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Abstract

Ginsenosides have been shown to stimulate nitric oxide (NO) production in aortic endothelial cells. However, the signaling pathways
involved have not been well studied in human aortic endothelial cells. The present study was designed to examine whether purified gin-
senoside Rbl, a major active component of ginseng could actually induce NO production and to clarify the signaling pathway in human
aortic endothelial cells. NO production was rapidly increased by Rb1l. The rapid increase in NO production was abrogated by treatment
with nitric oxide synthetase inhibitor, L-NAME. Rb1 stimulated rapid phosphorylation of Akt (Ser473), ERK1/2 (Thr202/Thr204) and
eNOS (Ser1177). Rapid phosphorylation of eNOS (Ser1177) was prevented by SH-5, an Akt inhibitor or wortmannin, PI3-kinase inhib-
itor and partially attenuated by PD98059, an upstream inhibitor for ERK1/2. Interestingly, NO production and eNOS phosphorylation
at Ser1177 by Rb1 were abolished by androgen receptor antagonist, nilutamide. The results suggest that PI3kinase/Akt and MEK/ERK
pathways and androgen receptor are involved in the regulation of acute eNOS activation by Rbl in human aortic endothelial cells.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Ginsenoside Rbl; Endothelial cells; Nitric oxide; eNOS; Androgen receptor; P13-kinase; Akt; ERK; MEK; Phosphorylation

Ginseng, the root of Panax ginseng C.A. Meyer (Arali-
aceae), is a well-known and popular herbal medicine used
worldwide. Among more than 30 ginsenosides, the active
ingredient of ginseng, ginsenoside Rbl is regarded as the
main compound responsible for many pharmaceutical
actions of ginseng. The oral administration of ginseng
caused a decrease in blood pressure in essential hyperten-
sion [1]. Intravenous administration of ginsenosides (a mix-
ture of saponin from Panax ginseng C.A. Meyer) lowered
blood pressure in a dose-dependent manner in anesthetized
rats [2]. Although these reports suggest that ginsenosides
could stimulate the production of nitric oxide (NO) by aor-
tic vascular endothelial cells, the precise mechanisms of the

* Corresponding author. Fax: +813 5684 3987.
E-mail address: okabe-tky@umin.ac.jp (T. Okabe).

0006-291X/S - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/).bbre.2006.12.119

ginsenoside actions have not been fully elucidated [3]. NO
released from endothelial cells via the endothelial nitric
oxide synthetase (eNOS) is a pivotal vasoprotective mole-
cule. In addition to its vasodilating feature, endothelial
NO has anti-atherosclerotic properties, such as inhibition
of platelet aggregation, leukocyte adhesion, smooth muscle
cell proliferation, and expression of gemes involved in
atherosclerosis [4].

The present study aims at investigating the signaling
pathways involved in NO production by purified ginseno-
side Rb1 in human aortic endothelial cells in vitro.

Materials and methods

Materials. Rbl, nilutamide, I-NAME (hydrochloride), Hanks’ bal-
anced salt solution (HBSS) were purchased from Sigma (St. Louis, MO,
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USA). ICI182780 was from Zeneca Pharmaceuticals (Macdesfield, UK).
4,5-diaminofluorescin diacetate (DAF-2 DA) was purchased from Daiichi
(Daiichi Pure Chemicals Co., Ltd, Tokyo, Japan). PD98059, SH-3,
wortmannin and Nitric Oxide Synthase Assay Kit were from Calbiochem
(EDM Biosciences, Inc., La Jolla, CA, USA and Germany). L H]Argi-
nine was purchased from Amersham (Amersham Biosciences, Uppsala,
Sweden). Antibody of phospho-eNOS (Serl177) was from upstate
(Upstate Inc., Lake Placid, NY). Antibody for eNOS/NOS type III was
purchased form BD Transduction Laboratories (BD Biosciences, Franklin
Lakes, NJ, USA). All other antibodies were form Cell Signaling Tech-
nology (Beverly, MA, USA). LumiGLO Reserve Chemiluminescent
Substrate Kit was from KPL (Gaithersburg, MD, USA). EBM-2 (endo-
thelial cell base medium) was from Clonetics (Walkersville, MD, USA).
Human zortic endothelial cells (HAECs) were from Cambrex (Cambrex
BioScience Walkersville, Inc. Walkersville, MD, USA). Fetal bovine
serum (FBS) was from CCT (Sanko Junyaku Co., Ltd, Tokyo, Japan),
Fetal bovine serum charcoal stripped was from MultiSer (ThermoTrace
Ltd., Melbourne, Australia).

