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Figure 5. Atorvastatin enhances Gas6 mRNA sta-
bilization, but not transcription. A, After pretreat-
ment with atorvastatin (0.1 pmol/L) for 12 hours,
apoptosis was induced by 2.6 mmol/L Pi. At 12
hours, mRNA was isolated and Northern blot anal-

ysis for Gas6 and 188 was performed. Simulta-
neously, cell lysates were collected and subjected
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An antiapoptotic effect of statins has been shown in
various cell types.312* In cardiomyocytes, apoptosis in-
duced by hypoxia or protein kinase C (PKC) inhibitors was
inhibited by 10 pumol/L pravastatin or 0.1 pg/mL atorva-
statin, respectively.?4-32 Simvastatin (1 pmol/L) promoted
endothelial cell survival.33 In VSMC, 7-ketocholesterol—
induced apoptosis was inhibited by 10 pmol/L. pravasta-
tin.3* However, in contrast to the results of the present and
other studies, a proapoptotic effect of statins has also been
reported in VSMC,?3 endothelial cells,*s and cardiac myo-
cytes.3? Although the precise mechanism is not understood,
it can be postulated that statins have biphasic effects on
cell survival (an antiapoptotic effect at low concentrations
and a proapoptotic effect at high concentrations) depend-
ing on the type of cell, statins, and apoptotic stimulus.
Indeed, Weis et al showed dose-dependent biphasic effects
of statins on apoptotic activity in microvascular endothe-
lial cells.30 Consistent with these data, we found that 3
different statins displayed an antiapoptotic effect at low
concentrations and a proapoptotic effect at high concen-
trations (>1 pmol/L. for atorvastatin and fluvastatin;
>100 pmol/L for pravastatin) (data not shown).

During Pi-induced apoptosis, we have shown that Pi
downregulates the Gas6-Axl interaction, resulting in block-
ade of a survival signal, thereby promoting apoptosis and
calcification. We previously proposed that Gas6é may allow
Axl-expressing phagocytic cells, eg, macrophages and

to SDS-PAGE followed by immunoblotting with
antibodies to Gas6 and B-tubulin. B, Serum-
starved HASMC were incubated with actinomycin
D (Act D) (6 pg/mL) in the presence of 2.6 mmol/L
Pi after 12 hours of atorvastatin (0.1 pmol/L) ireat-
ment. Total RNA was harvested at 0, 1, 3, and 6
hours for Northern blot analysis. C, Signal density
of Gasé mRNA with (solid line) or without {dotted
line) atorvastatin (0.1 pmol/L) in the presence of
2.6 mmol/L. Pi and Act D (5 pg/mbL) was normal-
ized to that of 185 RNA at each time point. Gas6é
mBRNA level at time 0 was given the value 1. Each
experiment was performed in triplicate for each
condition.

(hrs)

VSMC, to recognize cells exposing phosphatidylserine (PS)
on the outer cell membrane, the initial step of the apoptotic
process.’® Proudfoot et al also showed that in vascular
calcification, several PS-exposing cells are observed within
and on the periphery of the nodules.!® PS exposure by
apoptotic bodies generates a potential Ca-binding site and
membrane surface suitable for hydroxyapatite deposition.39-40
Based on these observations, Gas6-Axl downregulation is
presumably involved in decreased cell survival and clearance,
both directing cells to apoptosis-mediated mineral deposition.

With regard to the molecular pathway of the restoration of
Gas6 by statins, we have shown that statins retarded degra-
dation of Gas6 mRNA, not increasing the transcriptional rate.
Indeed, it was reported that statins improve mRNA stability
as well as transcription.*'#? In addition, the result that
suppression of the action of Gas6 by siRNA and AxI-ECD
abrogated the inhibitory effect of statins on apoptosis and
inhibition clearly indicates a pivotal role of Gas6 in the effect
of statins.

