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ABSTRACT
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Acute myocardial ischaemia causes metabolic changes and results in a rapid decrease in the energy available to the 
cell. This leads to cell injury that, depending on the length of the ischaemic time, is reversible or irreversible. Restora-

tissue survival, but may also per se contribute to the injury. Endothelial dysfunction, characterized by an impairment 
of endothelium-dependent relaxation, due to reduced bioavailability of endothelial nitric oxide (NO), is an early 
event in the pathophysiology of myocardial ischaemia-reperfusion injury. Endothelial dysfunction is also important 
in other cardiovascular disorders such as atherosclerosis, hypertension, and diabetes. It has been suggested that drugs 
used in the treatment of these disorders also exert cardioprotective effects. Inhibitors of 3 hydroxy-3-methylglutaryl 

and insulin-sensitizing effects.The aim of the present thesis was to investigate the cardioprotective mechanisms of 
drugs used for treatment of hyperlipidaemia and insulin resistance. Of particular interest was to study the mechanisms 
related to NO bioavailability.

1. Oral pretreatment with the HMG-CoA reductase inhibitors rosuvastatin and pravastatin for 5 days, without 
affecting serum cholesterol, reduced infarct size (IS) in pigs subjected to 45 min of ischaemia followed by 

-

synthase (NOS) inhibition. The expression of endothelial NOS (eNOS) and inducible (iNOS) proteins in the 
myocardium were not altered by rosuvastatin.

2. Intraperitoneal (i.p.) administration of rosuvastatin for 48 h reduced IS in rats subjected to 30 min of ischae-

protein in the myocardium from rats not subjected to ischaemia-reperfusion. Addition of the isoprenoid gera-
nylgeranyl pyrophosphate (GGPP) abolished both the rosuvastatin-induced cardioprotection and the inhibi-
tion of RhoA translocation.

-

increased eNOS, but not iNOS, protein expression and decreased endothelin-1 mRNA levels in the ischaemic 

ischaemic myocardium.

improvement in the recovery of the left ventricular function induced by rosiglitazone in the wild-type mice. 
Rosiglitazone induced eNOS phosphorylation at Ser1177 and Thr495 without affecting total eNOS expres-
sion. There was no effect of L-NNA on the expression of phosphorylated eNOS. 

In conclusion, endothelial dysfunction characterized by decreased NO bioavailability, is an important component in 
the pathophysiology of myocardial ischaemia-reperfusion injury. Cardioprotection induced by inhibition of HMG-

-
ability. Thus, maintained bioavailability of NO is a key cardioprotective mechanism of the lipid-lowering statins and 

Key words: endothelial function, endothelin-1, geranylgeranyl pyrophosphate, HMG-CoA reductase, infarct size, 
ischaemia-reperfusion injury, myeloperoxidase, myocardium, nitric oxide, nitric oxide synthase, peroxisome prolif-
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AP-1    activated protein-1
AR    area at risk
CAD    coronary artery disease
DMSO    dimethyl sulfoxide

ET-1    endothelin-1
FPP    farnesyl pyrophosphate
GGPP    geranylgeranyl pyrophosphate
HDL    high density lipoprotein
HMG-CoA   3 hydroxy-3-methylglutaryl coenzyme A
HR    heart rate
hsp90    heat shock protein-90
IL    interleukin
i.p.    intraperitoneal
IS    infarct size
i.v.    intravenous
KO    knockout
LAD    left anterior descending coronary artery
LDL    low density lipoprotein
L-NNA    N-nitro-L-arginine
LV    left ventricle
LVDP    left ventricular developed pressure
LVDEP    left ventricular end diastolic pressure
MAP    mean arterial blood pressure
MPO    myeloperoxidase
mRNA    messenger ribonucleic acid
NADPH    nicotinamide adenine dinucleotide phosphate

NO    nitric oxide
NOS    nitric oxide synthase
eNOS (NOS3)   endothelial nitric oxide synthase
iNOS (NOS2)   inducible nitric oxide synthase
nNOS (NOS1)   neuronal nitric oxide synthase
PAI-1    plasminogen activator inhibitor-1
PKC    protein kinase C
PMN    polymorphonuclear leukocyte
PPAR    peroxisome proliferator-activated receptor
PPRE    PPAR response element
PRA    pravastatin
RPP    rate pressure product
RSV    rosuvastatin

SEM    standard error of mean

tPA    tissue plasminogen activator
TTC    triphenyltetrazolium chloride
TZDs     thiazolidinediones
VSMC    vascular smooth muscle cell
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INTRODUCTION

Myocardial ischaemia-
reperfusion injury

Despite decades of progress in diagnosis and 
management, acute myocardial infarction con-
tinues to be a major public health problem in 
developed countries and is becoming an in-
creasingly important problem in developing 
countries (Antman et al., 2001; Lopez et al.,
2006). Myocardial ischaemia that precedes in-

which creates imbalance between myocardial 
oxygen supply and demand. Acute myocardial 
infarction occurs e.g. when a ruptured athero-

an extent that causes metabolic changes with 
a shift from aerobic to anaerobic metabolism. 
This results in a rapid decrease of the energy 
available to the cells and leads to cell injury 
that can be reversible or irreversible (Jennings
et al., 1990). The degree and extent of injury 
is determined by the severity and the duration 
of ischaemia. The longer the duration of isch-
aemia the more myocardial cells pass the limit 
and suffer irreversible damage. Restoration of 

tissue, referred to as reperfusion, is generally a 
 et al.,

1983). However, reperfusion per se may also 
increase the injury. This phenomenon, named 
“reperfusion injury” is manifested by develop-
ment of reperfusion arrhythmias, contractile 
dysfunction, impairment of endothelial func-
tion and myocardial cell death (Hearse et al.,
1992). Reperfusion injury is in part due to a 
reperfusion-induced acceleration of necrosis 
of cardiomyocytes already irreversibly dam-
aged during the ischaemic period, and in part 

due to induction of lethal injury of reversibly 
injured cells (Farb et al., 1993; Matsumura et 
al., 1998). The pathophysiological mechanisms 
of reperfusion injury comprise endothelial cell 

-
tory cells including polymorphonuclear neu-
trophils (PMN), generation of oxygen-derived 
free radicals, dysregulation of intracellular and 
mitochondrial calcium, microvasculature injury 
and depletion of high-energy phosphate stores 
(Bolli, 1991; Forman et al., 1989; Opie, 1991; 
Piper et al., 1998; Vinten-Johansen, 2004). 
Thus, it has been suggested that myocardial sal-
vage during ischaemia and reperfusion might 
be improved by strategies directed against the 
pathophysiological mechanisms underlying 
myocardial ischaemia-reperfusion injury.

Endothelial function

The vascular endothelium serves a wide range 
of homeostatic functions within normal blood 
vessels. Located between the vascular lumen 
and the smooth muscle cells within the media 
of the vessel wall, the monolayer of endothelial 
cells can transduce blood-borne signals, sense 
mechanical forces within the lumen, and regu-
late vascular tone through production of a vari-
ety of factors. The endothelium produces potent 
vasodilators, such as nitric oxide (NO), prosta-
cyclin, endothelium-derived hyperpolarizing 
factor, and vasoconstrictors, such as endothe-
lin-1 (ET-1), thromboxane A2, prostaglandin 
H2 and angiotensin II. The endothelium-de-
rived factors modulate vascular tone, prolifera-
tion of vascular smooth muscle cells (VSMCs), 
leukocyte adhesion and migration into the ves-
sel wall, platelet adhesion and aggregation, and 
coagulation (Luscher et al., 1995).
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Nitric oxide
NO plays a crucial role in the regulation of 
vascular tone and the maintenance of vascular 
integrity (Moncada et al., 1991). NO is synthe-
sized enzymatically from L-arginine by one of 
three nitric oxide synthases (NOS): 1. neuro-
nal (NOS1 or nNOS), isolated from brain and 
found constitutively in a variety of cells, includ-
ing endothelial cells and neurons (Bredt et al.,
1990); 2. inducible (NOS2 or iNOS), isolated 
from macrophages and expressed in numerous 
cells in response to cytokines and lipopolysac-
charides (Hevel et al., 1991); and 3. endothelial 
(NOS3 or eNOS), constitutively expressed in 
endothelial cells (Pollock et al., 1991).

Endothelial NO is formed by the metabolism of 
L-arginine (Palmer et al., 1988) by the constitu-
tive NO synthase of endothelial cells (eNOS). 
NO is released from endothelial cells mainly 

(Rubanyi et al., 1986a) or pharmacological 
stimulants such as acetylcholine, substance P 
and bradykinin. Once released, NO has a short 
half-life, limited in tissues by interaction with 
other free radicals, principally superoxide, and 
in blood by entry into red blood cells to react 
with oxyhaemoglobin. In many vascular beds, 
NO is released continuously, contributing to 
maintenance of a vasodilator state. NO diffuses 
to smooth muscle cells and exerts its relaxing 
effect through activation of intracellular gua-
nylate cyclase, leading to a rise in cyclic guano-

intracellular calcium (Forstermann et al., 1986). 
Besides NO-mediated vascular relaxation (Ig-
narro et al., 1987), NO also inhibits platelet 
adherence and aggregation (Radomski et al.,
1992), reduces PMN adherence to the endothe-
lium (Gauthier et al., 1995; Kubes et al., 1991) 
and suppresses proliferation of VSMCs (Garg
et al., 1989). In addition, NO prevents oxidative 

which is a major contributor to atherosclerosis, 
particularly in its oxidized form.

The production of NO by eNOS is controlled on 
different levels such as regulation of eNOS gene 
transcription (Forstermann et al., 1998), post-
transcriptional regulation by changes in eNOS 
mRNA stability (Searles et al., 1999) and post-

translational regulation of eNOS activity. Post-
translational regulation includes acylation of 
eNOS with fatty acids essential for its subcellu-
lar targeting to intracellular membranes (Liu et 
al., 1996; Sakoda et al., 1995), interaction with 
calmodulin, caveolin-1, dynamin, heat shock 
protein 90 (hsp90), eNOS interacting protein  

-
sary for eNOS phosphorylation (Fleming et al.,

-
tion
serine residue (human eNOS

and a threo-
nine residue (human eNOS

studied. The phosphorylation of eNOS-Ser1179 
reduces the Ca2+-calmodulin dependence of 
the enzyme and increases the rate of electron 

reductase domain to the oxygen-
ase domain, thereby increasing NO production 
(McCabe et al., 2000). This phosphorylation is 
mediated
including protein kinase B (Akt) (Dimmeler et 
al., 1999; Fulton et al., 1999), AMP-activated 
protein kinase (AMPK) (Chen et al., 1999), 
calmodulin-dependent kinase II (Fleming et 
al., 2001), and protein kinase A (PKA) (Boo et 
al., 2002). In contrast, the phosphorylation of 
eNOS-Thr497 decreases eNOS activity by in-
creasing Ca2+-calmodulin dependence (Fleming
et al., 2001). Endothelial cells protein kinase C 
(PKC) has been shown to regulate eNOS ac-
tivity via Thr495 phosphorylation and Ser1177 
dephosphorylation (Michell et al., 2001). Phos-
phatases such as protein phosphatase 1 and pro-
tein phosphatase 2B increase the dephosphory-
lation of eNOS-Thr497, resulting in an increase
in NO production (Harris et al., 2001; Michell
et al., 2001). Interestingly, the phosphorylation 
of Thr495 alone or in combination with phos-
phorylation of Ser1177 may result in coupling 
of eNOS and further NO production (Fleming
et al., 2005; Lin et al., 2003). Coupling is the 
inverse of uncoupling, a phenomenon induced 

which leads to NOS producing superoxide in-
 et al., 1998).

