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Statins induce S1P, receptors and enhance
endothelial nitric oxide production in
response to high-density lipoproteins

J Igarashi', M Miyoshi?, T Hashimoto', Y Kubota® and H Kosaka'

! Department of Cardiovascular Physiology, Kagawa University Faculty of Medicine, Kagawa, Japan and *Department
of Dermatology, Kagawa University Faculty of Medicine, Kagawa, Japan

Background and purpose: Sphingosine 1-phosphate (S1P) is a serum-borne naturally occurring sphingolipid, specifically
enriched in high-density lipoprotein (HDL) fractions. S1P binds to G-protein-coupled S1P; receptors to activate endothelial NO
synthase (eNOS) in vascular endothelial cells. We explored whether and how statins, 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors, modulate expression of S1P; receptors and endothelial responses for subsequent stimulation
with S1P or with HDL.

Experimental approach: Protein expression and phosphorylation and mRNA expression in cultured bovine aortic endothelial
cells (BAEC) were determined using immunoblots and reverse transcription PCR analyses, respectively. NO synthesis was
assessed as nitrite production.

Key results: Stimulation of BAEC with pitavastatin or atorvastatin led to significant increases in S1P;-receptors, at levels
of protein and mRNA, in a dose-dependent manner. When BAEC were treated with pitavastatin prior to stimulation with
STP or with normal human HDL, phosphorylation and activation of eNOS evoked by ST1P or by HDL was enhanced. These
effects of statins were counteracted by L-mevalonate and were mimicked by an inhibitor of geranylgeranyl transferase I,
suggesting that inhibition of HMG-CoA reductase activity and subsequent decreases in protein geranylgeranylation may
contribute to these actions of statins. Specific knock down of S1P; receptors by small interfering RNA led to attenuation
of eNOS responses to HDL.

Conclusions and implications: Statins induce S1P; receptors and potentiate responses of endothelial cells to HDL-associated
sphingolipids, identifying a novel aspect of the pleiotropic actions of statins through which they may exert NO-dependent
vascular protective effects.
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Introduction

Hyperlipidemic disorders are strongly associated with the
progression of atherogenic vascular diseases, including
ischemic heart diseases and strokes, which comprise a major
cause of mortality in industrialized countries (Durrington,
2003). 3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
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reductase inhibitors, or statins, are important agents in the
treatment of hypercholesterolemic patients and they have
been shown to exert favorable clinical outcomes (Ridker,
2003). Interestingly, at least some of these beneficial actions
of statins appear to be mediated by their ‘pleiotropic’ effects,
independently of cholesterol-lowering actions. Such pleio-
tropic effects include improvement of endothelial dysfunc-
tion, increased bioavailability of NO and antioxidant effects
(reviewed in Davignon, 2004), indicating that statins not
only attenuate cholesterol synthesis in the liver but also
directly modulate functions of cardiovascular cells, notably
those of vascular endothelial cells. Inhibition of HMG-CoA



reductase activity by statins results in decreased cellular
content of its product, L-mevalonate, which in turn is
metabolized to cholesterol as well as to other important
lipid intermediates, including isoprenoids (for review,
see Liao, 2002). These isoprenoids play pivotal roles in
regulating subcellular localizations, and thereby physio-
logical functions of several key signaling proteins, including
small G-proteins. Thus, statins, by affecting protein
isoprenylation, may modulate protein expression levels
within cardiovascular cells to ultimately exert their pleio-
tropic effects.

Sphingosine 1-phosphate (S1P) is a serum-borne, naturally
occurring sphingolipid metabolite and is present in sub-
micromolar concentrations in normal human sera (Yatomi
et al., 1997). Recent studies have revealed that this lipid is
capable of modulating a very wide variety of biological
activities in numerous organs in mammals (reviewed in (Hla,
2003)). Specifically, in vascular endothelial cells, SIP med-
iates important effects such as migration, survival, prolifera-
tion, vasorelaxation and angiogenic morphogenesis (Hla,
2003). Many of these effects of S1P are mediated by its
binding to and activation of G-protein-coupled S1P recep-
tors, which are expressed at the endothelial cell surface
(reviewed in Hla, 2001). Five independent receptor subtypes,
S1P,-S1Ps have been identified in mammals, of which S1P,
and S1P; represent major receptors for SI1P expressed in
endothelial cells (Lee et al., 1999; Morales-Ruiz et al., 2001).
Effector molecules that mediate S1P receptor activation to
physiological responses of vascular endothelial cells include
the endothelial isoform of nitric oxide synthase (eNOS),
which in turn is modulated by its upstream protein kinase
cascades, phosphoinositide 3’-OH kinase (PI3-K)-Akt (Igara-
shi et al., 2001a, b, 2003). Interestingly, S1P, which was found
to be enriched in high-density lipoprotein (HDL) fractions of
normal human sera, may play key roles in mediating HDL-
induced vascular endothelial responses (reviewed in Okaji-
ma, 2002). Thus, alterations in expression of S1P; receptors
could potentially influence the responses of vascular en-
dothelial cells to serum lipoprotein constituents.

