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Enhanced nitric oxide and cyclic GMP formation
plays a role in the anti-platelet activity of
simvastatin
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Background and purpose: It has been found that 3-hydroxy-3-methyl-glutaryl coenzyme A (HMG-CoA) reductase inhibitors
(statins) exert various vascular protective effects, beyond their cholesterol-lowering property, including inhibition of platelet-
dependent thrombus formation. The objective of the present study was to determine whether the nitric oxide (NO)/cyclic
GMP-mediated processes in platelets contribute to the anti-aggregatory activity of simvastatin.

Experimental approach: After rabbit platelets were incubated with simvastatin for 5 min, aggregation was induced and the
platelet aggregation, nitric oxide synthase activity, guanylyl cyclase activity, NO and cyclic GMP formation were measured
appropriately.

Key results: Treatment with simvastatin concentration-dependently inhibited platelet aggregation induced by collagen or
arachidonic acid with an 1C5o range of 52-158 uM. We also demonstrated that simvastatin (20-80 uM) concentration-
dependently further enhanced collagen-induced NO and cyclic GMP formation through increasing NOS activity (from
2.64+0.12 to 3.52+0.21-5.10+0.14umol min~'mg protein~') and guanylyl cyclase activity (from 142.9+7.2 to
163.5+17.5-283.8 +19.5 pmol min~' mg protein~') in the platelets. On the contrary, inhibition of platelet aggregation by
simvastatin was markedly attenuated (by about 50%) by addition of a nitric oxide synthase inhibitor, a NO scavenger or a NO-
sensitive guanylyl cyclase inhibitor. The anti-aggregatory effects of simvastatin were significantly increased by addition of a
selective inhibitor of cyclic GMP phosphodiesterase.

Conclusions and implications: Our findings indicate that enhancement of a NO/cyclic GMP-mediated process plays an
important role in the anti-aggregatory activity of simvastatin.
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Introduction

Several clinical trials have shown that inhibition of choles- shown that statins have an anti-thrombotic activity in

terol biosynthesis by 3-hydroxy-3-methyl-glutaryl coenzyme
A reductase inhibitors (statins) exerts various beneficial
vascular effects. However, some of these effects are incom-
pletely explained by the cholesterol-lowering effect alone
(Bonetti et al., 2003). It is well known that enhanced platelet
activation and aggregation is a crucial event in the develop-
ment of cardiovascular diseases and thrombosis (Marcus and
Safier, 1993; Ruggeri, 2002). Although previous studies have
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hypercholesterolemic patients and animal thrombotic mod-
els (Mayer et al., 1992; Kearney and Fitzgerald, 1999), the
inhibition of platelet-dependent thrombus generation in
hypercholesterolemic subjects by statins does not correlate
with the lipid-lowering effect, suggesting that other
lipid-independent effects of statins may contribute to its
anti-aggregatory activity (Puccetti et al., 2001; Gaddam et al.,
2002). Some possible anti-aggregatory mechanisms of
statins, including reducing thromboxane B, formation and
changing cholesterol content of platelet membrane, have
been proposed (Osamah et al., 1997; Ma et al., 2002), but the
true anti-aggregatory mechanisms involved are still unclear.

Nitric oxide (NO), synthesized from L-arginine by NO
synthase (NOS), which then activates intracellular soluble
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guanylyl cyclase and subsequent guanosine 3',5'-cyclic
guanosine monophosphate (cyclic GMP) formation, plays
an important modulatory role in many physiological and
pathological conditions (Moncada et al., 1991). Importantly,
the platelet-derived NO/cyclic GMP system has been shown
to provide an inhibitory pathway regulating platelet adhe-
sion and aggregation (Chou et al., 1999; Emerson et al.,
1999). Recent studies have reported that statins can increase
NO bioavailability in vascular cells and platelets by enhan-
cing endothelial NOS expression, stabilizing endothelial
NOS mRNA and decreasing superoxide anion (Oz) formation
(Laufs et al., 1998; Tannous et al., 1999; Kalinowski et al.,
2002; Zhou et al., 2004), suggesting that statin-induced NO
formation may be involved in their anti-platelet activity.
However, whether simvastatin, a statin, can directly affect
platelet aggregation and the NO/cyclic GMP pathway in
platelets is still unknown. Therefore, in this in vitro study,
we tested the hypothesis that simvastatin inhibits platelet
aggregation via an enhanced NO/cyclic GMP-mediated
process.

