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among the groups. The infarct tissues consist of thin layer of
fibrotic tissue with few myocytes and occupy only little area in
the total myocardium, explaining unexpectedly small values of
infarct areas in comparison with the values of infarct lengths.

Left ventricle/body weight ratio (LVW/BW, Fig. 3) and
MCSA (Fig. 4) were not different between sham-operated Agtr2+
mice and Agtr2— mice, indicating that the lack of AT2R did not
affect normal myoccardial growth. In vehicle-treated Agtr2+ and
Agtr2— mice, LVW/BW (n=11 and 9, respectively) and MCSA
(n=6 and 8, respectively) were significantly increased 14 days
after surgery to similar extents, suggesting that AT2R does not
play a major role in the development of myocardial hypertrophy
without pharmacological intervention.

Treatment with valsartan significantly decreased both LVW/
BW (n=10) and MCSA (n=7) in 4gtr2+ mice. In Agtr2— mice,
valsartan reduced LVW/BW (n=8) and MCSA (n=8) to a lesser
extents than those in Agtr2+ mice, where only the reduction in
MCSA was statistically significant. These results indicate that
the anti-hypertrophic effect of valsartan is mediated by
stimulation of AT2R and partly by blockade of ATIR.

As shown in Fig. 5, lung/body weight ratio (Lung W/BW), an
index for pulmonary congestion, was significantly larger in
vehicle-treated Agtr2— mice (7=9) than in vehicle-treated Agrr2+
mice (n=11). In these vehicle:treated groups, parameters of LV
morphology and finction were not different (Figs. 1, 3 and 4)),
suggesting that factors other than LV function are responsible for
the deterioration of pulmonary congestion in Agtr2— mice. In
other words, the lack of AT2R in the kidney and vasculature may
be involved in the mechanism of the pulmonary congestion of
Agtr2— mice. Treatment with valsartan significantly reduced
LungW/BW similarly in the two strains of mice 14 days after
surgery, suggesting that this effect of valsartan was mediated by
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Fig. 5. Lung weightbody weight ratio (Lung W/BW) on day 14 was
significantly increased both in Ags2+ and 4gtr2— mice ireated with a vehicle.
Valsartan significantly decreased Lung W/BW in both strains of mice. However,
Lung W/BW was not restored o the level of sham-operated group in Agtr2—
mice. Each data point is the mean of pooled data from 5-11 mice. ML
myocardial infarction, **P<0.001,%p<0.05.

ATIRs in the cardiac- and extra-cardiac tissues. Taken together,
the results suggest that deletion of AT2R leads to deterioration of
post-infarction congestion and valsartan attenuates the LV
remodeling and heart failure through stimulation of AT2R and
blockade of AT1R.

MI increased IFI in both Agw#2— and Agtr2+ mice, but
valsartan treatment did not affect IFI during the study period
(data not shown).

Discussion

LV remodeling after MI is a complex process consisting of
acute phase infarct expansion and subsequent myocyte
hypertrophy and interstitial fibrosis in the residual myocardium,
all of which lead to LV dysfunction. In the present study, effects
of valsartan on LV remodeling during the first 2 weeks after MI
were examined in Ag#r2+ and Agir2— mice. Valsartan
effectively inhibited cardiomyocyte hypertrophy, LV dilatation,
and pulmonary congestion, thereby improving survival rate. On
the other hand, in 4gt»2— mice, valsartan had no effect on LV
dilatation and had only a limited effect on cardiomyocyte
hypertrophy, suggesting that effects of valsartan on post-
infarction remodeling were largely mediated by AT2R.

Consistent with our observations, Xu et al. (2002) previously
reported that AT2R activation during AT1R blockade plays an
important role in the therapeutic effect of ARB in post-MI LV
remodeling. Those authors treated AT2R-deficient mice with
valsartan from the 4th week after MI for a period of 20 weeks
and then demonstrated its benefits on interstitial fibrosis,
cardiomyocyte hypertrophy and LV dysfunction, which are
mainly mediated by AT2R. Similarly, Liu et al. (2004)
demonstrated the role of kinins as a partial mediator of AT2R
signaling in a rat post-MI heart failure model using a similar
protocol focusing on the late phase of remodeling. Voros et al.
(2006) provided support for these observations by results
obtained by using a different experimental model, transgenic
mice overexpressing AT2R in the heart. In those mice, AT2R
overexpression and treatment with an ATIR antagonist had
equivalent beneficial effects on the LV remodeling. All of those
studies have established the benefit of an ATIR antagonist and
the importance of AT2R as a mediator of its effects on late phase
post-MI remodeling. On the other hand, relatively little is
known about the roles of Ang II and the benefit of ATIR
antagonist during the early period after M1, when the risks of LV
dysfunction, arthythmia, and cardiac rupture are high (Pfeffer
and Braunwald, 1990). In such a time period, administration of
an AT1R antagonist could be harmful because of hypotension
(Pourdjabbar et al., 2005) or other causes. In the present study,
we demonstrated that valsartan is effective for inhibiting acute
phase LV dilatation and dysfunction and that most of its effects
are dependent on AT2R. Consistent with our observation, the
VALIANT trial (Pfeffer et al., 2003) demonstrated safety of
starting valsartan as early as day 1 post-MI. Taken together,
valsartan is effective to inhibit both of the early and late phases
of post-MI LV remodeling and its effects are mediated by AT2R.

