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1 Recent studies have reported that hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase
inhibitors have vasculoprotective e�ects independent of their lipid-lowering properties, including
anti-in¯ammatory actions. We used intravital microscopy of the rat mesenteric microvasculature to
examine the e�ects of rosuvastatin, a new HMG-CoA reductase inhibitor, on leukocyte-endothelium
interactions induced by thrombin.

2 Intraperitoneal administration of 0.5 and 1.25 mg kg71 rosuvastatin 18 h prior to the study,
signi®cantly and dose-dependently attenuated leukocyte rolling, adherence, and transmigration in
the rat mesenteric microvasculature superfused with 0.5 u ml-1 thrombin. This protective e�ect of
rosuvastatin was reversed by intraperitoneal injection of 25 mg kg71 mevalonic acid 18 h before the
study.

3 Immunohistochemical detection of the endothelial cell adhesion molecule P-selectin showed a
70% decrease in endothelial cell surface expression of P-selectin in thrombin-stimulated rats given
1.25 mg kg71 rosuvastatin. In addition, rosuvastatin enhanced release of nitric oxide (NO) from the
vascular endothelium as measured directly in rat aortic segments. Moreover, rosuvastatin failed to
attenuate leukocyte-endothelium interactions in peri-intestinal venules of eNOS7/7 mice.

4 These data indicate that rosuvastatin exerts important anti-in¯ammatory e�ects via inhibition of
endothelial cell adhesion molecule expression, and that this protective action of rosuvastatin requires
release of nitric oxide by the vascular endothelium. These data also demonstrate that the mechanism
of the non-lipid lowering actions of HMG-CoA reductase inhibitors in vivo may be due to reduced
formation or availability of mevalonic acid within endothelial cells.
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Introduction

The 3-hydroxy-methyl-3-glutaryl coenzyme A (HMG-CoA)
reductase inhibitors (e.g. simvastatin, lovastatin, ¯uvastatin,
etc.) have been employed as therapeutic agents in the

treatment of cardiovascular diseases associated with hyper-
cholesterolaemia. These compounds, collectively referred to
as statins, exert their biological e�ects by blocking the

conversion of HMG-CoA to mevalonate in the hepatic
cholesterol biosynthesis pathway (Alberts, 1988). The sub-
sequent lipid-lowering e�ect is correlated with a decreased

risk of coronary and cerebrovascular events, and results in
increased survival rates in patients with coronary artery
disease (Scandinavian Simvastatin Survival Study Group,

1994; Shepherd et al., 1995; Levine et al., 1995; Treasure et
al., 1995). However, recent studies have shown that statins
may also exert e�ects beyond their lipid-lowering properties.
Thus, statins decrease the risk of cerebrovascular and

cardiovascular events even in normocholesterolaemic patients

(Delanty & Vaughan, 1997; Sacks et al., 1996). In an attempt
to explain the nature of these non-cholesterol lowering e�ects
of statins, several investigators have studied the e�ect of

statins on vascular endothelial function under cholesterol
clamped conditions (Laufs et al., 1998; Pruefer et al., 1999;
Lefer et al., 1999).

Recent studies have shown that systemic administration of
HMG-CoA reductase inhibitors to normocholesterolaemic
animals protects the vascular endothelium from in¯ammatory

processes (Lefer et al., 1999; Pruefer et al., 1999). These non-
lipid lowering e�ects were in part due to up-regulation of
endothelial nitric oxide synthase (eNOS) by statins. In this

regard, Laufs et al. (1998) reported that statins are able to
increase expression of eNOS mRNA in vitro. Nitric oxide is
known to preserve endothelial function during pathophysio-
logic conditions by preventing leukocyte adherence to the

endothelium (Kubes et al., 1991) via decreased expression of
cell adhesion molecules on the endothelial surface (Lefer,
1997), including members of the selectin family of adhesion

glycoproteins (e.g., P-selectin) (Gauthier et al., 1994).
In the present study, we examined: (a) the protective e�ects

of a new HMG-CoA reductase inhibitor, rosuvastatin, in
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acute in¯ammation of the rat mesenteric microvasculature,
(b) the role of nitric oxide in the anti-in¯ammatory action of
rosuvastatin, (c) the role of P-selectin in the attenuation of

leukocyte-endothelium interaction by rosuvastatin, and (d)
the ability of mevalonic acid to reverse the e�ect of
rosuvastatin in vivo.