The study reported herein demonstrates that simvastatin
significantly inhibits platelet aggregation accompanied by
an increase in NO and cyclic GMP formation through
enhancing platelets NOS and guanylyl cyclase activity.
Furthermore, blocking NO or cyclic GMP formation mark-
edly abolished the anti-aggregatory activity of simvastatin.
These findings support the notion that enhancement of
platelets NO/cyclic GMP pathway may, at least in part,
contribute to the anti-aggregatory activity of simvastatin.

Methods

Preparation of suspensions of washed platelets

The present study was approved by the local Institutional
Animal Care and Use Committee. Animals were housed in
standard environment and maintained on tap water and
rabbit food ad libitum throughout the investigation. Blood
was withdrawn from rabbit marginal ear vein, mixed with
anticoagulant, ethylenediamine tetraacetic acid (100 mM,
14:1, v/v) and centrifuged at 160g at 25°C for 10 min to
obtain platelet-rich plasma. Platelet suspension was prepared
from the platelet-rich plasma according to the washing
procedures described previously, and finally suspended in
Tyrode’s solution (Chou et al., 1999).

Platelet aggregation

Platelet aggregation was measured turbidimetrically at 37 °C
by using an aggregometer (Chrono-Log, Havertown, PA,
USA) (Chou et al., 1999). After a 3-min equilibration at 37 °C,
the platelet suspension was incubated with simvastatin,
dimethyl sulphoxide (DMSO) or in combination with other
pharmacological agents for 5min before the addition of
collagen (10pgml~!) or arachidonic acid (AA, 100 puMm).
Platelet aggregation was evaluated by measuring the peak
of the aggregation curves. Data were expressed as the
percentage of maximal aggregation. To eliminate the effect
of the solvent on the platelet aggregation, the final
concentration of DMSO was fixed at 0.5%.
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Determination of NO formation

Generation of NO was directly monitored by voltametric
measurements using a microcomputer-controlled apparatus
(IVEC-10; Medical Systems Co., Greenvale, NY, USA) as
previously described (Wu et al., 2001; Wu and Chai, 2004).
Briefly, a miniature Ag/AgCl reference electrode (200 um in
diameter) was inserted vertically into a detector tube (used to
contain the platelet suspension) and fixed with cement to
the tube wall. The working electrode, a double carbon fiber
filament (each 30pm in diameter; Textron, Lowell, MA,
USA), was held in a manipulator and placed into the tube.
The detector tube containing 600 pul of platelet suspension
with simvastatin or vehicle was stirred and maintained at
37 °C for Smin, and then collagen was added. NO release was
simultaneously monitored by electrodes. Detection and
calibration of NO concentration were carried out by using
a mixture of S-nitroso-N-acetyl-DL-penicillamine (0.1-1.0 pM)
in 0.1 mM phosphate-buffered saline.

