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Fig 4 Effects of nilutamide, an antagomst of androgen receptor, on ¢éNOS phosphorylation and NO production. HAECs were starved 6 h and then

treated without or with Rbl (1 pmol/L) for 30 min. Some groups of cells were pre-treated with androgen receptor agonist nilutaride (10 pmol/L) for 1 b
Cell lysates were then subjected to immunoblotting as described in Materials and methods. The experiments were repeated three imes in triplicates, with
equal results. Starved cells were loaded with DAF-2 DA as described in Materials and methods before treatment with Rb1 (1 pmal/L). In some groups of
cells, nilutamide (10 pmol/L) were added 60 min before cells were loaded with DAF-2 DA. After Rbl treatment, cells were fixed in 2% paraformaldehyde
for 10 tnin at 4 *C and then viewed using a fluorescent microscope (B). Emission of green light (510 nm) from cells excited by light at 488 nm is indicative
of NO production. The experiments were repeated independently three times with equal results, (For interpretation of the references to color in this Ggure

legend, the reader is referred to the web version of this paper.)

Rbl-induced eNOS phosphorylation is inhibited by androgen
receptor anlagonist

Increasing evidence shows that activation of the steroid
hormone receptor such as estrogen receptor (ER) lead to
NO production and vasodilation within minutes by non-
transcriptional pathways. Ginsenosides have steroidal
skeleton structure and can act as an agonist for steroid
hormones receptor. To see whether steroid hormone
receptors were involved in acute activation of ¢éNOS to
produce NO in HUACs by Rbl, we examined the effects
of the androgen receptor antagonist nilutamide and estro-
gen receptor antagonist ICI182780. Representative western
blots obtained using anti-phospho-eNOS (Ser1177) anti-
body and anti-eNOS antibody are shown in Fig. 4A. The
Rbl-induced eNOS phosphorylation (Ser1177) was inhibit-
ed by the androgen receptor antagomist nilutamid
(10 pmol/L) In addition, NO production was diminished
to the baseline level in the presence of nilutamid
(Fig. 4B). However, the Rbl-induced eNOS phosphoryla-
tion (Ser1177) and NO production were unaffected by an
estrogen receptor (ER) antagonist ICT182780 (10 pmol/L)
(data not shown).

Discussion

We have shown that purified Rbl rapidly stimulates
production of NO in HAECs > 15min afler treatment.
Maximal stimulation of NO production was obtained at
30 min. The increase in NO production was abrogated by
the addition of eNOS inhibitor, L-NAME. It is generally
well known that eNOS is tightly regulated not only at the
transcriptional level but also by several post-transcriptional

mechanisms [8]. The enhanced phosphorylation at Serl1177
leads to increased eNOS activity. In our experiments,
Rbl induced rapid phosphorylation of eNOS at
Ser1177 > 10 min after Rbl treatment. Maximal eNOS
phosphorylation by Rbl was observed from 30 to 60 min
of incubation. NOS activity was also increased by the addi-
tion of Rbl in HAECs. Taken together, our results suggest
that the acute effect on NO production in HAECs is attrib-
utable to rapid phosphorylation of eNOS at Ser1177. NO
produced by eNOS is a fundamental determinant of
cardiovascular homeostasis responsible for regulating
systolic blood pressure, vascular remodeling and angiogen-
esis. It is possible to consider that Rbl, a major active
component of ginseng could be a candidate responsible
for the antihypertensive effects of ginseng previously
reported [1,2].

Recent studies have revealed that PI3-kinase/Akt and
MEK/ERK /2 pathways are crucial regulator in cell pro-
liferation, cell-cycle progression, and mediator of cellular
survival. Both of them also contribute to enhanced phos-
phorylation of eNOS at Ser1177/1179 and production of
NO [6,7] The present study showed that Rbl also stimu-
lated the phosphorylation of Akt (Ser473) and ERK1/2
(Thr202/Thr204) in HAECs. Rbl-induced eNOS phos-
phorylation was prevented by inhibitors for PI3-kinase/
Akt or MEK (ERK kinase). Our data suggest that the acti-
vation of PI3-kinase/Akt and MEK/ERK-mediated path-
ways are involved in the regulation of acute eNOS
phosphorylation by ginsenoside Rbl in HAECs.

Another interesting finding is that acute phosphoryla-
tion of eNOS by Rbl was abolished by an antagonist for
androgen receptor. Recent studies have shown Rbl acts
as a phytoestrogen in MCF-7 human mammary carcinoma
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cells [9]). However, in HAECs, Rbl-induced eNOS phos-
phorylation was not prevented by an antagonist for estro-
gen receptor (data not shown). It is known that
testosterone prevents coronary artery disease, and lower
testosterone level is a risk factor for ischemic heart discase
in men [10-12]. Recent studies revealed that endothelial
NO has antiatherosclerotic properties, such as inhibition
of platelet aggregation, leukocyte adhesion, smooth muscle
cell proliferation, and expression of genes involved in ath-
erosclerosis [4]. Together with these observations, our
results that Rbl induced eNOS phosphorylation has been
abolished by the androgen receptor antagonist will be the
beginning of the experimental analyses at cellular levels
and may provide a clue for better understanding of the
mechanisms by which androgens exert their action for pre-
venting coronary artery disease. Further studies are
required for elucidation.
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Abstract

