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Abstract

Statins reduce cholesterol synthesis and are widely used for the treatment of hyperlipidemia and
ischemic heart disease. Besides their cholesterol-lowering effects, statins also possess broad
immunomodulatory and anti-inflammatory properties. Vascular endothelial cells play a critical
role in the pathogenesis of inflammatory disease and, alongside leukocytes and antigen presenting
cells, represent a key cellular target for statin therapy. Recent studies investigating how these
drugs modify endothelial cell function demonstrate that the therapeutic effect of statins can be
attributed, in part, to their action on the endothelium. Accordingly statins attenuate endothelial
MHC class Il expression, increase eNOS and fibrinolytic activity, decrease leukocyte adhesion
and transmigration and enhance resistance to local injurious stimuli. Many of these effects are
brought about by modulation of small GTPase function and downregulation of pro-inflammatory
gene expression.

Introduction

Chronic inflammatory diseases represent a wide range of conditions that include rheumatoid
arthritis, multiple sclerosis, atherosclerosis and psoriasis. The causative factors and
pathogenesis of these inflammatory-related diseases are diverse but common to all is the
fundamental role played by the vascular endothelium in lesion development. How
endothelial cells (ECs) function in the promotion, response to and resolution of an
inflammatory episode remains a major focus for research, especially as the vasculature
presents itself as an attractive pharmacological target.

Over the preceding decade statins (HMG-CoA reductase inhibitors; see Box 1) have
emerged as potentially powerful modulators of the inflammatory process and for that reason
are increasingly studied for their therapeutic efficacy in a multitude of immune-related
diseases. The mechanism by which statins modulate the immune response is complex but is
frequently referred to as lipid-independent. More accurately this mechanism should be
referred to as LDL-cholesterol independent as the so-called lipid-independent effects
primarily involve inhibition of isoprenoid lipid production and subsequent protein
prenylation and activity of signaling proteins such as the small GTPases (see Box 2) [1]. It
has also been proposed that a reduction in cholesterol synthesis alters the composition of
membrane lipid rafts, structures which are integral to the assembly of important cell
signalling microdomains [2,3]. Unlike their effect on protein prenylation and lipid raft
composition, which are dependent on the inhibition of HMG-CoA reductase, statins have
also been shown to bind directly to the leukocyte integrin LFA-1 and so interfere with
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binding to its principle ligand intercellular adhesion molecule (ICAM)-1 [4]. In most cases,
however, the effect of statins can be reversed with mevalonate supplementation, suggesting
that HMG-CoA reductase independent effects are not a major mechanism. The cell
processes affected by statins, in particular those dependent on small GTPases, are ubiquitous
throughout an organism and therefore affect the function of most cell types. Accordingly,
their impact on immune function is not restricted to modulation of leukocyte biology (see
accompanying review by Zamvil et al) but extends to other cells such as antigen presenting
cells (APCs), epithelial cells and ECs [5-7]. This pleiotropic action of statins may explain
their effectiveness as immunomodulators when applied to a broad range of inflammatory
diseases but uncertainty remains over the relative importance of each effector mechanism in
bestowing clinical benefit.

The recognition that atherosclerosis has an important immune component [8], and the key
role of the endothelium in orchestrating leukocyte recruitment and dictating lesion size,
duration and resolution, has led to it becoming an early and major focus of statin research
[1,9,10]. Experimental models suggest EC injury is the initiating event in atherogenesis,
occuring predominantly at arterial branch points where blood flow is of reduced velocity and
has a pro-atherogenic reversing or oscillatory flow pattern. This is in contrast to high shear,
unidirectional laminar blood flow which is atheroprotective. Subsequent inflammatory
changes in the endothelium favour transendothelial migration of monocytes and T cells into
the sub-intimal space, a critical step for the development of atheroma [8,11]. Statin therapy
results in a rapid and significant improvement in endothelial function in both hyper- and
normocholesterolaemic patients with atherosclerosis [9,12]. The ability of statins to increase
eNOS levels and fibrinolysis, to modulate T cell function and to reduce leukocyte adhesion
and platelet activation, contribute significantly to their effect on atherogenesis. Moreover,
the observed reduction in C-reactive protein in patients treated with statins is testament to
the efficacy of their anti-inflammatory actions (reviewed in Jain [10]). How statins impact
on vascular function in other inflammatory and autoimmune diseases, however, is less clear
but is becoming recognised as being of equal importance [13]. Indeed, mounting evidence
indicates that statins improve vascular function in rheumatoid arthritis (RA) [14,15].

