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Acute activation of eNOS by statins involves
scavenger receptor-B1, G protein subunit Gi,
phospholipase C and calcium influx

R Datar!, WH Kaesemeyer', S Chandra', DJ Fulton'? and RW Caldwell’

Department of Pharmacology and Toxicology and *Vascular Biology Center, Medical College of Georgia, Augusta, GA, USA

Background and purpose: Statins (HMG CoA reductase inhibitors) have beneficial effects independent of reducing cholesterol
synthesis and this includes their ability to acutely activate endothelial nitric oxide synthase (eNOS). The mechanism by which
this occurs is largely unknown and thus we characterized the pathways by which statins activate NOS, including involvement
of scavenger receptor-B1 (SR-BT), which is expressed in endothelial cells and maintains cholesterol concentrations.
Experimental approach: Nitric oxide production was monitored in bovine aortic endothelial cells (BAECs) exposed to
lovastatin (LOV) or pravastatin (PRA) for 10-20 min, alone or following pre-exposure to the end product of HMG-CoA
reductase (mevalonate), G protein inhibitors (pertussis/cholera toxins), phospholipase C (PLC) inhibitor (U-73122), or intrac-
ellular and extracellular calcium chelators — BAPTA-AM and EGTA (respectively), or a function blocking antibody to SR-B1.
Key results: Both statins increased NO production in a rapid, dose-dependent and HMG-CoA reductase-independent manner.
Inhibiting Gi protein or PLC almost completely blocked statin-induced NO generation. Additionally, removing extracellular
calcium inhibited statin-induced NO production. COS-7 cells co-transfected with eNOS and SR-B1 increased NO production
when exposed to LOV or high-density lipoprotein (HDL), an agonist of SR-B1. These effects were not observed in COS-7 cells
with eNOS alone or co-transfected with bradykinin receptor 2, indicating specificity for SR-B1. Further, pretreatment of BAEC
with blocking antibody for SR-B1 blocked NO responses to statins and HDL.

Conclusions and implications: LOV and PRA acutely activate eNOS through pathways that include the cell surface receptor
SR-B1, Gi protein, phosholipase C and entry of extracellular calcium into endothelial cells.
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Introduction

HMG-CoA reductase inhibitors — statins — are used to lower
cholesterol in patients at risk of coronary artery disease and
are currently the most frequently prescribed class of drugs.
The ability of statins to reduce morbidity and mortality rates
among cardiovascular patients (Group, 1994; Auer etal.,
2001; Waters, 2006) involves inhibition of HMG CoA reduc-
tase, the enzyme responsible for the production of
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mevalonate and the rate-limiting step in the synthesis of
cholesterol. Statins have been shown to have various benefi-
cial effects on vascular function and cells in both human
(Dupuis etal., 1999) and animal studies (Faggiotto and
Paoletti, 2000; Koh, 2000) that result from inhibition of HMG
CoA reductase. The reduction in the levels of inflammatory
cytokines and activity of NADPH oxidase observed with statin
treatment can be prevented with mevalonate pretreatment
(Inoue et al., 2000).

On the other hand, it has become apparent that statins also
have beneficial vascular effects unrelated to their lowering
effect on cholesterol (Kaesemeyer et al., 1999; Farmer, 2000;
Liao and Laufs, 2005; Waters, 2006). Several animal studies
have shown cholesterol-independent vascular effects in
which statins protect against stroke and preserve ischaemic-
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reperfused myocardium (Lefer efal., 1999; Yamada etal.,
2000; Di Napoli et al., 2001). Additionally, beneficial clinical
effects of statins in acute cardiac conditions have been shown
to occur independently of cholesterol lowering (Fonarow,
2002; Poldermans et al., 2003; Wassmann et al., 2003; Ridker
et al., 2008).