Thus, endothelial NO production is not simply
dependent on the expression of the eNOS en-
zyme but is determined by an eNOS signalling 
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complex that also includes a conglomerate of 
adaptor proteins, structural proteins, kinases,
phosphatases, and motor proteins that affect
complex association and determine its intracel-
lular localization and activity.

Endothelin-1
ET-1 is a potent vasoconstrictor which is formed 
by the ET-converting enzyme from a pro-form 
(big-ET-1), which is itself cleaved from the 
larger prepro-endothelin-1 (prepro-ET-1) by an 
endopeptidase (Inoue et al., 1989). ET-1 is pro-

et al., 1988), but also by other cell types includ-
ing VSMCs (Resink et al., 1990), cardiomyo-
cytes (Suzuki et al.
(Gray et al., 1998), PMNs (Sessa et al., 1991) 
and macrophages (Ehrenreich et al., 1990). 
ET-1 expression is stimulated by shear stress, 
various growth factors, e.g. cytokines, vasoac-
tive substances including thrombin, tumour ne-

interleukin-1 and 2 (IL-1, IL-2), insulin, angio-
tensin II, adrenalin and bradykinin (Rubanyi et 
al., 1994). Moreover, hypoxia (Kourembanas et 
al., 1991) and oxidized LDL (Boulanger et al.,
1992) are strong stimuli for ET-1 synthesis. ET-
1 mediates its effect through two types of ET-1 
receptors (ETA and ETB). Activation of ETA and 
ETB receptors on VSMC leads to contraction, 
initiates proliferation and increases adhesion 
of PMN to the endothelium. Activation of ETB
receptors on endothelial cells results in vaso-

-
cyclin (de Nucci et al., 1988). Other important 
effects of ET-1 include positive inotropic and 
chronotropic effects on the heart, stimulation of 
production of cytokines and growth factors and 
platelet aggregation.

Endothelial dysfunction

Restoration of oxygen supply to ischaemic tis-
sue causes an increase in oxygen-derived free 
radical generation, leading to damage of the 
endothelium, release of chemotactic cytokines, 
and expression of cell adhesion molecules on 
the endothelial surface. Activated platelets and 

the damaged endothelium in the microcircula-
tion. They are followed by lymphocytes, mono-

-
trate the myocardium (Hansen, 1995; Jordan
et al., 1999). Endothelial dysfunction, which 
is characterized by an impairment of endothe-
lium-dependent relaxation caused by reduced 
bioavailability of endothelial NO (Lefer et al.,
1991), promotes microvascular constriction and 
further reduction in myocardial perfusion. Cor-
onary endothelium, endocardial endothelium, 
cardiac nerves, and cardiomyocytes all express 
NOS and have basal production of NO (Hare et 
al., 1995). Myocardial ischaemia and reperfu-
sion suppress eNOS activity and, therefore, NO 
production (Giraldez et al., 1997). Moreover, 
NO reacts with superoxide to form the highly 
reactive oxidant, peroxynitrite, ONOO , which 
can cause tissue injury (Beckman et al., 1990; 

 et al., 1996) and uncoupling of eNOS 
(Laursen et al., 2001). Thus, alterations in NO 
generation have been hypothesized to play a 
critical role in myocardial ischaemia-reperfu-
sion injury. The notion that eNOS-derived NO 
serves as an endogenous cardioprotective fac-
tor is supported by the fact that infarct size and 

-
cient mice (Jones et al., 1999). Moreover, nu-
merous studies have shown that administration 
of L-arginine or NO donors reduces the extent 
of ischaemia-reperfusion injury and inhibits 
PMN adherence to the endothelium (Gourine et 
al., 2002; Lefer et al., 1993; Nakanishi et al.,

suggested to be due to regulation of vascular 
tone (Pabla et al., 1995), superoxide radical 
scavenging (Beckman et al., 1996; Rubanyi et 
al., 1986b), inhibition of platelet adherence and 
aggregation (Radomski et al., 1992), and atten-

-
hibiting adhesion molecule expression (Jordan
et al., 1999; Lefer et al., 1996).

Myocardial ischaemia-reperfusion is also as-
sociated with enhanced production of ET-1 
(Tonnessen et al.  et al., 1995b), 
as indicated by the observation that monoclo-
nal antibodies against ET-1 and ET-1 receptor 
antagonists protect against ischaemia-reperfu-
sion injury (Grover et al.  et al.,
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 et al., 1991). The mechanisms 
behind the cardioprotective effects of ET-1 re-
ceptor antagonists may be associated with in-

 et al., 1995a), 

(Gonon et al., 1998), inhibition of superoxide 
production (Maczewski et al., 2000) and inhibi-
tion of phospholipase C, which hydrolyzes ino-
sitol phosphates (Galron et al., 1990). Some of 
these effects can be attributed to maintenance 
of NO production during ischaemia and reper-
fusion by ET-1 receptor antagonists (Gonon et 
al., 2000; Gourine et al., 2001).

HMG-CoA reductase 
inhibitors (statins)

3 Hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA) reductase inhibitors commonly re-
ferred to as statins, are among of the most effec-
tive lipid-lowering agents. The cholesterol-low-
ering effects of statins are related to their ability 
to inhibit hepatic HMG-CoA reductase (Endo
et al., 1977), which results in reduced conver-
sion of HMG-CoA to mevalonate and subse-

1). This in turn promotes upregulation of  LDL-
receptor expression leading to the increased 
removal of triglyceride-rich lipoproteins from 
the plasma and reduction of very low density 
lipoprotein synthesis (Brown et al., 1986). Nu-
merous clinical studies have demonstrated that 

and reduces the risk of cardiovascular events 
in patients with coronary artery disease (CAD) 
(Maron et al.  et al., 2005). One 

with statins is the restoration of endothelium-
dependent relaxation (Anderson et al., 1995; 
Treasure et al., 1995). Although the mechanism 
by which statins restore endothelial function is 
primarily attributed to the inhibition of hepatic 

-
ering of serum cholesterol levels, there are ex-
perimental data showing that statins can exert 
cardiovascular protective effects beyond their 
lipid-lowering action (Lefer et al., 2001a). In-
hibition of mevalonate formation results in re-
duced levels of isoprenoid derivatives (Fig. 1) 

such as farnesyl pyrophosphate (FPP) and gera-
nylgeranyl pyrophosphate (GGPP) (Goldstein
et al., 1990). The latter plays an important role 
in the isoprenylation of small GTPases of the 

et al., 2006; Laufs, 2003). Isoprenylation, post-

addition of isoprenoid, facilitates activation and 
translocation of these proteins from the cytosol 
to the plasma membrane. In this way, it sup-
ports the function of these intracellular signal-
ling pathways, which are necessary for many 
cellular processes in the cardiovascular system 
such as cell survival, cell growth, cell migra-

 et al.,
2006; Laufs et al., 2000). Because Rho is a ma-
jor target of geranylgeranylation, inhibition of 
RhoA and its downstream target Rho-kinase is 
a likely mechanism of some of the effects of 
statins that do not involve lipid lowering (Shi-
mokawa, 2002; Takemoto et al., 2002). Inhibi-
tion of RhoA (Fig. 1) results in an upregulation 
of eNOS (Laufs et al., 1998b), suppression of 
prepro-ET-1 transcription (Hernandez-Perera
et al., 2000) and suppression of pro-thrombotic 
plasminogen activator inhibitor-1 (PAI-1) ex-
pression. PAI-1 is a major pro-coagulant tissue 
factor (Kunieda et al., 2003). Moreover, RhoA 

 et 
al., 1998), and expression of adhesion molecules 
mediating PMN-endothelium interaction (Alb-
las et al., 2001; Seye et al., 2004). Inhibition 
of Rho-kinase has recently been demonstrated 
to protect the myocardium against ischaemia-
reperfusion injury (Bao et al.
et al., 2004a). Inhibition of Rac results in de-
creased activity of nicotinamide adenine dinu-
cleotide phosphate (NADPH)-oxidase enzyme, 
leading to reduced oxidative stress (Abo et al.,
1991; Liao et al., 2005).

Both lipophilic and hydrophilic statins inhibit 
RhoA isoprenylation in human endothelial cells, 
leading to the accumulation of inactive RhoA 
in the cytosol and to increased NO production 
and release (Eto et al., 2006; Kaesemeyer et 
al., 1999; Kalinowski et al., 2002; Laufs et al.,
1998b). Furthermore, it has been demonstrated 
that statins increase NO bioavailability by en-
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hancing eNOS mRNA stability and expression 
of eNOS protein in cultures of endothelial cells, 
rat isolated heart and in mice subjected to myo-
cardial ischaemia-reperfusion (Di Napoli et al.,
2001; Jones et al., 2002; Laufs et al., 1997). 
Accordingly, administration of GGPP and its 
substrate geranylgeraniol reverses the effects 
of statins on endothelial cells (Kalinowski et 
al., 2002; Landsberger et al., 2005; Mason et 
al.
function by preventing RhoA signalling.

Improved endothelial function, mainly via in-
creased bioavailability of NO, may explain 

-
matory effects of statins. Indeed, statins have 
been shown to decrease myocardial infarct size 

-
lesterolaemic, and diabetic rodents (Lefer et al.,
1999; Lefer et al., 2001b; Scalia et al., 2001; 
Tiefenbacher et al., 2003). The cardioprotec-

 et al., 2005). Statins at-
tenuate leukocyte adhesion due to inhibition 

of adhesion molecules expression (Lefer et al.,
 et al.  et al., 2001). 