In our previous study (Oishi et al., 2003), we demonstrated
that the survival rate of 4g#2+ mice during a period of 14 days
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after MI was significantly higher than that of Ag#2— mice. In the
present study, the survival rate of vehicle-treated Agir2+ mice
during a period of 14 days was also higher than that of vehicle-
treated Agrr2— mice (41% vs. 33%). Valsartan improved the
survival rates in both strains of mice to the same extents (41% to
61% in Agtr2+ mice and 33% to 52% in Agr2— mice).
However, neither the difference between the mortality rates in
the two strains nor the improvement in survival rate by valsartan
did reached statistical significance. In the present study, we
induced larger MI than that in our previous study (Oishi et al.,
2003) in order to accomplish earlier progression of LV dilatation
and heart failure after MI. The infarct length in the present study
was 65%, which is larger than the values (30-55%) reported in
previous studies (Fuchs et al., 2003; Matsushima et al., 2006).
The mortality rate of wild-type mice in this study was
approximately 2-fold higher than that previously reported in
this model (Harada etal., 1999; Liu et al., 1997; Xu et al,, 2002).
Such a severe MI may have overwhelmed the beneficial effects
of AT2R and/or valsartan treatment, explaining, at least in part,
the failure to detect statistical difference in the survival rates
between the two mouse strains and valsartan’s effects on it.
Similarly, this large MI caused extremely low LV contraction (%
FS, Fig. 1¢) in both strains of mice, which may have been too
severe to be restored by valsartan.

In the present study, the beneficial effect of valsartan on LV
remodeling was abolished in Agrr2— mice (Figs. 1 and 4),
suggesting that the effect of valsartan on LV remodeling was fully
mediated by AT2R in the heart. However, valsartan treatment also
improved the pulmonary congestion (Fig. 5) and the survival of
Agtr2— mice, suggesting that (1) the pulmonary congestion and
the survival rate were not determined solely by the extent of LV
remodeling and that (2) some of the beneficial effects of valsartan
in Agtr2— mice were mediated in part by ATIR in the heart as
well as in the extra-cardiac tissues such as the vasculature and the
kidney. It is plausible that the dominant receptor subtype that
mediates the Ang II action may be AT1R in the vasculature and
the kidney, which may explain the similar improvement in heart
failure by valsartan in Agnr2+ and Agtr2— mice.

However, it should be noted that the extent of pulmonary
congestion (Fig. 5) was more severe in Agtr2— mice than in
Agtr2+ mice, This difference may be attributed to the absence
of AT2R. Since AT2Rs in the kidney and systemic vasculature
are involved in the mechanisms of natriuresis (Carey et al,
2000) and vasorelaxation (Akishita et al., 1999; Carey et al,
2000), respectively, a deletion of AT2R might cause volume
overload and increase in systemic vascular resistance, leading to
the deterioration of systemic hemodynamics after ML

The effects of ARBs may change depending on the tissue
content of Ang II and the expression levels of ATIR and AT2R.
In the failing heart, tissue level of Ang II is increased and the
increase in Ang II level is further facilitated by ARB admin-
istration (Spinale et al., 1997). MI results in upregulation of
ATIR (Matsubara, 1998) and AT2R (Adachi et al, 2003;
Matsubara, 1998). It has been also reported that ARBs
upregulated AT2R (Jugdutt and Menon, 2004). These findings

“may explain the effectiveness of ARB in post-MI remodeling,
particularly through its action on ATZR.