In vascular endothelial cells, expression levels of S1P;
receptors are subject to dynamic regulation by extracellular
stimuli, including phorbol esters (Hla and Maciag, 1990) as
well as vascular endothelial growth factor (VEGF) (Igarashi
et al., 2003). It seemed therefore plausible to us that statins
might modulate S1P; receptor expression levels and sub-
sequent sphingolipid signaling of endothelial cells. In the
present studies, we provide evidence that statins increase
expression levels of S1P; receptors and augment eNOS
responses to S1P as well as to HDL in cultured vascular
endothelial cells.
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Methods

Cell culture and drug treatments

Bovine aortic endothelial cells (BAEC) were commercially
obtained from Cell Systems (Kirkland, WA, USA), maintained
in culture as described, and used for experiments between
passages S and 7 (Igarashi et al., 2003).

Human umbilical vein endothelial cells (HUVEC) were
commercially obtained from Kurabo (Osaka, Japan). They
were grown on culture plates that had been coated with
gelatin (0.1% wv 1) using HuMedia-EG2 culture medium
(Kurabo), split at a ratio of 1:4 every 4 days, and were used for
experiments between passages 4 and 6.

Both cell types had been serum-starved overnight before
being used for experiments to exclude the effects of residual
S1P in fetal bovine serum. Pitavastatin and atorvastatin were
dissolved in dimethylsulfoxide and pravastatin was dissolved
in methanol. L-mevalonate was prepared as described (Zamir
et al., 1991). All other drug treatments were performed
exactly as described previously (Igarashi et al., 2003). Final
concentrations of the solvents did not exceed 0.1 % (wv ')
in any experiment.

Immunoblot analyses in cultured cells

Immunoblot analyses were performed as described pre-
viously (Igarashi et al., 2003). Equal amounts of protein were
loaded in each lane.

Semiquantitative reverse transcription-PCR (RT-PCR) analyses

Total RNA was isolated from BAEC using RNeasy mini
column (Qiagen, Valencia, CA, USA) following the supplier’s
protocol. cDNA was synthesized from 1ug of cellular RNA
using oligo(dT)18 primer and reverse transcriptase exactly
following the supplier’s instructions in a total volume
of 20 ul. Enzymatic amplification was conducted with a 1l
aliquot of ¢cDNA mix essentially as described (Hla and
Maciag, 1990). Polymerase chain reaction was performed
in 20mM Tris-HCI (pH 9.0 at 25°C), S0mM KCl, 0.1% Triton
X-100, 1.5 mM MgCl;, 0.2mM dNTPs, 0.4 mM each of primer
pair and 25Uml™! of Tag DNA polymerase. The reaction
mixture was heated at 94°C for 1 min, annealed for 2 min
and extended at 72°C for 3min. The primer sequences,
annealing temperature and PCR cycles in each assay
condition are summarized in Table 1 (Supplementary
Figure 1). The resulting PCR product was separated on a
2% agarose gel and visualized with ethidium bromide under
ultraviolet light. Gel images were captured with a CCD
camera system and subjected to densitometric analyses using
NIH image software 1.63. We optimized the assay conditions

Table 1 Primer sequences and assay conditions of RT-PCR

Genes Sense primer (5'-3') Antisense primer (5'-3') Annealing temperature (°C) Cycles
S1P, AAGACCTGTGACATCCTCTTC ATGAACCCTTTAGGAGCTTGACAA 55 22
S1P5 GACTGCTCTACCATCTTGCCC ATGAACACGCTCACCACAAT 55 32
SR-BI CACTACGCGCAGTATGTGCT TGGCACTGGTGGGCTGTC 57 28
GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 55 21

Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; S1P, Sphingosine 1-phosphate.
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and verified that increasing amounts of a starting mRNA
sample yield increasing amounts of RT-PCR product under
these conditions in each primer pair.