Regulation of MHC class Il

Whilst vascular ECs cannot be considered professional APCs, they are nonetheless
competent at presenting antigen in the context of MHC class Il and expressing key
costimulatory molecules. In a landmark study by Kwak, statin treatment of human vascular
saphenous vein EC (a readily available source of human EC) resulted in the direct inhibition
of IFN-y-induced MHC-11 expression and subsequent T-cell activation (Fig. 1) [16]. This
response was mediated through modulation of the CIITA transactivator promoter plV and
was reversed by both mevalonate and GGPP, but not squalene, demonstrating the probable
involvement of small GTPases in the inhibitory event [17]. These findings have been
confirmed in human renal microvascular ECs [18] and more recently in porcine vascular
endothelium [19]. In the latter study, animals treated with 3mg/kg/day atorvastatin for 16
days were found to express 25 fold less MHC class Il expression compared to control levels.
More controversially, an alternate mechanism has also been proposed whereby statins
mediate disruption of lipid rafts which are thought to be crucial for normal MHC class 11
function [20]. Clearly both downstream statin effects may operate together and contribute to
the overall failure of EC to successfully present antigen.

Effect on co-stimulatory molecules

To generate an effective response, T cells require antigen presented in the context of MHC
class Il and recognition of additional co-stimulatory molecules. CD40, a member of the
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tumor necrosis receptor family, through its interaction with its ligand (CD40L, CD154)
plays an important role in potentiating the T-cell receptor mediated signal and driving the
differentiation of effector T cells. In addition, engagement of CD40 on APCs, including
ECs, induces expression of cell adhesion molecules, MMPs, tissue factor, chemokines, and
cytokines (eg TNFa and Thl-differentiating cytokines such as IL-12), all of which promote
an inflammatory response. In ECs, statins inhibit cytokine-stimulated expression of CD40
resulting in decreased CD40L-induced EC IL-12 expression (Fig. 1) [21,22]. Surprisingly,
Wagner and colleagues reported that the inhibition of CD40 expression in human umbilical
vein EC (HUVEC) was not reversed by mevalonate, FPP or GGPP, suggesting the effect
was independent of HMG-CoA reductase inhibition and possibly being due to interference
with integrin function [21]. In contrast other studies using saphenous vein EC report that
statins inhibit basal and cytokine-mediated upregulation of CD40 and that this effect is
HMG-CoA reductase dependent [23,24] illustrating possible differences in response
between vascular EC subsets. In light of the importance attached to CD40-CD154
interactions in atherogenesis and other inflammatory disorders including RA and multiple
sclerosis, modulation of these interactions by statins is likely to contribute significantly to
their anti-inflammatory activity.

Endothelial cell-derived chemokines and chemokine receptors

Chemokines and their receptors play a central role in regulating leukocyte traffic. Statin
treatment of ECs results in a significant attenuation of the chemokines MCP-1 (CCL2) and
IL-8 (CXCLS8) [25-27] which are involved in the recruitment of monocytes and neutrophils
respectively. In addition, statins downregulate mMRNA expression in EC for the chemokines
MCP-1, MIP-1a (CCL3) and MIP-1p (CCL4) and the chemakine receptors CCR1, CCR2,
CCR4 and CCRS5 [27]. These statin effects can be reversed by mevalonate and mimicked by
the geranylgeranyl transferase inhibitor GGTI-286 suggesting that inhibition of small
GTPase prenylation and subsequent downregulation of transcription factors such as NFKB
and AP-1 may be a principal mechanism (see below). Alternatively, statins also inhibit
CDA40 expression and consequently subsequent CD40-mediated signaling that mediates EC
expression of pro-inflammatory IL-6, IL-8 and MCP-1 [24].