An unexpected result was that IFI was not improved by
valsartan. There is a consensus that administration of ARBs
inhibits interstitial fibrosis after MI both in rodents (Liu et al.,
2004, 1997; Voros et al., 2006; Xu et al., 2002) and humans (Di
Pasquale et al., 1999). However, previous studies (Harada et al.,
1999; Liu et al., 1997; Voros et al., 2006) suggest that it takes
approximately four weeks until significant fibrosis develops
after MI in rodents. In the present study, focusing on the early
phase of post-MI LV remodeling, we observed LV dilatation
during a period of two weeks after MI, a period that was not
sufficient to study post-MI interstitial fibrosis. Furthermore, in
the present study, the infarct size was large, resulting in a delay
in the healing process involving fibrosis formation.

A growing body of evidence (Dickstein and Kjekshus, 2002;
Pfeffer et al., 2003) suggests that ARBs are important agents for
treating heart failure. However, the advantage of this class of
drugs over angiotensin converting enzyme inhibitors is not well
understood. Likewise, possible differences in the pharmaco-
logical actions and clinical benefit among ARBs are not well
elucidated. In the present study, we demonstrated an important
action of valsartan to stimulate AT2R, which is associated with
additional cardioprotection to a simple blockade of ATIR,
particularly during early days after ML It is of note that the
cardioprotective role of AT2R was undetectable until valsartan
was administered, suggesting that AT2R need to be “stimulated”
by valartan to function as a cardioprotective mechanism. Precise
studies on the effect of valsartan and other ARBs may be helpful
for improving treatment of cardiovascular diseases.
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Statins Protect Human Aortic Smooth Muscle Cells From
Inorganic Phosphate-Induced Calcification by Restoring
Gas6-Axl Survival Pathway

Bo-Kyung Son, Koichi Kozaki, Katsuya Iijima, Masato Eto, Taro Kojima, Hidetaka Ota, Yuka Senda,
Koji Maemura, Toru Nakano, Masahiro Akishita, Yasuyoshi Ouchi

Abstract—Vascular calcification is clinically important in the development of cardiovascular disease. It is reported that
hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase inhibitors (statins) inhibited vascular calcification in
several clinical trials. However, the mechanism is poorly understood. Recently, it has been suggested that apoptosis is
one of the important processes regulating vascular smooth muscle cell (VSMC) calcification. In this study, we
investigated the effect of statins on VSMC calcification by testing their effect on apoptosis, focusing in particular on
regulation of the survival pathway mediated by growth arrest-specific gene 6 (Gas6), a member of the vitamin
K-dependent protein family, and its receptor, AxI. In human aortic smooth muscle cells (HASMO), statins significantly
inhibited inorganic phosphate (Pi)-induced calcification in a concentration-dependent manner (reduced by 49% at
0.1 pmol/L atorvastatin). The inhibitory effect of statins was mediated by preventing apoptosis, which was increased
by Pi in a concentration-dependent manner, and not by inhibiting sodium-dependent phosphate cotransporter (NPC)
activity, another mechanism regulating HASMC calcification. Furthermore, the antiapoptotic effect of statins was
dependent on restoration of Gas6, whose expression was downregulated by Pi. Restoration of Gas6 mRNA by statins
was mediated by mRNA stabilization, and not by an increase in transcriptional activity. Suppression of Gas6 using small
interfering RNA and the Axl-extracellular domain abolished the preventive effect of statins on Pi-induced apoptosis and
calcification. These data demonstrate that statins protected HASMC from Pi-induced calcification by inhibiting
apoptosis via restoration of the Gas6-Axl pathway. (Circ Res. 2006;98:1024-1031.)

Key Words: calcification m statins @ apoptosis 8 Gas6 B Axl

ascular calcification, such as coronary and aortic calci-

fication, is a significant feature of vascular pathology,
because this lesion is associated with cardiovascular dis-
ease.t? It has been recognized that statins exhibit various
protective effects against atherosclerosis, including modifica-
tion of endothelial function,® decreased inflammation,* and
inhibition of vascular smooth muscle cell (VSMC) prolifer-
ation and migration,’ all of which cannot be accounted for by
lipid reduction. One of the interesting pleiotropic effects of
statins is the inhibition of vascular calcification. Results from
clinical trials suggest an association of statin use with slowed
progression of calcific aortic stenosisé—® and coronary artery
calcification.® Statins also inhibited calcification of athero-
sclerotic plaques in experimental hyperlipidemic animals.?%%!
On the other hand, some recent clinical trials were not able to
find such an inhibitory effect.1213 To clarify these discrepan-
cies, it is important to identify the detailed regulatory mech-
anism of vascular calcification and the target of effect of
statins.