Methods

Animal models and study protocols used for
intravital microscopy

This study was performed in accordance with the National
Institute of Health guidelines for the use of experimental
animals, and all animal protocols have been approved by the

Institutional Animal Care and Use Committee of Thomas
Je�erson University.

Rats Male Sprague-Dawley rats (ACE, Boyertown, PA,

U.S.A.) weighing 250 ± 275 g were anaesthetized by intraper-
itoneal injection of 60 mg kg71 sodium pentobarbital.
Additional sodium pentobarbital was administered intraper-

itoneally as needed during the 2 h intravital microscopy
observation time. The left carotid artery was cannulated
using a polyethylene catheter for measurement of mean

arterial blood pressure. A loop of ileal intestine was
exteriorized through a midline incision and placed in a
temperature controlled, ¯uid-®lled Plexiglas chamber for

observation of the mesenteric microcirculation by intravital
microscopy, as previously described (Scalia et al., 1997). The
mesentery was then superfused with a modi®ed Krebs ±
Henseleit bu�er, warmed to 378C and bubbled with 95%

nitrogen and 5% carbon dioxide. Mean arterial blood
pressure was monitored and recorded using a Grass model
7 oscillograph recorder with a Statham P23AC pressure

transducer (Gould). Red blood cell velocity was measured
using an optical Doppler velocimeter (Microcirculation
Research Institute, College Station, TX, U.S.A.) as pre-

viously described (Scalia et al., 1997). Venular shear rates (g)
were calculated using the venular diameter (D) and RBC
velocity (V) with the following formula: g=8(Vmean/D), where
Vmean=V/1.6 (Borders & Granger, 1984).

Following 30 min stabilization time, a 20 ± 40 mm diameter
venule was selected for direct observation of leukocyte-
endothelium interactions. A baseline reading was taken to

establish basal values for leukocyte rolling, adherence, and
the number of transmigrating leukocytes. Readings were
subsequently taken 30, 60, 90, and 120 min after the basal

values were obtained to quantify leukocyte rolling, adherence
and transmigration, using video recordings with a video
camera and videocassette recorder.

Rats were randomly divided into one of three major
groups of ®ve to eight rats: (a) rats superfused with K-H
bu�er as vehicle and given 1.25 mg kg71 rosuvastatin; (b)
rats superfused with 0.5 u ml71 thrombin and given 0.9%

NaCl; and (c) rats superfused with 0.5 u ml71 thrombin and
given either 0.125, 0.5, or 1.25 mg kg71 rosuvastatin. All
doses of rosuvastatin were administered intraperitoneally

18 h prior to the experiments. These doses correspond to the
clinically relevant dose range in humans. On experiments, the
exposed mesentery was superfused with 0.5 u ml71 thrombin.

The e�ects of the intraperitoneal administration of
mevalonic acid were studied in two additional groups of rats
that were superfused with 0.5 u ml71 thrombin and given

25 mg kg71 mevalonic acid intraperitoneally with or without
1.25 mg kg71 rosuvastatin 18 h prior to intravital micro-
scopy.

Gene targeted mice Wild-type (C57BL/6; Jackson Labora-
tories, Bar Harbor, Maine, U.S.A.) mice and eNOS de®cient
(eNOS7/7) mice (C57BL/6; Jackson Laboratories, Bar

Harbor, Maine, U.S.A.) were anaesthetized with sodium
pentobarbital (120 mg kg71) injected intraperitoneally. The
left carotid artery was cannulated for continuous blood

pressure monitoring. Intravital microscopy was performed on
mouse peri-intestinal venules, after exteriorization of a loop
of ileal tissue via a midline laparotomy. Mice were randomly

divided into one of three groups: wild-type mice given
rosuvastatin and superfused with K-H bu�er, eNOS7/7 mice
given saline and superfused with K-H bu�er, and eNOS7/7

mice given 1.25 mg kg71 rosuvastatin subcutaneously and

superfused with K-H bu�er. All rosuvastatin injected mice
were studied 18 h post-treatment.