We conclude that statins inhibit Pi-induced HASMC cal-
cification by preventing apoptosis via restoration of the
Gas6-Ax1 pathway. The regulation of Gas6 by statins occurs
at the posttranscriptional level. The present study provides
evidence of a preventive role of statins in vascular calcifica-
tion and further indicates the pleiotropic effects of statins,
which could potentially contribute to the treatment of cardio-
vascular disease.
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Figure 6. Gas6 knockdown abolishes
inhibition of Pi-induced apoptosis and
calcification by atorvastatin. A, Gas8-
specific siRNA (100 nmol/L) and nonspe-
cific siRNA (Ctrl siRNA) were transfected
% into HASMC, and immunoblotting was
performed at 48 hours and 6 days after
transfection. B, Serum-starved HASMC
weretransfected with 100 nmol/L Gas6
siRNA and control (Cirl) siRNA. After
transfection, cells were treated with ator-
vastatin (0.1 pmol/L) for 12 hours, then
with 2.6 mmol/L Pi for an additional 24
hours before measurement of apoptosis
(n=38). C, For measurement of Ca depo-
sition, HASMC were transfected with 100
nmol/L. GasB siRNA and control siRNA
and incubated with atorvastatin

+ + (0.1 pmol/L) and 2.6 mmol/L Pi for 6

+ — days (n=3). D, In the case of AXI-ECD,
_ _ HASMC were pretreated with atorvasta-
. . tin (0.1 pmol/L) and AXI-ECD (1 ug/mb)

for 12 hours, then incubated with
2.6'mmol/L Pi for an additional 24 hours.
Thereafter, a quantitative index of apo-
ptosis was determined by ELISA {(n=3).
E, HASMC were cultured with atorvasta-
tin (0.1 pmol/L) and AXI-ECD (1 pg/ml)
in the presence of 2.6 mmol/L Pi for 6
days. Ca content was measured and
normalized by cell protein content. All
values are presented as mean=*SEM
(n=8). *P<0.05 by Fisher's test. Each
panel shows a representative example of
3 independent experiments.
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Abstract

Apoptosis is essential for the initiation and progression of vascular calcification. Recently, we showed that 3-hydroxy-3-methylglutaryl (HMG)
CoA reductase inhibitors (statins) have a protective effect against vascular smooth muscle cell calcification by inhibiting apoptosis, 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 human Gasé (thGas6)
significantly inhibited apoptosis and calcification in a concentration-dependent manner. During apoptosis, Pi suppressed Akt phosphorylation, which
was reversed by thGas6. Wortmannin, a specific phosphatidylinositol 3-OH kinase (P13K) inhibitor, abolished the increase in Akt phosphorylation
by rhGas6 and eliminated the inhibitory effect of thGas6 on both Pi-induced apoptosis and calcification, suggesting that PI3K-Akt is a downstream
signal of the Gas6-mediated survival pathway. Pi reduced phosphorylation of Bcl2 and Bad, and activated caspase 3, all of which were reversed by
rhGas6. 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, increased 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 rights reserved.

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

1. Introduction 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 calci-
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

* Corresponding author. Tel.: +81 3 5800 8652; fax: +81 3 5800 6530.
E-mail address: youchi-tky@umin.ac jp (Y. Ouchi).

0014-2999/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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ganic phosphate (Pi)-induced calcification by inhibiting apo-
ptosis, one of the important processes regulating calcification.
This was mediated by growth arrest-specific gene 6 (Gas6), a
vitamin K-dependent protein (Son et al., 2006). Gas6 binds to
Axl, the predominant receptor for Gas6, on the cell surface and
transduces the signal by Ax! autophosphorylation (Mark et al.,
1996). Gas6-Ax! interaction has been shown to be implicated in
the regulation of multiple cellular functions (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



™

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-Axl 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-
phatidylinositol 3-OH kinase (PI3K), a kinase that is activated
by Gas6-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 B¢l2 and Bad.

