VSMC proliferation, migration, and
protein synthesis [4]. One of the mechanisms mediating these
changes was the induction of OPN production. Aldosterone
increases VEGF-A production in human neutrophils through
PI3K, ERK1/2, and p38 pathways [29]. Platelet-derived
growth factor induced vascular proliferation, migration, and
gene expression involving MAPK [30]. Similar to the results,
we found that p38 MAPK inhibitor and p42/p44 MAPK
inhibitor, but not JNK1/2 inhibitor, significantly blocked
Ald-induced OPN protein expression and secretion. MR
antagonist RU-28318 blocked aldosterone-induced brain
phosphorylation of p44/42 MAPK [31]. Another study
showed that adipocyte-conditioned medium (ACM) stimu-
lates p38 MAPK and extracellular signal-regulated kinase
1/2 phosphorylation through MR, glucocorticoid receptors
(GR), and angiotensin II type-1 receptor (AT1R); activation
of stress-activated protein kinase/JNK involves GR and
ATIR [32]. In our study, aldosterone induced upregulation of
OPN protein expression through MR. These data suggest that
JNKSs may be in part regulated through GR.

This study also showed that aldosterone induced VSMC
migration and antisense OPN inhibited aldosterone-
induced VSMC migration, suggesting that in part, OPN is
critical for aldosterone-induced VSMCs migration.

We and other investigators have demonstrated OPN
expression in the neointima. In this study, spironolactone
attenuated OPN expression and neointimal formation in the
balloon-injured rat carotid artery. Accumulating evidence
suggests that OPN plays an important role in the devel-
opment of atherosclerosis [33, 34]. OPN expression in
blood vessels has been shown to be induced in response to
multiple stimuli, such as aldosterone or during vascular
repair or regeneration [35], and to activate macrophages
and T-cells to migrate and produce other cytokines through
avb3 or CD44 receptors [36]. In vitro studies have dem-
onstrated that OPN promotes migration and proliferation of
VSMCs and accumulation of extracellular matrices by
directly binding to collagen and fibronectin [2, 37]. Our
study showed that OPN is critical for aldosterone-induced
VSMCs migration. Aldosterone-induced OPN expression
may be involved in the development of atherosclerosis
through these biological effects.

Previous study demonstrates that spironolactone modu-
lates the expressions of JNK-2, ERK-2, and p38 in the
developing kidney, suggesting that the signaling interme-
diate through the MR in rat kidney [38]. Aldosterone
stimulates collagen gene expression and synthesis through
MR-mediated ERK1/2 activation in renal fibroblasts [39].

In our study, the functional link between the MR and the
p42/44 and p38 MAPK pathway in VSMCs remains to be
further elucidated.
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In conclusion, this study demonstrates that aldosterone
directly induces OPN expression in VSMCs through MR
and signaling cascades involving p38 MAPK p42/p44
MAPK, which may be responsible for the initiation of
“aldosterone-induced vasculitis.”
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