Endothelial cell adhesion molecules and leukocyte recruitment

The recruitment of leukocytes by the vascular endothelium is a key multistep event in the
evolution of inflammatory lesions including atheroma. EC adhesion molecules serve not
only as docking structures but also initiate signalling cascades required for successful
leukocyte transmigration (see below). The expression of EC adhesion molecules is
significantly modulated by statins with the weight of evidence suggesting an inhibitory
effect (Table 1; Fig. 1). Most consistent is a reduction in P-selectin [28-31], whereas E-
selectin is reported to be both up- [32-37] and down-regulated [30,31,38,39]. Statins also
affect the expression of cell adhesion molecules belonging to the immunoglobulin
superfamily. Accordingly, ICAM-1, which is directly involved in sustaining both leukocyte
adhesion and diapedesis and is induced by various activators, is inhibited by statins
[30,31,40-47]. Some studies, however, report an increase in expression [32,34,35], which is
at odds with the ability of statins to attenuate leukocyte recruitment. Another member of the
immunoglobulin superfamily that is largely responsible for supporting monocyte migration
is vascular cell adhesion molecule (VCAM)-1. As with ICAM-1, the induction of VCAM-1
can be prevented by statin treatment, which is in accord with the observed reduction in
mononuclear cell infiltration /n vivo[21,30, 33,39,44,46,48]. However, VCAM-1 may itself
be induced by statins [32,34,35]. Platelet EC adhesion molecule (PECAM)-1, which is
implicated in directing migration through the cell-cell junction and basement membrane,
displays either reduced expression [45] or altered cellular distribution [49] (Table 1).

Trends Immunol. Author manuscript; available in PMC 2013 November 25.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Greenwood and Mason Page 4

The conflicting data described above occurs primarily where HUVEC have been employed
(Table 1). However, on close examination there is no clear correlation between the effect on
adhesion molecule expression and experimental condition such as type of statin used or cell
passage number. Despite the discrepant results concerning the effects of statins on adhesion
molecule expression, a common feature of statin treatment of animal models of
inflammatory diseases is a reduction in the accumulation of mononuclear cell infiltrates into
the target tissue. These observations support the hypothesis that attenuation of adhesion
molecule expression may contribute to the observed immunomodulatory effects.

Endothelial adhesion molecule receptor signalling

In addition to facilitating leukocyte adhesion, cell adhesion molecules also contribute to the
overall pro-inflammatory activation of the EC. In this regard engagement of ICAM-1 on the
EC surface results in the initiation of multiple signalling cascades one of which leads to
reorganisation of the actin cytoskeleton and promotion of lymphocyte diapedesis [50].
Remadelling of the EC cytoskeleton is thought to be a prerequisite for transvascular
leukocyte migration as F-actin is involved in both the formation of the endothelial
transmigratory docking structure [51,52] and maintenance of cell-cell junction integrity.
Critical to the ICAM-1 mediated signalling pathway in ECs responsible for facilitating
lymphocyte migration is the upstream activation of Rho GTPase. Thus, as statins inhibit Rho
prenylation, the EC ICAM-1-mediated signalling pathway required for successful
transvascular lymphocyte migration is also inhibited [53,54]. The fact that this effect can be
reversed by ECs expressing Rho with a myristoylation site, which renders the cell
insensitive to statin induced loss of isoprenylation [53], provides compelling evidence that
EC ICAM-1-mediated signalling via Rho is essential for successful lymphocyte
transendothelial migration and is a target for statins.

As with ICAM-1, VCAM-1 engagement has also been reported to generate EC signalling
pathways that are requisite for leukocyte, and in particular monocyte, migration. VCAM-1-
mediated signalling encompasses calcium dependent activation of the small GTPase Rac1,
increased NAD(P)H oxidase activity and subsequent generation of reactive oxygen species
(ROS) [55]. Induction of this pathway also results in Rho activation, actin reorganisation
and loss of the cell-cell adherens junction protein VE-cadherin [56,57]. Inhibition of these
GTPases with statins would therefore reduce paracellular permeability, leukocyte migration
and the production of ROS [58] which is also an activator of the pro-inflammatory
transcription factor NFkB.