In the present study, we examined the effect of statins using
two different types: lipophilic fluvastatin and hydrophilic pra-
vastatin. We investigated the effect of statins 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 Gas6 and Axl, increased phosphorylation
of Akt, Bcl2 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. Materials

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 culture

HASMC were obtained from Clonetics. They were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemen-
ted with 20% fetal bovine serum (FBS), 100 U/ml penicillin and
100 mg/ml streptomycin at 37 °C in a 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
Na,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 incubation 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 protein
content was measured by Bio-Rad protein assay. Calcification
was visnalized by von Kossa’s method. Briefly, the cells were
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fixed with 4% formaldehyde and exposed to 5% aqueous

2.4. Induction and determination of apoptosis

Two different time courses were tested to 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 (¢,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 pul 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-Ax|, anti-Gas6 (Santa Cruz Biotech-
nology), anti-caspase 3, anti-Akt, anti-Bcl2, 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 autoradiography (ECL Plus,
Amersham Phammacia). 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 pM
(26.1£2.3% of control), while pravastatin showed the degree of
effect at 50 uM (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).

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 rhGas6 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 rhGasé6 (Fig. 2C). Next, we
examined the effect of rhGas6 on calcification. Recombinant
human Gasé significantly inhibited Pi-induced calcification on
day 6 in a concenfration-dependent manner (Fig. 2D), sug-
gesting that Gas6 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~cresolphthalein complexone method, and normalized by cell protein content. All values are presented as 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 index of apoptosis, 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.E.M. (n=3). *P<0.05 vs. 2.6 mM Pj, statin () by
Fisher’s test (C). The antiapoptotic effect of fluvastatin (0.1 pM) and pravastatin (50 pM) was evaluated by TUNEL staining (green) on day 6. Nuclei were

counterstained with DAPI (4',6-diamino-2-phenylindole, blue) (D).
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2.6 mM Pi for 12 h. Cell lysates were collected and subjected to SDS-PAGE followed by immunoblotting with antibodies to Gas6, Axl or p-tubulin (A). After
pretreatment with the indicated concentrations of thGas6, apoptosis was induced by 2.6 mM Pi. All values are presented as mean=S8.E.M. (n=3). *P<0.05 vs. 2.6 mM
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test (D). Experiments were performed with at least three different cell populations.

3.3. Downregulation of phospho-Akt participates in Pi-induced
apoptosis

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
rhGas6-mediated phosphorylation of Akt. As shown in Fig. 3B,
wortmannin abrogated the rhGas6-induced phosphorylation of

Akt and further 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 Bcl2 phosphoryvlation and activates Bad

To establish the downstream components of Pi-induced
apoptosis, two key apoptosis-regulating proteins, Bcl2 and Bad,
were analyzed. During apoptosis, phosphorylation of Bcl2
(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. 4A, B).
By supplementation of the medium with thGas6, 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 Bel2 and activating Bad via
a Gas6-dependent pathway.
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Fig. 3. Pi decreases Akt phosphorylation, and wortmannin abrogates the inhibitory effect of thGas6 on Akt phosphorylation, apoptosis and calcification. HASMC were
cultured in the presence of 2.6 mM Pi for the indicated periods. Cell lysates were immunoblotted with anti-phospho-Akt (p-Akt) antibody and total Akt (t-Akt)
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presented as meanxS.EM. (n=6). *P<0.05 by Fisher’s test (D).

3.5, Gas6-mediated survival pathway is the target of statins'
effect on apoptosis

To investigate whether the antiapoptotic effect of statins is
associated with the Gas6-mediated survival pathway, first, we
examined the effect of statins on the expression of Gasé and
Ax1. As shown in Fig. 5A and B, both fluvastatin and pravas-
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Pre 1 3 6 12 (brs)
p-Bel2
t-Bcl2
C
Pi 2.6 mmol/LL - + -+

rhGas6 - - +

p-Bel2

t-Bel2

tatin restored the expression of Gas6 and Axl, which was
downregulated by 2.6 mM Pi. Because we have shown that the
Gas6-mediated survival pathway is Akt-dependent, the effect of
statins on Akt phosphorylation was examined. The Pi-induced
decrease in Akt phosphorylation was restored by both statins,
while total Akt expression was not changed. In addition, we
found that both statins stimulated phosphorylation of Bel2 and