Measurement of nitrite levels in culture media

Release of NO from BAEC for 6 min after addition of HDL was
assayed by measurement of nitrite accumulation in the
culture media (phenol red-free Dulbecco’s modified Eagle’s
medium) with an automated NO detector high-performance
liquid chromatography system (ENO-20, Eicom Co.,
Kyoto, Japan). Nitrite was separated on a column (NO-PAK
packed with polystyrene polymer, 4.6 x 50mm; Eicom,
Kyoto, Japan), mixed with a Griess reagent to form a purple
azo dye in a reaction coil, and was detected by absorption
at 540nm as a single peak. The mobile phase, which was
delivered by a pump at a rate of 0.33 mlmin !, comprised
10% methanol containing 0.15M NaCl-NH4CI and 0.5g17!
tetrasodium ethylenediaminetetraacetic acid. The Griess
reagent, which is 1.25 M HCI containing 5 g1~ * sulfanilamide
and 0.25 g1~! N-naphthylethylenediamine, was delivered at
a rate of 0.1 mlmin~". Tubes had been washed with distilled
water before sampling. The rates of nitrite accumulation

were expressed as picomol mg protein ' min~!.

Transfection with siRNA

Bovine S1P; receptor (Lee et al., 2000) silencing target starts
at the 114 nucleotides upstream of the start codon. The
sequences of the sense and anti-sense small interfering
RNA (siRNAs) are 5-ACGCCUGGAUCUCUCUCCUTdT-3'
and 5-AGGAGAGAGAUCCAGGCGUATAT-3’; and those of
scrambled siRNA are used as negative control: 5-UCGCCGU
CUCCCUUUGACAAdTAT-3' and 5-UGUCAAAGGGAGACGG
CGAdTdT-3'. One day after the cultures were split, BAEC
were transfected with 1nMm of siRNA using Lipofectamine
2000 as described previously (Gonzalez et al., 2004). After the
transfection, cells were incubated as described above, serum-
starved overnight and then subjected to experiments.

Other methods

All experiments were performed at least three times. Protein
was determined with the BioRad (Hercules, CA, USA) Protein
Assay Kit using bovine serum albumin as a standard.

Data analysis

Mean values for individual experiments are expressed as
mean +s.e.m. Statistical differences were analyzed by analy-
sis of variances followed by Scheffe’s F-test using STAT VIEW
II (Abacus Concepts, Berkeley, CA, USA). A P-value less than
0.05 was considered to be statistically significant.

Materials

Statins were provided by Kowa Company, Ltd (Tokyo,
Japan). S1P was from BioMol (Plymouth Meeting, PA, USA).
GGTI 286 and FTI-277 were from Calbiochem (San Diego,
CA, USA). Normal human HDL was from ICN (Irvine, CA,
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USA). SuperScript RNase H™ reverse transcriptase was
from Invitrogen (Carlsbad, CA, USA). Tag DNA polymerase
was from Promega (Madison, WI, USA). siRNA was from
PROLIGO (St Louis, MS, USA). Lipofectamine 2000 was
from Invitrogen. All other materials were obtained as
described previously (Igarashi et al., 2001a,b, 2003) unless
otherwise stated.

Results

Statins upregulate S1P, receptor expression

In most of the current experiments, we exploited BAEC,
an archetypal endothelial cell culture, as a model. We first
explored whether or not treatment with statins alters the
expression of S1P; receptors of vascular endothelial cells.
BAEC were treated with pitavastatin, a recently developed
HMG-CoA reductase inhibitor, and resulting cell lysates were
subjected to immunoblot analyses. As shown in Figure 1,
when cells were treated with pitavastatin (3 uM), the expres-
sion of S1P; receptor protein increased within 8h of drug
addition. Increases in S1P; receptor protein induced by
pitavastatin appeared to reach the maximum at 16h after
drug addition, and persisted at least until 24h (Figure 1).
Pitavastatin, within these time periods, did not modulate
expression of several other signaling proteins, including
those of eNOS (Figure 1), of a protein kinase Akt, of caveolin-1
or of the principal VEGF receptor subtype KDR (data not
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Figure 1 Effects of pitavastatin on expression of S1P; receptor

protein. The upper panel shows a protein immunoblot assay of cell
lysates derived from BAEC treated with pitavastatin (3 uMm) for the
times indicated. Equal quantities of cellular protein (20 ug per lane)
were resolved by SDS-PAGE, transferred to a nitrocellulose mem-
brane and subjected to immunoblot analyses probed with antibodies
directed against S1P; receptor or eNOS as indicated. The experi-
ment shown is representative of four independent experiments that
produced similar results. The lower panel shows the results of
densitometric analyses from pooled data, as a time course of the
increase of expression of S1P; receptor protein, relative to the signals
obtained in the absence of pitavastatin. Each data point represents
the meants.e.m. derived from four independent experiments.
*indicates P<0.05 vs the initial values (t=0).



shown). The dose-dependency of the induction of the S1P,
receptor is shown in Figure 2a. In these dose-response
experiments, BAEC were treated with various concentrations
of pitavastatin for 16 h, and the lysates derived from these
cells were analyzed in immunoblots probed with the S1P,
receptor antibody. As can be seen in Figure 2a, pitavastatin-
mediated induction of S1P; receptor protein occurred in a
dose-dependent fashion between 1 and 10 uM. The effects of
other statins were also examined in Figure 2b, demonstrating
that pitavastatin and atorvastatin, but not pravastatin, were
able to increase amounts of S1P; receptor protein under
these conditions. We also studied whether or not statins
promoted expression of S1P; receptor protein in HUVEC.
Figure 2c demonstrates that pitavastatin increased the
amount of S1P; receptor protein 1.7+0.1-fold vs vehicle-
treated cells (P<0.01).