Immunohistochemistry

Following completion of the intravital microscopy, the

superior mesenteric artery and vein were cannulated for
perfusion of the small bowel. The ileum was ®rst washed free
of blood by perfusion with Krebs ±Henseleit bu�er warmed

to 378C and bubbled with 95% O2 and 5% CO2. Once the
venous perfusate was free of red blood cells, perfusion was
initiated with iced 4% paraformaldehyde mixed in phosphate
bu�ered 0.9% NaCl for 5 min. A 3 ± 4 cm segment of ileum

was isolated from the perfused intestine and ®xed in 4%
paraformaldehyde for 90 min at 48C. Tissue sections were
embedded in plastic (Immunobed: Polysciences Inc., War-

rington, PA, U.S.A.), and 4 mm thick sections were cut and
transferred to Vectabond coated slides (Vector Laboratories,
Burlingame, CA, U.S.A.). Immunohistochemical localization

of P-selectin was accomplished using the avidin/biotin
immunoperoxidase technique (Vectasin ABC Reagent: Vector
Laboratories, Burlingame, CA, U.S.A.), using a monoclonal
antibody against P-selectin exposed on the endothelial cell

surface as previously described (Weyrich et al., 1995). Fifty
venules were analysed per tissue section and 10 sections were
examined per rat, and the percentage of positive staining was

determined.

Quantification of NO released from isolated
aortic segments

Freshly isolated rat aortic rings were used as the source of

primary endothelial cells. Thoracic aortae were rapidly
isolated from control rats given 0.9% NaCl or 1.25 mg kg71

rosuvastatin 18 h post-injection. Aortae were immersed into
warm oxygenated K-H solution and cleaned of adherent fat

and connective tissue. Rings of 6 ± 7 mm length were carefully
cut and opened in order to preserve the vascular endothe-
lium. These segments were ®xed by small insect mounting

pins with the endothelial surface up in 24 well culture dishes
containing 1 ml K-H solution. After equilibration at 378C,
NO released into the K-H solution was measured according
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to the method of Guo et al, (1996), using an internally
shielded polarographic NO electrode connected to a NO
meter (Iso-NO, World Precision Instruments, Inc., Sarasota,

FL, U.S.A.). Calibration of the NO electrode was performed
daily prior to analysis of basal NO release in aortic segments.

Drugs

Rosuvastatin (formerly ZD4522) has the chemical name
monocalcium bis [(+)-(3R,5S,6E)-7-[4-(p-¯uorophenyl)-6-

isopropyl -2 -(N-methylmethanesulphonamide)-5-pyrimidinyl]-
3,5-dihydroxy-6-heptenoate (AstroZeneca, U.K.). Bovine
thrombin was purchased from Sigma (Saint Louis, MO,

U.S.A.).

Data analysis

All data are presented as mean+s.e.mean. Data were
compared by ANOVA with post hoc analysis by Fisher's
corrected t-test. All data on leukocyte rolling, adherence, and

transmigration, as well as on mean arterial blood pressure
and shear rates, were analysed by ANOVA for repeated
measurements. Probabilities of 0.05 or less were considered

statistically signi®cant.

Results

Rat mesenteric microcirculation

Values for mean arterial blood pressure and venular shear
force were measured for all experimental groups of rats.
There was no di�erence in the initial mean arterial blood

pressure among the four groups of rats after all surgical
procedures were performed. Mean arterial blood pressures
ranged between 123+3 and 135+5 mmHg over the 2 h

observation period. Moreover, no signi®cant systemic e�ect
was observed after administration or rosuvastatin to the rats
or following exposure of the rat mesentery to thrombin, as

con®rmed by the absence of any signi®cant changes in mean
arterial blood pressure over the 120 min observation period.
Additionally, when venular shear rates for the di�erent time-
points were calculated in all experimental groups, no

signi®cant di�erences were observed. Thus, venular diameters
ranged from 33 to 42 mm in all groups, and venular shear
rates varied between 714+124 to 830+123 (s71) in all

groups. These results indicate that any changes in leukocyte-
endothelium dynamics were not due to variations in
hemodynamic forces.