B Pi 2.6 mmol/L
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p-Bad
t-Bad
D
Pi 2.6 mmol/L - + +
thGas6 - - +

p-Bad
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Fig. 4. RhGas6 restores Pi-induced decrease in phosphorylation of B¢l2 and Bad. HASMC were exposed to 2.6 mM Pi for the indicated periods, and cell lysates were
subjected to immunoblotting with anti-phospho-Bcl2 (p-Bcl2) antibody and total Bel2 (t-Bc¢l2) antibody (A), or with anti-phospho-Bad (p-Bad) antibody and total Bad
(t-Bad) antibody (B). HASMC were pretreated with thGas6 (400 ng/ml) for 1 h, and then treated with 2.6 mM Pi for 12 h. Cell lysates were subjected to
immunoblotting with p-Bcl2 and t-Bcel2 antibody (C), or with p-Bad and t-Bad antibody (D).
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Fig. 5. Antiapoptotic effect of statins is associated with upregulation of Gas6-
Axlsurvival pathway. After pretreatment with 0.1 pM fluvastatin (A) and 50 pM
pravastatin (B) for 12 h, apoptosis was induced by 2.6 mM Pi. After 12 h, cell
lysates were collected and subjected to SDS-PAGE followed by immunoblotting
with antibodies that recognize Gasé and Ax|, with phospho-specific Akt (p-Akt)
and total Akt (t-Akt) antibody, with phospho-specific Bel2 (p-Bcl2) and total
Bel2 (t-Bcl2) antibody, or with phospho-specific Bad (p-Bad) and total Bad (t-
Bad) antibody. Cell lysates were immunoblotted with an antibody that
recognizes uncleaved caspase-3 (35 kDa) and the cleaved forms of caspase-3
(17 and 19 kDa).

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 Gas6-
mediated survival pathway; PI3K-induced Akt phosphoryla-
tion, Bcl2 activation, Bad inactivation, and caspase 3
inactivation.

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 inferior to
those of fluvastatin and atorvastatin, which exerted similar
effects on calcification and apoptosis. This might relate to our
previous finding that the inhibition of calcification by statins

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
statins.

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 crucial 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 Axl 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-Axl 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 et al., 1996; Healy etal., 2001; Lee et al., 2002; Nakano
et al., 1996). Consistently, the expression of Gas6 and Axl was
downregulated by Pi, leading to apoptosis and subsequent
calcification.

Several intracellular signaling pathways mediated by Gas6-
Axlinteraction 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 Gas6 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. Moreover, it is known that PI3K-Akt affects the cell
death program through the Bcel2 family of proteins. This protein
family is a critical regulator of apoptosis in a variety of cell types,
and the balance of antiapoptotic members, such as Bc¢l2, 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; Bcl2 alters mitochondrial
membrane potential and inhibits the release of cytochrome c. 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 cytosolic
sequestration by 14-3-3 and hampers its binding to Bcl2 (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.,, 1998), and caspase inhibition prevents the release of
apoptotic bodies from cells (Zhang et al., 1999). In the present
study, supplementation of the medium with rhGas6 prevented Pi-
induced caspase 3 activation. These results clearly show that Pi
downregulates Gas6-Axl, decreases PI3K-mediated Akt phos-
phorylation, inactivates Bel2, activates Bad, and activates caspase
3, leading to 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 Gas6,
Ax] expression and reduced phosphorylation of Akt, Bel2, and
Bad, and a 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/Ax]-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

Objective: Effects of potent free radical scavenger, edaravone, on oxidative stress-induced endothelial damage and early atherosclerosis were
investigated using animal models and cultured cells. .

Methods and results: Endothelial apoptosis was induced by 5-min intra-arterial exposure of a rat carotid artery with 0.01 mmol/L. H,0,.
Edaravone treatment (10 mg/kg i.p.) for 3 days suppressed endothelial apoptosis, as evaluated by chromatin staining of en face specimens at
24 h, by approximately 40%. Similarly, edaravone dose-dependently inhibited H,O,-induce apoptosis of cultured endothelial cells in parallel
with the inhibition of 8-isoprostane formation, 4-hydroxy-2-nonenal (4-HNE) accumulation and VCAM-1 expression. Next, apolipoprotein-E
knockont mice were fed a high-cholesterol diet for 4 weeks with edaravone (10 mg/kg i.p.) or vehicle treatment. Edaravone treatment decreased
atherosclerotic lesions in the aortic sinus (0.18 £0.01 to 0.09 £ 0.01 mm?>, 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 oii plasma lipid concentrations or blood pressure. Dihydroethidium labeling
and cytochrome ¢ reduction assay showed that superoxide anions in the aorta were suppressed by edaravone. Also, plasma 8-isoprostane
concentrations and aortic nitrotyrosine, 4-HNE and VCAM-] contents were decreased by edaravone treatment.