Apoptosis is essential for the initiation and progression of vascular calcification. Recently, we showed that 3-hydraxy-3-methylglutaryl (HMG)
CoA reductase inhibitors (statins) have a protective effect against vascular smooth muscle cell calcification by inhibiting zpoptosis, where growth
arrest-specific gene 6 (Gas6) plays a pivotal role. In the present study, we clarified the downstream targets of Gas6-mediated survival signaling in
inorganic phosphate (Pi)-induced apoptosis and examined the effect of statins. We found that fluvastatin and pravastatin significantly inhibited Pi-
induced apoptosis and calcification in a concentration-dependent manner in human aortic smooth muscle cells (HASMC), as was found with
atorvastatin previously. Gas6 and its receptor, Axl, expression were downregulated in the presence of Pi, and recombinant buman Gas6 (rhGas6)
significantly inhibited apoptosis and calcification in a concentration-dependent manner. During spoptosis, Pi suppressed Akt phosphorylation, which
was reversed by rhGas6. Wortmannin, a specific phosphatidylinositol 3-OH ki (PI3K) inhibitar, abolished the increase in Akt phosphorylation
by rhGes6 and eliminated the inhibitory effect of thGasé on both Pi-induced apoptosis and calcification, suggesting that PI3K-Akt is 2 downstream
signal of the Gas6-mediated survival pathway. Pi reduced phosphorylation of Bel2 and Bad, and activated caspase 3, all of which were reversed by
thGas6. The inhibitory effect of statins on Pi-induced apoptosis was accompanied by restoration of the Gas6-mediated survival signal pathway:
upregulation of Gas6 and Axl expression, mcreased phosphorylation of Akt and Bel2, and inhibition of Bad and caspase 3 activation. These findings
indicate that the Gas6-mediated survival pathway is the target of statins’ effect to prevent vascular calcification.
© 2006 Elsevier B.V. All nghts reserved.
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1. Introduction atheromatous disease (Wexler et al., 1996). In diabetic patients,
medial calcification has been shown to be a strong independent
Vascular calcification, such as coronary and aortic calcifica-  predictor of cardiovascular mortality (Everhart et al., 1988).
tion, is clinically important in the development of cardiovascular We recently demonstrated that atorvastatin prevented inor-
disease (Eggen, 1968). Two distinct forms of vascular calci-  ganic phosphate (Pi)-induced calcification by inhibiting apo-
fication are well recognized. One is medial calcification, which  ptosis, one of the important processes regulating calcification.
occurs between the cell layers of smooth muscle cells and is ~ This was mediated by growth arrest-specific gene 6 (Gasé), 2
related to aging, diabetes and chronic renal failure (Neubauer,  vitamin K-dependent protein (Son et al., 2006). Gas6 binds to
1971; Goodman et al., 2000). The other is atherosclerotic calci-  Axl, the predominant receptor for Gas6, on the cell surface and
fication, which occurs in the intima during the development of  transduces the signal by Axl autophosphorylation (Mark et al,,
1996). Gas6-Ax| interaction has been shown to be implicated in
the regulation of multiple cellular functions (Yanagita et al,
"+ Comesponding author. Tel: +81 3 5800 8652; fax: +81 3 5800 6530, 2001; Goruppi et al., 1996; Nakano et al., 1997; Fridell et al,,
E-mail address: youchi-tky@umin.ac.jp (Y. Ouchi). 1998). Especially, they are known to protect a range of cell types
0014-2959/8 - sec front matter © 2006 Elsevier B.V. All rights reserved.
doi:10,1016/.ejphar2006.09.070
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from apoptotic death (Goruppi et al., 1996, 1999; Healy et al.,
2001). However, the downstream targets of Gas6-mediated
signaling in Pi-induced apoptosis and the effect of statins on this
pathway are poorly understood.

With respect to the targets of Gas6-Ax| interaction, Lee et al.
(2002) showed that activation of Akt is necessary for Gas6-
dependent cell survival. Akt is an important mediator of meta-
bolic and survival responses after growth factor stimulation. Akt
is activated by phosphorylation, which is performed by phos-
phatidylinositel 3-OH kinase (PI3K), a kinase that is activated
by Gas6é-Ax] interaction (Lee et al., 2002; Ming Cao et al,,
2001). Activation of Akt leads to downstream signaling events
including those associated with mitochondrial regulators of
apoptosis such as Bel2 and Bad.

In the present study, we examined the effect of statins using
two différent types: lipophilic fluvastatin and hydrophilic pra-
vastatin, We investigated the effect of stating on Pi-induced
apoptosis and calcification as well as on signaling components
in this process. Consequently, we found that both statins res-
tored the Gas6-mediated survival pathway, with upregulation
of the expression of Gas6é and Axl, increased phosphorylation
of Aki, Bel2 and Bad; and finally inhibition of caspase 3
activation, resulting in the prevention of apoptosis and
subsequent calcification in human aortic smooth muscle cells
(HASMC).

2. Materials and methods
2.]1. Maierials

Pravastatin and fluvastatin were supplied by Sankyo Co. Ltd.
and Tanabe Seiyaku Co., Ltd., respectively. Recombinant
human Gas6 (thGas6) was prepared as described previously
(Ming et al., 2001). Wortmannin was purchased from
Calbiochem. All other reagents were of analytical grade.

2.2, Cell eulture

HASMC were obtained from Clonetics. They were cultured
in Dulbecca’s modified Eagle’s medium (DMEM) supplemen-
ted with 20% fetal bovine serum (FBS), 100 U/ml penicillin and
100 mg/ml streptormycin at 37 °C in 2 humidified atmosphere
with 5% CO; HASMC were used up to passage 8 for the
experiments.

2.3. Induction and quantification of calcification

For Pi-induced calcification, Pi (a mixed solution of
Naz,HPO, and NaH,PO, whose pH was adjusted to 7.4) was
added to serum-supplemented DMEM to a final concentration
of 2.6 mM. After the indicated mcubation period, cells were
decalcified with 0.6 M HCI, and Ca content in the supernatant
was determined by the o-cresolphthalein complexone method
(C-Test, WAKO). The remaining cells were solubilized in 0.1 M
NaOH/0.1% sodium dodecyl sulfate (SDS), and cell proten
content was measured by Bio-Rad protein assay. Calcification
was visualized by von Kossa's method. Briefly, the cells were

fixed with 4% formaldehyde and exposed to 5% aqueous
AgNO;.

2.4. Induction and determination of apoplosis

Two different time courses were tested 1o investigate Pi-
induced apoptosis and examine the effect of statins, under short-
term (within 24 h) and long-term (up to 10 days) conditions
(Son et al., 2006).

2.4.1. TdT-mediated dUTP nick end-labeling (TUNEL) assay

TUNEL assay to detect DNA fragmentation was performed
using a commercially available kit (ApopTag Plus, Chemicon).
Briefly, the samples were preincubated with equilibration buffer
for 10 min, and subsequently incubated with terminal
deoxyribonucleotidyl transferase in the presence of digox-
igenin-conjugated dUTP for 1 h at 37 °C. The reaction was
terminated by incubating the samples in stopping buffer for
30 min. After 3 rinses with phosphate-buffered saline (PBS), a
fluorescein-labeled anti-digoxigenin antibody was applied for
30 min, and the samples were rinsed 4 times with PBS. The
samples were then stained, mounted with DAPI (4',6-diamino-
2-phenylindole)/antifade, and examined by fluorescence
MICroscopy.