Leukocyte rolling in post-capillary venules of the rat
mesentery was stable over the entire observation time at
approximately 10 cells min71 in control animals (Figure 1,

upper panel). However, superfusion of the rat mesentery with
0.5 u ml71 thrombin increased leukocyte rolling over time
with statistically signi®cant di�erences occurring as early as
30 min post-thrombin (Figure 1, upper panel, P50.05 vs

control). The number of leukocytes rolling along the venular
endothelium increased 3 ± 4 fold above initial values by
120 min (P50.01 vs control, Figure 1, upper panel). In

contrast, treatment of rats with 0.5 and 1.25 mg kg71

rosuvastatin signi®cantly inhibited thrombin-stimulated leu-
kocyte rolling to values comparable to those observed in

control rats superfused with K-H bu�er (Figure 1, upper

panel, P50.01 vs thrombin alone). The low dose of
0.125 mg kg71 rosuvastatin did not signi®cantly attenuate
thrombin-induced leukocyte rolling.

Leukocyte adherence to the venular endothelium of the rat
mesentery is illustrated in Figure 1, lower panel. In control
animals, a low number of adherent leukocytes was recorded

(i.e., 2 ± 3 leukocytes 100 mm71 of endothelial length) (Figure
1, lower panel). Superfusion of the rat mesentery with
thrombin signi®cantly increased leukocyte adherence at

60 min (Figure 1, lower panel, P50.05 vs control), with
peak values occurring at 120 min post-thrombin (Figure 1,
lower panel, P50.01 vs control). Pretreatment with 0.5 or
1.25 mg kg71 rosuvastatin signi®cantly attenuated the e�ects

of thrombin on leukocyte adherence (Figure 1, lower panel).
Following superfusion of the rat mesentery with thrombin,

the number of extravasated leukocytes found within a

400 mm2 area adjacent to the post-capillary venules increased
signi®cantly at 120 min post-superfusion (Figure 2). Intraper-
itoneal administration of 1.25 mg kg71 rosuvastatin signi®-

Figure 1 E�ect of rosuvastatin on thrombin-stimulated leukocyte
rolling (upper panel) and leukocyte adherence (lower panel) in rat
mesenteric venules. Rat mesenteries were superfused with either K-H
bu�er alone or with 0.5 u ml71 thrombin. The indicated doses of
rosuvastatin were administered intraperitoneally 18 h prior to the
study. All values are means+s.e.mean for numbers of rolling and
adhering cells observed at 0, 30, 60, 90 and 120 min for each group
(n=number of rats/group). Rosuvastatin (0.5 and 1.25 mg kg71)
signi®cantly inhibited thrombin-stimulated leukocyte rolling and
adherence. {P50.05 and {{P50.01 vs control mesenteries.
*P50.05 and **P50.01 vs thrombin superfused mesenteries.
NS=not signi®cant.
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cantly reduced thrombin-induced transmigration of leuko-
cytes across mesenteric venules (Figure 2, P50.01 vs
thrombin alone). Therefore, rosuvastatin is a new HMG-

CoA reductase inhibitor able to exert potent anti-in¯amma-
tory e�ects in normocholesterolemic rats.

Inhibition of rosuvastatin effects by mevalonic acid

In order to elucidate the mechanism of the anti-in¯ammatory
action of rosuvastatin, we administered 25 mg kg71 meva-

lonic acid intraperitoneally to rats that were also given
1.25 mg kg71 rosuvastatin. Thrombin superfusion of the
mesentery of mevalonic-acid-injected rats increased leukocyte

rolling 6 fold at 120 min post-superfusion (Figure 3, upper
panel, P50.01 vs control). In contrast to rats that were
pretreated with rosuvastatin in the absence of mevalonic acid,

rosuvastatin failed to inhibit thrombin-stimulated leukocyte
rolling in mevalonic-acid-injected rats (Figure 3, upper
panel). Similar e�ects of mevalonate were observed on
leukocyte adherence (Figure 3, lower panel). These results

indicate that mevalonate blocks the anti-in¯ammatory actions
of rosuvastatin on the microvasculature.