Furthermore, statins suppress cytokine-induced 
activation of monocytes and macrophages 
(Schonbeck et al., 2004). Statins increase NO 
production by inhibiting caveolin-1 (Pelat et 
al., 2003), inhibit pre-proET-1 mRNA expres-
sion and reduce ET-1 levels (Hernandez-Perera
et al., 1998), and exhibit antioxidative effects 

 et al.  et al., 2002). 
In addition, statins have been demonstrated to 

-

cells and in an in vivo model of ischaemia-re-
perfusion, resulting in phosphorylation of eNOS 

-
tion (Kureishi et al.  et al., 2005; 

 et al., 2004b). Statins also exert an 
anti-thrombotic effect mediated via reduction 
of PAI-1 levels, increase of tissue plasmino-
gen activator (tPA) expression in vascular cells 
and modulation platelet function, and attenuate 
smooth muscle cells migration and prolifera-

HMG-CoA

HMG-CoA
reductase Statins

Mevalonate

X

Farnesyl-PPSqualeneCholesterol

Geranylgeranyl-PP

Rac1

NADPH Oxidase

Oxidative stress

Cdc42

Actin cytoskeleton

RhoA

PI3-kinase/Akt

eNOS

t-PA

PAI-1

ET-1

Proliferation and migration

Figure 1. Diagram of the cholesterol biosynthesis pathway showing the effects of inhibition of HMG-CoA reductase 
by statins. Decrease in isoprenylation of signalling molecules, such as RhoA, Rac1 and Cdc42, leads to modulation of 
various signalling pathways. eNOS: endothelial nitric oxide synthase; t-PA: tissue-type plasminogen activator; ET-1: 
endothelin-1; PAI-1: plasminogen activator inhibitor-1.
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tion (Liao et al., 2005; Takemoto et al., 2001). 

to the statin-induced inhibition of isoprenoid for-
mation, but additional mechanisms may be in-
volved. Thus, it remains to be further evaluated 
which mechanisms are responsible for the ben-

Peroxisome proliferator-activated 
receptors

Peroxisome proliferator-activated receptor 
-

diator of the response to peroxisome prolifera-
tors in rodents (Issemann et al., 1990). PPARs 
are members of the nuclear hormone receptor 
superfamily of ligand-activated transcription 
factors, that share a similar structural organi-
zation including a ligand-dependent activation 
domain (Moras et al., 1998). Three types of 

separate
genes, have distinct tissue distributions, bind 

-
get genes (Brown et al., 2007). PPARs regulate 
gene expression as heterodimers with retinoid 

the nuclear hormone receptor superfamily and 
is activated by its own ligand, 9-retinoic acid, 

-
-

(Fig. 2) (Desvergne et al., 1999). Ligand bind-
ing to the heterodimers causes dissociation of 
a co-repressor from the receptor complex and 
recruitment of a co-activator, which mediates 
the ability of nuclear receptors either to acti-
vate or suppress target genes (Bishop-Bailey, 
2000). PPARs can also repress gene expression 
in a DNA-binding-independent fashion by in-
terfering with other signalling pathways such as 
PKC via a mechanism called “transrepression” 

 et al., 2004). PPARs interact with a 
wide range of ligands of natural and synthetic 

phosphorylation status, which is regulated by 
PKA, PKC, mitogen-activated protein kinase 
(MAPK) and AMPK (Diradourian et al., 2005). 

PPARs are implicated in several physiological 
processes, such as the regulation of lipoprotein 

glucose homeostasis and cellular differentia-
tion. All three PPAR types are reported to have 
functional effects in the vessel wall, including
the modulation of cell growth and migration, 
oxidative stress, lipid homeostasis, -
mation (Marx et al., 2004a).

liver, heart, 
skeletal muscle, and kidney, where it regulates 
metabolism of lipoproteins and fatty acids 

primarily supplies energy to the myocardium 
by regulating the genes responsible for fatty 
acid uptake and oxidation (Vosper et al., 2002). 

VSMCs, macrophages and lymphocytes (Marx
et al., 2004a).

used for treatment of dyslipidaemia (Kersten
et al., 2000). By regulating the expression of 
genes involved in reverse cholesterol transport 

-
glyceride- and LDL-cholesterol levels, and raise 
those of high density lipoprotein (HDL) (Staels
et al., 2005). Fibrate treatment decreases an-
giographic evidence of atherosclerosis (Erics-

Ligands

Co-activator
Co-repressor

Transcription

Response element

P
P

A
R

R
X

R

Figure 2. Gene transcription mechanism of PPAR. PPAR 

in the promoter of target genes (response element). Upon 
binding of ligand, the co-repressor is released and the co-
activator is recruited facilitating transcription of various 
genes.
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son et al., 1996), reduces the number of clinical 
cardiovascular events in patients with diabetes 
and high triglyceride levels (Behar et al., 2000; 
Keech et al., 2005; Steiner et al., 2001).

transcription of genes involved in adipogenesis, 

is expressed in a broad range of tissues, includ-
ing adipose tissue, large intestine, all major vas-

-
rotic lesions in humans (Braissant et al., 1996; 
Ricote et al., 1998).

Thiazolidinediones (TZDs) are synthetic PPAR-

and are used for treatment of type 2 diabetes 
(Lehmann et al., 1995; Lehrke et al., 2005). 
Treatment with TZDs has been demonstrated to 
delay progression and even prevent diabetes in 
patients with impaired glucose tolerance (Ger-
stein et al., 2006; Knowler et al., 2005), and has 
also been shown to lower triglycerides and raise 
HDL (Samaha et al., 2006).

play a role in management of obesity, insulin 
resistance and dyslipidaemia (Blaschke et al.,

 et al., 2003). Recent studies have 

in induction of endothelial cell proliferation 
 et al., 2007; Zhang

et al., 2002), cardiac lipid metabolism (Gilde et 
al., 2003), and pathogenesis of atherosclerosis 

 et al., 2005; Rival
et al., 2002).

Cardiovascular effects of PPARs

activation by synthetic agonists or 
certain fatty acids interferes with mechanisms 
involved in leukocyte recruitment and cell ad-
hesion, and can protect tissues against vascular 

 et al., 2006). 
-

sponses, including vascular cell adhesion mol-
ecule-1 expression (Jackson et al., 1999; Marx
et al., 1999), chemokines (Marx et al., 2000) 
and regulate production and scavenging of re-
active oxygen species (Inoue et al., 2001; Teis-
sier et al. -
tion is reported to inhibit stimulated secretion 

Endogenous ligands Exogenous ligands Effects

Unsaturated and saturated fatty acids
Leukotriene B4
Oxidized lipids (5-, 8-HETE)

Fatty acyl-CoA dehydrogenase inhibitors

Fatty acid oxidation, lipid 
-

matory

Unsaturated fatty acids
Oxidized lipids (9-,13-HODE, 12-, 
15-HETE)
Prostaglandins (15d-PGJ2, PGA2) 

TZDs (troglitazone, ciglitazone, pioglitazone, 
rosiglitazone, englitazone)
NSAIDs (indometacin, fenoprofen, ibuprofen)

JTT-501 (isoxazolidinedione)

Adipogenesis, lipid meta-
bolism, insulin sensitivity, 

Unsaturated fatty acids
Prostacyclin (PGI 2)

Hypolipidaemic and hypoglycaemic agents 
(L-165041, L-165461, L-783483, L-796449)

Prostaglandin analogues

Lipid metabolism, obesity, 
-

mation, wound healing.

Table 1. PPAR ligands and their effects.
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of interleukin-6 (IL-6) and prostaglandins, and 
expression of cyclooxygenase-2 (Delerive et 
al., 1999a; Staels et al., 1998), as well as prolif-
eration and migration of VSMCs (Gizard et al.,

inhi-
-

 et al., 2006). Moreover, 
-

hance eNOS expression and NO release (Goya
et al.  et al., 2006) and reduce 
stimulated ET-1 expression and production in 
endothelial cells, suggesting vasculoprotective 
effects (Delerive et al., 1999b; Martin-Nizard et 
al.

-
matory markers and mediators, including IL-1 

 et al., 1998; Muhlestein et al.,
2006; Staels et al.
improve endothelial function in type 2 diabetic 
and non-diabetic patients with hyperlipidaemia 
and CAD (Capell et al., 2003; Playford et al.,
2002; Seiler et al., 1995).

vascular protection and remodelling processes. 

genes regulating the expression of adhesion 

 et al., 1999; Jiang et al.,

in regulation of oxygen-derived free radical 
production and scavenging, ET-1 and NO pro-
duction, and has been suggested to increase NO 
bioavailability in cultured endothelial cells and 
inhibit iNOS expression in macrophages and 
VSMCs (Calnek et al., 2003; Delerive et al.,
1999b; Hwang et al., 2005; Ikeda et al., 2000; 
Ricote et al.
VSMC proliferation, migration and produc-
tion of matrix metalloproteinase-9 (Hsueh et 
al., 2001; Marx et al., 1998), downregulate ex-
pression of angiotensin II receptor (Schiffrin et 
al., 2003; Takeda et al., 2000), prevent vascu-
lar remodelling (Iglarz et al., 2003), modulate 
blood pressure responses (Nicol et al., 2005), 

 et 

al., 1999). In humans, treatment with TZDs in-
hibits cell proliferation in vessels employed for 
coronary artery bypass grafting (de Dios et al.,
2003) and decreases carotid artery intimal me-
dial thickness (Sidhu et al., 2004). It improves
endothelial vasodilator function (Campia et al.,

markers 
and mediators (Haffner et al., 2002; Marx et al.,
2003; Sidhu et al., 2003). Glitazone treatment 
improves both endothelial-dependent (Muraka-
mi et al., 1999) and -independent vasodilatation 
in the brachial artery of non-diabetic patients 

 et al., 2004). 

Cardioprotective effects of PPARs

shown to protect the myocardium against isch-
 et al., 2002; 

 et al.  et al., 2001). Moreover, 

ischaemic damage compared to wild-type mice 
(Tabernero et al.  et al., 2003). Thus, 

2 have
been shown to reduce infarct size and improve 
left ventricular function when administered be-
fore the onset of myocardial ischaemia in dia-
betic (Khandoudi et al., 2002; Shimabukuro et 
al., 1996; Sidell et al., 2002) and non-diabetic 
rats (Ito et al.  et al., 2001), hyper-
cholesterolaemic rabbits (Liu et al., 2004), and 
non-diabetic pigs (Zhu et al., 2000).