Conclusions: These results suggest that edaravone may be a useful therapeutic tool for early atherosclerosis, pending the clinical efficacy.
© 2006 Elsevier Ireland Ltd. All ights reserved.

Keywords: Atherosclerosis; Reactive oxygen species; Free radical scavenger; Edaravone; 4-HNE; Apolipoprotein E knockout mouse

1. Infroduction and atherosclerosis [7] are accelerated by superoxide anion
62*7).
Experimental studies have shown the protective effects

of antioxidants on atherosclerosis and endothelial injury.

Accumulating evidence has shown that stress-induced
injury of vascular endothelial cells (ECs) is an initial event in

the development of atherosclerosis [1]. In particular, oxida-
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 [4,5], and
that lesion formations such as endothelial dysfunction [6]

* Corresponding author. Tel.: +81 3 5800 8832; fax: +81 3 5800 8831.
E-mail address: akishita-tky @umin.ac.jp (M. Akishita).
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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
in basal superoxide products [11,12], and that both O,°~ 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 p47phox [15] had no 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 trials 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 free 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 peroxynitrite (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 examined
whether edaravone could inhibit hydrogen peroxide (H, O3)-
induced EC apoptosis in a rat model [23] and cultured ECs.
Second, we examined whether edaravone could suppress the
atherosclerotic lesion formation in ApoE-KO mice.

2. Methods
2.1. Animals

Male Wistar rats aged 1012 weeks (Japan Clea), and male
C57BL/6 mice and ApoE-KO mice on C57BL/6 backgtound
aged 4-6 weeks (Jackson Laboratory) were used in this study.
All of the experimental protocols were approved by the Ani-
mal Research Committee of the Kyorin University School of
Medicine.

2.2. HyOy-induced EC apoptosis in rats and in culture

EC apoptosis was' induced by 5-min intra-arterial treat-
ment of a rat carotid artery with 0.01 mmol/L. HyO, as
previously described [23]. Briefly, edaravone (3-methyl-1-
phenyl-2-pyrazolin-5-one; 3 of 10mg/kg; donated by Mit-
subishi Pharma Corporation, Japan) or its vehicle was intra-
peritoneally injected daily for 3 days before H,0; treat-
ment. A catheter was placed in the common carotid artery
via the external carotid artery. The Inmen was flushed with
saline, replaced with 0.01 mmol/L. H,O, diluted with saline
for 5 min and recovered. At 24 h after H,O, treatment, EC
apoptosis was evaluated by chromatin staining of en face
specimens of the carotid artery using Hoechst 33342 dye.
Apoptotic cells 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 flelds
for each specimen by an observer blinded to the treatment
group.

Apoptosis of ECs isolated from a bovine carotid artery
was induced as previously described [24]. Briefly, subcon-
fluent ECs were pretreated for 24h with culure medium
containing edaravone or vehicle. After washing twice with
Hank’s balanced salt solution, the cells were exposed to
H, 05 (0.2 mmol/L) diluted in Hank’s balanced salt solution
for 1.5h at 37°C to induce apoptosis. Then ECs were cul-
tured in culture medium containing edaravone or vehicle until
assay. Apoptosis was evaluated at-24 h after Hy0, treatment
as histone-associated DNA fraginents using a photometric
enzyme immunoassay (Cell Death Detection ELISA, Roche),
according to the manufacturer’s instructions.

2.3. Atherosclerosis inﬂApéE- KO mice

ApoE-KO mice received a high-cholesterol diet (1%
cholesterel, 10% fat in CE-2 standard diet; Japan Clea)
for 4 weeks. Simultaneously, edaravone (10mg/kg) or its
vehicle was intra-peritoneally injected daily throughout the
expcﬁmcnﬁé Body weight and systolic blood pressure were
recorded every week in a conscious state by the tail cuff
method (BE-98A; Softron, Tokyo).