Characterization of statin-elicited increases in S1P; receptors
Because pitavastatin seemed the most potent of the statins
tested in increasing S1P; receptor protein (Figure 2b), we
focused on this agent in our subsequent experiments in
which we sought to explore the mechanisms whereby
statins induce S1P; receptor in BAEC. We studied whether
or not pitavastatin alters S1P; receptor expression at the level
of mRNA steady-state abundance using RT-PCR analyses. As
shown in Figure 3, abundance of S1P; transcripts derived
from BAEC treated with pitavastatin (3 uM for 16-24 h) was
significantly higher than those from untreated cells. In
contrast to these results, abundance of transcripts encoding
S1P;, another major receptor subtype for S1P in endothelial
cells (Lee et al., 1999), or that of those encoding scavenger
receptor class B type I (SR-BI), classical HDL receptors
expressed in numerous tissues including vascular endothe-
lium (Krieger, 2001), did not change over time on pitava-
statin challenge under these conditions (Figure 3). Statins
inhibit HMG-CoA reductase, which produces L-mevalonate,
a key intermediate metabolite of cholesterol biosynthetic
pathway. We tested the effect of added L-mevalonate on the
increased S1P; protein and mRNA, induced by pitavastatin.
As shown in Figure 4a and b, increases in S1P; protein
as well as mRNA were completely reversed when cells
were co-treated with L-mevalonate. In contrast, addition
of squalene, a metabolite that occurs immediately before
cholesterol, did not affect pitavastatin-promoted augmenta-
tion of S1P; protein and mRNA expression (Figure 4b and
data not shown). The involvement of isoprenoid compounds
were tested by using pharmacological inhibitors of protein
isoprenylation pathways. GGTI-286, an inhibitor of geranyl-
geranyltransferase I, but not FTI-277, an inhibitor of
fernesyltransferase (Liao, 2002) mimicked the effects of the
statins in increasing expression of S1P; receptor protein
(Figure 4c), suggesting that induction of S1P; receptors by
statins may involve attenuation of protein geranylgeranyla-
tion rather than farnesylation.

Statins promote eNOS responses to subsequent stimulation

with S1P or with HDL

The functional consequences of the induction of S1P,;
receptors in pitavastatin-treated BAEC were explored in a
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Figure 2 Characterization of increased S1P; receptor protein
induced by statins in cultured endothelial cells. (a) Results of
immunoblot analyses of dose-response experiments with pitava-
statin for S1P; receptor protein in BAEC. Cells were treated with
pitavastatin or vehicle for 16h at the indicated concentrations.
Immunoblots were probed for S1P; receptor as above. The data
shown in the upper panel are representative of four independent
experiments that yielded equivalent results. The lower panel shows
the results of densitometric analyses from pooled data, plotting the
fold increase of S1P; receptor at the pitavastatin-concentration
indicated, relative to the signals obtained in the absence of
pitavastatin. *indicates P<0.05 vs vehicle. (b) BAEC were treated
with various statins (or vehicle) at the indicated concentration for
16h. The data shown are representative of four independent
experiments that yielded equivalent results. (c) Effects of pitavastain
on S1P; receptor protein expression were examined in HUVEC.
HUVEC were treated with pitavastatin (3 um for 16 h) or vehicle; cell
lysates were prepared and studied in immunoblot assays as above.
The data shown are representative of five independent experiments
that yielded equivalent results.

series of experiments. S1P has been previously shown to
promote the phosphorylation of eNOS at Ser''”? (Igarashi
et al., 2001a). We performed immunoblot analyses in lysates
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Figure 3 Effects of pitavastatin on S1P; transcript in BAEC. (a)
Representative result of RT-PCR analyses of transcripts derived from
BAEC treated with pitavastatin (3 uMm) for the times indicated. Total
RNA was isolated, reverse transcribed and amplified with specific
oligonucleotide primers directed to S1P;, S1P3, SR-BI or glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) as described in detail in
the text. (b) Results of densitometric analyses from pooled data,
plotting the fold increase of S1P;, S1P3 or SR-BI transcripts relative
to those of GAPDH under the conditions indicated, relative to the
signals obtained in the absence of drug treatments. *indicates
P<0.05vs t=0; n=5.