Several mechanisms for the cardioprotective ef-
fects of PPAR ligands were suggested, e.g., ac-

 et al., 2002), inhibition of 

(AP-1) pathway (Khandoudi et al., 2002) and 
prevention of cardiac myocyte apoptosis (Zhu
et al., 2000), inhibition of adhesion molecules 
(Ito et al.  et al., 2001), and reduction 

-
-

6, adhesion molecules and ET-1 (Delerive et al.,
1999a; Delerive et al., 1999b; Marx et al., 1999; 

 et al., 2001), and enhances eNOS mRNA 
and eNOS protein expression and activity in 
isolated endothelial cells (Goya et al., 2004; 
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 et al.
release of NO from endothelial cells (Calnek et 
al., 2003) via an effect that may be dependent 
on phosphorylation of eNOS (Cho et al., 2004; 
Polikandriotis et al.
activation increases NO bioavailability in vitro
via regulation of enzyme transcription resulting 
in reduction of generation and enhancement of 
degradation of reactive oxygen species (Hwang
et al., 2005).

In contrast, there are several studies demonstrat-
ing that activation of PPARs has deleterious ef-
fects on the myocardium during ischaemia-re-
perfusion, suggesting that PPAR antagonism 
could be of interest. Thus, acute pretreatment 

 et al., 2003). Moreover, overex-

cardiac recovery due to increased rates of fatty 
acid oxidation and decreased glucose oxida-
tion levels during ischaemia-reperfusion, an ef-

(Sambandam et al., 2006). Therefore, the role 
of PPARs in myocardial ischaemia-reperfusion 

Thus, treatment with lipid-lowering drugs has 
been proposed as a strategy to improve the out-
come of patients with coronary artery disease, 
especially those who also have type 2 diabetes, 
which is one of the major risk factors for car-

statins against myocardial ischaemia-reperfu-
sion injury are attributable to the cholesterol-
lowering effects or inhibition of isoprenoid 

Furthermore, the mechanism behind the cardio-
protective effects of PPARs is presently poorly 
understood. This highlights the need for deeper 
understanding of the mechanisms behind the 

-
ering drugs. In addition, knowledge about the 
mechanisms behind the positive effects of treat-

for future development of pharmacological 
agents against ischaemia-reperfusion injury.
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AIMS

The main objective of the present project was to investigate the cardioprotective mechanisms 
of drugs used for treatment of hyperlipidaemia and insulin resistance. Of particular interest 

was the involvement of NO-related mechanisms against ischaemia-reperfusion injury induced by 

1. To determine whether a short-term oral statin administration can protect the pig myocardium 
against ischaemia-reperfusion injury, and investigate the involvement of NO and neutrophil 

2. To determine if inhibition of geranylgeranyl pyrophosphate formation and translocation of 
RhoA to the plasma membrane are involved in the mechanism of cardioprotection against 
ischaemia-reperfusion injury induced by rosuvastatin in the rat.

in rats is induced via a mechanism related to NO and ET-1.

reperfusion injury are related to NO-mediated mechanisms.
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MATERIAL AND METHODS

Animal preparation 

All studies were approved by the regional ethi-
cal committee for laboratory animal experi-
ments and conform to the Guide for the Care 
and Use of Laboratory Animals published by 
the US National Institutes of Health (NIH Pub-
lication No. 85-23, revised 1996).

Pig experimental model (Study I)
Farm pigs of either sex (body weight 32-34 kg) 
were premedicated with ketamine hydrochlo-

and maintained by a continuous infusion (2-4 

mechanically ventilated with air and oxygen. 
Respiratory rate and tidal volume were adjusted 
to keep arterial blood pH, pO2 and pCO2 within 
the physiological range. Rectal temperature was 
kept at 38.5-39.0°C by means of a heated oper-
ating table. A 7 French catheter was positioned 
in the superior caval vein through the internal 

-
ids. Another 7 French catheter was positioned 
in the descending aorta via the left femoral ar-
tery for sampling of blood and for measurement 
of mean arterial pressure (MAP) via a Statham 
P23Db transducer. Heart rate (HR) was deter-
mined from the arterial pressure curve. All vari-
ables were continuously recorded on a Grass 
polygraph (model 7, Grass Instrument, Quincy, 
MA, USA). The heart was exposed via a ster-
notomy. A ligature was placed around the left 
anterior descending coronary artery (LAD) at a 
position from which the distal third of the artery 
would be occluded by tightening the ligature. 

(Transonic Systems, 

just proximal to the snare for measurement of 
-
-

ter completion of the surgical preparation, all 
animals were allowed to stabilize for 60 min 
before being subjected to 45 min of LAD liga-
tion followed by 4 h of reperfusion. 

Rat experimental model (Studies II and III)
Male Sprague-Dawley rats (body weight 250-
300 g) were anaesthetized with sodium pento-

intubated and ventilated with air by a rodent 

volume). Rectal temperature was maintained 
at 38.0±0.5°C by a heated operation table. The 
right carotid artery was cannulated with a poly-
ethylene catheter and connected to a pressure 
transducer (Statham P23Db) for measurement 
of MAP which was continuously recorded on 
a Grass polygraph. HR was determined from 
the arterial pressure curve. The left jugular vein 
was cannulated for administration of anaesthet-
ics, experimental drugs and Evans Blue at the 
end of the experiment. The heart was exposed 
via a left thoracotomy. A ligature was placed 
around the left coronary artery. After comple-
tion of the surgical preparation, the rats were 
allowed to stabilize for 15 min before the onset 
of ischaemia. The coronary artery was occluded 
by tightening the ligature with help of a plastic 
snare. This was associated with a reduction in 
MAP and appearance of a cyanotic colour of 
the myocardial area at risk. Reperfusion was 
initiated after 30 min of ischaemia by removal 
of the snare and was maintained for 2 h. The 
reperfusion was associated with hyperaemia, 
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appearance of reperfusion arrhythmias and dis-
appearance of the cyanotic colour of the myo-
cardium.

Isolated mouse heart (Study IV)

-
chased from the Jackson Laboratory (Bar Har-
bor, Maine, USA) at the age of 6 weeks and were 
raised on normal rodent chow (BKU interna-

the mice were heparinized (Lövens, Ballerup, 
Denmark), and anaesthetized i.p. with a mix-

-

Hoffmann-LaRoche, Basel, Switzerland). The 
hearts were excised, the ascending aorta was 
cannulated and retrogradely perfused according 

(in mM: NaCl 118, KCl 4.7, CaCl2 1.5, KH-
2PO4 1.2, MgSO4 1.2, NaHCO3 25.2, glucose 
11.1 and pyruvate 2.0; Sigma, St Louis, MO, 
USA) at a constant pressure of 100 or 95 cm 
H2O (protocol I and II respectively, see experi-
mental protocols). The perfusate was bubbled 
with 95% O2 and 5% CO2 and kept at 37°C. 
The trunk of the pulmonary artery was cut in 

contractile function, a plastic balloon connect-
ed to a pressure transducer was inserted into the 
left ventricular cavity via the left atrium. Left 
ventricular end-diastolic pressure (LVEDP) was 

physiological saline. Left ventricular pressure 
and its electronically differentiated derivative 

personal computer with PharmLab V3.0 (Astra-
Zeneca R&D, Mölndal, Sweden). A Transonic 

(T208) was placed in the circuit proximal to the 
aortic cannula for continuous measurement of 

ventricular pressure signal. A side arm connected 
to a mixing chamber just proximal to the heart 
was used for intracoronary drug administration. 
Following mounting of the hearts on to the Lan-
gendorff apparatus, all hearts in the study were 
allowed to stabilize for 35 min. Haemodynamic 

parameters were determined at preischaemia, 
and every 5 min during reperfusion.

Experimental protocols

Study I

different groups. Four groups were given the 
HMG-CoA reductase inhibitors rosuvastatin 
or pravastatin orally for 5 days before the isch-
aemia-reperfusion experiments. One group re-

RSV 80, n=7), the second group received ro-

160, n=7) and the third group received pravas-

n=7). The fourth group was given rosuvastatin 

-

ischaemia (RSV 160 + L-NNA, n=6). The pigs 
received the tablets with their food fed by hand 

treatment (food only) and served as a control 
group (n=7). The doses of rosuvastatin were 
based on dose titration pilot experiments in 
three pigs aiming to establish a dose that would 
result in plasma concentrations corresponding 
to those obtained in patients treated for hyper-
cholesterolaemia both at peak levels and 24 h 
after dose administration. The pravastatin dose 
was chosen to correspond to the highest dose of 
rosuvastatin. The dose of L-NNA was based on 
a previous study in pigs (Gourine et al., 2001).

Study II
Two experimental protocols were used in study 
II (Fig. 3). In protocol I, rats were randomly 

-

water (n=8), the second group received GGPP 

group received the combination of RSV and 
GGPP (RSV+GGPP, n=7), the fourth group 
received RSV and methanol (RSV+methanol, 

(control, n=9). All treatments were given as i.p. 
injections. RSV and distilled water were given 
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every 12 h; GGPP and methanol were given 
every 24 h during a 48-h treatment period. In 
protocol II, rats were divided into three groups 
(sixth, seventh and eighth): control, RSV and 
RSV+GGPP groups (n=6 in each group) treated 
as in protocol I (Fig. 3).

Study III

One group received 10% dimethyl sulfoxide 
(DMSO, n=6), the second group received the 

(n=7), the third group received the combination 

NaCl (saline, n=8). All treatments were given 
as i.v. injections during 1 min starting 30 min 
before the coronary artery occlusion. The dose 

al., 2002). The dose of L-NNA was based on 
dose titration pilot experiments in which this 

20 mmHg.

Study IV
Two protocols were used in study IV (Fig. 4). In 
protocol I, the effect of rosiglitazone was tested 
in the presence and absence of NOS blockade in 

-
-
-

sia and an intracoronary infusion of 1 ml saline 

groups of mice received either vehicle (n=7) or 

anaesthesia and an intracoronary infusion of the 
l; Sigma, St 

-

Protocol I

Protocol II

-48 hours -24 hours

Ischaemia Reperfusion (min)

0 30 min 60 min 120 min

RSV/
water/
GGPP/

methanol

RSV/
water

RSV/
water/
GGPP/

methanol

RSV/
water

-48 hours -24 hours 0

RSV/
water/
GGPP/

methanol

RSV/
water

RSV/
water/
GGPP/

methanol

RSV/
water

Groups

• Control (distilled water)

• RSV in distilled water

• RSV in distilled water + GGPP in   
methanol

• GGPP in methanol

• RSV in distilled water + methanol

Groups

• Control (distilled water)

• RSV in distilled water

• RSV in distilled water + GGPP in   
methanol

Figure 3. Experimental protocols used in study II. Protocol I. Rats were given distilled water (control, n=9), rosu-
vastatin (RSV, n=8), the combination of RSV and geranylgeranyl pyrophosphate (RSV+GGPP, n=7), GGPP (n=8), 
or RSV+methanol (n=7) i.p. 48 h before ischaemia-reperfusion. Infarct size was determined. Protocol II. Rats were 
given distilled water (control), RSV, or the combination RSV+GGPP (n=6 in each group). RhoA protein expression in 
cytosolic and membrane fractions was determined.
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aemia. In protocol II, the effect of rosiglitazone 
on postischaemic recovery was investigated in 

-

global ischaemia for 30 min in protocol I or 25 
min in protocol II was induced by clamping the 

-
sion. The mice in protocol II were investigated 
during a different season and were more sensi-
tive to ischaemia. In order to achieve compara-
ble degree of myocardial dysfunction following 
ischaemia, the duration of ischaemia and the per-
fusion pressure were therefore slightly reduced.