At 4 weeks of treatment, mice were sacrificed with an
ovve’i;:dc)sébf diethy! ether and perfusion-fixed. Atherosclerotic
lésions in the aortic sinus were quantified according to the
method described previously [25]. We also measured the sur-
face area of atherosclerotic lesions in the whole descending

aorta 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 a commercial laboratory
(SRL, 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
CO, inhalation. Descending aortas were rapidly removed and
placed into chilled modified Krebs/HEPES buffer. C57BL/6
mice fed a standard diet were also used as the con-
trol. To determine superoxide production in situ, 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 pre-
viously described [27]. Immunohistochemical detection of
3-nitrotyrosine in the aorta was visualized by diaminobenzi-
dine as reported previously [28].

Intracellular production of superoxide anions was mea-
sured using DHE as described 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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Fay) in the culture supernatants and mouse plasma were
measured using a 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 blotting was performed as previously described
[30], to 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
(JaICA, 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 NIH software.

2.6. Data analysis

All values are express as mean + S.E.M. Data were ana-
Iyzed using one-factor ANOVA. If a statistically significant
effect was found, Newman—Keuls’ test was performed to iso-
late the difference between the groups. Differences with a
value of P <0.05 were considered statistically significant.

3. Results

3.1. Effects of edaravone on H;O3-induced EC
apoptosis and ROS

As shown in Fig. 1A, edaravone dose~-dependently inhib-
ited EC apoptosis in culture, which was indaced 24 h after
H50» treatment. Edaravone was then employed in a rat model
of H2O»-induced EC apoptosis. Consistent with the in vitro
experiment, edaravone of 10 mg/kg/day decreased EC apop-
tosis of the rat carotid artery by approximately 40% (Fig. 1B).

We next examined whether edardvone decreased ROS
production in the process of H>Os-induced EC apoptosis.
For this purpose, DHE fluorescent, a-marker of intracellu-
lar production of superoxide anions, release of 8-isoprostane
into the culture supernatants and accumulation of 4-HNE,
a pivotal end-product of lipid peroxidation [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 HyO, 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 accumulated after Ho O, treatment in
a time-dependent manner. Consequently, the effect of edar-
avone on 4-HNE expression was examined at 3h after Hy Oy
treatment (4.5 h after HyO, was initially added). Edaravone
decreased 4-HNE expression in a dose dependent manner.

Cultured EC

DNA fragmentation
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Fig. 1. Effects of edaravone (Ed) on H>O;-induced EC apoptosis in culture
(A) and in a rat model (B). (A) Ed or its vehicle was added to the culture
medinm 24 h before H; 0, treatment until assay. EC apoptosis was evaluated
24 h after HyO5 treatment (0.2 mmol/L) by means of DNA. fragmentation.

. Values are expressed as mean = S.EM. (n=3). "P<0.05 vs. HoO5 (+)+Ed

(=). (B) Ed orits vehicle was intraperitoneally injected once a day for 3 days
before H2O» treatment. At 24 h after HoO; treatment, apoptotic ECs were
counted per high power field and the ratio of the apoptotic cell number to
the intact cells was calculated using en fuce specimens of the carotid artery
stained with Hoechst 33342. Values are expressed as mean = S.EM. (n=7).
“P <0.05 vs. vehicle.

3.2. Effects of edaravone 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 aorta 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-
nitrotyrosine 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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Table 1

Body weight, blood pressure and plasma lipid levels in ApoE-KO mice
treated with edaravone or vehicle

Vehicle Edaravone
Body weight (g) 214 £ 0.5 21.0 = 0.5
Systolic blood pressure (mmFHg) 106 £2 103 +£3
Total cholesterol (mg/dL) 1967 £+ 38 1872 &+ 66

HDL cholesterol (mg/dL) 66+ 6 82+9
LDL cholesterol {mg/dL) 602 £ 24 602 & 12

The values are shown as mean = S.E. (n=14). There were no significant
differences in the values between the two groups.