Based on clinical findings,** inorganic phosphate (Pi) has
been shown to be an important inducer of VSMC calcifica-
tion, which is morphologically similar to that observed in
calcified human heart valves and the aortic media. Transport
of Pi into VSMC has been suggested to play an important role
in the initiation of extracellular matrix calcification.!> Re-
cently, it has been shown that similar structures to matrix
vesicles, derived from apoptotic VSMC, have been identified
in human calcified arteries.'¢ These vesicles have the capacity
to concentrate and crystallize Ca, initiating calcification. Pi
has been shown to induce apoptosis of hypertrophic chondro-
cytes, which is associated with cell maturation and extracel-
lular matrix mineralization.l? However, it is not clear whether
or not apoptosis plays a regulatory role in the occurrence of
VSMC calcification induced by Pi.

Recently, it was shown that growth arrest-specific gene 6
(Gas6), a member of the vitamin K-dependent protein
family, and its receptor, Axl, a membrane receptor tyrosine
kinase, are decreased on calcification of vascular pericytes.!®
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Gas6 is a secreted protein that harbors a y-carboxylglutamic
acid-rich domain and 4 epidermal growth factor-like re-
peats.’® Gas6-Ax! interaction has been shown to be impli-
cated in the regulation of multiple cellular functions, includ-
ing growth, survival, adhesion, and chemotaxis.?*-** In
particular, they are known to prbtect a range of cell types
from apoptotic death. However, there is no evidence that
Gas6-Ax] interaction is involved in Pi-induced apoptosis and
calcification of VSMC.

In the present study, we found that statins inhibited
Pi-induced calcification by preventing apoptosis in human
aortic smooth muscle cells (HASMC). The effect of statins
was dependent on restoration of the Gas6-Axl pathway.
Furthermore, this beneficial effect was mediated by Gas6
mRNA stabilization, and not by increasing the transcription
rate. Our results reveal a novel pathway by which statins
regulate Pi-induced calcification in HASMC.

Materials and Methods

Materials

Pravastatin, atorvastatin, and fluvastatin were supplied by Sankyo Co
Ltd, Pfizer Inc (New York), and Tanabe Seiyaku Co Ltd, respec-
tively. Recombinant human Gas6 (thGas6) and AxI-ECD were
prepared as described previously.>?* All other reagents were of
analytical grade.

Cell Culture

HASMC were obtained from Clonetics. They were cultured in
DMEM supplemented with 20% 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.

Induction and Quantification of Calcification
For Pi-induced calcification, Pi (2 mixed solution of Na,H{PO, and
NaH,PO, whose pH was adjusted to 7.4) was added to serum-
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supplemented DMEM to final concentrations of 2.0, 2.6, and
3.2 mmol/L (“calcification medium™). After the indicated incubation
period, cells were decalcified with 0.6 mol/L HCL and Ca content in
the supernatant was determined by the o-cresolphthalein complexone
method (C-Test, WAKQ). The remaining cells were solubilized in
0.1 mol/L. NaOH/0.1% SDS, and cell protein 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;.

Induction of Apoptosis

Two different time courses were tested to investigate Pi-induced
apoptosis and examine the effect of statins. (1) Short-term condition:
Pi was added at final concentrations of 2.0, 2.6, and 3.2 mmoV/L for
24 hours at confluence, after the cells were incubated with serum-
free DMEM for 48 hours. To test the effect of statins on apoptosis,
they were added 24 hours after incubating the cells with serum-free
DMEM (12 hours before adding Pi). (2) Long-term condition: at
confluence, the medium was switched to calcification medium and
cells were cultured for up to 10 days. The medium was changed
every 2 days. To test the effect of statins, each was added simulta-
neously when the medium was switched to the calcification medium.

RNA Extraction, Northern Blot, and mRNA
Stability Analysis

The 304-bp product of the Gas6 ¢DNA probe (forward, 5'-
GCGTGGCCAAGAGTGTGAAGT-3'; reverse, 5'-CGCCACTCC-
TCAACAGAGAT-3’) was amplified by RT-PCR. For Northern blot
analysis, harvested RNA (=5 to 10 pg) was fractionated on 1.4%
formaldehyde-agarose gel and transferred to a nylon filter. The filter
was hybridized at 68°C for 2 hours with **P-labeled Gas6é ¢cDNA and
18S probe in QuickHyb solution (Stratagene) and autoradiograpbed.
To examine Gas6é mRNA stability, serum-starved HASMC were
incubated with actinomycin D (Act D, 5 pg/mL) in the presence of
2.6 mmol/L Pi after 12 hours of atorvastatin (0.1 pmol/L) treatment.
Total RNA was harvested at 0, 1, 3, and 6 hours for Northern blot
analysis. Signal density of the Gas6 mRNA was normalized to that