Determination of area at risk 
and infarct size (Studies I-III)

At the end of reperfusion left coronary artery 
was reoccluded and 2% Evans Blue dye was 
injected into the left atrium in pigs or into the 
jugular vein in rats to outline the ischaemic myo-
cardium (area at risk, AR). Animals were killed 

by injection of a high dose of potassium chloride 
into the left atrium (pigs) or overdosage of an-
aesthetics (rats), and hearts were rapidly excised. 
The atria and the right ventricle were removed 
and the left ventricle (LV) was cut into 0.8-1 cm 
(pigs) or 1-1.5 mm (rats) thick slices perpendicu-
lar to the heart base-apex axis. One slice from 
each heart was saved for further tissue analysis. 
The anatomical AR was demarcated by negative 
staining with Evans Blue. The residual slices 
were then incubated in 0.8% triphenyltetrazo-
lium chloride (TTC) in phosphate buffer for 15 
min at 37°C and pH 7.4 to distinguish the viable 
myocardium (red) from necrotic (pale yellow) 
(Fishbein et al., 1981). The rat myocardial slic-

buffered formalin. The extent of myocardial ne-
crosis (infarct size, IS) and AR were determined 
in each slice by planimetry of computer images 
(Photoshop 6.0, Adobe, USA). 

Immunoblotting (Studies I-IV)

Expression of eNOS and iNOS (studies I and 
III), eNOS and eNOS-Ser1177 or -Thr495 (study
IV), or RhoA and pan-Cadherin in the cytosolic 

Protocol II
wild type mice and eNOS knockout mice

Protocol I
wild type mice only

Vehicle i.p.

Rosiglitazone 3 mg/kg i.p.

Rosiglitazone 3 mg/kg i.p.

Vehicle i.p.

Vehicle i.p.

Rosiglitazone 3 mg/kg i.p.

Vehicle i.p.

Vehicle i.p.

L-NNA 100 μmol/l i.c.

L-NNA 100 μmol/l i.c.

45 min incubation in vivo
Anaesthesia + 

surgical preparation

Stabilization 35 min Ischaemia 30 min Reperfusion 30 min

45 min incubation in vivo
Anaesthesia + 

surgical preparation

Stabilization 35 min Ischaemia 25 min Reperfusion 30 min

Figure 4. Experimental protocols in study IV. Protocol I. Four groups of wild type mice received vehicle or rosigli-
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and membrane fractions (study II) was detected 
by immunoblotting in the myocardium. In stud-
ies I, III and IV, frozen samples were homog-
enized with 1% SDS buffer, containing phenyl-

3VO4.
In study II, frozen hearts were homogenized in 
cold homogenization buffer containing (in mM) 
100 Tris·HCl (pH 7.4), 1 EGTA, 1 EDTA, 1 
PMSF, and 1 Na3VO4. The homogenates were 
centrifuged at 100,000 g and 4°C for 60 min in 
a Beckman Optima LE-80 ultracentrifuge with 
type 50.3 Ti rotor (GMI, Ramsey, MN, USA). 
The supernatant (cytosolic fraction) was col-
lected, and the pellet (membrane fraction) was 
resuspended in homogenized buffer containing 

-
centrations (studies I-IV) were determined with 
a bicinchoninic acid kit (Pierce Biotechnology, 
Rockford, IL, USA) with a multilabel counter 

a 7% (NOS) or 12% (RhoA) SDS gel, and 
separated by electrophoresis. Protein loading 
was visualized by staining with Ponceau solu-
tion. Thereafter, the membranes were washed 

to proteins of interest. Peroxidase conjugated 
secondary antibodies and the enhanced chemi-

-
tion kit (Amersham Biosciences, Little Chalf-
ont, UK) were used for visualization. The bands 
were digitally scanned and the band densities 
calculated (Quantity One 4.5.1, Bio-Rad Labo-
ratories, Hercules, CA, USA).

Real-time reverse transcription 
(RT)-PCR (Study III)

To A, and ETB
receptors, RT-PCR with real-time monitoring 
the PCR products was employed according to 
a method described in detail previously (Ud-
dman et al., 2003). Rat myocardium from the 

groups was homogenized in 1 ml of the RNA-
proTM solution (Q-BIOgene, CA, USA) by us-
ing a FastPrep® instrument (Q-BIOgene, CA, 
USA). The total RNA was extracted follow-
ing a protocol obtained from the FastRNA® 

Pro kit supplier. Reverse transcription of total 
RNA to cDNA was carried out using the Gene 
Amp RT kit (PE Applied Biosystems) in a Per-
kin-Elmer 2400 PCR machine at 42°C for 30 

-

kit (PE Applied Biosystems) in a Perkin-Elmer 
real-time PCR machine (PE, GeneAmp 5700 

-

dye to double-strand DNA by real-time detec-

ET-1, ETA and ETB receptors, and housekeeping 
gene elongation factor-1 (EF-1) were designed 
by using the Primer Express 2.0 software (PE 
Applied Biosystems) and synthesized by TAG 

ET-1 forward: 
TTTTGAAGACCGCGCTGAG
reverse:
GGTTGCTCTGATCGCCTCTG

ETA receptor forward: 
5’-GTCGAGAGGTGGCAAAGACC-3’
reverse:
5’-ACAGGGCGAAGATGACAACC-3’

ETB receptor forward: 
5’-GAT ACG ACA ACT TCC GCT CCA-3’
reverse:
5’-GTC CAC GAT GAG GAC AAT GAG-3’

Myeloperoxidase activity (Study I)

Myocardial myeloperoxidase (MPO) activity 
was determined as an index of neutrophil accu-

-
dium. Myocardial samples from the non-isch-

analyzed according to a method described pre-

the frozen myocardial samples were thawed 
and diluted with 10 volumes 0.5% hexadecy-
ltrimethyl ammonium bromide buffer in 50 
mM phosphate buffer. They were homogenized 
with an Ul -
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ke, Staufen, Germany). The homogenates were 
centrifuged at 5,000 g for 30 min at 2°C. There-
after, 50 μl of the supernatant was mixed with 

ml) and 1.5 μl 0.05% H2O2 in phosphate buffer. 
The absorbance was read in a spectrophotom-
eter (Victor 2, Turku, Finland) at 460 nm at 30 
and 90 s. The tissue MPO activity is expressed 

Serum cholesterol analysis (Study I)

Arterial blood was collected in tubes contain-
ing coagulation activating gel 15 min before the 
start of myocardial ischaemia and centrifuged 
within 10 min. Serum was then harvested from 
the samples and stored at -70°C until analyzed. 
Serum samples were analyzed for total choles-

of serum was deposited on the Vitros CHOL 

USA) and was evenly distributed by the spread-
ing layer to the underlying layers. The density 
of dye formed is proportional to the cholesterol 
concentration in the sample and was measured 

wavelength within 5 min at 37°C.

Analysis of rosuvastatin plasma 
concentration (Study I)

Arterial blood (5 ml) was collected in EDTA 
tubes 15 min before myocardial ischaemia 
was induced and centrifuged within 20 min. 
Plasma was then harvested from the samples, 
buffered to pH 4 (acetate buffer 0.1 M) and 
stored at -70°C until assay. Rosuvastatin sample 
analysis was conducted in the laboratories 
of Drug Metabolism and Pharmacokinetics, 

Delaware, USA). Samples were analyzed using 
a method that had previously been validated 
in human plasma. The method utilizes robotic 

internal standard has been added, in a 96-well 

and injected onto an HPLC column using a 

was detected by multiple reaction monitoring 
via positive ion electrospray ionization tandem 
mass spectrometric detection. The lower limit 

Calculations

The AR was presented as a percentage of the 
total area of the LV, and the IS was expressed as 
percentage of the AR.
Left ventricular developed pressure (LVDP) was 
determined as a difference between left ventric-
ular systolic and end-diastolic pressures. Rate 
pressure product (RPP) was calculated as heart 
rate multiplied by MAP in vivo or by LVDP in 

percentage of the preischaemic value.

Statistical methods

All values are presented as mean ± SEM. 
Changes in haemodynamics were analyzed us-
ing analysis of variance (ANOVA) for repeated 
measurements with Dunnett’s test. Differences 
between the groups were calculated using non-

comparisons analysis, followed by Dunn’s 
test (study I), one-way ANOVA followed by 
Tukey-Kramer multiple comparisons test (stud-
ies II and III) or two-way ANOVA followed by 
the Bonferroni test where appropriate (study 
IV). Since protein amounts were compared in 
pairs, differences in protein expression between 
groups were determined using unpaired two-
tailed t-test. A P<0.05 was considered statisti-
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RESULTS

Effect of statins on ischaemia-
reperfusion injury, MPO activity and 

RhoA translocation
(Studies I and II)

Plasma concentrations of rosuvastatin in pigs
The plasma concentrations of rosuvastatin on 
the day of the experiment, 24 h after the last 
oral administration and 15 min before initiation 

in the in the 
RSV 160 group.

Effects of rosuvastatin and pravastatin on 
serum cholesterol levels in pigs
The cholesterol level of control animals was 

-

-
cant.

Haemodynamics
In pigs, there were no differences in basal 
haemodynamics between any groups, indicat-
ing that 5 days of treatment with rosuvastatin or 

-
namics. In the RSV 160+L-NNA group L-NNA 

MAP from 99±4 mmHg to 141±4 mmHg before 
the onset of ischaemia 30 minutes later, and this 
increase persisted until the end of ischaemia.

fold at the onset of reperfusion in all groups. 

group than in the control group during reper-

fusion. At the end of reperfusion (240 min) LAD 

160 group than in the control group (P<0.05).

differences in basal MAP and RPP between the 
groups. HR before ischaemia was lower in the 
RSV group than in the RSV+GGPP (P<0.05), 
GGPP (P<0.05) and RSV+methanol (P<0.01) 
groups, but not different between the RSV and 
the control group. Moreover, before reperfusion 

than in the RSV+methanol group (P<0.05). 

MAP, HR and RPP from preischaemic values in 
all groups, except in the GGPP group, in which 

from preischaemic values. RPP at the end of 

group than in the GGPP group (P<0.05).