prepared from pitavastatin-pretreated BAEC that had been
subsequently exposed to S1P, using a phospho-specific
antibody as probe (Figure 5). BAEC were first incubated
with pitavastatin (3uM for 16h) or its vehicle, then
treated with S1P (100nM for up to 60min). S1P induced
eNOS phosphorylation in BAEC that had not been pretreated
with pitavastatin (Figure 5; also see Igarashi ef al., 2001a).
However, when BAEC had been first pre-incubated
with pitavastatin for 16 h, the subsequent phosphorylation
of eNOS**"'17? induced by S1P was significantly augmented
(Figure 5), demonstrating the association of S1P; receptor
induction by pitavastatin with the enhanced BAEC responses
to S1P. In the same cell lysates, we confirmed that the S1P-
evoked activation of Akt, which serves as an upstream protein
kinase that phosphorylates eNOS**"''”?, was also increased in
pitavastatin-pretreated groups (phospho-Western assays
using an antibody specific to phospho-Akt*™”? (Igarashi
et al., 2001a); data not shown). We examined the effects
of pitavastatin on S1P-evoked eNOS responses in HUVEC
and found that pretreatment with pitavastatin (3 uMm
for 16 ) led to augmented phosphorylation of eNOS%¢'!77
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Figure 4 Pharmacological characterization of pitavastatin-induced
upregulation of S1P; protein and mRNA. The upper panel of the (a)
shows the effects of L-mevalonate on the pitavastatin-induced
increases in S1P; receptor protein. BAEC were treated with
pitavastatin (3 um for 16 h) or vehicle; some cells were also treated
with L-mevalonate (400 uM ) or vehicle, as indicated. Immunoblots
were probed for ST1P; receptor as above. (b) Total RNA was isolated
from cells treated with pitavastatin (3 uM for 16 h) in conjunction
with L-mevalonate or squalene as indicated (400 uM), subjected to
RT-PCR analyses as described above for S1P; or for GAPDH.
*indicates P<0.05 vs vehicle-treated cells. fIndicates P<0.05 vs
pitavastatin-treated cells. (c) Result of an immunoblot analysis of cell
lysates derived from BAEC, which were treated with GGTI-286 or
with FTI-277 (10 um for 16 h, respectively) is indicated. n=4 in each
panel.




o ———— —— _—— —

p-eNOS

S1P(post) 0 2 5 102060 0 2 5 10 20 60
(min)

Pitavastatin (pre) ) (+)

-o- statin-pre (-)
-o- statin-pre (+)

Phosphorylation
(fold increase)

| | |
0 10 20 60
Time following S1P addition (min)

O = N W h oo N

Figure 5 Effects of pitavastatin on eNOS phosphorylation re-
sponses elicited by STP. In the upper panel is shown the results
of a protein immunoblot assay probed with an antibody directed against
eNOS, phosphorylated at serine 1179. BAEC had been incubated with
pitavastatin (3 uM for 16 h) or vehicle, then they were treated with S1P
(100 nm). Following addition of STP, cells were harvested at the times
indicated, and equal quantities of cell lysate (20 ug per lane) were
resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and
probed with antibodies directed against phospho-eNOS and (total)
eNOS. In the lower panel, a time course of this effect is shown, using
pooled data. *Indicates P<0.05 compared to values determined in the
absence of pretreatment with pitavastatin;, n=>5.

S1P;-R induction by statins and eNOS regulation
J Igarashi et al 475

(human sequence) elicited by S1P (100nM for 5min; data
not shown).

