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Abstract
Statins are 3-hydroxy-3-methyglutaryl coenzyme A (HMG-CoA) reductase inhibitors, which are
prescribed extensively for cholesterol lowering in the primary and secondary prevention of
cardiovascular disease. Recent compelling evidence suggests that the beneficial effects of statins
may not only be due to their cholesterol lowering effects, but also, to their cholesterol-independent
or pleiotropic effects. Through these so-called pleiotropic effects, statins are directly involved in
restoring or improving endothelial function, attenuating vascular remodeling, inhibiting vascular
inflammatory response, and perhaps, stabilizing atherosclerotic plaques. These cholesterol-
independent effects of statins are due predominantly to their ability to inhibit isoprenoid synthesis,
the products of which are important lipid attachments for intracellular signaling molecules, such as
Rho, Rac and Cdc42. In particular, inhibition of Rho and its downstream target, Rho-associated
coiled-coil containing protein kinase (ROCK), has emerged as the principle mechanisms underlying
the pleiotropic effects of statins. This review provides an update of statin-mediated vascular effects
beyond cholesterol lowering and highlights recent findings from bench to bedside to support the
concept of statin pleiotropy.
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Introduction
The 3-hydroxy-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, or statins, are
potent inhibitors of cholesterol biosynthesis. They have emerged as the leading therapeutic
class of lipid lowering agents and are established in the primary and secondary prevention of
coronary artery disease. However, in contrast to the original rationale of the biological effect
of statins, it has become increasingly apparent that the overall benefits observed with statins
are not mediated solely by their lipid-lowering properties [1-3]. Indeed, several studies have
demonstrated beneficial effects of statins in cardiovascular disease that appears to be
independent of cholesterol lowering.

The term “pleiotropy” comes from the Greek words pleio, which means many, and trepein,
which means influencing. Over the past decades the term “pleiotropic effects” has been
ascribed to some of the effects of statins in the treatment and prevention of cardiovascular
events. In particular, statins may play a key role in immunomodulation [4], neuroprotection
[5] and cellular senescence [6].
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Statin Pharmacology
Statins were initially identified as secondary metabolites of fungi [7]. One of the first natural
inhibitors of HMG-CoA reductase, ML-236B, was isolated as a metabolite from cultures of
Penicillium citrinum and was shown to be an extremely potent competitive inhibitor of HMG-
CoA reductase [8]. Thus, statins inhibit HMG-CoA reductase through binding to the enzyme's
active site and block the substrate-product transition state of the enzyme [9]. Each of the statins
is unique in its tissue permeability and pharmacokinetics. Although all statins can enter hepatic
cells through either active or passive transport, hydrophilic statins, such as pravastatin and
rosuvastatin are less likely to enter non-hepatic cells, while lipophilic statins, e.g. atorvastatin
and simvastatin are more likely to hepatic and non-hepatic cells through passive diffusion. This
difference in tissue permeability and metabolism may account for some of the differential
pleiotropic effects among the statins [10].

A second mechanism by which statins exert extrahepatic effects is their ability to prevent the
synthesis of other important isoprenoid intermediates of the cholesterol biosynthetic pathway,
such as farnesylpyrophosphate (FPP) and geranyl-geranylpyrophosphate (GGPP) that are
downstream from L-mevalonic acid [11]. These intermediates serve as important lipid
attachments for the post-translational modification of proteins, including nuclear lamins, Ras,
Rho, Rac and Rap [12]. The inhibition of isoprenoid, therefore, may contribute to some of the
pleiotropic effects of statins (Fig. 1). Interestingly, statins have also been shown to interact
with the leukocyte function-associated antigen-1 (LFA-1), which is independent of mevalonate
synthesis. LFA –1 belongs to the integrin family and plays an important role in leukocyte
trafficking and T-cell activation. Lovastatin binds to an allosteric site within the beta2-integrin
LFA-1 and inhibits the LFA-1 intercellular adhesion molecule-1 interaction [13].