2.4.2. Detection of DNA fragmentation by ELISA

Cytoplasmic histone-associated DNA fragments were deter-
mined with a cell-death detection ELISAP™ kit (Roche) as a
quantitative index of apoptosis. Briefly, after the cells were
incubated in lysis buffer for 30 min, 20 pl of the cell lysates was
used for the assay. Following addition of substrate, colorimetric
change was determined as the absorbance value measured at
405 nm.

2.5. Immunoblotting

The effect of Pi and statins on the expression of Gas6 and
Axl, phosphorylation of Akt, Bel2 and Bad, and activation of
caspase 3 was examined at 12 h. The collected cell lysates were
applied to SDS-polyacrylamide gels under reducing conditions,
and transferred to a polyvinylidene difluoride (PVDF) mem-
brane. Immunoblot analysis was performed using specific
primary antibodies: anti-Axl, anti-Gas6 (Santa Cruz Biotech-
nology), anti-caspase 3, anti-Akt, anti-Bel2, anti-phospho-Akt,
anti-phospho-Bcl2, anti-phospho-Bad (Cell Signaling Technol-
ogy), and anti-Bad (Transduction Laboratories). After incuba-
tion with horseradish peroxidase-conjugated secondary
antibodies (Amersham Pharmacia), blots were visualized by
enhanced chemiluminescence and sutoradiography (ECL Plus,
Amersham Pharmacia). Experiments were performed with at least
three different cell populations.

2.6. Statistical analysis
All results are presented as mean+S.E.M. Statistical com-

parisons were made by ANOVA, unless otherwise stated. A
value of P<0.05 was considered to be significant.
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3. Results

3.1. Statins inhibit Pi-induced apoptosis and calcification in
HASMC

In HASMC, a high Pi level (=2.6 mM), comparable to that
of hyperphosphatemia in end-stage renal disease, significantly
induced calcification. Fluvastatin showed an inhibitory effect
on Pi-induced calcification at as high a concentration as 0.1 pyM
(26.1£2.3% of control), while pravastatin showed the degree of
effect at 50 pM (27.4+3.1% of control) (Fig. 1A). An inhibitory
effect on Ca deposition was also found by von Kossa's staining
(Fig. 1B). Both statins prevented Pi-induced apoptosis at the
same concentrations as those at which they prevented calci-
fication (Fig. 1C). An antiapoptotic effect of statins was also
observed by TUNEL assay on day 6 (Fig. 1D).
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3.2. Gas6 plays an important role in Pi-induced apoptosis

In the presence of 2.6 mM Pi, the expression of Gas6 and Axl
was markedly downregulated (Fig. 2A). To investigate the role
of Gas6 in Pi-induced apoptosis and calcification, first, we
tested whether supplementation of rhGas6é could prevent Pi-
induced apoptosis. In HASMC, rhGas6 significantly inhibited
Pi-induced apoptosis in a concentration-dependent manner
(Fig. 2B). Furthermore, during apoptosis, activated products of
caspase 3 (17 and 19 kDa) were significantly increased by
2.6 mM Pi, which was reversed by rhGasé (Fig. 2C). Next, we
examined the effect of rhGas6 on calcification. Recombinant
human Gas6 significantly inhibited Pi-induced calcification on
day 6 in a concentration-dependent manner (Fig. 2D), sug-
gesting that Gasé plays an important role in Pi-induced apop-
tosis and calcification.
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Fig. 1. Statins prevent Pi-induced apoptosis and calcification. HASMC were cultured with the indicated concentrations of fluvastatin and pravastatin in the presence of
2.6 mM Pi for 6 days. Ca deposition was measured by o-cresclphthalein complexone method, and normalized by cell protein content. All values sre presented s mean
S.EM (n=6). *P<0.05 vs. statin (~) by Fisher's test. N.D. stands for "not detected” (A). On day 6, the inhibitory effect of fluvastatin (0.1 pM) and pravastatin (50 M)
on 2.6 mM Pi [Pi(+)}-induced Ca deposition was evaluated at the light microscopic level with von Kossa's staining (B). Serum-starved HASMC were cultured with the
indicated concentrations of fluvastatin and pravastatin for 12 h and then incubated with 2.6 mM Pi for an additional 24 h. A quantitative mdex of epoptosis, determined
by ELISA, is presented as the relative value to that without statins and 2.6 mM Pi. All values are presented as mean+ S EM. (n=13). *P<0.05 v&. 2.6 mM Pi, statin (-) by
Fisher's test (C). The antiapoptotic cffect of fluvastatin (0.1 uM) and pravastatin (S0 pM) was cvalusted by TUNEL staining (green) on day 6. Nuclei were

counterstained with DAPL (4',6-diamino-2-phenylindole, blue) (D).
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3.3. Downregulation of phospho-Akt particip
apoplosis

Since in NIH-3T3 fibroblasts, the antiapoptotic effect of Gas6-
Axl interaction has been shown to be mediated by Akt phos-
phorylation (Goruppi et al, 1999), we examined whether Akt
participates in the signaling of downregulation of the Gas6-Axl
interaction during Pi-induced apoptosis. In the presence of
2.6 mM Pi, Akt phosphorylation was downregulated in a time-
dependent manner, whereas the expression of total Akt was not
changed (Fig. 3A), In addition, rhGas6 abrogated the Pi-induced
decrease in Akt phosphorylation, implying that subsequent
downregulation of Akt phosphorylation is the pathway of Pi-
induced apoptosis (Fig. 3B).

Because Akt phosphorylation is regulated by PI3K, we exa-
mined the effect of wortmannin, a specific PI3K inhibitor, on
thGasé-mediated phosphorylation of Akt. As shown in Fig. 3B,
wortmannin abrogated the rhGas6-induced phosphorylation of

Akt and fiwther eliminated the inhibitory effect of thGas6 on Pi-
induced apoptosis and calcification (Fig. 3C, D), These results
indicate that the preventive effect of rhGas6 on Pi-induced
apoptosis and calcification was mediated by the PI3K-Akt pathway.