HE fluorescet

80

ing aorta. As shown in Fig. 4B, ethidium fluorescence,
which was amplified in ApoE-KO mice, was decreased by
edaravone treatment. A quantitative analysis by the super-
oxide dismutase-inhibitable cytochrome ¢ reduction assay
revealed that O2°~ levels in aortic rings of ApoE-KO mice
were decreased by 43% in edaravone-treated ApoE-KO
mice compared to those in vehicle-treated mice (Fig. 4C).
Consistent with these results, plasma 8-isoprostane lev-
els and 4-HNE expression in thé descending aorta, both
of which were elevated in ApoE-KO mice compared to

H,0,+Ed (0.1ymoliL) |0
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40
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Fig. 2. Effects of edaravone (Ed) on DHE fluorescent (A) and 8-isoprostane formation (B), VCAM-1 expression (C) and 4-HNE expression (D) in cultured
EC. Ed or its vehicle was added fo the culture medium 24 h before Hy O treatment until assay. DHE fluorescent (= 6), 8-isoprostane concentration (1= 3)
and VCAM-1 expression (2= 3) in the cell lysate were measured 3 h after H,O, treatment. Values are expressed as mean == S.E.M. Time dependent changes of
4-HNE expression after H, O, treatment was detected by Western blotting. Representative image showed that 4-HNE-Michael protein adducts were accumulated
after wreatment (D(a)). The major 97 kDa band was measured 4.5 h after H>O» treatment in the presence or absence of edaravone (D(b)). Values are expressed

as mean & S.EM. (n=3). "P<0.05, ""P <0.01 vs. H,03 (+) +Ed (-).
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Fig. 2. (Continued).
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Fig. 3. Effects of edaravone on atherosclerotic lesion in ApoE-KO mice. ApoE-KO mice were fed a high-cholesterol diet for 4 weeks with the administration
of edaravone (10 mg/kg daily) or its vehicle by 1.p. injection. (A) Oil red O-stained cross-sections of the aortic sinus (bar= 100 pm) and morphometric analysis
of the lesions are shown. (B) Oil red O-stained en face specimens of the descending aorta (bar = 5 mum) and morphometric analysis of the lesions are shown.
Values are expressed as mean &= S.EM. (n=14).
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those in wild-type C57BL/6 mice fed a normal chow, 4. Discussion
were decreased by edaravone treatment (Fig. 4D and E).
Finally, the increase in VCAM-1 expression in the aorta A number of studies have shown that ROS contribute to the
of ApoE-KO mice was attenuated by edaravone as well pathogenesis of endothelial dysfunction and atherosclerosis
(Fig. 4F). formation. In addition to O2°~ that is predominantly pro-
Nitrotyrosine
{kDa)
220 B>
90 —P>
86 —
45 —p»
6
£,
&
g
<
o
C57BLIG Vven Ed
(@)  (normal chow) ApoE-KO
ApoE-KO
C57BLIS

(normal chow) Vehicle Edaravone

(A} (b)

Fig. 4. Effects of edaravone (Ed) on ROS production (A~E) and VCAM-1 expression (F) in ApoE-KO mice. (A) Nitrotyrosine contents in the aorta was
examined by Western blot analysis (A(a), n=6) and immunohistochemistry (A(b)). Bar=50 pm. (B) Fresh-frozen cross-sections of the aorta were stained
with DHE, and representative finorescent micrographs are shown (bar = 100 um). (C) Superoxide anion in aortic rings was determined using SOD inhibitable-
cytochrome ¢ reduction assay (n=6). (D) 8-Isoprostane level in mouse plasma was measured with EIA (n=6). (E and F) Representative Western blotting for
4-HNE (97kDa band) and VCAM-1 expression in the aorta and densitometric analysis are shown (n=3). Values are expressed as mean &= S.EM. *P<0.05,
**P<0.01 vs. vehicle (Veh). C57/BL6 mice fed a normal chow serve as the control.
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duced via NAD(P)H oxidase [35], *OH as well as LOO* [36]
and ONOO™ [37] play a role in atherogenesis. In particular,
*OH is extremely strong in terms of oxidative activity and cel-
lular damage [38]. Therefore, it mightbe essential to scavenge
the wide range of ROS for the prevention of atherosclerosis.
As a matter of fact, recent clinical trials have denied the pro-
tective effects of Vitamin E, which predominantly reacts with
100" [39], on cardiovascular events [18,19].