Figure 1. Statins prevent HASMC calcification.
A, HASMC were cultured with the indicated
concentrations of atorvastatin in the presence
of 2.6 mmol/L. 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=SEM (n=6).
*P<0.05 vs statin (-) by Fisher's test. N.D. indi-
cates not detected. B, On day 6, the inhibitory
effect of atorvastatin (0.1 umol/L) on

.2.6 mmol/L. Pi-induced Ca deposition was eval-
uated at the light microscopic level with von
Kossa's staining. The arrow points to an area of
Ca deposition. C, HASMC were cultured with
mevalonate (100 umol/L), famesylpyrophos-
phate (1 pmol/l), or geranylgeranylpyrophos-
phate (1 umol/L) in the presence of atorvastatin
(0.1 pmol/L) and 2.6 mmol/L Pi for 6 days. All
values are presented as mean=SEM (n=6).
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of the 18S RNA at each time point, and the half-life was calculated
by linear extrapolation.

Preparation of Small Interfering RNA Targeting
Gas6 and Transfection

Two small interfering RNAs (siRNAs) were designed to target
human Gas6 (accession no. NM_000820) using siRNA design
software (Dharmacon). The sequences for Gas6 were 5'-
GGACCTGCCAAGACATAGA-3" and 5'-ACCTCGTGCAGCCT-
ATAAA-3’". Nonspecific control siRNA was synthesized using
standard templates (Dharmacon). Twenty-four hours after HASMC
seeding onto 12-well plates, cells were cultured in serum-free
medium for an additional 24 hours, then transfected with Gas6 (100
nmol/L) and control siRNA using transfection reagent (Upstate). To
evaluate the effect of Gas6 siRNA on Ca deposition, siRNA was
transfected when HASMC had reached 80% to 90% confluence and
then transfected every time the medium was changed (every 2 days)
up to 6 days. The loss of Gas6 by transfection of siRNA was
validated by immunoblotting for Gas6 protein in the cell lysates 48
hours and 6 days after siRNA transfection.

Statistical Analysis
All results are presented as mean+SEM. Statistical comparisons
were made by ANOVA, unless otherwise stated. A value of P<0.05
was considered to be significant.

An expanded Materials and Methods section can be found in the
online data supplement available at hitp://circres.ahajournals.org.

Results

Statins Inhibit Pi-Induced HASMC Calcification
To induce HASMC calcification, cells were incubated with
calcification medinm for 10 days. We confirmed that high

Merged

Figure 2. Pi induces apoptosis, and
ZVAD.fmk inhibits Pi-induced calcification.
A, After incubation with 1.4 (Pi-} and

3.2 mmol/L (Pi-+) Pi for 10 days, apoptotic
cells were identified by TUNEL staining
(green). Nuclei were counterstained with

4’ ,6-diamidino-2-phenylindcle (DAP]) (blue).
B, Serum-starved HASMC were cultured
with the indicated concentration of Pi for 24
hours. A quantitative index of apoptosis,
determined by ELISA, is presented as the
relative value to that with 1.4 mmol/L Pi. All
values are presented as mean=SEM (n=3).
*P<0.05 vs 1.4 mmol/L Pi by Fisher's test.
C, HASMC were incubated with the indi-
cated concentration of ZVAD.fmk 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=6). *"P<0.01 vs

2.6 mmol/L. Pi, ZVAD.fmk(-) by Fisher’s test.
Experiments were performed with at least 3
different cell populations.

phosphate (=2.6 mmol/L) induced Ca deposition in a
concentration- and time-dependent manner, whereas
1.4 mmol/L Pi, equivalent to the human physiological serum
phosphate level, was not able to induce Ca deposition up to
10 days. To investigate the effect of statins on Pi-induced
calcification, HASMC were incubated with atorvastatin in the
presence of 2.6 mmol/L Pi. On day 6, Ca deposition was
significantly suppressed by atorvastatin in a concentration-
dependent manner (51.1*+1.9% of control at 0.1 pmol/L)
(Figure 1A). An inhibitory effect of the statins on Ca
deposition was also found by von Kossa's staining (Figure
1B). Atorvastatin was able to be added at as high a concen-
tration as 0.1 pmol/L without cell damage. The inhibitory
effect was also observed with fluvastatin (0.001 to
0.1 pmol/L) and pravastatin (0.01 to 50 umol/L) (data not
shown). The inhibitory effect of statins was not blocked by
mevalonate (100 pwmol/L), farnesylpyrophosphate (1 pumol/L),
or geranylgeranylpyrophosphate (1 pmol/L), suggesting that
the effect is not dependent on the mevalonate pathway
(Figure 1C).