Cell culture. HAECs were cultured in a 37 °C humidified atmosphere
of 95% air/5% CO, in EGM-2 (endothelial cell grows medium 2) medium
supplemented with 10% FBS. The EGM-2 medium consisted of 0.1%
EGF, 0.04% hydrocortisone, 0.4% hFGF-B, 0.1% VEGF, 0.1% R3-IGF-1,
0.1% ascorbic acid, 0.1% GA-1000, and 0.1% heparin. Experiments were
performed with cells from passages 5 to 7. For all experiments, HAECs
were plated at a concentration of 1X 10%/mlL and grown to confluence.
Then cells were serum-starved for 6 h in phenol red free EBM-2 containing
1% DCC-FBS, that was removed the steroid by processing it with dextran-
coated charcoal (DCC-FBS). In some inhibitory experiments, the inhibi-
tors were added to cells 60 min before the stimuli. DMSO was used as a
solvent for Rbl, PD98059, wortmannin, SH-5, L-NAME, nilutamide, and
DAF-2 DA present at equal concentrations (0.01%) in all groups,
including the vehicle.

Western blot analysis. After treatment with reagents, confluent mon-
olayers of cells were washed two times in ice-cold phosphate-buffered
saline and lysed with buffer containing 20 mmol/L Tris-HCl (pH 7.5),
150 mmol/L NaCl, 1 mmol/L. EDTA, ! mmol/L EGTA, 1% Triton-X,
2.5mmol/L sodium pyrophosphate, 1mmol/L B-glycerophosphate,
1 mmol/LNazVOy, 1 pg/mL Leupeptin, 1 mM PMSF). For western blot
analysis, total cell lysate was subjected to SDS-polyacrylamide gel elec-
trophoresis (PAGE), and proteins were transferred to poly vinilidene
diffuoride (PVDF) membrane. The antibodies used in this study were anti-
phospho-ERK1/2 (Thr202/Thr204), anti-ERK1/2, anti phospho-Akt
(Ser473), anti-Akt, anti-phosph-eNOS (ser1177) and anti-NOS. Antibod-
ies were detected by means of a horseradish peroxidase-linked secondary
antibody and immunoreactive bands were visualized using LumiGLO
Reserve Chemiluminescent Substrate Kit.

Endothelial NO synthase activity assay. Endothelial cell NO synthase
(eNOS) activity was quantified by measuring the conversion of 1-H]-
arginine to L-["H}-citrulline by the use of a NO synthase assay kit.

Measurement of intracellular production of NO. Production of NO was
assessed using the NO-sensitive fluorescent dye DAF-2 DA [5]. Briefly,
confluent cells were serum-staved for 6h. Because NOS generates Op”
instead of NO in the absence of L-arginine, so L-arginine (100 pmol/L) was
add 1 h prior to all solutions, except for the experiment with N-nitro-L-
arginine methyl ester (L-NAME; a NOS inhibitor)-treated cells. Cells were
loaded with DAF-2 DA (final concentration 5 pmol/L, 30 min 37 °C) and
than rinsed three times with HBSS, kept in the dark, and maintained at
37°C in 1% EBM-2 medium with a warming stage. After 30 min, cells
were then treated with Rbl or other stimuli. In some inhibitory experi-
ments, the inhibitors were administered 30 min before loading with DAF-
2 DA. Green fluorescence intensity was measured with a laser scanning
confocal microscopy system (LSCM) (Bio-Rad Laser Sharp2000).. The
fluorescence image was obtained as a 512 x 512 pixel frame. Ex = 488 nm,
EM = 510 nm. All other settings, including scanning speed, pinhole
diameter, and voltage gain, remained the same for all experiments.

Statistics. Data are means == SEM. Statistical comparisons were per-
formed by Student’s T test between two groups. A value of P <0.05 was
considered significant.

Results

RbI1 stimulates rapid production of NO in human aortic
endothelia cells

We used the NO-specific fluorescent dye DAF-2 DA to
evaluate the effect of Rb1 on NO production in HAECs. 5,
10, 15, 30, 60, 120 and 180 min after Rbl treatment, cells
were fixed and then viewed using a fluorescence micro-
scope. Emission of green light {510 nm) from cells excited
by light at 488 nm is indicative of NO production. A signif-
icant increase in green fluorescence was observed >15 min
after the addition of Rb1 and lasted for 60 min in HAECs
(Fig. 1A). Maximal stimulation of NO production was
obtained at 30 min.