3.4. Pi suppresses Bel2 phosphorylarion and activates Bad

To establish the downstream components of Pi-induced
apoptosis, two key apoptosis-regulating proteins, Bel2 and Bad,
were analyzed. During =poptosis, phosphorylation of Bel2
(active form) and Bad (inactive form) was markedly reduced by
2.6 mM Pi in a time-dependent manner. The expression level of
their total protein was not changed in this period (Fig. 44, B).
By supplementation of the medium with rhGas6, the decrease in
phosphorylation of Bel2 and Bad by Pi was reversed to almost
the basal level (Fig. 4C, D). These results indicate that Pi
promotes apoptosis by inactivating Bcl2 and activating Bad via
a Gas6-dependent pathway.
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Fig. 3. Pi decreases Akt phosphorylation, and wortmannin sbrogstes the inhibitory cffect of thGasé on Akt phosphorylation, spoptosis and calcification. HASMC were
cultured in the presence of 2.6 mM Pi for the indicated periods. Cell lysates were blotted with anti-phospho-Akt (p-Akt) antibody and total Al (-Akt)
antibody (A). HASMC were pretreated with thGas6 (400 ng/ml), wortmannin {1 uM), or both for 1 b, and then treated with 2.6 mM Pi for 12 h. Cell lysates were
immuncblotied with p-Akt and t-Akt antibody (B). After pretreatment with thGasé (400 ng/ml) and wortmannim (1 pM), apoptosis was induced by 2.6 mM Pi. All
values are presented as mean=S EM. (n=3), *P<0.05 va. 2.6 mM Pi, thGas6 (~), wortmannin (~) by Fisher's test (C). HASMC were cultured with thGas6 (400 ng/
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3.5. Gast-mediated survival pathway is the targer of starins’  tatin restored the expression of Gas6 and Axl, which was
effect on apoptosis downregulated by 2.6 mM Pi. Because we have shown that the
Gasb-mediated survival pathway is Akt-dependent, the effect of

To investigate whether the antiapoptotic effect of statins is  statins on Akt phosphorylation was examined. The Pi-induced
associated with the Gas6-mediated survival pathway, first, we decrease in Akt phosphorylation was restored by both statins,
examined the effect of statins on the expression of Gas6 and  while total Akt expression was not changed. In addition, we
Axl, As shown in Fig. 5A and B, both fluvastatin and pravas- found that both statins stimulated phosphorylation of Bel2 and

A Fi 2.6 mmol/L B Pi 2.6 mmol/L.
Pre 3 6 12 (hrs)
p-Bad
t-Bad
C D
Pi 2.6 mmolL - + + Pi 2.6 mmol/L - + +
rhiGasf - - + rhGasth - - +

pic2 | . - p-Bad

Fig. 4. RhiGasé restores Pi-induced decrease in phosphorylation of Bel2 and Bad. HASMC were exposed to 2.6 mM Pj for the indicated periods, and cell lysates were
subjected to immunchlotiing with anti-phospho-Bel2 (p-Bel2) antibody and total Bel2 (t-Bel2) antibody (A), or with anti-phospho-Bad (p-Bad) antibody and total Bad
(t-Bad) antibody (B). HASMC were pretreated with rhGas6 (400 ng/ml) for 1 b, and then weated with 2.6 mM Pi for 12 h. Cell lysates were subjected o
immunoblotting with p-Bel2 and t-Bel2 antibody (C), or with p-Bad and +-Bad aotibody (D).
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1 with upregulat
Ax] survival pathway. After pretreatment with 0.1 pM fluvestatin (A) and 50 M
pravastatin (B) for 12 h, apoptosis was induced by 2.6 mM Pi. After lzh.ceil
lysates were collected and subjected to SDS-PAGE followed by & I

with antibodizs that recognize Gasé and Axl, with phospho-specific Akt (p-Ah]
and total Akt (1-Akt) antibody, with phospho-specific Bel2 (p-Bel2) and total
Becl2 (1-Bcl2) antibody, or with phospho-specific Bad (p-Bad) and total Bad (t-
Bad) mn‘body Cell lysates were immunoblotted with an antibody that

ed caspase-3 (35 kDa) and the cleaved forms of caspase-3
(17 and 18 kDe).

Bad, with total expression unchanged. Pi-induced caspase 3
activation was also prevented by both statins. Taken together,
these findings suggest that the inhibitory effect of statins on Pi-
induced apoptosis is mediated by restoration of the Gasé-
mediated survival pathway; PI3K-induced Akt phosphoryla-
tion, Bcl2 activation, Bad inactivation, and caspase 3
nactivation.

4. Discussion

In the present study, we found that both lipophilic fluvastatin
and hydrophilic pravastatin protected against Pi-induced apop-
tosis and calcification in HASMC, as we found with atorvastatin
previously. With regard to the different potency of statins, we
found that the inhibitory effect of pravastatin was mferior to
those of fluvastatin and atorvastatin, which exerted similar
effects on caleification and apoptosis. This might relate to our
previous finding that the inhibition of calcification by statins
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was not dependent on the mevalonate pathway (Son et al,,
2006). Consequently, the inhibitory effect on calcification was
not parallel to the cholesterol-lowering effect. We speculate that
the difference between statins was derived from their affinity to
vascular smooth muscle cells (VSMC), that is, lipophilic statins
have stronger effects on VSMC calcification than hydrophilic
stafins.