Inhibitory Effect of Statins on Calcification Is Caused
by Preventing Apoptosis, Not by Inhibiting
Sodium-Dependent Phosphate Cotransporter Activity
Two different time courses were tested to examine the effect
of Pi on HASMC apoptosis: short-term (up to 24 hours) and
long-term (up to 10 days; practical time course of calcifica-
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tion process). During calcification, Pi increased the rate of
apoptotic cell death detected by terminal deoxyribonucleoti-
dyl transferase-mediated dUTP-digoxigenin nick-end label-
ing (TUNEL) assay (Figure 2A). Furthermore, cytoplasmic
histone-associated DNA fragments determined by ELISA, as
a quantitative index of apoptosis, were also increased by Piin
a concentration- and time-dependent manner in both short-
term (Figure 2B) and long-term conditions (supplemental
Figure I). In addition. caspase 3 activation, detected by
immunoblotting, by 2.6 mmol/L. Pi was observed in short-
term and long-term conditions (data not shown). To investi-
gate the relationship between apoptosis and calcification, we
used ZVAD.fmk, a general caspase inhibitor. We found that
ZVAD.fmk significantly inhibited Pi-induced apoptosis as
well as calcification in a concentration-dependent manner
(Figure 2C).

It has been reported that sodium-dependent phosphate
cotransporter (NPC) activity is an important pathway regu-
Jating Pi-induced HASMC calcification.?* We confirmed that
type III NPC (Pit-1) was expressed in the HASMC that we
used, and its activity was enhanced by Pi treatment. Further-
more, a specific inhibitor of NPC, phosphonoformic acid
(PFA), inhibited Ca deposition (reduced by 90.4% at
0.1 pmol/L), indicating that NPC-mediated Pi uptake is also
essential for HASMC calcification.

To investigate the mechanisms of these statins, we exam-
ined the effect of atorvastatin on apoptosis and NPC activity.
Atorvastatin, at concentrations exerting inhibition of calcifi-
cation, reduced apoptosis in a concentration-dependent man-
ner (Figure 3A). A beneficial effect of statins was also
observed in the long-term condition (supplemental Figure II).
On the other hand, statins did not inhibit NPC activity
induced by Pi treatment (Figure 3B).

Downregulation of Gas6-Axl Interaction Is
Associated With Pi-Induced Apoptosis

Immunoblot analysis showed that the expression of Gas6 and
Axl was markedly downregulated by 2.6 mmol/L. Pi in both
short-term (Figure 4A) and long-term (supplemental Figure
) conditions. To further examine whether Pi affects the
secretion of Gasé by HASMC, conditioned medium was
collected after Pi treatment. Gas6 production in the medium
was reduced by 2.6 mmol/L Pi, along with a reduction in its
intracellular expression (Figure 4B). Gas6 production was
also reduced in an immunoprecipitation-immunoblotting
study on day 10 (Figure 4C). Next, to investigate the role of
Gas6-Ax] interaction in the process of apoptosis and calcifi-
cation, thGas6 and Ax]-ECD were supplemented in Pi-treated
HASMC. The addition of rhGas6 significantly inhibited both
Pi-induced apoptosis and calcification. Addition of Ax1-ECD
to block the binding of Gas6 to Axl clearly abrogated the
inhibitory effect of rhGas6 (Figure 4D and 4E). These results
indicate that Pi-induced apoptosis and calcification are asso-
ciated with downregulation of the Gas6-Axl interaction.