To verify that the rapid increase in green fluorescence in
response to Rbl treatment specifically reflected NO pro-
duction, we compared results from HAECs treated with
acetylcholine (1 pmol/L) or Rbl (I pmol/L) for 5min.
Reassuringly, treatment with either acetylcholine and calei-
um ionophore or Rbi resulted in a increase in green fluo-
rescence (Fig. 1B). We next examined the effects of the
NOS inhibitor L-NAME to determine whether the NO
increase was attributable to NOS derived de novo synthe-
sis. As shown in Fig. 1C, the Rbl-induced DAF-2 DA fiuo-
rescence was completely suppressed by pretreatment with
L-NAME (0.5 mmol/L). The results suggested that the
rapid increase in NO production after Rbl treatment was
mediated by an increase in NOS activity.

Rb] stimulates phosphorylation of eNOS (Serll77) and
increases NOS activity

To examine involvement of eNOS in the NO increase,
the effect of Rbl on eNOS phosphorylation at Ser-1177
was tested by Western blotting. As shown in Fig. 2, Rbl
induced rapid eNOS phosphorylation after 10 min of incu-
bation, maximal eNOS phosphorylation by Rbl was
observed from 30 to 60 min of incubation. The relative
magnitude of eNOS phosphorylation falls subsequently
but is still significantly greater than control after 120 min
of Rbl incubation (Fig. 2A, upper blots). The acute effect
by Rbl on-eNOS phosphorylation was concentration
dependent (Fig. 2B, upper blots). Rbl did not affect eNOS
protein expression (Fig. 2A and B, lower blots).

To see whether Rb1 actually activates NOS in HAECs,
we measured NOS activity after 30 min of treatment with
Rbl. As shown in Fig. 2C, Rbl significantly increased
NOS activity in HAECs.

PI3-kinasel Akt and MEK/ERK pathways are involved in
eNOS phosphorylation and NO production

Previous studies have demonstrated that PI3-kinase/
Akt and MEK/ERK pathways are two important signal-
ing cascades mediating eNOS activation by many stimuli
in vascular endothelial cells [6,7]. Therefore, we examined
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A
Time (min):
B
L-NAME (-)
L-NAME(+)

Rb1 (+) Acetylcholine (+)

Fig. 1. Effect of Rbl on production of NO. HAECs were starved and loaded with DAF-2 DA (5 umol/L) as described in Materials and methods prior to
treatment with either Rb1 (1 pmol/L) for 0, 3, 10, 15, 30, 60, 120, and 180 min (A} or acetylcholine (1 pmol/L) for 5 min (B). After Rbl treatment, cells
were fixed in 2% paraformaldehyde for 10 min at 4 °C and then viewed using a fluorescent microscope. Emission of green light (510 nm) from cells excited
by light at 488 nm is indicative of NO production. In some groups of cells, L-NAME (0.5 mmol/L) was added 30 min before loading cells with DAF-2 DA
(B). A representative time course experiment is shown for experiments that were repeated independently for three times. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this paper.)

p<0.01
A Cc E—
p-eNOS(ser''") 150
total NOS

Rbl(fpymoll) o &5 10 15 30 60 12 (min)

[y
(=1
(=3

NOS activity
(% vehicle)

B

p-eNOS(ser''"") 5
total NOS
Rb1 (umol/ll) - 0,01 0.1 1 10 0

control. Rb1

Fig. 2. Effects of Rbl on ¢eNOS phosphorylation and NOS activity. Phosphorylation of eNOS in HAECs. Starved HAECs were treated with the vehicle
(0.01% DMSO) or Rbl (1 pmol/L) for indicated times (A) or with various concentrations of Rbl for 30 min (B). Western analysis performed to detect
phospho-eNOS (Ser1177) and total eNOS. The experiments were repeated three times in triplicates, with equal result. NOS activity in HAECs
homogenates. Rbl (1 pmol/L) were added to the starved medium for 30 min, then activity of NOS was measured by the conversion of L-arginine to L-
citrulline at 37 °C for 60 min (C). Histograms and error bars represent means = SEM of four independent experiments performed in duplicate, “P <0.01