Previously, our laboratory observed a rapid elevation of NO
production (<10 mins) in endothelial cells treated with prav-
astatin (PRA) or simvastatin, which was inhibited by the NOS
inhibitor N(G)-nitro-L-arginine methyl ester (L-NAME)
(Kaesemeyer et al., 1999). Others have also shown that statins
can rapidly phosphorylate and activate endothelial nitric
oxide synthase (eNOS) via PKA and PI-3K/Akt (protein kinase
B) pathways (Kureishi et al., 2000) and that pretreatment with
mevalonate does not prevent these events (Harris et al., 2004).
Thus, these actions appear not to be dependent on inhibition
of HMG CoA reductase.

As the action of statins in producing nitric oxide is very
rapid, we reasoned that the mechanism might involve cell
surface receptors and elevation of calcium levels necessary for
the interaction with calmodulin and subsequent activation of
eNOS. The scavenging receptor type-B1 (SR-B1) is expressed in
endothelial cells at the caveolae and maintains caveolar cho-
lesterol concentration and eNOS localization (Uittenbogaard
et al., 2000). SR-B1 binds to high-density lipoprotein (HDL)
leading to trafficking of cholesterol esters from cells via
receptor-mediated endocytosis (Peng et al., 2004). HDL has
been shown to have beneficial vascular effects in endothelial
dysfunction, by promoting cholesterol efflux (Assanasen
et al., 2005) thereby reducing the formation of atherosclerosis
plaques (Noor et al., 2007). The binding of HDL to SR-B1 also
activates eNOS (Yuhanna etal., 2001). However, a link
between the acute effects of statins and SR-B1 is not known.

The aim of our study was to determine the mechanisms
involved in the acute activation of eNOS induced by statins.
We hypothesized that statins rapidly activate NOS through
pathways involving the SR-B1 receptor, a G protein coupled
receptor, phospholipase C (PLC) activation and enhanced
calcium levels for NOS activation, independent of HMG CoA
reductase inhibition.

Methods

Bovine aortic endothelial cell (BAEC) cultures

Freshly isolated cultures of BAEC obtained at our institution
were maintained and used between passages of 3 and 6 in
M199 medium containing 10% foetal bovine serum (FBS), 5%
foetal calf serum (FCS) and penicillin (100 U-mL™) and strep-
tomycin (100 ug-mL™). Low passage cells were used for experi-
mental purposes in order to minimize the possibility of cell
transformation or phenotypic drift that can occur with
repeated sub-culturing. Cells were maintained at 37°C with
5% CO; in a humidified atmosphere.

COS cell culture and transient transfections

COS-7 cells, an African green monkey kidney fibroblast cell
line, were grown in Dulbecco’s modified Eagle’s medium
(DMEM) containing penicillin, streptomycin and 10% FCS.
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Cells were grown to 90-95% confluency in 12-well plates and
subsequently transfected using wild-type (wt) eNOS according
to the manufacturer’s instructions (LipofectAMINE 2000,
Invitrogen). After 24 h the cells were treated using the experi-
mental protocols outlined in the figure legends. In other
experiments, COS-7 cells were co-transfected with the cDNA
encoding eNOS and either of the endothelial-specific surface
receptors: bradykinin receptor 2 (B,) and SR-B1. Twenty-four
hours post-transfection, cells were exposed to bradykinin,
HDL, lovastatin (LOV) or PRA for 10 or 20 min. These proce-
dures have been described previously (Church and Fulton,
2006).