The antiapoptotic effect of statins was induced by restoration
of the Gas6-mediated survival pathway: PI3K-induced Akt
phosphorylation, Bel2 and Bad phosphorylation, and caspase 3
inactivation. Gas6 plays a crucizl role in the effect of statins on Pi-
induced apoptosis. Gas6, a secreted vitamin K-dependent protein,
binds to the receptors of the mammalian Axl protein-tyrosine
kinase family; Axl, Sky, and Mer, with different affinities (Nagata
et al, 1996). Gas6 and Ax] have been shown to localize in the
neointima of the artery after balloon injury, in which they pre-
sumably modulate several cell functions such as differentiation,
adhesion, migration, proliferation, and survival in a cell-specific
manner (Melaragno et al,, 1998). The Gas6-Ax| interaction is also
shown to upregulate scavenger receptor A expression in VSMC
(Ming et al., 2001), and facilitates the clearance of apoptotic cells
by macrophages (Ishimoto et al., 2000). Of the above functions,
protection against apoptotic cell death has been most studied
(Goruppi etal., 1996; Healy et al., 2001; Lee et al,, 2002; Nakano
et al., 1996). Consistently, the expression of Gas6 and Ax] was
downregulated by Pi, leading to apoptosis and subsequent
calcification.

Several intracellular signaling pathways mediated by Gas6-
Axl interaction have been shown previously (Goruppi et al., 1999;
Lee et al, 2002; Ming et al., 2001). Akt, which is necessary for
Gas6-dependent survival, is a critical downstream effector of the
PI3K-dependent antiapoptotic pathway. In VSMC, it has been
reported that the PI3K-Akt pathway mediates Gas§ induction of
scavenger receptor A (Ming et al., 2001). Consistent with these
reports, our study provides evidence that the PI3K-Akt pathway is
a target of Gas6-Axl interaction, and downregulation of Akt
phosphorylation is associated with Pi-induced apoptosis and cal-
cification. Mareover, it is known that PI3K-Akt affects the cell
death program through the Bel2 family of protems. This protein
family is a critical regulator of apoptosis in a variety of cell types,
and the balance of antiapoptotic members, such as Bel2, versus
proapoptotic mediators, such as Bad, determines cell fate (Reed,
1997). Bcl2, whose phosphorylation is required for its anti-
apoptotic activity (Ruvolo et al., 2001), inhibits programmed cell
death by several mechanisms: It binds to caspase CED-4 (Apaf-1)
and prevents the cell execution cascade; Bel2 alters mitochondrial
membrane potential and inhibits the release of cytochrome ¢. On
the other hand, Bad plays a proapoptotic role in its depho-
sphorylated form by binding to Bel2 and reversing its anti-
apoptotic effect; phosphorylation of Bad results in its cytosclic
sequestration by 14-3-3 and hampers iis binding to Bel2 (Zha
et al,, 1996). It was also reported that Bad is directly phos-
phorylated by PI3K-Akt (del Peso et al., 1997). In the present
study, Bcl2 was inactivated and Bad was activated (both proteins
were dephosphorylated) by Pi, directing the cells to apoptosis, and
rhGas6 restored phosphorylation of Bel2 and Bad. During apo-
ptosis, one of the final biochemical events leading to programmed
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cell death is activation of the caspase cascade. Activation of
caspase 3 is required for internucleosomal DNA degradation
(Woo et al., 1098), and caspase inhibition prevents the release of
apoptotic bodies from cells (Zhang et al,, 1999). In the present
study, supplementation of the medium with thGas6 prevented Pi-
induced caspase 3 activation. These results clear]y show that Pi
downregulates Gas6-Axl, decreases PI3K-mediated Akt phos-
phorylation, inactivates Bel2, activates Bad, and activates caspase
3, leading 1o apoptosis.

The present study demonstrated that statins restored the
Gas6-mediated survival pathway. Consistent with these results,
Akt phosphorylation has been reported to be an antiapoptotic
mechanism of statins: pravastatin inhibited hypoxia-induced
apoptosis through activation of Akt in cardiomyocytes (Berg-
mann et al., 2004), and simvastatin and pravastatin enhanced
phosphorylation of Akt and promoted angiogenesis in endo-
thelial cells (Kureishi et al., 2000). Recently, it was reported that
statins inhibit caspase 3 activation driven by protein kinase C
inhibitors in the process of apoptosis, suggesting that caspase 3
is also under the control of statins during apoptosis (Tanaka
et al., 2004).

In this study, we performed experiments under both short-
term (within 24 h) and long-term (up to 10 days) conditions. In
general, short-term experiments are able to examine acute cell
behavior, such as signaling and transcription. However, because
obvious HASMC calcification takes at least 3 days, we also
performed long-term experiments. Downregulation of Gasé,
Ax] expression and reduced phosphorylation of Akt, Bel2, and
Bad, and 2 beneficial effect of statins were consistently found in
the long-term condition. This confirms that the Gas6-Ax] sur-
vival signal is the key mechanism for Pi-induced calcification.

It is concluded that statins inhibit Pi-induced apoptosis via the
Gas6/AxI-PI3K-Akt signal pathway, which has a crucial role in
the prevention of HASMC calcification. This study adds further
evidence of the pleiotropic effects of statins, suggesting a thera-
peutic strategy for the prevention of vascular calcification.
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Abstract

3

Objective: Effects of potent free radical scavenger, edaravone, on oxidative stress- 'ducui' endothelial damage and early atherosclerosis were

investigated uging animal models and cultured calls.

Methods and results: Endothelial apoptosis was induced by 5-min intra-
Edaravone treatment (10mg/kg 1.p.) for 3 days suppressed endothehial a
24 h, by approximately 40%. Similarly, edaravone dose-dependeantly inhibx
with the inhibition of 8-isoprostane formation, 4-hydroxy-2-nonenal (4-

rxpém'c of a rat carotid artery with 0.01 mmol/L. H;0;,

p%ﬁs,ucvﬂm:dbychmmmmm_gafmfu:specimmal

0:-induce apoptosis of cultured endothelial cells in parallel
accumulation and VCAM-1 expression. Next, apalipoprotein-E

tnocknmmlmwmfedahlgh-chnlmunldwtfm4wuhmmwuﬁonc(l ‘mg/kg i.p.) or vehicle treatment, Edaravone treatment decreased
atherosclerotic lesions in the aortic sinns (0.18 £ 0.01 0 0.09 40 Dlmm"‘ P <0.001) and descending aorta (5.09 % 0.86 to 1.75 £ 0.41 mm?,

P <0.05), as evaluated by oil red O staining without influence on ?!uﬁn Lipid concentrations or blood pressure. Dihydroethidinm labeling

and cytochrome ¢ reduction assay showed that superoxide

jons 11 the aorta were suppressed by edaravone. Also, plasma §-isoprostane

concentrations and aortic nitrotyrosine, 4-HNE and VCAM; ‘contents were decreased by edaravone treatment.
Conclusions: These results suggest that edaravone may be a wsefi] thmpezmn: tool for early atherosclerosis, pending the clinical efficacy.