Endothelial cell inflammatory gene regulation

Reduction in the activation of pro-inflammatory transcription factors represents a key
mechanism by which statins exert their immunomodulatory effects (Table 2) [10] (Fig. 1).
Various statins decrease basal NF-kB DNA binding activity and NF-kB-dependent gene
expression [59,60], at least in part, through induction or stabilization of its cytosolic
inhibitor IkBa [60]. Likewise, Wagner reported that atorvastatin inhibits cytokine-mediated
activation of NF-kB, STAT-1 and subsequent de novo synthesis of interferon regulatory
factor-1 (IRF-1), resulting in reduced EC CD40 expression [21]. It has also been suggested
that statins may inhibit NF-kB activation independently of the classical IKK-pathway
[39,61] (see Table 1). In addition, statins may decrease activity of AP-1, a dimer of c-Jun
and either Fos or ATF, which plays an important role in endothelial inflammatory responses,
regulating genes responsible for MMPs, cytokines, chemokines, adhesion molecules, iINOS
and Fas ligand [60]. In the same study HIF-1a activity, which was diminished by TNF-a in
ECs, was enhanced by statins.
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In addition to the inhibitory effect of statins on pro-inflammatory gene expression, it has
now emerged that they are also able to activate genes that are protective or anti-
inflammatory. Recent attention has focused on the Kruppel-like family of transcription
factors; potent regulators of EC gene expression [62]. Kruppel-like factor 2 (KLF2) is statin-
inducible in human ECs [63-65] and this is reversed by mevalonate and GGPP [63,64].
Consistent with a role for inhibition of Rho GTPase, treatment with the Rho inhibitor C3
exoenzyme or the geranygeranyl transferase inhibitor GGTI-298 augmented KLF2
expression [63,64]. The effect of statins on KLF2 mRNA expression was transcription-
dependent, most likely mediated by increased transactivation of the KLF2 promoter via a
myocyte enhancer factor binding site [64]. This novel effect lends further weight to the
proposal that ECs represent a key therapeutic target for statins in inflammatory-related
diseases. Statins, through inhibition of RhoA, may also induce expression or increase
activity of the nuclear receptor ligand-activated transcription factors peroxisome
proliferator-activated receptors (PPAR) a and f [66,67]. Moreover, simultaneous treatment
with statins and fibrates, another class of lipid-lowering drugs, results in a synergistic effect
on PPARa transactivation, suggesting distinct mechanisms of action [67]. Activation of
PPARa by statins suppresses NF-kB and AP-1-mediated gene activation resulting in a
down-regulation of pro-inflammatory mediators such as VCAM-1 and IL-6 and recent /in
vivo studies have reported PPARa-dependent anti-inflammatory effects of simvastatin [68].

How statin-mediated modulation of protein prenylation results in altered gene expression
remains largely unexplored. Nevertheless, gene activation via signalling pathways
incorporating prenylated proteins is well established and includes signalling pathways
involving Rho, Ras and Rac as well as some heterotrimeric G-proteins.

eNOS and NO production

It is well recognised that the anti-inflammatory effect of statins on the vascular endothelium
can be closely associated with their ability to upregulate endothelial nitric oxide synthase
(eNOS) activity and hence nitric oxide (NO) production (for reviews see [69,70]) (Fig.1). At
least two distinct mechanisms have been proposed; a rapid activation of eNOS function and,
over the longer term, enhancement of mMRNA stability. Under inflammatory conditions the
Rho-Rho kinase pathway becomes activated, which is a negative regulator of both eNOS
activity and mRNA stability, resulting in reduced NO biosynthesis [71,72]. Early studies
established that statin treatment reduces prenylation of endothelial Rho and a concomitant
increase in eNOS activity which, as one would predict, was reversed by GGPP [71,73].
Statin-mediated post-translational activation of eNOS has been attributed to activation of the
PI3K-Akt pathway. Thus, simvastatin treatment of resting HUVEC results in rapid PI3K-
dependent phosphorylation of the serine threonine kinase Akt and Akt-dependent
phosphorylation and activation of eNOS [74,75]. This may also increase the binding affinity
of eNOS for calmodulin, resulting in displacement of the inhibitory binding partner
caveolin-1. In addition, statins reduce caveolin-1 levels, decreasing its inhibitory effects on
NO synthesis [76]. An alternative pathway has also been proposed whereby statins may
enhance eNOS activity through activation of AMP activated protein kinase [45].
Paradoxically, statins have also been shown to inhibit iNOS transcription through inhibition
of NF-kB but this has as yet to be confirmed in EC.