vs control.
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whether Rbl activated Akt and ERK1/2. We used phos- We next examined the rapid phosphorylation of eNOS
pho-specific antibodies to evaluate the ability of Rbl to  at Ser1179 by Rbl either in the absence or presence of
stimulate phosphorylation of Akt and ERKI/2 in  PI3 kinase inhibitor wortmannin, and Akt inhibitor SH-5
HAECs. Rbl rapidly increased phosphorylation of Akt  or MEK (ERK kinase) inhibitor PD98059. As shown in
(Ser473) and ERKI/2 (Fig. 3A, upper blots) in  Fig. 3B, the rapid eNOS phosphorylation was abolished
HAECs > 5min after the addition of Rbl. Maximal by pretreatment of cells with wortmannin (5 umol/L) or
phosphorylation was attained at 30min in Akt and at  SH-5, and partially attenuated by MEK inhibitor
15min in ERKI1/2. The relative magnitude of the Rbl ~ PD98059 (10 pmol/L). NO production viewed by fluores-
response falls subsequently but is still significantly greater ~ cent microscopy showed the similar inhibition by these
than control after 120 min of Rbl treatment. Rbl did not  inhibitors (Fig. 3C). These results suggest that acute activa-
affect total Akt and ERK protein expression (Fig. 3A,  tion of eNOS and NO production by Rbl were mediated

lower blots). through activation of PI3-kinase/Akt and ERK1/2.
A :
p-Akt (ser¥™®) -
total-Akt
p-ERK1/2

total-ERK1/2

Rb1 (1 umol/L) 0 5 10 15 30 60 120 (min)

B 177
p-eNOS (ser''™) p-eNOS (ser'™™)

total-NOS

total-NOS
Rb1 - + - + - + Rb1 . + . +
SH-6 - . . * - - PD98059 . - + -
wortmannin - - - - + +
C inhibitor (-) SHS (+) Wortmannin (+) PD98059 (+)

Rb1(-)

- - - .

Fig. 3. Effects of inhibitors for PI3kinae/Akt or MEK. (ERK kinase) on eNOS phosphorylation and NO production. Starved HAECs were treated with
the vehicle (0.01% DMSO) or Rbl (1 pmol/L) for indicated times (A). In some groups, cells were pretreated with SH-5 (10 pmol/L), wortmannin (5 pmol/
L) or PD98059 (10 pmol/L) for 1 h, then cells were treated without or with Rb1 (1 ymol/L) for 30 min (B). Cell Iysates were analyzed by Western blot as
described in Materials and methods. Anti-phospho-Akt (Ser473) antibody and anti-Akt antibody; anti-phospho-ERK1/2 antibody and anti-ERK1/2
antibody (A), anti-phospho-eNOS (Ser1177) antibody and anti-eNOS antibody (B) were used for western blot analysis. Experiments were repeated three
times, with equivalent result. Starved cells were loaded with DAF-2 DA as described in Materials and methods before treatment with Rbl (1 pmol/L). In
some groups of cells, SH-5 (10 pmol/L), wortmannin (5 umol/L) or PD98059 (10 pmol/L) were added 60 min before cells were loaded with DAF-2 DA.
After Rb] treatment, cells were fixed in 2% paraformaldehyde for 10 min at 4 °C and then viewed using a fluorescent microscope (C). Emission of green

light (510 nm) from cells excited by light at 488 nm is indicative of NO production. A representative set of experiments is shown for experiments that were
repeated independently three times. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

paper.)
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A

p-eNOS (ser'177) E

total-NOS

nilutamide - - +

nilutamide(+)

B nilutamide

Rb1 (-)

Rb1(+)

Fig. 4. Effects of nilutamide, an antagonist of androgen receptor, on eNOS phosphorylation and NO production. HAECs were starved 6 h and then
treated without or with Rb1 (1 pmol/L) for 30 min. Some groups of cells were pre-treated with androgen receptor agonist nilutamide (10 pmol/L) for 1 h.
Cell lysates were then subjected to immunoblotting as described in Materials and methods. The experiments were repeated three times in triplicates, with
equal results. Starved cells were loaded with DAF-2 DA as described in Materials and methods before treatment with Rbl (1 pmol/L). In some groups of
cells, nilutamide (10 umol/L) were added 60 min before cells were loaded with DAF-2 DA. After Rbl treatment, cells were fixed in 2% paraformaldehyde
for 10 min 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 figure

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

RbI-induced eNOS phosphorylation is inhibited by androgen
receptor antagonist

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 eNOS 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 (Serl1177) was inhibit-
ed by the androgen receptor antagonist nilutamid
(10 ymol/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 IC1182780 (10 pmol/L)
(data not shown).