© 2006 Elsevier Treland Ltd. All rights reserved.

Keywords: Atherosclerosis; Reactive oXxygen ef

b

Pree radical
-

; 4 HNE; Apolipoprotein E kmockout mouse

L

1. Introduction . S
Accumulating evidence has shown that stress-induced
injury of vascular endothelial cslﬁ‘(ECs) is an initial event in
the development of atherosclerosis ({]. In ps.mrmlar oxide-
tive stress has been implicated in endothelial injury caused
by oxidized LDL and smoking as well as hypertension, dia-
betes and ischemia-reperfusion [1-3]. This notion is sup-
ported by the findings that the production of reactive oxygen
species (ROS) is upregulated in vascular lesions [4,3], and
that lesion formations such as endothelial dysfunction (6]

* Carresponding author. Tel.: +81 3 5800 8832: fax: +81 3 5800 883 1.
E-mail address: akishira-tiy @umin.ac jp (M. Aldshuta).

0021-9150/§ — see front marter © 2006 Elsevier Ireland Ltd. All ights reserved.
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and atherosclerosis [7] are accelerated by superoxide anion
(O2°7).

Experimental studies have shown the protective effects
of antioxidants on atherosclerosis and endothelial injury.
Dietary antioxidants were reported to preserve endothelial
function [8,9] and inhibit atherosclerosis [10] in cholesterol-
fed rabbits. In a well employed animal model of atherosclero-
sis, apolipoprotein E knockout (ApoE-KO) mouse fed a high
fat diet, it has been shown that there was a significant increase
i basal superoxide products (11,12}, and that both 05*~ lev-
els and aortic lesion areas were attenuated by treatment with
Vitamin E [11] or superoxide dismutase [13]. By contrast,
it has been reported that elimination of NAD(P)H oxidase
[14] or disruption of its subunit p4d7phox [15] had wo effect
on lesion size in ApoE-KO mice, Clinical experiments have
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also shown that antioxidants such as Vitamins C and E can
ameliorate endothelial dysfunction in patients with hyper-
cholesterolemia or atherosclerosis [16,17], although recent
clinical trals have failed to prove the protective effects of
Vitamin E on cardiovascular events in patients with risk fac-
tors [18] and in healthy subjects [19].

Edaravone is a potent fres radical scavenger that has
been clinically used to reduce the neuronal damage follow-
ing ischemic stroke [20). Edaravone has promising prop-
erty to quench hydroxyl radical (*OH) and show inhibitory
effects on peroxynitrita (ONOO™) and both water-soluble
and lipid-soluble peroxyl radical (LOO®) [21.22]. Accord-
ingly, this compound exerts a wide range of antioxidant
activity on ROS beyond the effects of water-soluble or
lipid-soluble antioxidant vitamins, Based on this idea, we
hypothesized that edaravone would inhibit the process of
atherosclerosis.

To test this hypothesis, we investigated the effects of
edaravone in two experimental models. First, we exammned
whether edaravone could inhibit hydrogen peroxide (Hz02)-
indnced EC apoptosis in a rat model [23] and cultred ECs.
Second, we examined whether edaravone could suppress the
atherosclerotic lesion formation in ApoE-KO mice.

2. Methods

2.]. Animals

£

Male Wistar rats aged 10-12 weeks (Japan Clea), and male

CS7BLJ6 mice and ApoE-KO mice on C57BL/6 backgfound

aged 4—6 weeks (Jackson Laboratory) were used in u.u_iy
All of the experimental protocols were approved by th “Ani-
mal Research Committee of the Kyorin University School of
Medicine,
2.2. H;30;-induced EC apoptosis in rigts % ulcuﬁm'x

EC azpoptosis was induced by 5-.':' intra-arterial treat-
ment of a rat carotid artery witlit 0.0'mmol/L H;0; s
previously described [23]. Briefly, ed;.ra\rone (3-methyl-1-
phenyl-2-pyrazolin-5-one;, 3 or 10 mg/kg; donated by Mit-
subishi Pharma Corpcmmon. Japan) or its vehicle was intra-
pentoneally injected dmly for 3 days before H,O weat-
ment. A catheter was placed in the common carotid artery
via the external carotid artery. The lnmen was flushed with
saline, replaced with 0.01 mmol/L H>0; diluted with saline
for Smin and recovered: At 24 h after H 03 treatment, EC
apoptosis was evaluated by chromatin staining of en foce
specimens of the carotid artery using Hoechst 33342 dye.
Apoptotic czlls were identified by their typical morpho-
logical appearance; chromatin condensation, nuclear frag-
mentation, or apoptotic bodies. The numbers of apoptotic
cells and intact cells were counted in 10 high-power fields
for each specimen by an observer blinded to the treatment
group.

Apoptosis of ECs isolated from a bovine carotid artery
was induced as previously dascribed [24]. Briedly, subcon-
fluent ECs were pretreated for 24 h with culture medium
containing edaravone or vehicle, After washing twice with
Hank’s balanced salt solution, the cells were exposed to
H20: (0.2 mmol/L) dilnted in Hank's balanced salt solution
for 1.5h at 37°C to induce apoptosis. Then ECs were cul-
tured in culture medium containing vone or vehicle until
assay. Apoptosis was evalnated at- H,0; treatment
as histone-associated DNA using a photometric
enzymeimmunoassay (Cell u’énELISA. Roche),
ctions.

mgmmammurm@ Ty
2.3, Atherosclerosis in ApoE-KO mice

ApoE-KO mice received a high-cholesterol diet (1%
cholesterol, 10% fat in CE-2 standard diet; Japan Clea)

for 4 imnitaneously, edaravone (10 mg/kg) or its
vchicl:%ﬁmully injected daily throughout the
experiment8! Body weight and systolic blood pressure were
recorded eck in a conscious state by the tail cuff
&98.1\ Softron, Tokyo).