Determination of NOS and guanylyl cyclase activity

After incubation with simvastatin or DMSO for 5min,
followed by addition of collagen for 6 min, the precipitated
platelets were collected by centrifugation. Then, the platelets
were lysed by sonication for 45s and kept on ice in 25 mM
HEPES buffer (pH 7.5) containing dithiothreitol (1mM),
phenylmethylsulphonyl ~fluoride (10pgml™!), trypsin
inhibitor (10ugml~'), leupeptin (10pugml™'), antipain
(10ugml™'), chymostatin (10pgml~') and pepstatin
(10ugml™Y). The lysate solution was then centrifuged at
780004 for 20min at 4°C to obtain supernatant used for
activity assay. For NOS activity determination, the cytosol of
platelets was resuspended in 300 pl 25 mM HEPES buffer (pH
7.5) containing L-arginine (100puM), dithiothreitol (1 mMm),
NADPH (1.5mM), calmodulin (30nM), tetrahydrobiopterin
(1 ugml™t), MgCl, (1 mMm), CaCl, (1 mMm) and flavin adenine
nucleotide (2.5ugml ') and incubated for 15min at 37 °C.
The reaction was stopped with stop buffer (25 mMm HEPES,
2mM ethylenediamine tetraacetic acid, 2mM ethylene
glycol-bis(a-aminoethyl ether)-N,N,N’,N’,-tetraacetic acid,
pH 5.5). NOS activity was measured by the formation of
NOx (nitrite + nitrate) determined by a Sievers Nitric Oxide
Analyzer (Sievers 280 NOA, Boulder, CO, USA) and expressed
as pmole min~! per mg of protein (Maurer and Fung, 2000).
For determination of guanylyl cyclase activity, 100pul of
platelet cytosol (1 pug protein) was added into the prewarmed
(37°C) buffer (pH 7.2) containing (final concentrations)
25 mM Tris-HCI, 3mM GTP, 5mMm MgCl,, 1 mM 3-isobutyl-1-
methylxanthine for 20 min of incubation. Then, the reaction
was terminated by boiling for 3min, and the amount of
cyclic GMP in the mixture was measured by enzyme
immunoassay kit. The guanylyl cyclase activity was
expressed as pmole min™' per mg of protein.

Determination of cyclic GMP

In the presence of L-arginine (100 uM), platelet suspensions
were incubated with simvastatin or DMSO for 5 min at 37 °C
followed by addition of collagen for 6 min. The incubation
was stopped by immediately boiling for 3min and the



concentrations of cyclic GMP in the supernatants were
determined by electroimmunoassay Kit.

Statistical analysis

The experimental results were expressed as mean * s.e.mean.
Statistical analyses were performed by one-way analysis of
variance or Student’s t-test. Results were considered signifi-
cantly different at a P-value less than 0.05.

Reagents

Collagen (type 1, equine tendon), L-arginine, NS-nitro-L-
arginine methyl ester (L-NAME), 2-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl 3-oxide (PTIO), 1H-[1,2,4]
oxadiazolo [4,3-a]quinoxalin-1-one (ODQ), zaprinast and
other chemical agents were all purchased from Sigma
Chemical Company (St Louis, MO, USA). Cyclic GMP
electroimmunoassay kits were purchased from Cayman
Chemical Company (Ann Arbor, MI, USA). Simvastatin was
kindly provided by Merck Sharp & Dohme (I.A.) Corp.
(South Granville, NSW, Australia) and was dissolved in
DMSO.

Results

Simvastatin inhibits platelet aggregation

Simvastatin concentration dependently inhibited platelet
aggregation induced by collagen or AA with a 50% inhibitory
concentration (ICso) of 52.5+6.2 or 158.4+9.1 pM, respec-
tively (Figure 1a). In the presence of L-arginine (100 uM), the
inhibitory potency of simvastatin on the platelet aggregation
induced by collagen was significantly attenuated by addition
of a specific NOS inhibitor, L-NAME (100 pm) (Figure 1b), or
PTIO (50um), an NO scavenger (Figure 1c¢), compared with
those platelets treated with simvastatin alone. However, by
itself neither L-NAME nor PTIO had any significant effect on
platelet aggregation induced by collagen.

Simvastatin enhances NO release and NOS activity

In the presence of L-arginine (100uM), treatment with
simvastatin concentration dependently further enhanced
the collagen-induced NO release compared with that
of control collagen-stimulated platelets (Figure 2a). To

>

Figure 1 Effects of simvastatin and combination with L-NAME or
PTIO on platelet aggregation. (a) In the presence of L-arginine
(100 uM), washed platelets were preincubated with DMSO or
simvastatin (20-200 pMm) for 5min. Then, collagen (10 pg mi~") or
AA (100 um) was added to trigger platelet aggregation. (b) In the
presence of L-arginine, washed platelets were preincubated with
simvastatin  (20-80uM) or L-NAME (100pM) and simvastatin
(20-80 pm) for 5min. Then, collagen was added to trigger platelet
aggregation. (c) In the presence of L-arginine, washed platelets were
preincubated with simvastatin (60 or 80 pm) or simvastatin (60 or
80 uM) + PTIO (50 pum) for 5min, followed by addition of collagen.
*P<0.05, **P<0.01 and ***P<0.001, as compared with the
respective simvastatin or collagen-treated platelets. Percent inhibi-
tion of platelet aggregation is presented as means*s.e.mean
(n=6). AA, arachidonic acid; DMSO, dimethyl sulphoxide; L-NAME,
NG-nitro-L-arginine methyl ester; PTIO, 2-phenyl-4,4,5,5-tetra-
methylimidazoline-1-oxyl 3-oxide.
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investigate the mechanism by which simvastatin increased
NO formation, the NOS activity of the platelets was
measured. Although, collagen itself stimulated platelet NOS
activity, addition of simvastatin (20-80 uMm) further enhanced
the platelet NOS activity induced by collagen (Figure 2b).