S1P is specifically enriched in serum HDL fractions
(Okajima, 2002) and S1P in HDL plays key roles in exerting
HDL-elicited endothelial responses (Kimura et al., 2001). We
therefore hypothesized that pitavastatin-pretreated BAEC
that express higher amounts of S1P; receptor would exhibit
elevated levels of responses to HDL. Like purified S1P, normal
human HDL (100ugml™') exerted similar phosphoryla-
tion and activation responses of eNOS in endothelial cells
(Figure 6; see also Kimura et al., 2001; Nofer et al., 2004). The
HDL concentration of 100 ugml~! was chosen as a submax-
imal concentration utilized in a previous study with cultured
vascular endothelial cells (Kimura et al., 2001) to obtain
maximum eNOS responses. We have also confirmed that
purified normal human apolipoprotein-I (100 ugml™" up to
10min), in contrast to native HDL, failed to induce
eNOS phosphorylation (data not shown). Pretreatment
with pitavastatin significantly increased phosphorylation of
eNOS (Figure 6a and b). We also measured the production
of nitrite as an index of NO production by BAEC.
Although HDL by itself induced robust nitrite production,
pretreatment with pitavastatin led to a significant increase
of HDL-elicited nitrite accumulation (Figure 6c). Thus,
pretreatment with pitavastatin leads to elevated levels of
eNOS responses to subsequent HDL stimulation at both
levels of eNOS phosphorylation at a putative Akt site
(Ser''”®) and of eNOS enzyme activation. We studied the
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Figure 6 Effects of pitavastatin on eNOS phosphorylation and activation responses elicited by HDL. (a) Results of a protein immunoblot assay
probed with an antibody directed against the phosphorylated form of eNOS. BAEC had been incubated with pitavastatin (3 um for 16 h) or
vehicle, then they were treated with HDL (100 ug mI~"). Following addition of HDL, cells were harvested at the times indicated, and equal
quantities of cell lysate (20 ug per lane) were resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and probed W|th antibodies
directed against phospho-eNOS and (total) eNOS. (b) Results of densitometric analyses from pooled data, plotting the fold increase of eNOS
phosphorylation at the time following HDL addition as indicated, relative to the signals obtained in the absence of HDL. *Indicates P<0.05 vs
values determmed in the absence of pretreatment with pitavastatin; n=5. (c) Rate of nitrite production. BAEC were treated with HDL
(100 ugml~" for 5 mln) some cells had been pretreated with pitavastatin (3 um for 16 h). Culture media were then collected and nitrite
measured as described in Methods. Each data point represents the mean +s.e.m. of pooled data derived from four independent experiments.
*Indicates P<0.05 compared to values determined in the absence of HDL; fIndicates P<0.05 vs values obtained from cells treated with HDL
but without pitavastatin.
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effects of L-mevalonate on endothelial responses to HDL
and as shown in Figure 7, L-mevalonate abolished the effects
of pitavastatin on HDL-elicited eNOS phosphorylation.

Specific knockdown of S1P; receptor by siRNA attenuates

eNOS responses to HDL

We used another approach to examine the roles of S1P;
receptors in the responses of eNOS to HDL. Transfection
of BAEC with siRNA specific to SIP; mRNA led to decreases
of S1P; receptor at both protein and mRNA levels, whereas
having no substantial effects on mRNA levels of S1P;
receptors or those of SR-BI (Figure 8a). Under these condi-
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Figure 7 Effects of L-mevalonate on pitavastatin-induced enhance-
ment of HDL-mediated phosphorylation of eNOS. In the upper panel
are shown immunoblots probed with antibody directed against
Ser''7°_phosphorylated eNOS (p-eNOS) or eNOS. BAEC were pre-
treated for 16 h with pitavastatin (3 uM) and L-mevalonate (400 um),
then treated with HDL (100 ug ml~" for 5min). Cell lysates (20 ug
per lane) were resolved by SDS-PAGE, transferred to a nitrocellulose
membrane and probed with an antibody specific to phospho-eNOS.
Equal loading of samples was confirmed by re-probing the
immunoblots with antibodies against (total) eNOS. Results shown
are from an experiment representative of four. The lower panel
shows pooled data derived from four independent experiments,
expressed as the mean+s.e.m.
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Figure 8 Effects of siRNA on S1P; receptor expression and HDL-
elicited eNOS responses in BAEC. (a) Expression of S1P; receptors
was studied as above at protein level (left half, immunoblot analysis)
and at mRNA level (right half, RT-PCR assay), using BAEC that had
been transfected with siRNA as described in Methods. Experiments
were repeated three times with identical data. The upper part of
panel gb) shows immunoblots probed with antibody directed against
Ser''7°_phosphorylated eNOS (p-eNOS). Cells had been transfected
with various siRNAs as indicated, then they were treated with HDL
(100 ug ml~") for the times indicated and subjected to immunoblot
analyses. The lower part shows results of densitometric analyses of
pooled data derived from four independent experiments, plotting
the fold increase of eNOS phosphorylation at the time following HDL
addition as indicated, relative to the signals obtained in the absence
of HDL. *Indicates P<0.05 compared to values determined in the
absence of HDL; findicates P<0.05 vs values obtained from cells
treated with HDL but without pitavastatin. (c) Results of nitrite
measurement. BAEC that had been transfected with siRNA were
treated with HDL (100 ug ml~") for 6 min. Culture media were then
collected and nitrite measured as described in Methods. Each data
point represents the mean+s.e.m. derived from four independent
experiments.
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tions, BAEC which had been transfected with S1P; siRNA
exhibited attenuated eNOS responses to HDL (Figure 8b
and c), indicating that S1P; receptors play a major role in
HDL-elicited eNOS responses of BAEC. siRNA specific to S1P;
mRNA did not attenuate pitavastatin-induced upregulation
of S1P; receptor protein (3 uM of pitavastatin for 16 h, data
not shown).
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Discussion