The evidence for statins inducing eNOS activity and hence NO production is compelling but
the impact on the inflammatory process is less clear. There is evidence, however, that NO
prevents leukocyte chemotaxis and downregulates adhesion pathways through an inhibition
of adhesion molecule expression which in turn attenuates leukocyte migration. The
importance of NO in leukocyte recruitment is supported by the failure of statins to inhibit
leukocyte/EC interactions in eNOS deficient mice [29]. In addition to anti-inflammatory
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effects, statin-induced NO may have added benefits, including inhibition of endothelin-1 and
improved endothelial function in atherosclerosis and autoimmune inflammatory diseases
such as systemic sclerosis [77] and rheumatoid arthritis [14,15]. Contrary to these findings
with in other studies

Vascular permeability

Increased vascular permeability is a ubiquitous feature of inflammation and plays a
significant role in pathogenesis. In a recent study statins significantly decreased permeability
in an /n vitro model of the human blood-brain barrier (BBB) [78], an effect reversed by FPP
and GGPP but not squalene. The authors suggest that statin-mediated changes in
permeability may be due to a decrease in the endothelial secretion of the chemokines MCP-1
(CCL2) and IP-10 (CXCL10). This observation adds weight to the finding that MCP-1, via
its CCR2 receptor, can alter substantially the integrity of the BBB by inducing a
redistribution of tight junction proteins [79]. This raises the possibility that statins will also
inhibit Rho-Rho kinase mediated vascular barrier opening, a hypothesis supported by the
fact that simvastatin reverses VEGF-induced hyperpermeability via inhibition of RhoA-
dependent myosin light chain diphosphorylation and cytoskeletal remodelling [80]. The
potential clinical benefits are illustrated by the observation that statins prevent
hyperpermeability induced by dextrose /in vitro and across the BBB of diabetic rats [81].

Vasculoprotective effects of statins

The vascular endothelium is exposed to pro-inflammatory cytokines, complement
components, activated leukocytes and oxidized LDL which may contribute to chronic
endothelial dysfunction and atherogenesis, through generation of ROS and reduced NO
biosynthesis. In the microvasculature a patent blood supply is requisite for the prevention of
collateral hypoxic damage and for ultimate resolution of the inflammatory event and so must
be preserved. To this end, the endothelium has evolved cytoprotective mechanisms that act
to maintain vascular integrity and recent studies have highlighted that these may be
enhanced by statins [12,82] (Fig. 2).

Through inhibition of Rac-1-mediated NAD(P)H oxidase activity and reduction in
angiotensin AT1-receptor expression, statins ameliorate angiotensin ll-induced generation
and release of ROS [57,83]. Recent attention has focused on the ability of statins to induce
expression of the anti-oxidant, anti-inflammatory and anti-apoptotic enzyme
hemeoxygenase-1 (HO-1). HO-1 may be induced by statins in ECs and /n vivoin a tissue-
specific manner [84]. Simvastatin attenuates hypoxia and oxidative stress in the coronary
artery wall, preserving endothelial function independently of cholesterol lowering [85].
Moreover, withdrawal of statin therapy induces endothelial dysfunction through activation
of gp91 phox-containing NAD(P)H oxidase by Rac-1, resulting in generation of superoxide
anions which scavenge NO [86] and forms highly toxic peroxynitrite.

Complement activation has been implicated in atherogenesis, myocardial infarction and
post-transplant vasculopathy. Atorvastatin may induce expression of the complement-
inhibitory protein decay-accelerating factor (DAF) and protect human EC against
complement-mediated injury [87]. DAF upregulation was independent of cholesterol
synthesis and was reproduced by a GGTI and reversed by GGPP. This effect of statins may
be enhanced by hypoxia leading to additional upregulation of the terminal pathway inhibitor
CD59 [88]. The combined effects of DAF, at the level of C3 and C5 convertases, and CD59
inhibiting the terminal attack complex, has the potential to exert anti-inflammatory and
vasculoprotective effects on the endothelium. This may contribute to their beneficial effects
in ischemic heart disease, during ischemia/reperfusion, RA and systemic lupus
erythematosus [12,13].
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Conclusions

The LDL-cholesterol-independent immunomodulatory, anti-inflammatory and
vasculoprotective effects of statins are currently the subject of intense and justified interest.
Recent work has highlighted the potential use of these drugs outside the spectrum of
hyperlipidemia and ischemic heart disease and directed focus towards the EC as an
important cell target in inflammation in general. New developments in our understanding of
the molecular mechanisms underlying the LDL-cholesterol-independent actions of statins on
ECs will help direct future research. Thus, the role of the inhibition of isoprenylation and
hence small GTPase, and possibly heterotrimeric G-protein, function and the role of
transcription factors such as NF-kB and KLF2, may subsequently allow the design of novel
targeted therapeutic agents aimed specifically at the vascular endothelium.
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Box 1
Clinical evidence for LDL-cholesterol-independent effect of statins