Discussion

We have shown that purified Rbl rapidly stimulates
production of NO in HAECs> 15 min after 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 Ser1177
leads to increased eNOS activity. In our experiments,
Rbl induced rapid phosphorylation of eNOS at
Ser1177 > 10 min after Rbl treatrnent. 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 HAEC:s 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 disease
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-hydroxy-3-methylglutarvl (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 nwscle 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 rthGas6. Wortmannin, a specific phosphatidylinositol 3-OH kinase (PI3K) inhibitor, abolished the increase in Akt phosphorylation
by thGas6 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 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 Ax! expression, increased phosphorylation of Akt and Bcl2, 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 Bcel2

1. Introduction

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.
doi:10.1016/.ejphar.2006.09.070

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-
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
transcuces the signal by Ax1 autophosphorylation (Mark et al.,
1996). Gas6-Axl 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
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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-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-Axl 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 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 fmally 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 medified Eagle’s medium (DMEM) supplemen-
ted with 20% fetal bovine serum (FBS), 100 U/ml penicillin and
100 meg/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 (2 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 HCl, and Ca content in the supernatant
was determined by the o-cresolphthalein complexone method
(C-Test, WAKOQ). The remaining cells were solubilized no0.1M
NaOH/0.1% sodium dodecyl sulfate (SDS), and cell protein
content was measured by Bio-Rad protein assay. Calcification
was visualized 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 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
Ax], 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-Gas6é (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 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 hyperphosphateinia 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 uM
(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).
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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 rhGas6 could prevent Pi-
induced apoptosis. In HASMC, thGas6 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 rhGas6 (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 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 uM)
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 Pi, statin (—) by
Fisher’s test (C). The antiapoptotic effect of fluvastatin (0.1 pM) and pravastatin (50 uM) 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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Fig. 2. Pi suppresses Gas6 and Axl expression, and rhGas6 inhibits caspase-dependent apopiosis and calcification. HASMC were cultured in the presence or absence of
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 B-tubulin (A). After
pretreatment with the indicated concentrations of thGas®6, apoptosis was induced by 2.6 mM Pi. All values are presented as mean=S.EM. (n=3). *P<0.05 vs. 2.6 mM
Pi, thGas6 (=) by Fisher’s test (B). HASMC were pretreated with rhGas6 (400 ng/ml) for 1 b, then cultured with 2.6 mM Pi for 12 h. Cell lysates were immunoblotted
with an antibody that recognizes caspase-3 (335 kDa) and the cleaved forms of caspase-3 (17 and 19 kDa) (C). For measurement of Ca deposition, HASMC were
cultured with the indicated concentrations of thGas6 in the presence of 2.6 mM Pi for 6 days. All values are presented as mean=S.E.M. (n=6). *P<0.05 by Fisher’s
test (D). Experiments were performed with at least three different cell populations.

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

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
thGas6-mediated phosphorylation of Akt. As shown in Fig. 3B,
wortmannin abrogated the thGas6-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 thGas6é on Pi-induced
apoptosis and calcification was mediated by the PI3K-Akt pathway.

3.4. Pi suppresses Bcl2 phosphorylation and activates Bad

To establish the downstream components of Pi-induced
apoptosis, two key apoptosis-regulating proteins, Bc12 and Bad,
were analyzed. During apoptosis, 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 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) antibedy and total Akt (t-Akt)
antibody (A). HASMC were pretreated with rthGas6 (400 ng/ml), wortmannin (1 pM), or both for 1 h, and then treated with 2.6 mM Pi for 12 h. Cell lysates were
imnounoblotted with p-Akt and t-Akt antibody (B). After pretreatment with thGas6 (400 ng/ml) and wortmannin (1 uM), apoptosis was induced by 2.6 mM Pi. All

values are presented as mean=S.EM. (n=3). *P<0.05 vs. 2.6 mM Pi, rhGas6 (-

), wortmannin {(~) by Fisher’s test {C). HASMC were cultured with thGasé (400 ng/

mi) and with or without wortmannin {1 uM) in the presence of 2.6 mM Pi for 6 days. Ca content was measured and normalized by cell protein content. All values are

presented as mean+S.E.M. (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 Gas6 and
Axl. As shown in Fig. SA and B, both fluvastatin and pravas-
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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 stitnulated phosphorylation of Bel2 and
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Fig. 4. RhGas6 restores Pi-induced decrease in phosphorylation of Bel2 and Bad. HASMC were exposed 1o 2.6 mM Pi for the indicated periods, and cell lysates. were
subjected to immunoblotting with anti-phospho-Bel2 (p-Bcl2) antibody and total Bel2 (t-Bel2) antibody (A), or with anti-phospho-Bad (p-Bad) antibody and total Bad
(i-Bad) antibody (B). HASMC were pretreated with rthGas6 (400 ng/ml) for 1 b, and then weated with 2.6 mM Pi for 12 h. Cell lysates were subjected to
immunoblotting with p-Bel2 and t-Bel2 antibody (C), or with p-Bad and t-Bad antibody (D).