These studies demonstrate that statins (HMG-CoA reductase
inhibitors) induced upregulation of S1P, receptor expression
and increased eNOS responses to stimulation with S1P or
to that with HDL in cultured vascular endothelial cells.
Immunoblot analyses revealed that treatment with pitavas-
tatin, a recently developed HMG-CoA reductase inhibitor,
increases S1P; receptor protein in BAEC (Figure 1). In dose-
response studies, we found that both pitavastatin and
atorvastatin were able to increase S1P; receptor protein,
over a concentration range of 1-10 uM (Figure 2), comparable
to the concentrations modulating expression of many other
endothelial genes (Liao, 2002). Pitavastatin, which was the
most potent in increasing S1P; receptor protein expression
among the statins tested, increases expression of the mRNA
for the S1P; receptor as well (Figure 3). We also studied the
effects of statins on the expression of two other receptors
that are potentially relevant with endothelial responses to
S1P and HDL. S1P; receptors represent another major
receptor subtype for S1P expressed in vascular endothelial
cells (Lee et al., 1999); SR-BI receptors are the scavenger
receptors that bind HDL and mediate selective lipid uptake,
ubiquitously expressed in various mammalian cells (Krieger,
2001) including vascular endothelial cells (Yuhanna et al.,
2001). Our RT-PCR assays revealed that pitavastatin did not
affect the mRNAs for S1P; or of SR-BI under these experi-
mental conditions (Figure 3). Thus, in endothelial cells,
induction of S1P; receptor by statins is limited to this
subtype, among the receptors tested. Notably, a recent report
demonstrated that pitavastatin is able to enhance expression
of SR-BI in a macrophage cell line (Han et al.,, 2004),
suggesting that the effects of statins on expression of various
lipid receptor subtypes may depend on the cell type
involved. FTY720 is a recently developed immunosuppres-
sive agent (Mandala et al., 2002) and because this agent
acts through S1P receptor systems in various organs, it is
tempting to speculate that statins may mediate responses to
this agent by affecting expression of S1P receptors.

S1P; receptor induction by pitavastatin became apparent
8 h after drug addition and persisted at least for 24 h (Figures
1 and 3), in contrast to the time course observed in S1P,
receptor induction by PMA or by VEGF, both of which occur
within an hour following cell stimulation (Hla and Maciag,
1990; Igarashi et al.,, 2003). Induction of S1P; receptor
elicited by statins may involve mechanisms different from
those used by PMA or by VEGE Because L-mevalonate
prevented pitavastatin’s ability to increase S1P; receptor
protein and mRNA expression (Figure 4a and b), inhibition
of HMG-CoA reductase activity in BAEC was responsible for
this action of pitavastatin. Inhibition of HMG-CoA reductase
leads not only to decreased production of cholesterol, but
also decreases isoprenoids. Decreased production of cell
isoprenoids ultimately leads to attenuated protein isopreny-
lation, which plays pivotal roles in regulating subcellular
localization and functions of several important signaling
proteins, including small G-proteins (Graaf ef al., 2004). It
has been postulated that statins modulate gene expression
of cardiovascular cells by inhibiting protein isoprenylation
(Liao, 2002). In the current studies, we found that GGTI-286,
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an inhibitor of geranylgeranyl transferase I, but not FI1-277,
an inhibitor of farnesyltransferase, mimicked the ability of
statins to increase S1P; receptor protein (Figure 4c). Squa-
lene, an intermediate metabolite that occurs immediately
proximal to cholesterol and is no longer able to be
metabolized to isoprenoids (Liao, 2002), did not reverse
pitavastatin-induced upregulation of S1P; receptor protein
and mRNA (Figure 4b and data not shown). Thus, inhibi-
tion of protein geranylgeranylation, possibly including
that of small G-proteins (Liao, 2002), may participate in
statin-induced upregulation of S1P; receptor expression and
S1P signaling.

Our experiments indicated that the phosphorylation of
eNOS evoked by S1P was markedly augmented in cells
that were pretreated with pitavastatin (Figure 5). Induction
of S1P; receptors is therefore functionally coupled to the
enhancement of cellular responses to subsequent stimula-
tion with S1P. Because stimulation of S1P; receptors could
exert protective actions in endothelial cells, via the activa-
tion of eNOS (Kimura et al., 2001; Kwon et al., 2001; Rikitake
et al., 2002; Dantas et al., 2003; Hla, 2003), we speculate that
enhancement of endothelial responses to S1P may represent
another molecular mechanism by which statins could
improve endothelial functions (Davignon, 2004).