NO measurement

We used two methods to measure NO — DAF fluorescence
which assays NO formation in living cells and chemilumines-
cence which measures NO production and release in cell
conditioned media. DAF-2DA DAF-2DA is the fluorescent dye,
4, 5-diaminofluorescein diacetate; it is a cell-permeable
derivative of DAF-2, which is hydrolysed by intracellular
esterases to release the NO-sensitive dye DAF-2. NO reacts
with DAF-2 to yield bright green fluorescent triazolofluores-
ceins, which can be quantified using excitation-emission spe-
cific for this dye (Ex: 485 & Em: 538 nm). For experimental
purposes, cells were plated and grown in 96-well black plates
with clear bottoms (Fisher Scientific) for 48 h and then incu-
bated with DPBS containing L-arginine (10> M) and HEPES (5
x 10* M) for 20-25 min. Cells were exposed to the dye
(10° M) for another 30 min and then washed with buffer.
After the addition of fresh buffer, the cells were treated with
statins (107-10"° M) and monitored for changes in fluores-
cence intensity over a 10 or 20 min period. Readings were
taken using a fluorescent plate reader (Polar Star Optima;
BMG technologies, Cary, NC, USA). The rise in fluorescence
intensity is proportional to the amount of NO formed in the
cells (Lampiao et al., 2006) and is prevented by the NOS
inhibitor L-NAME. The effects of the different treatments are
reported as % increase in fluorescence intensity over control
readings during that period.

Chemiluminescence. For this method, cells were incubated in
fresh serum-free medium for 20 min and samples were col-
lected for basal reading. Cells were then treated with statins
(107-10"° M) for 10 or 20 min and samples collected for treat-
ment reading. In order to measure nitric oxide formation,
nitrite (NO;’), the stable breakdown product of NO in
aqueous medium was analysed using NO-specific chemilumi-
nescence. Samples containing NO, were refluxed in glacial
acetic acid containing sodium iodide. Under these conditions
NO,™ was reduced to NO, which was quantified by a chemi-
luminescence detector after reaction with ozone in a Sievers
Nitric Oxide Analyzer (Model 280i, Ionics Instruments,
Boulder, CO, USA). The amount of nitric oxide generated was
quantified by measuring the difference in NO levels in
samples before and after treatment (Fulton et al., 1999).

Treatment with inhibitors
Inhibitors of Gi (pertussis toxin) and Gs (cholera toxin) subunits
were used to determine the role of G protein coupled receptors in



statin-induced NO release. Upon confluency, BAECs were
incubated for 2 h with 2 x 10™* M pertussis toxin or 10* M
cholera toxin. Cells were then washed and exposed to
statins (10°M) for 20 min. NO was detected using
chemiluminescence.

Effects of the PLC inhibitor, U-73122 on acute activation of eNOS
by statins. Bovine aortic endothelial cells were pretreated
with the PLC inhibitor U-73122, 10~ M, for 60 min and sub-
sequently treated with statins for 10-20 min. NO production
was measured using DAF-2DA. U-73122 is a membrane per-
meable aminosteroid PLC inhibitor that has been shown to
inhibit this enzyme in human platelets and neutrophils and
have preference for the B isoform (Wang, 1996; Hou et al.,
2004).

Effects of intracellular calcium chelation using BAPTA-
AM. Bovine aortic endothelial cells were pre-incubated with
DPBS containing calcium and the intracellular calcium (Ca?")
chelator BAPTA-AM (2 x 10° M) for 30 min. Subsequently
DAF-2DA was used to detect NO production in response to
statins (10° M) treatment for 10-20 min.

Effects of extracellular calcium chelation using calcium-free
medium and EGTA. Bovine aortic endothelial cells were
washed and pre-incubated with calcium-free DPBS containing
the extracellular Ca** chelator EGTA (10 M) for 30 min and
subsequently exposed to statins (10¢ M) for 10-20 min. NO
was detected using DAF-2DA.

Effect of an SR-B1 blocking antibody on NO responses to LOV, PRA
and HDL. Bovine aortic endothelial cells were pretreated
with the SR-B1 blocking antibody (1:200 dilution) (Kielcze-
wski et al., 2009) for 1 h in serum-free media. Samples were
taken at -20 min and O min (just prior to LOV, PRA or
HDL exposure) and +20 min after exposure to statins
(10°M) or HDL (100 pg-mL™). NO was detected using
chemiluminescence.