Statins and its Diverse Points of Action
Statins and Rho/ROCK

Rho kinases (ROCKs) are protein serine/threonine kinases of ∼ 160 kDa and are downstream
effectors of the small GTPase Rho [14]. They were initially characterized by their ability to
mediate the formation of RhoA-induced stress fibers and focal adhesions through increasing
the phosphorylation of myosin light chain (MLC) [15]. Statins block the synthesis of
isoprenoids, and therefore, the subsequent geranygeranylation of Rho GTPases [16]. Through
post-translational modifications, isoprenylation is critical for intracellular trafficking and
function of small GTP-binding proteins [17]. In particular, by inhibiting mevalonate synthesis,
statins prevent membrane targeting of Rho and its subsequent activation of ROCK. Indeed, in
vitro studies suggest that many of the pleiotropic effects of statins are due to alterations in the
RhoA/ROCK signaling pathways [18-20]. For example, similar to the effects of statins, the
administration of ROCK inhibitors has been shown to prevent cerebral vasospasm after
subarachnoidal hemorrhage [21] and to prevent arterial remodeling after vascular injury [22].

Statins and Rac
Rac is a 20-30 kDa monomeric G protein and a member of the small GTPase subfamily. The
Rac signaling pathway is involved in actin cytoskeletal remodeling and reactive oxygen species
(ROS) generation. Within this context, Rac has received great attention for its involvement in
myocardial signaling since the development of myocardial hypertrophy and heart failure is
exhibited by ventricular remodeling and increased oxidative stress [23]. Rac1 influences
multiple actin cytoskeletal remodeling proteins, such as Wiskott-Aldrich Syndrome protein,
calmodulin-binding GTPase activation proteins and p21 activated kinase [24]. Rac1 also binds
to p67phox and leads to activation of the NADPH oxides system and subsequent generation
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of ROS [25]. As demonstrated in fibroblasts, Rac activity is closely related to NADPH-
dependent ROS production in response to growth factors and inflammatory cytokines [26].

Some of the pleiotropic effects of statins may be mediated through inhibition of Rac1. In animal
models, simvastatin prevented angiotensin II (Ang II) or pressure overload induced
hypertrophy through inhibition of Rac1-mediated NADPH oxidase activity in vascular smooth
muscle and heart [27,28]. Indeed, inducible and selective deletion of Rac1 in the adult mouse
heart protects against Ang II-induced cardiac hypertrophy [29]. This finding is further
supported by analysis of failing human heart tissues, where upregulation of ROS release is
associated with increase Rac1 activity, both of which are attenuated by statin treatment [30].
Atorvastatin decreases cardiac Rac1 and RhoA activities and downregulates atrial natriuretic
peptide, as well as myosin light chain 2V expression in spontaneously hypertensive rats [16].
Interestingly, a recent study in a transgenic rabbit model demonstrated that atorvastatin
prevented cardiac hypertrophy was associated with reduced levels of membrane Ras and
extracellular regulated kinase (ERK) activation, but without decreases in GTP-bound or total
RhoA or Rac1 [31]. Nevertheless, these findings support effects of statins that are not due to
lipid lowering.

Statins and the Peroxisome Proliferators-Activated Receptor
Peroxisome proliferators-activated receptors (PPARs) are members of the nuclear steroid-
hormone receptor superfamily and bind to specific DNA response elements as heterodimers
with the retinoid X receptor [32]. Currently, three isoforms of PPAR have been identified.
PPARs are major players in the energy homeostasis as well as in the regulation of inflammatory
responses [33,34]. Recent studies reveal that PPARs may contribute to the pleiotropic effect
of statins. For example, statins induce PPARγ transcriptional activity in macrophages. Statins
inhibit lipopolysaccharide (LPS)-induced tumor necrosis factor α (TNFα) and monocyte
chemoattractant protein-1 (MCP-1) expression as well as repress the transcriptional activity of
nuclear transcription factor (NFκB) and activator protein (AP1) through PPARα and PPARγ
[35]. These findings are supported by data demonstrating that statins stabilize atherosclerotic
plaques through the activation of PPARγ and that combined administration of simvastatin and
PPARγ agonists elicit additive effects on atherosclerotic plaque regression [36,37]. Indeed,
acute treatment with statins inhibits LPS-induced expression of inflammatory genes via a
PPARα-proteinkinase C (PKC)-dependent mechanism [38,39]. These findings support the
anti-inflammatory properties of statins and suggest evidence for the existence of a cross-talk
between the statin and PPAR pathways. Further studies are required to determine whether
combination therapy of statins and PPAR agonist has synergistic effects in reducing
cardiovascular disease.