Statin-Mediated Induction of Gas6 Expression Is
Dependent on mRNA Stabilization, Not

on Transcription

To investigate whether the antiapoptotic effect of statins is
dependent on restoration of the Gas6-Axl interaction, we first
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assessed the effect of statins on Gas6 expression. As shown in
Figure 5A, atorvastatin increased Gas6 expression, which
was downregulated by Pi at both the mRNA and protein
levels. Upregulation of Gas6 expression was also observed in
the long-term condition (supplemental Figure IV). Further-
more, to elucidate the mechanism of statins on restoration of
Gas6 mRNA, a promoter study was undertaken. Reporter
assay using the —1.9 kb Gas6-luciferase DNA construct
revealed that atorvastatin did not have a significant effect on
Gas6 promoter activity (supplemental Figure V), as well as
mRNA expression under the condition in which it was
significantly inhibited by PDGF-BB (data not shown). Next.
we investigated the effect of atorvastatin on mRNA stabili-
zation using an RNA polymerase inhibitor, actinomycin D
(ActD). As shown in Figure 5B, Gas6 mRNA expression was
more stable in the presence of atorvastatin than in its absence
under Pi and ActD treatment. The half-life was 15.9 hours
with atorvastatin and 5 hours without atorvastatin, suggesting
the capacity of statins to improve Gas6é mRNA stabilization
(Figure 5C). Taken together, these findings suggest that the
restoration of Gas6 mRNA by statins appears to be mediated
by decreasing the mRNA degradation rate, and not by
stimulating transcriptional activity.

Furthermore, to determine whether Gas6 is required for
statin-mediated effects, we tried to knock down the action of
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Figure 8. Effect of atorvastatin on Pi-induced apoptosis and
NPC activity. A, HASMC were cultured with the indicated con-
centration of atorvastatin for 12 hours and then incubated with
2.6 mmol/L Pi for an additional 24 hours. All values are present-
ed as mean+SEM (n=3). *P<0.05 vs 2.6 mmol/L Pi, statin {-} by
Fisher's test. B, HASMC were treated with (dotted line) or with-
out (solid line) 0.1 umol/L. atorvastatin in the presence of
2.6 mmol/L Pi. On day 6, NPC activity was determined in Earl’s
balanced salt solution containing 0.1 mmol/L Hs®2PQ, {1 uCirmb)
with 143 mmol/L. sodium chioride for the indicated period. All
values are presented as mean=SEM (n=6).



1028 Circulation Research April 28, 2006

N B
Pi2.6 mmollL

Cell lysate

Pre 1 3 [

2 (b Pi 2.6 oL - + -

Gas6 Gast

C

IP: Anti-Gas6
1B: Anti-Gasé

Gont 1gG
Anti-Gast

* Figure 4. Pi reduces production of Gas6 and Axl,
and rhGasé6 inhibits Pi-induced apoptosis and cal-
cification via Axl. A, HASMC were cultured in the
presence of 2.6 mmol/L Pi for 12 hours. Cell
lysates were subjected to SDS-PAGE followed by
immunoblotting with antibodies to Gas6, Axl, or
B-tubulin, B, Conditioned medium of HASMC in

P 2.6 mmolL - + -
Gasd .

- il
P i [ I

Z
Cadeposition (ug/mg protein)

-Apoptosis relative 1o conirol

@

Pi26mmolt, - + + + + Pi26mmoll, + <+ %
hGug - - o+ - MG - o+t
AsWECD - - - 4+ AskECD 0~ - F

Gas6 and examined the effect of atorvastatin on Pi-induced
apoptosis and calcification. Transfection of Gas6 siRNA
markedly decreased Gas6 expression in the short-term and
long-term conditions (Figure 6A). The inhibitory effect of
atorvastatin on Pi-induced apoptosis and calcification was
reversed by Gas6 siRNA (Figure 6B and 6C). Similarly, the
beneficial effect of atorvastatin was also abolished by block-
ing the binding of Gas6 to Axl using AxI-ECD (Figure 6D
and 6E). These data support a critical role of Gas6 in the
preventive effect of statins on apoptosis and calcification.

Discussion

The present study demonstrated that statins protected
HASMC from Pi-induced calcification. The clinical effect of
statins on vascular calcification is controversial. Many retro-
spective clinical studiesé”® and a prospective study® have
shown beneficial effects, whereas recent prospective studies
were unable to show such effects.!2:13 The reason is not yet
clear, and the time window of statin use has been raised as an
important matter. The discrepancy may also derive from the
complex in vivo effects of statins. In this regard, it is
important to analyze the detailed regulatory mechanism of
statins in a simple model.

In Pi-induced calcification, HASMC undergo apoptosis. A
causal link between apoptosis and calcification was evident
from the finding that both apoptosis and calcification were
inhibited by the general caspase inhibitor, ZVAD.fimk. As
reported previously,? we confirmed that NPC-mediated Pi
uptake is another essential mechanism for HASMC calcifi-
cation. Given that apoptosis does not always lead to calcifi-
cation, Pi-induced HASMC calcification is presumably de-
pendent on both an NPC-mediated phenotypic transition from
SMC to an osteoblastic phenotype and apoptotic cell death.