Western blot analysis

Bovine aortic endothelial cell or COS-7 cells transfected with
the SR-B1 receptor were grown to confluency, lysed and their
protein content was determined using a protein assay Kkit
(Bio-Rad, Hercules, CA, USA). Then 50 ug of protein was
loaded per well, separated by electrophoresis using 10% SDS-
PAGE gels and transferred to nitrocellulose membranes. Mem-
branes were then blocked using 5% milk, probed with
primary and secondary antibodies and developed by chemi-
luminescence using ECL reagent (GE Healthcare, Piscataway,
NJ, USA). Bands were observed using Gene Snap (Syngene,
Frederick, MD, USA).

Statistical analysis

Data are given as mean * SEM. Statistical analysis was per-
formed by one-way analysis of variance (ANOVA) with the
Tukey post test. Results were considered significant when P <
0.05. Experiments were performed 4-7 times. Values for each
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experiment were obtained from 2-4 replicate samples, which
were averaged.

Materials

Lovastatin, PRA, DAF-2DA, U-73122, HDL, and cholera and
pertussis toxins were obtained from Calbiochem (La Jolla, CA,
USA). Medium M-199 used for culturing BAECs and Dulbec-
co’s phosphate buffer saline (DPBS), with and without
calcium, and DMEM were obtained from Gibco, Invitrogen
(Carlsbad, CA, USA). cDNA constructs encoding for eNOS and
the B, have been described elsewhere (Church and Fulton,
2006). Expression clones for the scavenger receptor class B,
member 1 (SR-B1) were derived from human aortic cDNA.
Antibodies to SR-B1 for blocking receptor function and for
protein expression were obtained from Novus Biologicals
(Littleton, CO, USA). BAPTA-AM, EGTA, ionomycin,
L-arginine, L-NAME and Na mevalonate were obtained from
Sigma (St. Louis, MO, USA).

Results

NO production in BAECs in response to LOV and PRA
Lovastatin and PRA produced rapid and dose-related increases
in endothelial cell NO production (Figure 1). Both statins
produced maximum responses at a concentration of 10° M.
The increases in NO production in response to 10°M LOV
and PRA were 48 = 3.4% and 43 = 4%, respectively, and these
actions were completely blocked by pretreatment with
L-NAME (102 M, 30 min). These data indicate that statins
acutely activate eNOS. Pretreatment with mevalonate (5 X
10* M, 30 min) did not block activation of NOS by either
statin, indicating that their action on NOS is unrelated to
HMG-CoA reductase inhibition.

Effects of inhibitors of G protein coupled receptor subunits Gi
and Gs, pertussis and cholera toxin, on NO produced in response
to LOV and PRA

Our hypothesis is that the rapid NO response to statins
involves a cell surface receptor and signalling pathways which
quickly activate NOS. In order to investigate the role of
G-coupled receptors, BAEC were treated with specific inhibi-
tors of the G protein subunits — pertussis toxin (2 x 10™* M) for
Gi and cholera toxin (10* M) for Gs — for 2 h and then
exposed to LOV and PRA. NO production in response to LOV
and PRA was reduced by 70% and 81%, respectively, by pre-
treatment with pertussis toxin, while cholera toxin had no
effect on LOV-induced NO production (Figure 2). This sug-
gests that the statin-mediated NO production is probably
mediated through the Gi but not the Gs subunit.

Effects of PLC inhibition on NO produced in response to LOV
and PRA

Activation of PLC is known to lead to rapid activation of NOS
via elevated levels of intracellular calcium and formation of
the Ca?'/calmodulin complex (Sterin-Borda et al., 2002). Pre-
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Figure 1 Effect of L-NAME and mevalonic acid pretreatment on NO produced in response to LOV and PRA. NO production was measured