Al &weeh of treatment, mice were sacrificed with an
wﬂy:nfdmthylmandpufumm fixed. Atherosclerotic
in the aortic sinus were quantified according to the
described previously [25]. We also measured the sur-

“face area of atherosclerotic lesions in the whole descending

including the abdominal aorta just proximal to the iliac
“ bifurcation. En face specimens of the descending aorta were
stained with oil red O, photographed and analyzed using the
NIH image software. Total cholesterol, high-density lipopro-
tein cholesterol and low-density lipoprotein cholesterol in
mice plasma were determined by & commercial laboratory
(SEL, Japan).

2.4. Measurement of ROS

Aortic samples for ROS measurements were prepared
separately from those for atherosclerosis evaluation. At 4
weeks of treatment, ApoE-KO mice were sacrificed with
COy inhalation. Descending aortas were rapidly removed and
placed into chilled modified Krebs/HEPES buffer. CSTBL/G
mice fed a standard diet were also used as the con-
wol To determine superoxide prodoction in sinu, frozen
cross-sections of the aorta were stained with 10 pmol/L
dihydroethidium (DHE; Molecular Probes), followed by
fluorescent microscopy [26]. Also, superoxide produc-
tion in aortic rings was quantified using the superoxide
dismutase-inhibitable cytochrome ¢ reduction assay as pie-
viously deseribed [27]. Immunchistochemical detection of
3-mitrotyrosine in the aorta was visualized by diaminobenzi-
dine as reported previously [28].

Intracellular production of superoxide anions was mea-
sured using DHE as deseribed previously (29], and the inten-
sity values were calculated using the Metamorph software
[24]. Concentrations of 8-isoprostane (8-iso prostaglandin
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Fy5) in the culture supemnatants and mouse plasma were
measured using a8 commercially available EIA kit (Cay-
man Chemical), Culture supernatants were directly applied
to EIA, while plasma was applied to EIA after solid
phase extraction purification according to the manufacturer’s
instructions.

2.5, Western blotting

Western blonting was performed as previously described
[30], o detect the expression of VCAM-1 and 4-HNE in
cultured ECs and mouse aortas. Descending aortas were pre-
pared as described in ROS measurements, The antibodies
used in this study were anti-4-HNE monoclonal antibody
(JalCA, Shizuoka, Japan), anti-VCAM-1 polyclonal anti-
body (Santa Cruz Biotechnology) and anti-3-nitrotyrosine
monoclonal antibody (Upstate). Densitometric analysis was
performed using an image scanner and the NTH software,

2.6. Data analysis

All values are express as mean + S.EM. Data were ana-
lyzed using one-factor ANOVA. If a statistically significant
effect was found, Newman—Kenls' test was performed to iso-
late the difference between the groups. Differences with a
value of P< (.05 were considered statistically significant.

3. Results

3.1. Effects of edaravone on H;03-induced EC PLig
apoptosis and ROS ‘)

i

As shown inFig. 1 A, edaravone dose-dependently inhib-

ited EC apoptosis in culture, which was induced 24 h after
H; O3 treatment. Edaravone was then cmpluyeq‘ in arat model
of HyOz-induced EC apoptosis. Consistent \Qﬂh the in vitro
experiment, edaravone of 10m g/kg.’day ecreased EC apop-
tosis of the rat carotid artery by appro tely 40% (Fig. 1B).
We next examined whether edari¥one®decreased ROS
production in the process of llzoi-inqvqﬁced EC apoptosis.
For this purpose, DHE ﬁuoresce:;\t a marker of intracellu-
Tar production of superoxide amons, release of 8-isoprostane
into the culture supernatants and accumulation of 4-HNE,
a pivotal end-product of lipid pefoxidation [31], were mea-
sured using cultured ECs. We also examined the expression
of VCAM-1 as a marker of endothelial injury or activation
[32]. Edaravone decreased DHE fluorescent, 8-isoprostane
formation and VCAM-1 expression at 3 h after H;07 treat-
ment in a dose-dependent manner (Fig. 2A-C). As shown
in Fig. 2D, multiple bands showing 4-HNE-Michael protein
adducts [33,34] were accumnlated after H;0, treatment in
a time-dependent manner. Consequently, the effect of edar-
avone on 4-HNE expression was examined at 3 h after H O,
treatment (4.5h after H>03 was initially added). Edaravone
decreased 4-HNE expression in a dose dependent manner.
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Figed: Effects of edaravons (Ed) on Hy0;-induced EC apoptosis in culture
(A and in a rat model (B). (A) Ed or itz vehicle was added to the eulnire
medinm 24 b before H; O; treatment until assay. EC apoptosis was evaluated
r 24 h aftesr Hy04 treatment (0.2 mmol/L) by means of DNA fragmentating.

;"':f- Values are expressed as mean =+ SEM. (n=3). "P<0.05 vg, H;0; (+) +Ed
:,.il (—). (B)Ed or its vehicle was intrapenitoneally injected once a day for 3 days

before HyOy treatment. At 24 h after Hy0y treatment, apoptotic BCs were
counted per high power field and the ratio of the apoptotic cell number to
the intact cells wes calculated using en foce specimens of the carotid artery
stained with Hoechst 33342 Values are expressed as mean+ SEM. (n=7).
" P <0.05 vs. vehicle,

3.2. Effects of edaravorie on atherosclerotic lesions and
ROS in ApoE-KO mice

In the next set of experiments, we examined whether edar-
avone could suppress the atherosclerotic lesions in ApoE-KO
mice fed a high cholesterol diet for 4 weeks. As shown
in Fig. 3A and B, atheromatous lesions both in the aor-
tic sinus and the descending zorta were smaller in mice
treated with 10 mg/kg/day edaravone than in those with vehi-
cle. This dose of edaravone did not influence body weight,
blood pressure or plasma LDL and HDL cholesterol levels
(Table 1).