Implications of S1P; receptor induction by statins were
further examined by using normal human HDL in our cell
culture model. HDL induced patterns of phosphorylation
and activation responses of eNOS similar to those following
purified S1P (Figure 6, see also Kimura et al., 2001; Nofer
et al., 2004). S1P, which was found to be specifically enriched
in HDL fractions in normal human sera, has been proposed
to play key roles in transducing endothelial responses to
HDL stimulation (Okajima, 2002). Our studies demonstrated
that pitavastatin-treated BAEC, which expressed elevated
levels of S1P; receptors, exhibited greater responses to
subsequent treatment with HDL, both in protein phosphor-
ylation and in NO production (Figure 6). Importantly, when
induction of S1P; receptors by pitavastatin had been blocked
by co-treatment of BAEC with L-mevalonate, enhancement
of the phosphorylation of eNOS was completely abolished
(Figure 7).

Earlier studies had implicated S1P3 or SR-BI receptor
subtypes in the endothelial responses to HDL in different
experimental settings (Yuhanna et al., 2001; Nofer et al.,
2004). Our data using BAEC indicated that induction of S1P,
receptor played a major role in mediating the enhanced
response to HDL induced by the statins. Neither the S1P; nor
the SR-BI receptors appear to be involved in this effect of the
statins, because expression of these two receptors was not
altered by statins, under these conditions (Figure 3). More-
over, siRNA specific to S1P; attenuated eNOS responses
to HDL without altering expression of other two related
receptor subtypes (Figure 8). The apparent discrepancy of our
findings with those of Nofer et al. (2004) who found that
S1P3 receptor null mice have impaired eNOS responses
to HDL, may derive from the differences of species (cows vs
mice) or those of experimental settings (cell culture vs
isolated blood vessels). Taken together, however, our present
results identify the S1P; receptor subtype in BAEC, whose
expression can be modulated by statins, as a novel point of
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control at which HDL modulates endothelial functions.
Using HUVEC, we also confirmed that pitavastatin increased
S1P; receptor protein (Figure 2¢) and the phosphorylation of
eNOS in responses to S1P (data not shown). Thus, major
observations of the current experiments in BAEC can be
reproduced in human endothelial cells as well. However, it
remains to be determined whether or not statins modulate
S1P receptor expression levels in vivo or in clinical settings.

Improvement of NO bioavailability has been identified as
a key point at which statins exhibit favorable cardiovascular
actions (Davignon, 2004). For example, statins have been
shown to counteract down-regulation of eNOS expression by
hypoxia (Laufs et al., 1997). Although statins per se under the
current conditions did not increase expression levels of
eNOS protein (Figure 1), in agreement with an earlier report
by Lamas and colleagues (Hernandez-Perera et al., 1998), our
experiments indicated that pitavastatin increased eNOS
responses elicited by S1P as well as by HDL (Figures 5 and 6).
It is therefore likely that statins not only modulate expres-
sion of eNOS protein, but also facilitate receptor-regulated
activation of eNOS. Because eNOS activity is predominantly
regulated by various receptor pathways of endothelial cells
(Loscalzo and Welch, 1995), including those for S1P (Igarashi
et al., 2001a; Dantas et al., 2003), our studies may provide an
additional point of control whereby statins increase NO
bioavailability in vivo. Notably, statins directly activate eNOS
in a shorter time window via PI3-K-Akt pathways (Kureishi
et al., 2000). Thus, induction of S1P; receptor and enhance-
ment of S1P-induced eNOS activation may represent
relatively longer term endothelial responses elicited by
statins. Treatment with statins influences serum HDL
cholesterol concentrations in patients (reviewed in von
Eckardstein et al., 2000). Because S1P is produced by
sphingosine kinases and degraded by S1P-lyases in mammals
(Saba and Hla, 2004), it will be interesting to explore how
statins may regulate activities of these S1P-related enzymes
and ultimately the S1P content of serum, especially that of
HDL fractions.

In conclusion, our present study documents that statins
(HMG-CoA reductase inhibitors) increase expression of S1P;
receptors in cultured vascular endothelial cells. Pharmaco-
logical experiments showed that inhibition of HMG-CoA
reductase and subsequent decreases in protein geranylger-
anylation were involved in statin-induced S1P;receptor
up-regulation. Induction of S1P; receptors was associated
with statin-promoted enhancement of eNOS responses to
subsequent stimulation with S1P or with HDL; conversely,
knockdown of S1P; receptors by siRNA attenuated responses
of eNOS in endothelial cells. Thus, induction of S1P,
receptors may represent a novel feature of the pleiotropic
effects of statins by which they mediate increased activity of
endothelial NOS in response to sphingolipid compounds,
associated with HDL.
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