as an increase in DAF-2 fluorescence intensity in BAECs exposed to LOV or PRA (10”7 to 10~° M) alone for 10 min without (=) or with (+)
pretreatment with L-NAME (10-3 M) or mevalonate (5 x 10 M) for 30 min. n-values for each group are 5-7. Asterisk (*) indicates difference
in values between treatment groups with P < 0.05. LOV, lovastatin; NO, nitric oxide; PRA, pravastatin.
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Figure 2 Effects of pertussis (PT) or cholera (CT) toxin on NO pro-
duced in response to LOV and PRA. BAEC were exposed to the Gi and
Gs subunit inhibitors, pertussis toxin (2 x 10 M) or cholera toxin
(10 M), for 2 h prior to addition of LOV or PRA (107 M) for 20 min
and measurement of NO production by chemiluminescence. Control
NO production was 51.8 = 6.3, 48.7 = 4.5 and 56.3 =
7.4 pmol-mL™", respectively, after pretreatment with buffer control
(), pertussis (+) or cholera toxins (+). n-values for each group are
4-7. *Indicates difference in values between buffer(-) and pretreat-
ment groups (+) with P < 0.05. BAEC, bovine aorta endothelial cells;
LOV, lovastatin; NO, nitric oxide; PRA, pravastatin.

treatment of BAEC with the PLC inhibitor, U-73122 (10° M,
60 min) markedly inhibited the NO produced in response to
both statins (Figure 3).

Effects of calcium chelators on NO produced in response to LOV
and PRA
BAEC were incubated in calcium-free DPBS containing EGTA
(10* M, 30 min), then exposed to the statins, and NO pro-
duction was measured. Removal of extracellular calcium by
EGTA blocked statin-induced NO production (Figure 4), indi-
cating the importance of extracellular calcium to this
response.

Pretreatment of cells with BAPTA-AM (a chelator of intrac-
ellular calcium, 2 x 10° M, 30 min) in buffer containing
calcium reduced NO production to LOV by 26% and that to
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Figure 3 Effect of inhibition of phospholipase C (PLC) on statin-
induced NO production. BAEC were pretreated with the PLC inhibitor
U-73122 (107° M) for 60 min before exposure to LOV or PRA (1076 M)
for 10 min. NO production was measured as an increase in DAF-2
fluorescence intensity. n-values for each group are 4-7. Asterisk (*)
indicates difference in values between buffer control (=) and pretreat-
ment group (+) with P < 0.05. BAEC, bovine aorta endothelial cells;
LOV, lovastatin; NO, nitric oxide; PRA, pravastatin.

PRA by 34% (Figure 4). Thus, intracellular calcium is moder-
ately involved in statin-induced NO production.

Role of endothelial receptor SR-B1 in LOV-induced NO
production in COS Cells

COS-7 cells are an immortalized line of kidney fibroblast cells
from the African green monkey that express relatively few
surface receptors and are easily transfected to produce recom-
binant proteins. Figure 5 shows NO production in COS-7 cells
transfected with purified wild-type eNOS. When these cells
were exposed to a calcium ionophore (ionomycin, 10° M),
NO production rapidly increased by 9.5-fold (Figure S).
However, LOV (10° M) did not cause a significant increase in
NO production. HDL (50 pg-mL™) also did not alter NO pro-
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Figure 4 Effect of intracellular calcium chelation (BAPTA-AM) and
extracellular calcium removal and chelation (EGTA) on statin-induced
NO production. NO production in BAEC in response to exposure to
the statins (107 M) for 10 min was measured in the absence (-) and
presence (+) of the intracellular calcium chelator BAPTA-AM (5 x
1075 M) or the extracellular calcium chelator EGTA (10 M, and
medium lacking calcium). NO production was measured as an
increase in DAF-2 fluorescence intensity. Cells were exposed to these
pretreatments 30 min prior to addition of to statins. n-values for each
group are 4-7. Asterisk (*) indicates difference in values among buffer
control () and pretreatment groups (+) with P < 0.05. BAEC, bovine
aorta endothelial cells; NO, nitric oxide.
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Figure 5 Nitric oxide (NO) production in COS-7 cells transfected
with wild-type eNOS. NO formation (pmol-mL™") was measured in
COS-7 cells without or with transfection with wild-type eNOS. Trans-
fections were carried out using purified eNOS cDNA for 4-6 h. Forty-
eight hours after transfection, cells were exposed to control saline,
ionomycin (107 M) or lovastatin (LOV, 10 M) for 30 min and NO
production measured by chemiluminescence. n-values for each
group are 4-6. Asterisk (*) indicates difference in values between
transfected and non-transfected groups with P < 0.05. eNOS, endot-
helial nitric oxide synthase; LOV, lovastatin.