Simvastatin increases cyclic GMP formation and guanylyl cyclase
activity

In the presence of L-arginine, simvastatin concentration
dependently further increased the formation of cyclic GMP
induced by collagen (Figure 3a) and platelet guanylyl cyclase
activity (Figure 3b). In resting platelets, simvastatin itself had
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Figure 2 Effects of simvastatin on NO release and NOS activity in
platelets. (a) In the presence of L-arginine (100 uMm), typical traces of
NO release from platelets shown in the presence of DMSO alone (a)
or in the presence of collagen (10 ug ml™") (b) or in the presence of
simvastatin (60 uM) and collagen (10 ug ml~") (c) or in the presence
of simvastatin (80 um) and collagen (10 ug ml~") (d). These profiles
are representative of five similar experiments. (b) In the presence of
L-arginine, washed platelets were preincubated with simvastatin
(20-80 pm) or DMSO for 5 min, followed by addition of collagen for
6 min. The homogenized precipitated platelets were used for NOS
activity assay by measuring the NOx formation after a 15-min
incubation at 37 °C with lysed platelets in reaction buffer. Data from
washed platelets only suspended in Tyrode’s solution without
addition of collagen and other drugs are shown as the resting
group. **P<0.01 and ***P<0.001, as compared with the resting
group; *P<0.001 compared with the collagen-stimulated platelets.
All data are presented as means = s.e.mean (n=>5). DMSO, dimethyl
sulphoxide; NO, nitric oxide; NOS, nitric oxide synthase.

no significant effect on basal NO release, cyclic GMP
formation, platelet NOS and guanylyl cyclase activity (data
not shown).

Effect of cyclic GMP formation on simvastatin-induced
anti-aggregatory activity

To further evaluate the role of cyclic GMP in the anti-
aggregatory activity induced by simvastatin, other inhibitors
such as ODQ, an inhibitor of NO-sensitive guanylyl cyclase,
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Figure 3 Effects of simvastatin on cyclic GMP formation and
guanylyl cyclase activity in collagen-stimulated platelets. (a) In the
presence of L-arginine (100 uM), washed platelets were preincubated
with simvastatin (20-80 M) or DMSO for 5min, followed by
addition of collagen (10 nug ml~") for 6 min. Then, the supernatant
and precipitated platelets were collected for cyclic GMP and
guanylyl cyclase activity assay, respectively. The incubation was
stopped by immediately boiling for 3 min and the concentrations of
cyclic GMP in supernatant were determined. (b) For guanylyl cyclase
activity assay, the levels of cyclic GMP were measured following a
20-min incubation at 37 °C with platelet cytosol (1 pg) in reaction
buffer. Data from washed platelets only suspended in Tyrode's
solution without addition of collagen and other drugs are shown
as the resting group. *P<0.05, **P<0.01 and P<0.001, as
compared with the resting group. All data were presented as
means +s.e.mean (n=15). DMSO, dimethyl sulphoxide; cyclic GMP,
3’,5'-cyclic guanosine monophosphate.

or zaprinast, a selective inhibitor of the cyclic GMP
phosphodiesterase, was added. As shown in Figure 4, the
inhibitory potency of simvastatin (60uM) on collagen-
induced platelet aggregation was significantly attenuated
by ODQ, but was further enhanced by zaprinast. ODQ or
zaprinast itself did not affect the platelet aggregation
induced by collagen (data not shown).