Since their introduction in 1987, 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase antagonists, otherwise known as statins, have been widely used to reduce low-
density lipoprotein (LDL) cholesterol and treat atherosclerosis. Their efficacy in reducing
cardiovascular morbidity and mortality is supported by large intervention trials [10]. The
observation that the benefits of statins occur early, extend to patients within the normal
LDL-cholesterol range and exceed those of other lipid-lowering drugs, despite
comparable falls in total cholesterol, suggest that statins have LDL-cholesterol-
independent effects. This hypothesis is widely supported by experimental studies
demonstrating LDL-cholesterol-independent, immunomodulatory, anti-inflammatory and
vasculoprotective actions [5]. Thus, statins downregulate T cell activation and
proliferation, block adhesion molecule interactions, inhibit the production of chemokines,
matrix metalloproteinases (MMP), attenuate MHC class Il-restricted antigen
presentation, inhibit activation of NF-kB, reduce leukocyte migration, upregulate EC
protective genes and shift the T cell population from a proinflammatory Thl to a
regulatory Th2 phenotype [1,82].

Although the clinical significance of these pleiotropic actions of statins is difficult to
establish a recent study has reported that, despite equivalent reductions in serum
cholesterol in patients treated with either simvastatin or ezetimibe, an inhibitor of
gastrointestinal cholesterol absorption, only simvastatin improved endothelial function
[89]. A further confounding factor is the use in many experimental studies of
supratherapeutic concentrations of statins, raising the question of clinical relevance.
Notwithstanding this, LDL-cholesterol-independent biological effects of statins have
attracted considerable interest in recent years and have led to clinical trials aimed at
evaluating statin efficacy in autoimmune disease [1].
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Box 2
Statin pharmacology and protein prenylation
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Cholesterol

HMG-CoA reductase is the rate-limiting enzyme of the mevalonate pathway, through
which cells synthesise cholesterol from acetate moieties. Statins, bind to HMG-CoA
reductase at nanomolar concentrations leading to competitive displacement of HMG-
CoA. Inhibition of HMG-CoA reductase, and the subsequent reduction in cholesterol
synthesis, induces hepatocytes to increase their surface expression of LDL receptors,
thereby increasing LDL uptake and reducing plasma LDL cholesterol. Currently
available statins include pravastatin, simvastatin and lovastatin, that are naturally
occurring (from fungi) and the synthetic statins atorvastatin, fluvastatin and rosuvastatin.
These statins possess important intermolecular differences that contribute to their distinct
pharmacokinetic properties [90]. For example pravastatin and rosuvastatin are, unlike the
other statins, water soluble whilst rosuvastatin and atorvastatin have by far the longest
plasma half life [90]. The differences between statins with respect to their ability to bind
HMG-CoA reductase and whether they are predominantly lipophilic or hydrophilic may
also influence their extrahepatic effects. However, hydrophilic statins exert similar
effects on the vasculature to lipophilic statins implying that specific mechanisms may
exist for the uptake of the former. Although most extrahepatic effects appear to be
mediated through inhibition of mevalonate production [1], statins may modulate the
immune response independently of their inhibitory effect on HMG-CoA reductase,
through interference with the CD11a (LFA-1)/ICAM-1 interaction [4].

The mechanisms by which statins exert their effect are predominantly through inhibition
of downstream products of mevalonate metabolism, in particular farnesyl pyrophosphate
(FPP) and geranylgeranyl pyrophosphate (GGPP). These isoprenoid lipid intermediates
serve as adjuncts in post-translational (iso)prenylation of a variety of important cell
signaling proteins [1,5,71]. Prenylation occurs on proteins containing a C-terminal CaaX
motif. However, it is not confined to these proteins, but also occurs on members of the
Rab family of Ras-related G proteins and, which has been largely overlooked, on the y-
subunit of heterotrimeric G-proteins. In addition to promoting membrane interactions,
prenylation plays a role in crucial protein-protein interactions. This suggests that a
reduction in the synthesis of these intermediate metabolites, through statin inhibition of
HMG-CoA reductase, will have a profound modulating affect on cell signaling pathways.
Amongst the group of CaaX motif containing proteins likely to be subject to altered
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function are members of the small GTPase family of molecular switch proteins that
include Rho, Rac and Cdc42. These proteins cycle between an inactive GDP-bound state
and an active GTP-bound state. By reducing GTPase prenylation, statins prevent
activation of GTP-binding proteins, so disrupting organization of the actin cytoskeleton
and complex processes important to the immune response [1,5,71].
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Figure 1. Effects of statins on the pro-inflammatory vascular endothelium