Lenomycin

duction in cells transfected with eNOS alone (Figure 6, —
SR-B1). These data suggest that the statin and HDL-induced
NO production involve cell surface receptors that are found in
endothelial cells.

In order to investigate the role of endothelial receptors in
statin-induced NO production, COS cells were co-transfected
with eNOS and with either of two endothelial receptors —
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Figure 6 Effects of addition of SR-B1 to COS cells, transfected with
eNOS, on NO produced in response to HDL and LOV. COS cells were
transfected with purified cDNA for eNOS (-) alone or also with SR-B1
(+). Transfection of cells was carried out for 4-6 h; after 48 h cells
were exposed to HDL (50 ug-mL™") or LOV (1076 M) for 20 min and
NO production was measured by chemiluminescence. n-values for
each group are 4-6. Asterisk (*) indicates difference in values between
groups with (+) and without (=) transfection with SR-B1 with P <
0.05. eNOS, endothelial nitric oxide synthase; HDL, high density
lipoprotein; LOV, lovastatin; SR-B1, scavenger receptor-B1.

SR-B1 or B, — for 4-6 h and incubated overnight in regular
DMEM. Cells were pre-incubated in serum-free medium for
2 h before exposure to LOV (10° M) or HDL (50 pug-mL™) for
30 min.

In cells also transfected with SR-B1, the addition of LOV
caused about a threefold increase in NO production compared
with control, indicating that statins can interact with SR-B1 to
stimulate NO production (Figure 6). HDL, a known agonist of
SR-B1, also increased NO production in SR-Bl-transfected
cells, but to a lesser extent, about twofold (Figure 6). A higher
dose of HDL (100 ug-mL™) did not raise NO production sig-
nificantly above that observed for the 50 ug-mL™ dose (not
shown).

Western blot analysis of the COS cells transfected
with SR-B1 showed prominent expression of this
receptor protein, but not in non-transfected COS cells. By
comparison, an equal amount of protein from BAECs showed
a lesser but definite expression band for SR-B1 (Inset,
Figure 6).

In cells transfected with the B, receptor, the addition of
bradykinin (1 uM) caused an approximately fourfold increase
in NO production. Addition of either HDL or LOV to these
cells containing the B, receptor did not affect production of
NO (Figure 7).

Effect of SR-B1 receptor blockade on NO produced in response to
LOV, PRA and HDL in BAEC

To assess whether SR-B1 in endothelial cells mediates the
observed statin-induced NO responses, we utilized a function
blocking antibody (Ab) specific to SR-B1 (Kielczewski et al.,
2009). Pretreatment of BAEC with this SR-B1-Ab prevented
the NO response to LOV and to PRA (Figure 8). Additionally,
SR-B1-Ab pretreatment blocked NO production in response to
HDL (Figure 8). HDL is known to activate endothelial cell
NOS via SR-B1 (Yuhanna et al., 2001). Western blot analysis of
the BAEC cells showed definite expression of SR-B1 (Inset,
Figure 6).