Discussion

Under pathological conditions, endothelial cells and plate-
lets may become pro-adhesive and pro-coagulant, which
may induce platelet adhesion to endothelium and activation
of platelet aggregation. Many clinical studies have further
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Figure 4 Effects of ODQ and zaprinast on the inhibitory effect of
simvastatin on platelet aggregation. In the presence of L-arginine
(100 um), washed platelets were preincubated with simvastatin
(60 um) alone or in the presence of ODQ Q uMm) or zaprinast (5 pum)
for 5min, and then collagen (10pgml™") was added to trigger
platelet aggregation. *P<0.05 and **P<0.01, as compared with the
simvastatin and collagen-treated platelets. Percent inhibition of
platelet aggregation is presented as the meansts.e.mean (n=>5).
0ODQ, 1H-[1,2,4] oxadiazolo [4,3-a]lquinoxalin-1-one.

demonstrated that increased platelet aggregation plays
an important role in the pathogenesis of various cardio-
vascular and thromboembolic diseases (Andrews and
Berndt, 2004). Therefore, prevention of platelet hyper-
activity has been considered to be a reasonable therapeutic
strategy to alleviate these diseases. Several studies have
reported that some so-called cholesterol-independent or
‘pleiotropic’ effects of statins, including their anti-thrombo-
tic actions and improving or restoring endothelial function,
may be associated with the increase of NO formation
from endothelium (Radomski and Moncada, 1993; Dobrucki
et al.,, 2001; Liao, 2004). However, whether statins also
directly affect NO formation of platelets and platelet
aggregation is still unknown. In this study, we proposed
that an increased NO/cyclic GMP-mediated process in
platelets might be involved in the anti-aggregatory activity
of simvastatin.

There was clear evidence that the anti-aggregatory activity
of simvastatin was associated with an enhanced NO/cyclic
GMP-mediated process. First, the anti-aggregatory activity of
simvastatin was significantly attenuated when NO formation
was blocked by an NOS inhibitor, L-NAME, or an NO
scavenger, PTIO (Figure 1). Second, the anti-aggregatory
activity of simvastatin was also reduced if the biosynthesis of
cyclic GMP was inhibited by ODQ, but increased markedly
when degradation of cyclic GMP was prevented by zaprinast
(Figure 4). Third, the strongest evidence was that simvastatin
could directly enhance NO and cyclic GMP production in
platelets induced by collagen through increasing NOS and
guanylyl cyclase activity (Figures 2 and 3). These findings
strongly indicated that the mechanisms by which simvasta-
tin inhibited platelet aggregation might be mediated, in part,
by an NO/cyclic GMP-dependent process.

It is noteworthy that in the presence of L-arginine,
simvastatin itself did not produce detectable amounts of
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NO or cyclic GMP, suggesting that in resting platelets the
L-arginine-NO-cyclic GMP pathway was not activated by
exogenous simvastatin. Following activation of platelets
by collagen, NO formation increased, but the amount was
not enough to inhibit platelet aggregation. When NO and
cyclic GMP formation were further enhanced by simvastatin,
collagen-induced platelet aggregation was inhibited signifi-
cantly, suggesting that increased amounts of NO and cyclic
GMP are required to suppress platelet aggregation. Previous
studies have reported that the cyclic GMP-dependent kinase
I, an important downstream target enzyme of the NO/cyclic
GMP-signalling cascade, exerts a potent inhibitory effect on
platelet aggregation (Butt et al., 1994; Wang et al., 1998).
Therefore, it is very likely that the NO/cyclic GMP/cGK-
mediated pathway may be involved in the anti-aggregatory
activity of simvastatin.