Infarct size
Fig. 5 depicts the infarct size in pigs and rats. 
The infarct size was 82±3% of the area at risk 
in the pig control group and 80±3% in the rat 

limited by rosuvastatin in both studies and by 

was administered to animals given rosuvastatin 
the infarct size was similar to that of the control 

rosuvastatin group. Administration of GGPP 
also reversed the cardioprotective effect of 
rosuvastatin.

Myocardial MPO activity (study I)
There was no difference in MPO activity in the 
non-ischaemic myocardium between the groups 
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Figure 5. Left panel. Infarct size expressed as % of the area at risk after 45 min of ischaemia followed by 4 h of reperfusion. 

panel. Infarct size after 30 min of ischaemia followed by 2 h of reperfusion. The rats were given distilled water (control, 
n=9), rosuvastatin (RSV, n=8), or the combination RSV+GGPP (n=7) i.p. 48 h before ischaemia. Data are presented as the 
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Figure 7. RhoA protein expression in cytosolic fraction of rat myocardium (n=6) is depicted. The animals were given either 
distilled water (control), rosuvastatin (RSV) or the combination of RSV and geranylgeranyl pyrophasphate (RSV+GGPP). 
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the non-ischaemic myocardium in all groups. 

160 group than in the control group. However, 

myocardium of the group given RSV 160+L-

in the control group (Fig. 6).

Effect of rosuvastatin on RhoA expression 
and translocation (study II)
RhoA protein was determined by immunoblot-
ting of cytosolic and membrane fractions iso-
lated from myocardium of control, RSV and 
RSV+GGPP pretreated rats. In all groups, RhoA 
protein was detected in both cytosolic and mem-
brane fractions, with consistently higher content 
of RhoA in the latter. Cadherin proteins (mem-
brane marker) were detected in the membrane 
fraction only and not in the cytosolic fraction, 

-
tion of RhoA protein by densitometry revealed 
that rosuvastatin increased the cytosolic fraction 

of RhoA, whereas administration of GGPP abol-
ished the effect of rosuvastatin on RhoA protein 
translocation. No difference was observed be-
tween the control and the RSV+GGPP groups. 
Total amount of RhoA protein was unchanged in 
the RSV group.

eNOS and iNOS expression (study I)
eNOS and iNOS expression was determined in 
ischaemic and non-ischaemic myocardium from 
the control and RSV 160 groups. An increased 
expression of eNOS was found in the ischaemic 
versus the non-ischaemic region of both control 
(P<0.01) and RSV-treated (P<0.001) pigs. 
However, there was no difference between 
control and RSV 160 groups in expression of 
eNOS in ischaemic or non-ischaemic regions of 
the heart. Although there was a trend towards 
reduced iNOS expression in the ischaemic 

the non-ischaemic myocardium were found. 
Furthermore, there were no differences in iNOS 
expression between the RSV 160 group and the 
control group.

ischaemia-reperfusion injury in rats – 
involvement of NO and 

ET-1 (Study III)

Haemodynamics

differences in basal haemodynamics between 
any groups. Administration of L-NNA 30 min 
before ischaemia increased MAP by more 
than 30 mmHg from basal level, which led to 

DMSO and saline (P<0.05). However, changes 

a simultaneous decrease in HR. Reperfusion 
led to reductions in MAP and HR in all groups. 
There were only minor differences in MAP 
and RPP between the groups before and during 

in the group given L-NNA at 30 min (P<0.05 
vs. DMSO) and 60 min (P<0.01 vs. DMSO, 
P<0.05 vs. saline) of reperfusion. This change 

min of reperfusion (P<0.05 vs. DMSO). RPP 

14643 at 60 min of reperfusion in comparison 
with the DMSO group (P<0.05).

Infarct size
The infarct size is shown in Figure 9. The 
infarct size was 78±3% of the area at risk in 
the DMSO group which was not different 
from IS in the group given saline [77±2%, 

in comparison with the DMSO and saline 
groups. Administration of L-NNA reversed the 

size 73±3%). L-NNA did not affect infarct size 
when given alone (78±2%, NS vs. DMSO and 
saline).

NOS expression
eNOS and iNOS expression was determined in 
ischaemic and non-ischaemic myocardium from 

groups. There were no differences in eNOS 
expression in non-ischaemic myocardium 
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between the groups. Density of the protein 
extracts is shown in arbitrary units in Figure 

higher in ischaemic myocardium from rats 

those given DMSO. Increased eNOS protein 
expression was also found in the group given 

protein expression between the groups given 

iNOS expression was not detectable in non-
ischaemic myocardium. There were no 
differences in iNOS expression in ischaemic 
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of RhoA protein in rat myocardium (n=6). The animals 
were given either distilled water (control), rosuvastatin 
(RSV) or the combination of RSV and geranylgeranyl 
pyrophasphate (RSV+GGPP). Data are presented as 
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myocardium between any of the groups.
ET-1 and receptor mRNA

lower in ischaemic myocardium obtained from 

NNA compared to the DMSO group (Fig. 11). 
However, mRNA levels for the ETA and ETB
receptors in ischaemic myocardium did not dif-
fer between the groups (Fig. 11). Furthermore, 
there were no differences in mRNA expression 
of ET-1, ETA receptors and ETB receptors in non-
ischaemic myocardium between the groups.

 ischaemia-reperfusion injury in mice 
– involvement of NO (Study IV)

Effect of rosiglitazone on myocardial con-
tractility in wild-type mice
The postischaemic recoveries of LVDP, RPP 

-
iglitazone group than in the vehicle group (Fig. 
12). Administration of L-NNA did not affect the 
recovery in contractile function in comparison 
with the vehicle group, but completely or par-

-
ly lower in the rosiglitazone group (34±6 mmHg 
at 30 min reperfusion) than in the vehicle group 

(58±7 mmHg at 30 min reperfusion). Following
administration of rosiglitazone in combination 
with L-NNA, LVEDP was not different from 
that in the vehicle group. L-NNA did not affect 
LVEDP per se (60±3 mmHg at 30 min reper-
fusion). In comparison with vehicle, rosiglita-

that returned to preischaemic values after 30 min 
of reperfusion (P<0.001). L-NNA abolished the 

Effect of rosiglitazone on myocardial con-
tractility in eNOS knockout mice
LVDP increased during reperfusion to 42±10% 

given rosiglitazone compared to 8±2% in the 
vehicle group. LVDP at the end of reperfusion 
was lower following rosiglitazone administra-
tion than following vehicle in the KO mice 
(21±3% vs. 36±11% of preischaemic value; 
Fig. 13). The percent recovery of RPP at the 

the rosiglitazone group (39±10%) than in the 

mice, on the other hand, the recovery of RPP 
-

four groups showed a pattern comparable to that 
of RPP. Rosiglitazone decreased LVEDP dur-
ing reperfusion in comparison with the vehicle 

-
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ference in LVEDP between the two KO groups, 

KO group.

eNOS expression
The expression of eNOS protein in hearts from 

-
ference in the expression of total eNOS between 
the groups. On the other hand, the expression of 
eNOS phosphorylated at Thr495 and Ser1177 
were higher in the group treated with rosigli-
tazone in comparison with the vehicle group 
(Fig. 14). There was no effect of L-NNA on the 
expression of eNOS phosphorylated at Thr495 
or Ser1177.
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DISCUSSION

Cardioprotective mechanisms of 
HMG-CoA reductase inhibitors – 

evidence for “pleiotropic” 
effect of statins

Statins (rosuvastatin and pravastatin) adminis-
tered orally during 5 days before ischaemia in 
normocholesterolaemic pigs (study I) and rosu-
vastatin intraperitoneally during 48 h before is-
chaemia in normocholesterolaemic rats (study 
II) limited the extent of myocardial injury. Our 
results add to the established knowledge about 
cardioprotective effect of statins against ischae-
mia-reperfusion injury in rodents (Jones et al.,
2002; Lefer et al., 1999; Lefer et al., 2001b; 
Scalia et al.  et al., 2003) and 

-
fect of a statin in a large animal model, namely 
the pig. Interestingly, the protective effect of ro-
suvastatin was obtained with oral administration 
at a dose that resulted in plasma concentrations 
close to those obtained in clinical studies (Mar-
tin et al., 2002). Moreover, the cardioprotec-
tive effect of rosuvastatin and pravastatin was 
present in animals with low cholesterol levels 
and independent of any cholesterol-lowering 
effects, which is in accordance with previous 
studies (Jones et al., 2002; Scalia et al., 2001; 

 et al., 2003).

Inhibition of the HMG-CoA reductase by statins 
not only prevents cholesterol synthesis but also 
inhibits formation of isoprenoid derivatives in-
cluding GGPP (Laufs, 2003; Liao, 2005), which 
are generated downstream of mevalonate, but on 
a pathway that is separate from cholesterol syn-

RhoA and Rac1, facilitating their activation and 
membrane targeting (Brown et al., 2006; Laufs, 

2003; Takai et al., 2001). Therefore, statins 
block the synthesis of isoprenoids and, in turn, 
prevent translocation of small GTP proteins, 
including RhoA, to the plasma membrane. The 
active membrane-bound form of RhoA elicits 

-
toskeleton organization, intracellular transport, 
gene transcription and mRNA stability (Laufs
et al., 2000; Takemoto et al., 2002). Therefore, 
statins can modulate intracellular signalling 
by blocking isoprenoid synthesis and, thereby, 
prevent translocation of small GTP proteins, 
such as RhoA, to the plasma membrane. In-
deed, statins restore eNOS mRNA stability and 
eNOS protein expression via inhibition of Rho 
isoprenylation in vitro (Eto et al., 2006; Lands-
berger et al., 2005; Laufs et al., 1997; Laufs
et al.
statins exert cardioprotective effects via a path-
way involving inhibition of GGPP and RhoA 
followed by maintained production of NO. 
Indeed, the cardioprotective effect of rosuvas-
tatin in rats (study II) was associated with in-

RhoA protein without affecting total RhoA pro-

that translocation of RhoA from the cytosol to 
the membrane was inhibited by rosuvastatin. 
Moreover, both the infarct-limiting effect and 
the inhibition of RhoA translocation by rosuvas-
tatin were completely abolished by addition of 
GGPP, supporting the notion that inhibition of 
isoprenoid synthesis is an important mechanism 
behind the protective cholesterol-independent 
effect of statins. To our knowledge, all previous 

effects of statins by GGPP or mevalonate have 
been made in in vitro studies (Kalinowski et 
al., 2002; Landsberger et al.  et al.,
2005). Thus, the present data extend previous 
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in vitro
against myocardial ischaemia-reperfusion in-
jury in vivo
membrane translocation of RhoA in the myo-
cardium.