During inflammation the endothelial cell is activated leading to the induction and
upregulation of numerous signaling pathways that promote the inflammatory event
(illustrated by red arrows). Statins downregulate a number of these key pathways including
those responsible for pro-inflammatory gene induction, support of leukocyte migration and
increased cell junction permeability. The negative effect of statins on proinflammatory gene
regulation results in reduced expression of MHC class Il, CD40, adhesion molecules,
chemokines, cytokines, MMPs and chemokine receptors. In addition, statins inhibit
pathways that downregulate anti-inflammatory responses which results in increased eNOS
mRNA stability and NO production which has anti-inflammatory effects. Red arrows
represent those pathways that are blocked by statins primarily through their action on small
GTPase prenylation and blue boxes describe the outcome of statin treatment.
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Figure 2. Cytoprotective effects of statins on vascular endothelium
Defined and potential signalling pathways through which statins may exert

vasculoprotective effects on the pro-inflammatory vascular endothelium are shown. Statins
induce cytoprotective genes, protect against vascular injury and reverse endothelial cell
dysfunction. Activation of PI3K/Akt and increased NO biosynthesis prevent apoptosis,
increase vasodilatation and reduce leukocyte and platelet adhesion. Through inhibition of
Rac-1-mediated NAD(P)H oxidase activity and reduction in angiotensin AT1-receptor
expression, statins ameliorate angiotensin Il-induced generation and release of reactive
oxygen species ( ROS). Statin-mediated induction of HO-1 has the potential to exert anti-
adhesive, anti-oxidant and anti-apoptotic effects. Inhibition of Rho-Rho-associated kinases
(ROCK) by statins leading to activation of KLF2 and PPARa may induce eNOS,
complement-inhibitory, anti-oxidant and anti-thrombotic genes. RhoA inhibition also
enhances ecto-5'-nucleotidase (Ecto-5'-Nu, CD73) cell surface expression and activity, so
increasing extracellular adenosine which modulates vascular tone, inhibits platelet activation

and leukocyte adhesion.
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Table 1
Summary of the effects of statins on endothelial cell adhesion molecule expression
Endothelial cell Treatment Statin Effect on adhesion Proposed mechanism Ref
molecule
Human umbilical vein TNF-a Mevastatin VCAM-1 | mRNA decreased through inhibition [33]
E-selectin 1 of NFKB but
E-selectin protein increases due to
reduced
surface cleavage. Effects reversed by
mevalonate.
Lovastatin E-selectin | Inhibits Rho mediated TNF stimulated | [38]
E-selectin
expression
Lovastatin VCAM-1 1 Lovastatin, but not pravastatin, pre- [34]
ICAM-1 1 treatment
E-selectin 1 enhanced TNF upregulation of protein
and
mRNA
Atorvastatin | VCAM-1 1 Statin enhancement reversed by [35]
ICAM-1 1 mevalonate
E-selectin t and GGPP
Simvastatin, | ICAM-1 | Effect reversed by mevalonate [43]
Atorvastatin,
Cerivastatin
Simvastatin VCAM-1 | Reduced mRNA and activation of [44]
ICAM-1 | NFkB
Cerivastatin, | VCAM-1 | Decreased surface expression yet [46]
Simvastatin ICAM-1 | (not with increased
Simvastatin) mRNA. Correlates with IkBa
degradation.
Proposed due to increased shedding.
Effect
reversed by mevalonate
Lovastatin PECAM-1 (altered Statin effect on intracellular PECAM [49]
distribution) reversed by
mevalonate and GGPP
TNF-a and IL-1B | Simvastatin VCAM-1 1 Statin enhancement reversed by [32]
ICAM-1 1 mevalonate
E-selectin 1 and GGPP but not squalene.
Associated with
increase in NFKB activation.
TNF-a and IFN-y | Atorvastatin | VCAM-1 | Effect reversed by mevalonate [21]
(MRNA)
TNF-a and LPS Simvastatin, | VCAM-1 1 Statin enhancement reversed by [36]
Fluvastatin, E-selectin 1 mevalonate
Pravastatin and GGPP
Insulin Cerivastatin, | ICAM-1 1 (no Cerivastatin inhibits insulin [42]
Fluvastatin, effect with upregulation of
Pravastatin Fluvastatin or ICAM. Reversed by mevalonate.
Pravastatin)
Gucose Fluvastatin, ICAM-1 | Hyperglycaemic induction of CAM’s [31]
Pravastatin P-selectin | attenuated
E-selectin | with statins through increased NO
Antiphospholipid | Fluvastatin VCAM-1 1 Statin enhancement reversed by [37]
E-selectin 1 mevalonate
and GGPP
Human iliac artery No treatment Fluvastatin ICAM-1 | Downregulation of basal ICAM/ [45]
PECAM-1 | PECAM by
statins reversed by blocking eNOS
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Endothelial cell Treatment Statin Effect on adhesion Proposed mechanism Ref
molecule
Human coronary artery Ox-LDL Simvastatin, | VCAM-1 | Both message and protein reduced as [30]