The exact mechanisms by which simvastatin increases NO
formation remain unclear. It is well known that raised
intracellular calcium level ([Ca®"];) plays a crucial role in
activating constitutive NOS activity and platelet aggregation
(Kroll and Schager, 1989; Fleming and Busse, 2003). A
previous study has reported that simvastatin could enhance
[Ca®*]; in bovine aortic endothelial cells by increasing Ca®*
entry and Ca®™" release from intracellular stores (Alvarez de
and Andriantsitohaina, 2001). Thus, early elevation of
platelet [Ca? " |; by simvastatin may be a possible mechanism
accounting for the increased platelet NOS activity and
subsequent NO production. However, clinical studies also
indicated that platelets [Ca®?"]; in patients with primary
hypercholesterolemia was decreased after a long-term treat-
ment with pravastatin through a cyclic GMP/cyclic GMP-
dependent kinase I-mediated pathway (Geiger et al., 1992; Le
Quan Sang et al., 1995). These results imply that statins may
cause an initial transient elevation of [Ca?™"]; to increase NO
and cyclic GMP formation, leading to an inhibition of
platelet [Ca®™]; rise and aggregation by a subsequent NO/
cyclic GMP/cGK-mediated pathway. Other possible mechan-
isms, such as activation of endothelial NOS via decrease of
the expression of caveolin, an inhibitor of endothelial NOS
activation, may be also involved in statin actions (Feron
et al., 2001).

When platelets are activated, the release of AA is increased
and this AA is converted to thromboxane A,, a potent
inducer of release reaction and platelet aggregation, cata-
lysed by cyclooxygenase and thromboxane synthase (Vezza
et al., 2002). Previous studies reported that the NO/cyclic
GMP pathway can inhibit the signalling cascade of throm-
boxane A, receptor through phosphorylation by ¢GK and
collagen-induced AA release by suppressing Ca®"-activated
phospholipase A, activity (Matsukoka et al., 1989; Wang
et al., 1998). Our unpublished data have shown that
simvastatin significantly inhibited the formation of AA or
collagen-induced thromboxane B,, a stable metabolite
of thromboxane A,. Thus, the NO/cyclic GMP-mediated
inhibition of thromboxane A, formation may be another
possible anti-aggregatory mechanism of simvastatin.
Although we have demonstrated that enhancement of
NO and cyclic GMP formation plays a role in the anti-
aggregatory activity of simvastatin, it was also observed
that there was still inhibition of platelet aggregation by
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simvastatin, even in the presence of L-NAME or PTIO. This
finding suggests that still other mechanisms of simvastatin,
including changing the structure of cell membranes, inhibit-
ing the expression of glycoprotein IIb/Illa on platelet surface
(our unpublished data) and the formation of oxidative stress
resulting in increasing platelet-derived NO bioavailability
(Osamah et al., 1997; Haramaki et al., 2007), may be also
involved in its inhibition of platelet aggregation. Many
clinical studies have demonstrated that treatment with
simvastatin has an anti-platelet activity in hypercholester-
olemic patients, which is consistent with the result of this
in vitro study (Coumar et al., 1991; Notarbartolo et al., 1995).
There is however one study, which showed no influence
of simvastatin treatment on platelet function in patients
with hypercholesterolemia (Broijersen et al., 1997), and the
reasons for this discrepancy are not clear, but the different
study design, gender, diagnosis of patients and methodo-
logical differences for platelet aggregability in the study of
Broijersen et al. (1997) may be possible factors.

In clinical use, doses of simvastatin (20-80 mg per day) are
often used. In this study, we demonstrated that the platelet
aggregation was concentration dependently inhibited by
simvastatin (20-80 pM) in vitro. The dose is similar to that
(1-30 uM) of other in vitro studies used to investigate various
pharmacological effects of statins (Kaesemeyer et al., 1999;
Huang et al., 2003). Since simvastatin is an inactive pro-drug,
after administration, simvastatin can be converted into its
active metabolite, simvastatin acid, by liver (Mauro, 1993).
Because the uptake rate, metabolism and absorption of
simvastatin provide major differences between in vivo and
in vitro conditions, the concentrations of simvastatin used
in vitro, which might correspond to clinical doses, are
difficult to define. Theoretically, the in vitro doses of
simvastatin required to achieve the same effect may be
higher than the clinical doses, and the findings obtained
from in vitro studies may be of relevance to the clinical
beneficial effects. However, the possibility that simvastatin
itself may have a direct effect on platelet function through a
3-hydroxy-3-methyl-glutaryl = coenzyme  A-independent
pathway may not be excluded.

In conclusion, our findings demonstrate that simvastatin
enhanced NO and cyclic GMP formation through activating
NOS and guanylyl cyclase activity in platelets, which may, at
least in part, contribute to its anti-aggregatory actions and
provide a new mechanism to explain its vascular protective
effects.
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