British Journal of Pharmacology (2010) 160 1765-1772
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Figure 7 Effects of bradykinin (BK) receptor B, on NO produced in
response to HDL and LOV in COS cells. NO production in response to
bradykinin (BK), HDL and LOV was measured in cells transfected with
both bradykinin receptor 2 (B,) and eNOS. Transfection was carried
out using purified cDNA for B, cDNA (200 ng-mL™") along with eNOS
(500 ng-mL™") for 4-6 h. Forty-eight hours later, these cells were
exposed to saline (control), bradykinin (107¢ M), HDL (50 pg-mL™") or
LOV (1076 M) for 20 min and NO production was measured by
chemiluminescence. n-values for each group are 4-7. Asterisk (*)
indicates difference in values between control and treatment groups
with P < 0.05. B,, bradykinin receptor 2; eNOS, endothelial nitric
oxide synthase; HDL, high density lipoprotein; LOV, lovastatin.
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Figure 8 Effects of blockade of SR-B1 in BAEC on NO produced in
response to LOV, PRA and HDL. NO production in response to LOV or
PRA (each at 10° M) or HDL (100 pg-mL™") without or with pretreat-
ment with a SR-B1 blocking antibody (1:200 dilution) was measured
by chemiluminescence. Control NO production in untreated cells
[Control (-)] was 44.7 = 6.2 pmol-mL™". Cells were exposed to the
blocking antibody for 1 h prior to addition of LOV, PRA or HDL.
n-values for each group are 4-7. Asterisk (*) indicates differences in
values between control verses LOV, PRA or HDL and SR-B1 blocking
antibody treatment groups with P < 0.05. BAEC, bovine aorta endot-
helial cells; HDL, high density lipoprotein; LOV, lovastatin; PRA, prav-
astatin; SR-B1, scavenger receptor-B1.

Discussion and conclusions

Our studies showed that treatment of endothelial cells with
LOV or PRA rapidly increased NO production. This rise in NO
was blocked by L-NAME, a NOS inhibitor, confirming the role
of eNOS in acute statin-induced NO production. Pretreatment
of the cells with mevalonate did not prevent the activation of
NOS by these statins, indicating that inhibition of HMG-CoA
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reductase is not involved. NO production in response to
statins was very rapid and therefore probably dependent on
changes in intracellular signalling events. The finding that
two statins, LOV and PRA, share these actions indicates that
these effects can be attributed to this class of drugs. In addi-
tion, these effects occur at concentrations in the therapeutic
dose range for humans (Pentikainen ef al., 1992; Laufs et al.,
1998).

Treatment of cells with pertussis toxin blocked the statin-
induced NO production by about 75% indicating that Gi
subunits of G protein coupled receptors are prominently
involved in this action on endothelial cells. The Gs subunit
inhibitor, cholera toxin did not alter statins’ action on NO
production, suggesting that the effect is specific with regard
to receptor activation involving the Gi subunit of the G
protein coupled receptor. Additional studies using endothe-
lial cells with specific mutants of Gi subunits are needed to
more fully define the interaction of statins with G protein
coupled receptors.

The ability of the PLC inhibitor U-73122 to almost com-
pletely block NO production in response to the statins indi-
cates that PLC is crucial for this rapid activation of NOS. PLC
is a family of isozymes (o, B and §) that are activated by
agonists binding to G-protein coupled receptors and is
involved in the elevation of intracellular calcium, which leads
to activation of eNOS (Venema et al., 1996). PLC can also be
activated by local glycosphingolipid changes in the plasma
membrane and requires calcium in nanomolar concentra-
tions (Wilde and Watson, 2001). Activation of PLC leads to its
translocation to the plasma membrane resulting in the break-
down of membrane PIP, to form diacyl glycerol (DAG) and
inositol-3-phosphate (IP;) within cells. DAG activates protein
kinase C, which in turn can activate L-type Ca*" channels
(Keef et al., 2001). IP; also causes release of calcium from
intracellular/endoplasmic reticulum pools as well as facilitat-
ing the entry of extracellular calcium. In order to determine
the role of calcium in the rapid effects of the statins on NOS,
we used the chelator EGTA and calcium-free buffer to prevent
calcium-entry. This treatment resulted in complete blockade
of NO production in response to LOV. Thus, entry of extra-
cellular calcium appears crucial to statin-induced NOS activa-
tion. Increased cytosolic calcium promotes binding of
calcium-activated calmodulin to eNOS and its dissociation
from the inhibitory caveolin-1. In addition, extracellular
calcium is required in nanomolar concentrations for PLC
activation. Thus, it is possible that the absence of extracellular
calcium had a dual effect on statin’s action on eNOS by both
blocking PLC activation and decreasing cytosolic calcium,
which would prevent the activation of eNOS. Chelation of
intracellular calcium with BAPTA partially blocked statin-
induced NOS activation suggesting that intracellular calcium
is involved, but is only secondary to the entry of extracellular
calcium. These data are consistent with those from a previous
study demonstrating that extracellular calcium influx is more
important for eNOS activation than intracellular pools
(Church and Fulton, 2006).