Statin and its Pleiotropic Effects
Statins and the Endothelium

The endothelium forms the inner lining of blood vessels and represents a metabolically active
system. In addition to its function as a barrier, the endothelium senses and responds to
environmental factors and serves as an important autocrine and paracrine organ that regulates
the contractile state of blood vessels, blood cell trafficking, hemostatic balance and other
cellular compositions [40]. Endothelial dysfunction, as defined by decreased bioavailability of
endothelium-derived nitric oxide (eNOS), is one of the earliest manifestations of
atherosclerosis [41,42]. An important characteristic of endothelial dysfunction is the impaired
synthesis, release, and activity of eNOS as well as a decrease in NO bioavailability through
inactivation by increased ROS production [43,44]. The anti-atherogenic effects of eNOS
include enhancing vascular relaxation [45] and inhibiting of platelet aggregation [46], vascular
smooth muscle cell proliferation [47], and leukocyte-endothelial interactions [48].

Zhou and Liao Page 3

Curr Pharm Des. Author manuscript; available in PMC 2010 July 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Clinically, statins have been shown to improve endothelial function in patients with
hypercholesterolemia and atherosclerosis. Interestingly, this benefit occurs through both
cholesterol-dependent and –independent mechanisms. The cholesterol-dependent mechanism
is evident in patients after LDL apheresis, which removes plasma LDL particles physically.
These patients show rapid improvement in endothelium-dependent vasomotion through acute
reduction in serum cholesterol levels [49]. On the other hand however, several studies have
demonstrated that statins improve endothelial function even before significant reduction in
serum cholesterol levels has occurred [50,51]. These effects have been linked to the
upregulation of eNOS by statins [52,53] and is further supported by studies in
normocholesterolemic animals, where statins protect against stroke, myocardial ischemia and
reperfusion injury through non-cholesterol mechanisms [54,55].

Statins can upregulate eNOS by several different mechanisms (Fig. 2). First, statins increase
the stability of eNOS mRNA through the Rho/ROCK pathway, thereby leading to increased
eNOS expression [18,52]. For example, RhoA negatively regulates eNOS expression and
activity as demonstrated by studies showing that direct inhibition of Rho by Clostridium
botulinum C3 transferase or overexpression of a dominant-negative mutant of RhoA increases
eNOS expression [56,57]. Although the effects of statins on Ras and Rho isoprenylation are
reversed in the presence of FPP and GGP, respectively, the effects of statins on eNOS
expression are reversed only by GGPP, but not by FPP or LDL cholesterol [56]. These findings
indicate that the Rho/ROCK pathway rather than the Ras pathway predominantly regulates
eNOS expression.

A second important mechanism by which statins activate eNOS is mediated through the serine-
threonine protein kinase Akt. Akt is activated through protein tyrosine kinase and G protein-
coupled receptors and has been shown to be involved in mediating growth, metabolism, and
survival through downstream targets such as glycogen synthase kinase (GSK)-β and Forkhead/
FOXO transcription factors. Interestingly, eNOS is also a substrate of Akt and is
phosphorylated at Ser 1177/1179 [58]. Thus, statins have been shown to rapidly promote the
activation of Akt in endothelial cells leading to eNOS phosphorylation and increased NO
production. Because this process is inhibited by the phosphatidylinositol-3 kinase (PI3K)
inhibitors, wortmannin and LY294002, these findings indicate that statins activates Akt by
upregulating phosphatidylinositol-3-kinase (PI3K) signaling [59]. The statin-Akt pathway
appears to be specific for endothelial cells, as activation of Akt by statins is not observed in
cardiac or smooth muscle cells [59]. Although higher doses of statins promote an increase in
eNOS protein expression, recent reports show that statins at higher doses also exerts toxic
effects on endothelial cells, presumably due to excessive inhibition of protein prenylation
[18]. This finding is further supported in animal models where low statin concentrations
enhances angiogenesis in ischemic hindlimbs of normochloesterolemic animals through an
eNOS-dependent mechanism, while high doses inhibit angiogenesis [60,61]. Through the
PI3K/Akt pathway, statins also enhance the mobilization of endothelial progenitor cells (EPC)
from bone marrow to newly forming blood vessels [62,63]. Indeed, statins promote EPC
mobilization in patients with stable coronary heart diseases [64].