The involvement of NO in the protective ac-
tion of rosuvastatin was investigated in the 
pig model using pharmacological blockade of 
NOS. The NOS inhibitor L-NNA abolished the 
protective effect of rosuvastatin against isch-
aemia-reperfusion injury, indicating that the 
cardioprotective effect of rosuvastatin is de-
pendent on NO production. Similar conclusions 
have been made following NOS inhibition in 
rodents in vivo (Jones et al., 2002; Lefer et al.,
2001b; Tiefenbacher et al.  et 
al., 2003) and ex vivo (Di Napoli et al., 2001). 
Further evidence for the crucial role of NO in 
the cardioprotective effect of statins is provided 

-
chi et al., 2005). Moreover, cardioprotection 
induced by statins has been demonstrated to be 
associated with increased eNOS mRNA stabil-
ity, eNOS protein expression and eNOS activity 
(Di Napoli et al., 2001; Jones et al., 2002; Lefer
et al.  et al., 2003). In contrast 

eNOS expression in ischaemic or non-ischaemic 
et al. (2005) 

demonstrated that rosuvastatin limited the ex-
tent of the myocardial injury in rats but had no 
effect on myocardial eNOS mRNA or protein 
expression in the myocardium. Since the cardi-
oprotective effect of rosuvastatin was blocked 
by NOS inhibitor without affecting eNOS ex-
pression in study I, rosuvastatin is likely to in-
terfere with NO bioactivity at a level different 

et
al. (2003) demonstrated that myocardial NOS 
activity in rats was enhanced following admin-
istration of cerivastatin. Moreover, statins in-

production via a mechanism connected to post-
-

sulting in phosphorylation of eNOS at Ser1177 
in cultured endothelial cells (Harris et al., 2004; 
Kureishi et al.  et al., 2005) and 
during ischaemia-reperfusion in vivo
et al., 2004b). This effect is abolished by GGPP 

 et al., 2005). Interestingly, statins in-

creased eNOS-Ser1177 phosphorylation with-
out changes in total eNOS protein or eNOS 
mRNA expression. Both the infarct-limiting 
and eNOS-activating effects of simvastatin 

et al. (2004b) were 
blocked by a NOS inhibitor. Thus, a plausible 

of the rosuvastatin-induced cardioprotection by 
L-NNA is that statin pretreatment increases NO 
production by increasing NOS activity. More-
over, statins have been shown to increase NO 
production by inhibiting caveolin-1 (Pelat et 
al., 2003), inhibit prepro-ET-1 mRNA expres-
sion and reduce ET-1 levels (Hernandez-Perera
et al., 1998), and exhibit antioxidative effects 

 et al.  et al., 2002). 
The latter effect may be mediated via inhibition 
of Rac geranylgeranylation resulting in down-
regulation of NADPH oxidase enzyme (Abo et 
al., 1991; Liao et al., 2005). Thus, there are sev-
eral possible mechanisms by which statin via 
inhibition of GGPP may result in increased NO 
production.

It should also be noted that inhibition of Rho-
kinase, the downstream effector of RhoA pro-
tein, protects the heart against ischaemia-re-
perfusion injury (Bao et al., 2004; Demiryurek
et al., 2005) and leads to the activation of the 

 et al.,
2004a). However, the link between statin-in-
duced protection against ischaemia-reperfusion 
in vivo
of our knowledge, not been addressed previous-
ly. Our data showing the association between 
the cardioprotective effect of a statin during 
ischaemia-reperfusion via a GGPP-sensitive 
pathway and statin-induced decrease of RhoA 
membrane translocation in vivo demonstrate 
a mechanism underlying the cholesterol-inde-
pendent cardioprotective effect of statins.

One may argue that protective effects of statins 
might be dependent on their cholesterol-lower-
ing action since oxidized LDL downregulate 
eNOS mRNA and protein in endothelial cells 
(Hernandez-Perera et al., 1998; Liao et al.,
1995). Statins have been demonstrated to at-
tenuate this reduction in eNOS expression in 
the presence of oxidized LDL (Hernandez-Per-
era et al., 1998; Laufs et al., 1998a), suggesting 
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that reduction of LDL may be a mechanism by 
which statins regulate eNOS. However, since 

-
lesterol in an in vitro experiments, cholesterol-
independent, so called “pleiotropic” effects of 
statins can be of pharmacological importance. 
In our experiments in study I, rosuvastatin treat-
ment did not affect cholesterol levels in the pigs 

-
fects.

Maintenance of NO bioactivity can explain an-
other effect of rosuvastatin demonstrated in the 

-

reperfused myocardium, since the rosuvasta-
tin-mediated limitation of infarct size and neu-

inhibitor L-NNA. MPO activity was higher in 
the ischaemic than in the non-ischaemic myo-
cardium and lower in the group treated with 

group. These data indicate that rosuvastatin re-

reperfused myocardium. The reperfusion injury 
is characterized by accumulation of neutrophils 

myocardium which contributes to the no-re-
 et al., 1983; Lefer et 

al., 1991). Many of the substances released by 
neutrophils can induce endothelial dysfunction 
and myocardial cell injury. Statins decrease the 
expression of adhesion molecules on endothe-
lial cells and leukocytes and thereby attenuate 
rolling, adherence and migration of neutrophils 
through the endothelium to myocardial tissue 
via a NO-dependent mechanism (Lefer et al.,
1999; Pruefer et al., 1999; Scalia et al., 2001; 
Tiefenbacher et al.  et al., 1997). 
Based on these data it is reasonable to suggest 
that administration of rosuvastatin results in 
maintained endothelial function via increasing 
bioactivity of NO, which prevents adhesion and 

myocardium. This suggestion is supported by 

activity in the presence of L-NNA.

Additional mechanisms may be involved in 

-
matory effects including inhibition of macro-
phage activation (Huang et al., 2003a; Huang et 
al., 2003b; Ni et al., 2001), expression of pro-

 et al.,
2002a; Ito et al., 2002b), and iNOS expression. 
Indeed, statins attenuate the expression of iNOS 
in embryonic cardiac myoblasts via lowering 
of isoprenylation of Rho protein (Madonna et 
al., 2005). Moreover, cardioprotection induced 
by statin treatment was associated with inhibi-
tion of the expression of the iNOS in isolated 
rat hearts (Di Napoli et al., 2001). However, we 

iNOS protein between the ischaemic and non-
ischaemic myocardium or between the place-
bo- and the rosuvastatin-treated groups. These 
results indicate that iNOS protein was not up-
regulated in the presently used model and that 
the protective action of rosuvastatin was unre-
lated to changes in iNOS protein expression in 
comparison with the placebo group.

-
diated via mechanisms which are not depen-
dent on HMG-CoA reductase inhibition. Thus, 
statins have been shown to directly block the 
adhesion of leukocytes by binding to a regu-
latory site on leukocytes and thereby inhibit-
ing interaction with cell adhesion molecules 

 et al., 2001). Thus, the effect of 
statin on neutrophil-induced myocardial injury 
can, beside NO-mediated inhibition of neutro-

leukocytes adhesion molecules independent of 
mevalonate production.

Involvement of NO and ET-1 
in cardioprotective effect of 

14643, 30 min before the onset of ischaemia 
limited myocardial infarct size following is-
chaemia and reperfusion in rats (study III). 
These data are in accordance with recent ex-
perimental studies which have demonstrated 

myocardial ischaemia-reperfusion injury (Tab-
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ernero et al.  et al.  et 
al.

null mice (Tabernero et al.  et al.,
2003), suggesting that the cardioprotection was 

group of drugs widely used for the treatment 
of hypertriglyceridaemia and hypercholestero-
laemia, exert their effect on lipid metabolism 

 et al., 1997), 
resulting in regulation of transcription of fatty 
acids oxidation enzymes (Bishop-Bailey, 2000; 
Brown et al., 2007). Ischaemia and reperfusion 

and fatty acids oxidation enzyme genes, and in-
 et al.,

2003), which have been reported to aggravate 
the severity of myocardial ischaemia-reperfu-
sion injury (Gambert et al., 2006; Lopaschuk
et al., 1992). Thus, cardioprotection induced by 

oxidation.

However, other mechanisms than regulation 
of lipid metabolism might be involved in the 

-
tients with hypertriglyceridaemia and insulin 
resistance (Capell et al., 2003; Playford et al.,
2002), and enhance eNOS mRNA and eNOS 
protein expression and activity in isolated en-
dothelial cells (Goya et al.  et al.,

activation exerts cardioprotective effects during 
ischaemia-reperfusion injury via a mechanism 
involving improved endothelial function and 
maintenance of NO bioavailability. Accord-

-

-

myocardium; this observation is of importance 
since L-NNA is a non-selective inhibitor of 
NOS isoforms including iNOS. Collectively 

activation increases the expression of eNOS 

protetin and the production of NO, which sub-

In addition to enhancing the expression of 

increased the activity of the enzyme. This is 

-
tion enhances eNOS activity in cultured en-
dothelial cells (Goya et al., 2004). It seems 

direct transcription of the eNOS gene since no 
PPRE was found in the human eNOS promoter 

 et al., 1995). Together with 
-

pression through a stabilizing effect on eNOS 
mRNA (Goya et al., 2004), this suggests that 
a plausible explanation for the attenuation of 

production by increasing eNOS activity. Eicos-

been shown to induce endothelium-dependent 
vasorelaxation, increase eNOS activity and NO 
production in endothelial cells via inhibition of 
eNOS interaction with caveolin-1 (Omura et al.,
2001), a protein known to attenuate eNOS ac-
tivity (Michel et al., 1997). Furthermore, bezaf-
ibrate upregulates eNOS mRNA via increased 
eNOS promoter activity and a stabilizing effect 
on eNOS mRNA, increases eNOS protein ex-
pression, enhances eNOS-Ser1177 and reduces 
eNOS-Thr495 phosphorylation, and increases 
NO production via a mechanism involving PI3-

 et al., 2006). 

-
ands may be involved in the mechanism of their 

 et al., 1999), and 
decreases expression of mRNA encoding for 
the NADPH oxidase subunit p22phox (Inoue
et al., 2001). These observations suggest that 

NO bioavailability via regulation of superoxide 

demonstrated to upregulate NADPH oxidase 
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and increase production of oxygen-derived free 
radicals, including superoxide and hydrogen 
peroxide in human and murine macrophages 
(Teissier et al., 2004). Thus, the role of regu-

remains to be established.