Atorvastatin | ICAM-1 | well as
P-selectin | NFkB
E-selectin |
ECV304 human cell line IFN-y Lovastatin ICAM-1 | Inhibits IFN but not TNF stimulated [41]
ICAM
expression (ECV304 cells have since
been
shown to be of epithelial origin)
Bovine aorta LPS Cerivastatin ICAM-1 | (MRNA) Mediated through Rho. Reversed with [40]
GGPP
Rat mesenteric vessels Thrombin Rosuvastatin | P-selectin ¢ Statin enhanced release of NO [29]
L-NAME Simvastatin P-selectin | Downregulates adhesion and [28]
migration
correlating with decreased P-selectin
Rat aorta Hypertension Fluvastatin ICAM-1 | Also decreases superoxide anion [47]
Mouse aorta ApoE deficiency Rosuvastatin | VCAM-1 | Also decreased MCP-1 and MMP-9 [48]
(MRNA)
Mouse brain bEND.3 cell | TNF-a Lovastatin VCAM-1 | By inhibiting PI3BK/Akt/NFKB [39]
line E-selectin | pathway
ICAM-1 no change
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Summary of the transcriptional effects of statinsin vascular endothelial cells

IFN: interferon, IRF-1; interferon regulatory factor-1, MHC: major histocompatibility complex, NF-kB:

Table 2

Page 19

nuclear factor kappa B, PMA: phorbol myristate acetate, PPAR: peroxisome proliferator-activated receptor,
STAT1: signal transducer of transcription-1, TNF: tumor necrosis factor

Transcription factor | Endothelial cell | Treatment Statin Proposed mechanism Ref
CIITA Human IFNy Atorvastatin Statins inhibit expression of MHC [16]
saphenous Lovastatin Class 11 transactivator (CIITA)
vein Pravastatin
NF-kB Human TNFa Simvastatin Stabilization of cytoplasmic IkBa [60]
aortic Atorvastatin leading to reduced NF-kB signaling
Ea.hy926 Lovastatin
cell line
Human TNFa Cerivastatin Reduced NF-kB signaling [61]
umbilical independent of classic IkB kinase
vein and mediated via inhibition of
PI3K/Akt
TNFa or Fluvastatin Impaired NF-kB binding to DNA [59]
Antiphosplipid
antibodies
TNFa/IFNy Atorvastatin Inhibition of NF-kB and STAT-1- [21]
dependent synthesis of IRF-1.
AP-1 Human TNFa Simvastatin Attenuated cJun expression leading | [60]
aortic Atorvastatin to reduced AP-1 DNA binding
Ea.hy926 Lovastatin
cell line
HIF-1a Human TNFa Simvastatin Statin-induced increase in HIF-1a [60]
aortic Atorvastatin activity and reversal of EC
Ea.hy926 Lovastatin dysfunction
cell line
KLF2 Human None Simvastatin Increases KLF2 mRNA levels [63]
umbilical Lovastatin through inhibition of
vein Cerivastatin geranygeranylation resulting in
Pravastatin (no | upregulation of KLF2 trascriptional
effect) targets
Mevastatin Statin-induced increase in MEF2 [64]
Simvastatin activity leading to induction of
Lovastatin KLF2 promoter activity through
Pravastatin (no | inhibition of Rho
effect)
PPARa Human PMA Simvastatin Statin-induced activation of PPARa | [66]
umbilical Fluvastatin inhibits EC release of pro-
vein Pravastatin inflammatory mediators

Cerivastatin
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