A third mechanism by which statins may regulate eNOS activity is through their effects on
caveolin-1. Caveolin-1 is an integral membrane protein that binds to eNOS in caveolae and
thereby inhibit NO production directly [65]. Its allosteric competitor calmodulin (CaM), which
promotes the calcium-dependent activation of eNOS through binding to the CaM-binding
motif, is thought to displace an adjacent autoinhibitory loop on eNOS. [66,67]. Atorvastatin
has been shown to reduce caveolin-1 abundance leading to restoration of eNOS activity in
endothelial cells. This effect is completely reversed by the addition of mevalonate [68].
Furthermore, fluvastatin has been shown to prevent hypoxia-induced interaction between
eNOS and caveolin-1, as well as the dissociation of heat shock proteins (HSP90) from eNOS

Zhou and Liao Page 4

Curr Pharm Des. Author manuscript; available in PMC 2010 July 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in pulmonary endothelial cells [69]. Both of these effects of fluvastatin would lead to greater
eNOS activity.

Finally, statins may have beneficial non-cholesterol effects through enhancing the moblization
of EPCs. EPCs augment ischemia-induced neovascularization, accelerate reendothelialization
after carotid balloon injury and improve postischemic cardiac function. Indeed, statins induce
angiogenesis by promoting the mobilization, proliferation, migration, and survival of
circulating EPCs. This effect is dependent upon the activation of the PI3K/Akt pathway [62].
Interestingly, as mentioned above, this effect is observed at lower concentrations of statins,
while higher concentrations of statins elicit anti-angiogenic effects [61,63]. Similar effects
were observed clinically. One-week treatment with 40 mg atorvastain leads to a 1.5-fold
increase of EPCs in elderly patients with stable coronary artery diseases [64]. This is confirmed
by a recent study demonstrating the efficiency of EPC mobilization in healthy, young male
volunteers after short-term therapy with simvastatin or rosuvastatin [70].

Statins and VSMC
Vascular smooth muscle cells (VSMC) contibute to vascular proliferative diseases, including
postangioplasty restenosis, transplant arteriosclerosis and venous graft occlusion [71]. Recent
studies have shown that statins can attenuate cytokine-mediated VSMC proliferation in
coronary artery smooth muscle cells and also inhibit pathological proliferation such as that
observed in transplant-associated arteriopathy [72-74]. Because transplant-associated
arteriopathy is more dependent on immunological mechanisms rather than lipid disorders, this
finding further underscores the importance of statin pleiotropy.

Early studies have shown that statins can inhibit cell proliferation through an isoprenoid-
dependent way [75]. In fibroblasts, G1 cell cycle arrest induced by lovastatin is reversed by
the addition of mevalonate or GGPP [76]. Inhibition of platelet-derived growth factor (PDGF)-
induced DNA synthesis in VSMCs is reversed by isoprenoid, but not cholesterol [19,77].
Because the small GTP-binding proteins, Ras and Rho, require posttranslational modification
for membrane localization and activity and are implicated in cell-cycle regulation, they are
likely targets for the direct antiproliferative vascular effects of statins. Ras can promote cell-
cycle progression via activation of the mitogen-activated protein kinase pathway, whereas Rho
causes cellular proliferation through destabilization of the cyclin-dependent kinase inhibitor,
p27Kip1 [78,79]. It appears that inhibition of Rho may be the predominant effect of statins on
VSMC proliferation as the inhibition is reversed by GGPP, but not by farnesyl pyrophosphate
or LDL cholesterol [19]. Indeed, direct inhibition of Rho by Clostridium botulinum C3
transferase or by a dominant-negative Rho mutant increases p27Kip1 and inhibits SMC
proliferation after PDGF stimulation. Another study showed that atorvastatin inhibits
serotonin-induced mitogenesis and migration through inhibition of GTP-RhoA formation in
pulmonary artery smooth muscle cells [80]. This effect is also reversed by GGPP, but not FPP
and is accompanied by a reduction of nuclear phospho-ERK. Taken together, these findings
indicate that Rho mediates SMC proliferation and that inhibition of Rho by statins is the
predominant mechanism by which statins inhibit vascular SMC proliferation.