Edaravone, a potent free radical scavenger with unique
properties, works by donating an electron from edaravone
anion to free radicals [22]. Edaravone quenches *OH and
inhibits both * OH-dependent and *OH-independent lipid pex-
oxidation [22]. Edaravone shows inhibitory effects on both
water-soluble and lipid-soluble LOO-induced peroxidation
systems [22]. Edaravone also inhibits ONOO™ -induced tyro-

sine nitration [22]. These properties are different from those

of water-soluble Vitamin C and lipid-soluble Vitamin E.

In the present study, we demonstrated that edaravone
suppressed endothelial apoptosis and fatty streak forma-
tion. Reduced expression of VCAM-1, a marker of vascu-
lar injury and activation {32], were corroborated with these
results. In cultured ECs, protein expression of VCAM-1
was induced as early as 3 h after HyO; treatment (actually
4.5h after addition of HyO,, Fig. 2C). This is reasonable
based on our time course experiments (data not shown),
and is consistent with the previous reports that VCAM-
I protein has been induced 4-6h after cytokine stimula-
tion through an antioxidant-sensitive mechanism [40,41].
Although the experimental conditions were different between
the cell culture and animal studies, edaravone inhibited both
the rapid induction of VCAM-1 in cultured ECs and the
chronic upregulation of VCAM-1 in the aorta of ApoE-
KO mice, further supporting the vasoprotective effects of
edaravone.
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Edaravone has been clinically used as a neuroprotectant
in the treatment of ischemic stroke in Japan from 2001. The
dose of edaravone used in this study (intraperitoneal injection
of 10 mg/kg) has been reported to be comparable to that of
intravenous injection in clinical use in terms of plasma con-
centration [42]. This compound has been reporied to preserve
endothelial function in ischemic brain [43] and ameliorate
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
knowledge, however, the effect of edaravone on atheroscle-
rosis has never been reported till now.

The effects of edaravone on endothelial injury and
atherosclerosis were associated with the decrease in ROS
production including peroxynitrite, superoxide anion 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 leading to endothelial injury, because 4-HNE triggers
cellular damages through the MAP kinase pathway as an
end-product of ROS [34]. Antioxidant effects of edaravone
on lipoproteins were not determined in the present study
because of the methodological limitation in mice. It has been
reported, however, that edaravone can inhibit oxidative mod-
ification of low-density lipoprotein in vitro and in rats [46].
Consequently, it is likely that reduced lipoprotein oxidation

would have played a role in the anti-atherosclerotic effects?;?'i'\:,_
of edaravone in ApoE-KO mice. Furthermore, edaravone has

been reported to stimulate the expression of endothelial nitri¢
oxide synthase in cultured ECs [46] and the artery [47];
leading to the increased production of nitric oxidé. Taken
together with the effects on peroxynitrite formation, edar-
avone might synergistically increase the availability of nitric
oxide, which exerts vasoprotective and anti-atherosclerotic
action. g

The effects of edaravone on advanced and complicated
lesions of atherosclerosis were not investigated in this study.
Neither, the effects on plaque ruptures nor consequent cat-
diovascular events are known. This study demonstrated that
edaravone might be a potential new therapeutic agent for
the prevention and treatment 6f early atherosclerosis. For
the purpose of chronic use, however, the innovation of drug
preparation for oral administration is necessary. Another
application of edaravone might be the prevention of restenosis
after percutaneous coronary interventions, since ROS plays
an important role in neointimal formation after angioplasty
[48]. Intravenous injection of edaravone for several days
might inhibit neointimal formation in addition to ischemia
reperfusion injury of cardiomyocytes [45]. Taken together,
edaravone is expected to 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.

These findings provide new information on the role of ROS in
atherogenesis and the therapeutic strategy for atherosclerosis.
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