An interesting observation in study III is that the 
mRNA levels of ET-1 were lower in the group 

-
regulates NF- B and AP-1 (Delerive et al.,
1999a), which modulate ET-1 gene promoter 
activity (Delerive et al., 1999b) and inhibit 
oxidized-LDL-induced secretion of ET-1 in 
endothelial cells (Martin-Nizard et al., 2002). 

unstimulated ET-1 production, suggesting the 
absence of a PPRE in the ET-1 gene promoter 
(Delerive et al., 1999b). It has previously been 
shown that ET-1 contributes to the extent of 
ischaemia-reperfusion injury (Pernow et al.,
1997). The downregulation of ET-1 mRNA 
may therefore be involved in the cardioprotec-

was unaffected by L-NNA suggests that the ef-
fect was not secondary to the increase in NO 

expression and NO production, and attenu-
ate ET-1 production in the culture of cerebral 
endothelial cells via a mechanism involving 

 et 
al.
reduced expression of ET-1 mRNA following 

-
chaemia-reperfusion is unknown, however, and 
remains to be established in future studies.

activation with rosiglitazone

-

recovery of myocardial function in the isolated 

administration (study IV). This observation is 
in agreement with previous studies demonstrat-

ing that rosiglitazone resulted in improved car-
diac function during reperfusion in the normal 
and diabetic isolated rat heart (Khandoudi et 
al., 2002; Shimabukuro et al., 1996), after re-
gional ischaemia in non-diabetic pigs (Zhu et 
al., 2000), as well as reduction in infarct size 
following regional ischaemia and reperfusion 
in vivo (Ito et al., 2003; Molavi et al., 2006; 

 et al.  et al., 2001). The 
protective cardiovascular effect mediated by 

-

-
ment of ischaemia-reperfusion injury. Thus, the 

-
protective effects of ciglitazone and aggravates 
myocardial damage, when given alone in rats 
in vivo (Sivarajah et al., 2005), suggesting in-

-
tection induced by TZDs.

Different mechanisms are suggested to be in-

AP-1, as well as decreased production of ET-1 
and increased bioavailability of NO. Thus, the 

12,14-prostaglandin J2
inhibits activation of the transcription factor 
NF- B in vivo resulting in reduction of expres-
sion of iNOS mRNA and adhesion molecules 
such as intercellular adhesion molecule-1 and 

 et al.,
2002). Furthermore, the cardioprotective effect 
of rosiglitazone is associated with inhibition of 

-

 et al.,

reported to inhibit production of ET-1 (De-
lerive et al., 1999b), expression of receptors 
for advanced glycation end products (Marx et 
al., 2004b), and Jun NH2-terminal kinase phos-
phorylation and AP-1 DNA binding activity 
(Khandoudi et al., 2002), and to modulate an-
giotensin II receptor expression (Molavi et al.,
2006). On the other hand, Molavi et al. (2006) 
concluded that the cardioprotective effect of 
rosiglitazone in rats is not related to improved 
glucose homeostasis.
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TZDs have been shown to improve endothe-
lium-dependent vasodilatation in humans (Fu-
jishima et al.
et al.
NO bioavailability in coronary arterioles of 
mice with type 2 diabetes due to reduction of 
NADPH oxidase-derived superoxide produc-
tion via a mechanism unrelated to its effect on 
hyperglycaemia and hyperinsulinaemia (Bagi
et al., 2004) and increased levels of superox-
ide dismutase (Hwang et al., 2005). The bio-
availability of NO may be further enhanced by 
activation of eNOS protein, as demonstrated in 
cultured endothelial cells (Calnek et al., 2003). 

setting of myocardial ischaemia-reperfusion.

To explore the involvement of NO in the pro-
tection induced by rosiglitazone during myo-
cardial ischaemia and reperfusion, we investi-
gated the effect of pharmacological blockade of 
NO production and deletion of the eNOS gene. 

phosphorylation of eNOS was examined. The 
improvement in postischaemic myocardial 
function mediated by rosiglitazone was antago-
nized by L-NNA. The observation that L-NNA 
attenuated recovery following treatment with 
rosiglitazone suggests that NO bioavailability 
was enhanced by rosiglitazone, and that this 
effect contributes to improved myocardial 
function. 

Further evidence supporting a role of NO as a 
mediator of cardioprotection induced by PPAR-

hearts from eNOS KO mice. In contrast to the 

improve any parameter of myocardial function 
during reperfusion in comparison with the ve-
hicle group in eNOS KO hearts. Postischaemic 

comparison with the KO vehicle group. This 
strongly supports the hypothesis that produc-
tion of NO derived from eNOS is involved in 

-

underlying the negative effect of rosiglitazone 
on postischaemic myocardial dysfunction in the 
eNOS KO mouse was not further investigated. 

However, this observation may indicate that 
additional mechanisms are activated by ros-
iglitazone. This effect may be of importance to 
investigate in a model of severely impaired bio-
availability of endogenous NO, such as athero-
sclerosis.

In study IV we also determined the expres-
sion of total and phosphorylated eNOS protein. 
The total amount of eNOS was not affected by 
rosiglitazone pretreatment. On the other hand, 

-
phorylation both at Ser1177 and Thr495 by 
rosiglitazone in comparison with the vehicle 
group. Especially phosphorylation of Ser1177 
has been demonstrated to be associated with in-
creased enzyme activity (Fleming et al., 2003). 
Furthermore, the phosphorylation of Thr495 in-
dependently or combined with phosphorylation 
of Ser1177 may result in coupling of eNOS and 
further NO production (Fleming et al., 2005; 
Lin et al.

-
phorylation, which contributes to the protection 
against myocardial ischaemia-reperfusion in-
jury. Phosphorylation of eNOS by rosiglitazone 
might be mediated via a pathway involving Akt 
or AMP-activated protein kinase (Cho et al.,
2004; Fleming et al., 2003). Cho et al. (2004) 
demonstrated that troglitazone stimulated NO 
production by increasing eNOS phosphoryla-

pathway.

regulate the expression of other proteins, such 
as caveolin-1 (Michel et al., 1997) or hsp90 
(Garcia-Cardena et al., 1998), that complex 
with eNOS to regulate its activity. Polikandrio-
tis et al. (2005) have shown that treatment with 
15d-PGJ2 and rosiglitazone increased hsp90
binding to eNOS suggesting a potential role 
for this protein-protein interaction in enhanced 
NO production. Hsp90 could activate eNOS 
activity and increase NO production through
recruitment of kinases to phosphorylate eNOS 
and throughdisplacement of eNOS from inhibi-
tory interactions with caveolin-1 (Gratton et 
al., 2000). Indeed, treatment with 15d-PGJ2 and
rosiglitazone increased eNOS-Ser1177 phos-
phorylation (Polikandriotis et al., 2005).
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Another potential mechanism of regulation of 

-
tion of oxygen-derived free radicals including 

-
vation may directly stimulate expression of cy-

-
se genes (Girnun et al.  et al., 1999). 

dismutase gene and protein expression and ac-
tivity, decreases both mRNA and protein levels 
of NADPH oxidase subunits, and decreases su-
peroxide production in endothelial cells (Hwang
et al., 2005; Inoue et al.
ligands could also potentially decrease super-
oxide levels by simultaneously suppressing its 
generation and increasing its degradation, ulti-
mately enhancing NO bioavailability.

Methodological limitations

There are some limitations to the present project 
that are related to the animal models of ischae-
mia-reperfusion. First, we did not measure 

-

perform in rats. A drop in MAP and the appear-
ance of cyanosis within the area at risk after 
LAD occlusion, and the apperance of hyper-
aemia and arrhythmias within 1 min following 
reperfusion were used as indices of ischaemia 
and reperfusion, respectively. Moreover, since 
rats have a relatively sparse coronary collateral 

 et al., 1987), it is unlikely that 
-

fusion of the area at risk during ischaemia. 

possible to collect coronary venous blood in rats 
(studies II and III). Furthermore, determination 
of NO in vivo
(1-5 s), and the levels of the end products of NO 

-
tors such as dietary intake and therefore poorly 

in vivo.

were only investigated in mice and rats (stud-
ies III and IV). It cannot be excluded that spe-

-

et al.  et al., 2005) 
failed to provide cardioprotection in pigs. How-
ever, the authors of these studies do not exclude 
possibilities that differences in dose and dura-
tion of drug administration (chronic adminis-
tration), ischaemia-reperfusion protocol (use 

agonists have been shown in human endothelial 
cells, as has a cardioprotective effect of trogli-
tazone in the dog model of ischaemia-reperfu-
sion injury (Lee et al., 2003).

Experiments in study IV were performed in iso-

in vivo. Two different durations of ischaemia 
were used in the two protocols as described in 
Methods. This strategy was chosen to obtain 
comparable degrees of postischaemic dysfunc-
tion which is of importance if one wishes to 
compare the results in the two protocols. The 
reason for the different sensitivity to ischaemia 
between the two vehicle groups is unknown 
but may be related to seasonal variations or a 
slight difference in age. It might be expected 
that eNOS KO hearts would have developed 
more pronounced postischaemic dysfunction 

were obtained in a previous study (Gonon et al.,
2004) and may be related to counter-regulating 
mechanisms in the absence of the eNOS gene 
(Kanno et al., 2000; Sharp et al., 2002).
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SUMMARY AND CONCLUSIONS

1. Oral pretreatment with rosuvastatin at a clinically relevant dose limits the extent of the 
-

cardium without affecting serum cholesterol levels in a pig model of ischaemia-reperfusion 
injury. The effects of rosuvastatin were abolished by the NOS inhibitor L-NNA, suggesting 
that they are related to maintained bioactivity of NO.

2. Pretreatment with rosuvastatin limits the extent of the myocardial injury during ischaemia-
reperfusion in rats in vivo and is associated with inhibition of RhoA translocation in the rat 
myocardium. Administration of GGPP abolishes the effects of rosuvastatin, suggesting that 

-
tance for the protective effect of statins against myocardial ischemia-reperfusion injury in
vivo.

myocardial infarct size in rats, enhances eNOS and reduces ET-1 expression in ischaemic 
myocardium. Addition of the NOS inhibitor L-NNA abolishes the cardioprotective effect 

is related to maintained bioactivity of NO and reduced levels of ET-1.

-
bal ischaemia in the isolated mouse heart and induces phosphorylation of eNOS. This ef-
fect is inhibited by pharmacological blockade of NOS and is absent following disruption 
of the gene encoding eNOS. These observations suggest that the cardioprotective effect of 
rosiglitazone is mediated via NO by phosphorylation of eNOS.

In conclusion, endothelial dysfunction characterized by decreased NO bioavailability, is a feature 
of myocardial ischaemia-reperfusion injury. Cardioprotection induced by inhibition of HMG-CoA 

NO bioavailability. Thus, maintained bioavailability of NO is a key cardioprotective mechanism of 
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