Effect of rosuvastatin administration on expression of
P-selectin in rat ileal venules

Surface expression of the adhesion molecules P-selectin was
investigated on the microvascular mesenteric endothelium of
control rats, thrombin-superfused rats given 0.9% NaCl, and

thrombin superfused rats treated with 1.25 mg kg71 rosuvas-
tatin.
The percentage of venules staining positively for P-selectin

in ileal sections from control rats superfused only with K-H

bu�er was consistently low (Figure 4). However, superfusion
with 0.5 u ml71 thrombin for 120 min resulted in increased
expression of P-selectin as quanti®ed by the percentage of

venules staining positively for P-selectin (P50.01). This
represents a statistically signi®cant increase in the surface
expression of P-selectin under these experimental conditions.

This increased P-selectin expression on the venular endothe-
lium was signi®cantly attenuated by the intraperitoneal
administration of 1.25 mg kg71 rosuvastatin (Figure 4). Thus,

Figure 2 E�ect of rosuvastatin on thrombin-stimulated leukocyte
extravasation. Rat mesenteries were superfused with either K-H
bu�er alone or with 0.5 u ml71 thrombin. Rosuvastatin
(1.25 mg kg71) was administered intraperitoneally 18 h prior to the
study. All values are means+s.e.mean for numbers of extravasated
cells observed at 0, and 120 min for each group. Numbers at the base
of the bars indicate the numbers of rats studied in each group.
Rosuvastatin signi®cantly inhibited thrombin-stimulated leukocyte
extravasation.

Figure 3 Mevalonic acid blocks the inhibitory e�ect of rosuvastatin
on thrombin-stimulated leukocyte rolling (upper panel) and leukocyte
adherence (lower panel). Rat mesenteries were superfused with either
K-H bu�er alone or 0.5 u ml71 thrombin. Rats were injected with
25 mg kg71 mevalonic acid+1.25 mg kg71 rosuvastatin intraperi-
toneally 18 h before study. Values are means+s.e.mean for numbers
of rolling and adherence cells observed at 120 min for each group.
Numbers at the base of the bars indicate the numbers of rats studied
in each group. Intraperitoneal administration of mevalonic acid
reversed the e�ects of rosuvastatin on thrombin-stimulated leukocyte
rolling and adherence.

Figure 4 Immunohistochemical analysis of P-selectin expression on
rat ileal venules, expressed as percentage of venules staining positive
for P-selectin. Bar heights represent mean values; brackets
indicate+s.e.mean. Numbers at the base of the bars indicate the
numbers of rats studied in each group. Twenty sections were studied
in each rat. Rosuvastatin (1.25 mg kg71) signi®cantly inhibited
endothelial cell surface expression of P-selectin induced by thrombin.
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intraperitoneal administration of rosuvastatin signi®cantly
attenuates increased venular surface expression of P-selectin
during acute in¯ammation of the microcirculation. These

data are consistent with the functional changes in leukocyte
rolling, adherence and transmigration shown in Figures 1
and 2.

Effect of rosuvastatin administration on NO release from
isolated rat aorta segments

We detected a low basal level of NO release in the range of
16 nmol g71 of tissue in aortic segments isolated from control
rats given only saline (Figure 5). However, 18 h after rats

were given 1.25 mg kg71 rosuvastatin intraperitoneally, we
detected a 2 fold increase in the basal release of NO in aortic
segments (Figure 5; P50.01 versus rats given saline). In four

de-endothelialized rat aortic segments no detectable NO was
measured. Moreover, addition of a full NOS inhibitory
concentration of L-NAME (i.e., 100 mM) totally inhibited
NO release in aortic segments obtained from both control

rats and rosuvastatin-treated rats (Figure 5). Therefore,
intraperitoneal administration of rosuvastatin to the rats
increases endothelium-derived nitric oxide release in the rat

aorta.