COS-7 cells expressing only eNOS failed to respond to LOV,
yet ionomycin elicited a robust response. This finding sug-
gests that statin-induced NO production is unique for endot-
helial cells and that endothelial cell surface receptors are



required for eNOS activation. When endothelial receptors for
bradykinin (B,) or HDL (SR-B1) were co-transfected with eNOS
in COS cells, LOV was observed to significantly increase NO
production only in cells expressing the SR-B1 receptor. The
increase in NO production to LOV was significantly higher
than that of the maximum effective dose of the SR-B1 agonist
HDL and suggests that LOV has a higher efficacy than HDL in
activating eNOS via SR-B1. Addition of maximally effective
doses of LOV and HDL did not elicit an additive effect on NO
production indicating that similar mechanisms/pathways are
involved (data not shown).

Our experiments in COS cells transfected with SR-B1
provide evidence that LOV may be acting via this cell surface
receptor. Importantly, these data are corroborated by experi-
ments in BAEC pretreated with a blocking antibody to SR-B1.
Our results demonstrate that HDL and the statins LOV and
PRA utilize SR-B1 to activate eNOS in endothelial cells. Pre-
treatment with a blocking antibody to SR-B1 prevented NOS
activation by all three agents. SR-B1 is a scavenging receptor
that binds HDL and is involved in bi-directional transport of
cholesterol esters from HDL into and from cells. In addition to
HDL, SR-B1 binds to a broad range of ligands including
AcLDL, OxLDL, VLDL, BSA, anionic phospholipids and apo-
ptotic cells (Krieger, 2001). The role of SR-B1 in stimulating
nitric oxide production in endothelial cells and its cardiopro-
tective effects are well documented (Yuhanna et al., 2001), as
has been the anti-atherosclerotic effects of HDL (Noor et al.,
2007). Recently, it has been reported that blockade of SR-B1
results in the progression of atherosclerosis, despite increased
levels of HDL (Kitayama et al., 2006), indicating a critical role
for the SR-B1 receptor in the actions of HDL. The observed
actions of LOV and PRA via SR-B1 suggest that statins may
affect cholesterol trafficking and nitric oxide production by a
novel means, unrelated to inhibition of HMG-CoA reductase.
The ability of statins to activate eNOS requires calcium and
PLC but may also involve additional signalling events such as
AMP kinase and Akt activation (Kureishi et al., 2000; Sun
et al., 2006). While our data suggest that SR-B1 is necessary for
LOV to activate eNOS, the mechanism by which SR-B1 trans-
duces intracellular signals and the requirement for Gi in this
process requires further investigation.

In summary, our data indicate that there is a rapid and
direct mechanism of eNOS activation by statins, which is
independent of HMG-CoAR inhibition but involves signalling
via specific endothelial receptors, namely the SR-B1 receptor.
Critical signalling events including the entry of extracellular
calcium and activation of PLC also play a major role in eNOS
activation by statins. This mechanism of eNOS activation by
statins may be important for their therapeutic use in acute
(Di Sciascio et al., 2009), as well as chronic cardiovascular
conditions.
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