+

the absence (lane 1) or presence (lane 2) of

2.6 mmol/L Pi at 12 hours was concentrated and
separated by SDS-PAGE along with cell lysates. C,
Conditioned medium of HASMC on day 10 in the
absence {lanes 1 and 3) or presence (lanes 2 and
4) of 2.6 mmol/L Pi was subjected to immunopre-
cipitation with anti-Gas6 antibody (lanes 1 and 2)
or control goat IgG (lanes 3 and 4). Precipitates
were immunoblotted with anti-Gas6 antibody. D,
After pretreatment with rhGas6 (400 ng/mL} with or
without AxI-ECD (1 ug/mL), apoptosis was induced
by 2.6 mmol/L Pi. All values are presented as
mean=8EM (n=3). *P<0.05 by Fisher’s test. E, For
measurement of Ca deposition, HASMC were cul-
tured with rhGas6 (400 ng/mL) with or without Axl-
ECD {1 ug/ml) in the presence of 2.6 mmol/L Pi
for 6 days. All values are presented as mean+SEM
(n=86). *P<0.05 by Fisher’s test. Experiments were
performed with at least 3 different cell populations.

With respect to the mechanism of action of statins, they
clearly inhibited Pi-induced apoptosis, although they did not
have an effect on Pi-induced NPC activity or osteoblastic
differentiation; Pi-induced upregulation of matrix Gla protein
(MGP) mRNA was not inhibited by atorvastatin (supplemen-
tal Figure VI). These results suggest that apoptosis is the
target of statins in inhibiting HASMC calcification.

Another important signal in Pi-induced calcification is an
increase in intracellular Ca ([Ca**],). Statins have been shown
to inhibit VSMC proliferation® and reduce the acute increase
of [Ca%7]; in a mevalonate and isoprenoid pathway-indepen-
dent manner.2s On the other hand, [Ca']; is reported to
modulate Pi-induced apoptosis of terminally differentiated
chondrocytes.?” Therefore, modulation of [C2**); is another
possible miechanism of the inhibition of apoptosis by statins.
In this study, we investigated the association of proliferation
with Pi-induced apoptosis and calcification. We found that Pi
did not affect proliferation, measured by the incorporation of
5-bromo-2’-deoxyuridine (BrdU) during calcification (data
not shown). We also found that the inhibitory effect of statins
on calcification was not affected by an inhibitor of Rho
kinase (Y-27632), an important modulator of the mevalonate
and isoprenoid pathway affecting proliferation and apoptosis
(supplemental Figure VII). These results suggest that prolif-
eration is not associated with Pi-induced calcification. The
inhibitory effect of statins on calcification was not blocked by
mevalonate, farnesylpyrophosphate, geranylgeranylpyro-
phosphate, or Rho kinase inhibitor, suggesting that the effect
of statins is not dependent on the mevalonate and isoprenoid
pathways. Indeed, a mevalonate pathway—independent effect
of statins has been reported previously,26-28-3¢ although the
precise mechanism has not been shown. The pleiotropism of
statins is of continuing interest.
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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-

Atervastatin — o+

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.3-3 In cardiomyocytes, apoptosis in-
duced by hypoxia or protein kinase C (PKC) inhibitors was
inhibited by 10 mmol/L pravastatin or 0.1 pg/mL atorva-
statin, respectively.3132 Simvastatin (1 pmol/L) promoted
endothelial cell survival3® 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,® endothelial cells,¢ and cardiac myo-
cytes.37 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.3® 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 wpmol/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 Gas6 may allow
Axl-expressing phagocytic cells, eg, macrophages and

to SDS-PAGE followed by immunoblotting with
antibodies to Gas6 and g-tubulin. B, Serum-
starved HASMC were incubated with actinomycin
D (Act D) (5 uwg/mL) in the presence of 2.6 mmol/L
Pi after 12 hours of atorvastatin (0.1 pmol/L) treat-
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 wmol/L) in the presence of
2.6 mmol/L Pi and Act D (5 ng/ml) was normal-
ized to that of 185 RNA at each time point. Gasé
mRNA level at time 0 was given the value 1. Each
experiment was performed in triplicate for each
condition.

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.>°
Based on these observations, Gas6-Ax] 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.#42 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-Ax! 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 plejotropic effects of statins,
which could potentially contribute to the treatment of cardio-
vascular disease.
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