Then, we examined whether the anti-atherogenic effects
of edaravone were associated with the decrease in ROS
production. Peroxynitrite formation was assessed as 3-
mtrotyrosine accumulation in the aorta [28]. Both immuno-
histochemistry and Western blotting showed that edaravone
inhibited nitrotyrosine accumulation in the aorta of ApoE-
KO mice (Fig. 4A(a) and A(b)). Superoxide production
in situ was examined using DHE staining of the descend-
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Edaravone has been clinically used as a neuroprotactant
in the treatment of ischemic stroke in Japan from 2001. The
dose of edaravone used in this study (intraperitoneal injection
of 10mg/kg) has been reported 1o be comparable to that of
intravenous injection in clinical use in terms of plasma con-
centration (42]. This compound has been reported to preserve
endothelial function in ischemic brain [43] and amefiorate
ischemia-reperfusion injury in various organs such as kidney
[44] and heart[45]. Also, edaravone has been shown to inhibit
pressure overload-induced cardiac hypertrophy [42]. To our
Imowledge, however, the effect of edaravone on atheroscle-
rosis has naver been reported dll now.

The effects of edaravone on endothelial injury and
atherosclerosis were associated with the decrsase in ROS
production including peroxynitrite, superoxide aniom and
8-isoprostane, suggesting the mechanistic role of antioxi-
dation in vascular protection. Edaravone also inhibited the
expression of 4-HNE in vascular tissues, further indicating

- the antioxidant activity and suggesting the signaling cas-
cade Jeading to endothelial injury, because 4-HNE triggers
cellular damages throngh the MAP ldnase pathway as an
end-product of ROS [34]. Antioxidant effects of edaravone
on lipoproteins were not determined in the present study
becanse of the methodological imitation in mice. It has been
reported, however, that edaravone can inhibit oxidative mod-
ification of low-density lipoprotein in vitro and in rats [46].
Conseqguently, it is likely that reduced lipoprotein oxidation
would have played a role in the anti-atherosclerotic effects
of edaravone in ApoE-KO mice. Furthermore, edaravone has
beenreported to stimulate the expression of endothelial mmc
ondcnynmnscmculmredm[mmmcmﬂﬂ
leading to the increased production of nitric ond&'m:en
together with the effects on peroxynitrite formation, edg
avone might synergistically increase the availability of nitric
oxide, which exerts vasoprotective and anti-atherosclerotic

action. .s- -

The effects of edaravone on adv: cnmphcsxad
lesions of atherosclerosis were not i in this study.
Neither, the effects on plague ruptures nor consequent car-
diovascular events are known. Thi demonstrated that
edaravone might be a potential new peutic agent for

the prevention and treatment?6f, early atherosclerosis, For
the purpose of chronic hqw:\rcr !hc innovation of drug
preparation for oral ad%mtmn is necessary. Another
application of r.daravnncm:ghth: the prevention of restenosis
after percutaneous c.amnar}f interventions, since ROS plays
an impartant role in neointimal formation after angioplasty
[48]. Intravenous injection of sdaravone for several days
might inhibit neointimal formation in addition to 1schemia
reperfusion injury of cardiomyocytes [45]. Taken together,
edaravone is expected 1o show protective effect on ROS-
related vascular diseases beyond cerebral infarction.

In. summary, edaravone, a free radical scavenger
with unique properties, attenuated oxidative stress-induced
endothelial damage in rats and early atherosclerosis in ApoE-
KO mice in association with the inhibition of ROS formation.

o ""# 2002;105:1420-35,
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These findings provide new information on the role of ROS in
atherogenesis and the therapeutic siratagy for atherosclerosis.
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Abstract

Apoptosis is essential for the mitiation and progression of vascular calcification. Recently, we showed that 3-hydroxy-3-methylgiutaryl (HMG)
CoA reductase inhibitors (stating) have a protective effect against vascular smooth muscle cell calcification by inhibiting spoptosis, where growth
arrest-specific gene 6 (Gas6) plays a pivotal role. In the present study, we clarified the downstream targets of Gas6-mediated survival signaling in
inorganic phosphats (Pi)-induced apoptosis and examined the effect of statins. We found that fluvastatin and pravastatin significantly mhibited Pi-
indueced apoptosis and calcification in & concentration-dependent manner in humsn aortic smooth muscle cells (HASMC), as was found with
atorvastatin previously. Gas6 and its receptor, Axl, sxpression were downregulated in the presence of Pi, and recombinant buman Gas6 (thGas6)
mmmMmmmmamemMHWMpmm
was reversed by thGas6. Wortmannin, a specific pk idylinositol 3-OH kinase (PI3K) inhibitor, abolished the increass in Akt
byrhausmw&m;&ademmmmmmmmmmmm
signal of the Gasé-mediated survival pathway. Pi reduced phosphorylation of Bel2 and Bad, and activated caspase 3, all of which were reversed by
thGas6. The inhibitory effect of stating on Pi-induced apoptosis was accompanied by restoration of the Gas6-mediated survival signal pathway:
Woi%@MmMWﬂMﬂMﬂﬂmﬂﬁﬂm3mﬁmw
OZOOGEIsevmrBV Annghnm

Keywords: Calcification; Apoptosis; Gas6; Axl; Akt; Bel2

1. Infroduction atheromatous disease (Wexler et al., 1996). In diabetic patients,

medial calcification has been shown to be a strong independent

predictor of cardiovascular mortality (Everhart et al., 1988).
We recently demonstrated that atorvastatin prevented inor-

Vascular calcification, such as coronary and aortic calcifica-
tion, is clinically important in the development of cardiovascular

disease (Eggen, 1968). Two distinct forms of vascular ealci-
fication are well recognized. One is medial calcification, which
occurs between the cell layers of smooth muscle cells and is
related to aging, diabetes and chronic renal failure (Neubauer,
1971; Goodman et al., 2000). The other is atherosclerotic calci-
fication, which occurs in the intima during the development of
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ganic phosphate (Pi)-indnced calcification by inhibiting apo-
ptosis, one of the important processes regulating caleification.
This was mediated by growth arrest-specific gene 6 (Gasé), a
vitarmin K-dependent protein (Son et al., 2006). Gas6 binds to
Axl, the predominant receptor for Gas6, on the cell surface and
transducas the signal by Axl sutophosphorylation (Mark et al.,
1996), Gas6-Axl interaction has been shown to be implicated i
the regulation of multiple cellular finetions (Yanagita et al,
2001; Goruppi et al., 1996; Nakano et al., 1997; Fridell et al,
1998). Especially, they are known to protect a range of cell types