Effect of rosuvastatin in eNOS7/7 mice

To further test our hypothesis that the anti-in¯ammatory
action of rosuvastatin is mediated by NO, we studied

leukocyte-endothelium interactions in eNOS de®cient mice.
Compared with C57BL/6 wild-type control mice, eNOS
de®cient mice exhibited a higher leukocyte rolling ¯ux
(Figure 6, upper panel) and greater degree of leukocyte

adherence (Figure 6, lower panel) in peri-intestinal venules.
Systemic administration of rosuvastatin (1.25 mg kg71) failed
to inhibit the abnormal increase in baseline leukocyte rolling

and adherence observed in eNOS de®cient mice (Figure 6).
This clearly demonstrates that upregulation of eNOS activity
is the predominant mechanism by which rosuvastatin

attenuates leukocyte-endothelium interaction during in¯am-
matory states of the microcirculation.

Discussion

HMG-CoA reductase inhibitors have been shown to decrease
the risk of cerebrovascular and cardiovascular events in
patients with coronary artery disease and hypercholester-

olaemia (Treasure et al., 1995; Delanty & Vaughan, 1997).
These bene®cial e�ects have usually been attributed to the
lipid-lowering properties of the statins. However, recent

studies have shown that HMG-CoA reductase inhibitors also
o�er some additional protection against cerebrovascular and
cardiovascular events as well as in acute in¯ammatory

processes. These bene®cial e�ects appear to be exerted by a
non lipid-lowering mechanism. In this regard, statins have
been shown to increase expression of endothelial nitric oxide
synthase leading to enhanced release of NO, which could be

responsible for several of the non-lipid lowering actions of
the statins (Laufs et al., 1998). Endothelium-derived nitric
oxide preserves endothelial function (Lefer & Lefer, 1993),

inhibits platelet aggregation (Radomski et al., 1987), and
attenuates leukocyte-endothelium interactions (Kubes et al.,
1991).

Figure 5 E�ect of rosuvastatin on NO release in rat aortic
segments. Basal release of nitric oxide is expressed as nanomoles
per mg tissue. NO release was measured in isolated rat aortic rings
obtained from control rats given vehicle, and in rats injected with
1.25 mg kg71 rosuvastatin. Bar heights are means; brackets are+
s.e.mean. Rosuvastatin signi®cantly increased NO release from rat
aortic endothelium. L-NAME (100 mM), inhibited basal release of NO
in all experimental groups of rats.

Figure 6 Leukocyte rolling (upper panel) and leukocyte adherence
(lower panel) in peri-intestinal venules of wild-type mice, eNOS7/7

mice, and eNOS7/7 mice given 1.25 mg kg71 rosuvastatin. Bar
heights show the numbers of rolling and adhering leukocytes for the
three experimental groups of mice. All values are means+s.e.mean.
Numbers at the base of the bars indicate the numbers of mice studied
in each group. Rosuvastatin was given to the mice subcutaneously
18 h prior to the experiment. Rosuvastatin failed to inhibit either
leukocyte rolling or leukocyte adherence in eNOS7/7 mice.

British Journal of Pharmacology vol 133 (3)

Rosuvastatin inhibits WBC-endothelium interactionsT.J. Stalker et al410



In the current study, we investigated the e�ect of a new
HMG-CoA reductase inhibitor, rosuvastatin, on thrombin-
stimulated leukocyte-endothelium interactions in vivo in

normocholesterolaemic rats. We found that rosuvastatin
inhibited endothelial cell surface expression of P-selectin,
thus attenuating thrombin-induced leukocyte rolling along
the endothelium, adherence to the endothelium, and transmi-

gration through the endothelium in rat mesenteric venules.
Previously, we have demonstrated that another statin also
protected against leukocyte-endothelium interaction induced

by the nitric oxide synthase inhibitor NG-Nitro-L-arginine
methyl ester (L-NAME) (Pruefer et al., 1999). We also
obtained evidence that this inhibition is reversed by

intraperitoneal administration of mevalonic acid. Rosuvasta-
tin exerts its anti-in¯ammatory e�ect along with increased
release of nitric oxide from the vascular endothelium in

normocholesterolemic rats treated with rosuvastatin. Con-
sistent with this concept, rosuvastatin failed to exert anti-
in¯ammatory e�ects in mice lacking the gene for endothelial
nitric oxide synthase, thus demonstrating the essential role of

eNOS in mediating the bene®cial e�ect of statins during acute
in¯ammatory states. Taken together, these data indicate that
rosuvastatin is able to signi®cantly attenuate the in¯amma-

tory process (i.e., leukocyte-endothelium interactions), thus
preventing leukocyte invasion of the extravascular space,
which provokes subsequent tissue injury.

During acute endothelial dysfunction, several cell adhesion
molecules become upregulated on the endothelial cell surface
(Kubes et al., 1991). Among these cell adhesion molecules, P-

selectin plays a key role in initiating leukocyte rolling, the
®rst step of the leukocyte-endothelial cell interaction
(McEver, 1991). P-selectin is stored in Weibel-Palade bodies
within endothelial cells, and is translocated to the cell surface

upon stimulation by various in¯ammatory mediators includ-
ing histamine, thrombin and oxygen-derived free radicals
(Patel et al., 1991). This rapid translocation process is

attenuated by nitric oxide (Davenpeck et al., 1994), which
inhibits a protein kinase C mediated regulatory mechanism
(Murohara et al., 1996). Therefore, one would expect the

expression of P-selectin to be attenuated by agents that
increase nitric oxide production. Thus, increased nitric oxide
production by statins could explain the modulation of these
leukocyte-endothelium interactions. Accordingly, our results

demonstrate that increased release of endothelial nitric oxide
by rosuvastatin is associated with down-regulation of
leukocyte-endothelial cell interactions. One of the primary

mediators of these anti-in¯ammatory e�ects is retardation of
endothelial cell surface expression of P-selectin.

Other investigators (Endres et al., 1998) have reported
protection from cerebral damage in mice subjected to cerebral
ischaemia-reperfusion that were pretreated with simvastatin.

Our ®ndings demonstrate that rosuvastatin fails to inhibit
leukocyte-endothelium interactions in eNOS de®cient mice
thus providing further evidence that the anti-in¯ammatory
e�ects of statins are essentially NO-dependent.

In order to further investigate the mechanism by which
statins exert their anti-in¯ammatory e�ects, we examined the
e�ect of intraperitoneal administration of mevalonic acid on

leukocyte-endothelium interactions in rosuvastatin treated
animals. Prior in vitro studies have shown that mevalonic acid
reverses statin induced upregulation of eNOS (Endres et al.,

1998; Laufs et al., 1998). Our in vivo results are consistent
with these reports, as demonstrated by the fact that the anti-
in¯ammatory properties of rosuvastatin are blocked by

concomitant administration of mevalonic acid to the rat.
These data indicate that inhibition of the mevalonic acid
biosynthesis by statins is likely to be one of the key
mechanisms by which statins upregulate eNOS activity in

endothelial cells. In this regard, statins have been shown to
exert bene®cial NO promoting e�ects by inhibiting the
biosynthesis of mevalonate (the major precursor of cholester-

ol) and of the isoprenoid geranylgeranylpyrophosphate
(GGPP) (Laufs & Liao, 1998). GGPP is important in the
post-translational modi®cation of a variety of proteins

including eNOS, and RAS-like proteins such as Rho (Laufs
& Liao, 2000). Inhibition of Rho results in a 3 fold increase
in eNOS and nitrite generation, since Rho is an inhibitor of

NO generation (Laufs & Liao, 1998).
This study provides evidence that the new HMG-CoA

reductase inhibitor, rosuvastatin (Havekes, 2000), exerts
important anti-in¯ammatory e�ects in addition to its lipid-

lowering actions. These anti-in¯ammatory e�ects are eNOS
dependent and are associated with inhibition of endothelial
cell adhesion molecules under normocholesterolemic condi-

tions. To our knowledge, this is the ®rst in vivo evidence
showing that administration of mevalonic acid is able to
block the anti-in¯ammatory actions of statins, thus targeting

mevalonic acid as a key factor for down-regulating eNOS
activity in vivo.
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