ROS are generally formed by one or two electron reduction of molecular oxygen resulting in
the formation of superoxide anion or hydrogen peroxide, and are involved in cellular
proliferation. They directly affect vascular homeostasis through scavenging and decreasing the
bioavailability of NO and thus contribute to vascular dysfunction. Statins have been shown to
exert antioxidant effects by increasing eNOS activity and decreasing ROS production [52,
59]. Specifically, statins prevent lipid oxidation and decrease the Ang II receptor (AT-1)-
dependent ROS generation [28,81,82]. Statins also affect ROS generation through the
inhibition of NAD(P)H oxidase activity and assembly by preventing isoprenylation of the small
p21 rac protein [83]. Recently, it has been reported that atorvastatin reduces vascular mRNA
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expression of essential NADPH oxidase subunits p22phox and nox1 (gp91phox) by a
mechanism that involves the translocation of Rac1 from the cytosol to the cell membrane
[28]. Because NO is scavenged by ROS, these findings indicate that the antioxidant properties
of statins may also contribute to their ability to inhibit VSMC proliferation.

Statins and the Myocardium
Cardiac hypertrophy is an adaptive response of the heart to pressure overload. Ras was the first
member of the small GTPase linked to cardiac remodeling [84]. Following this finding, the
Rho/Rac/cdc42 family has been shown to participate in myocardial remodeling [23,85,86].
Indeed, recent animal studies suggest that NADPH oxidase-dependent ROS production in
response to pressure overload, stretch and Ang II-infusion require the guanine nucleotide-
binding proteins Rac1 and Rap for activation [87,88]. During activation, Rac1 binds GTP and
migrates to the membrane with the core cytosolic complex, leading to NADPH oxidase-
dependent ROS production [16,89]. Because Rac1 is required for NADPH oxidase activity and
cardiac hypertrophy is mediated, in part, by myocardial oxidative stress, it is likely that statins
could inhibit cardiac hypertrophy through an antioxidant mechanism involving inhibition of
Rac1 geranylgeranylation. Indeed, statins inhibit angiotensin II-induced oxidative stress and
cardiac hypertrophy in rodents [27]. Furthermore, a recent study demonstrated that treatment
with lovastatin failed to protect AngII induced cardiac hypertrophy in p21 knockout mice.
Molecular analysis demonstrated that lovastatin activated the FoxO3a transcription factor
complex which in turn activates the growth-inhibitor gene p21 and thus mediated its protective
role to prevent cardiac hypertrophy [90]. Oral statin treatment in patients with heart failure has
also been shown to decrease Rac1 function in the human heart and thus reduce NADPH-oxidase
mediated ROS activity [30]. Together, these findings strongly support the impact of statin in
preventing the development of cardiac hypertrophy.

Statins also exert protective function against ischemic myocardial injury. For example,
pretreatment of rats with simvastatin for 18 hours prior to the induction of ischemia-reperfusion
significantly reduced cardiac dysfunction and improved coronary flow [91]. Several follow-
up studies confirmed these findings in normocholesterolemic as well as hypercholesterolemic
mice [92]. One of the main contributors to this protective effect of statins is the increase in NO
availability. NO-mediated vasodilation facilitates regional myocardial blood flow under
hypoxic conditions and also inhibits platelet activation which may aggregate at sites of vascular
lesions [93,94]. Furthermore, statin-induced NO production has been shown to inhibit the
upregulation of adhesion molecules involved in leukocyte-endothelial cell interactions, such
as P-selectin, vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion
molecule-1 (ICAM-1) [95,96]. Finally, simvastatin has been demonstrated to preserve
mitochondrial membrane potential in response to oxidative stress in cardiac myocytes on a
NO-dependent manner [97]. All of these mechanisms underscore the important role of statins
in cardioprotection.

A common sequela of decompensated cardiac hypertrophy is the development of congestive
heart failure (CHF). Emerging evidences suggest the importance of statins in the treatment for
these patients. Several animal models of myocardial hypertrophy and heart failure, such as
aortic banding, myocardial infarction have proven that statins can preserve cardiac functions
under this conditions [16,98,99]. Furthermore, statins may improve endothelial dysfunction
and increase vascular tone that characterize patients with heart failure [100]. Concurrently,
retrospective analysis of large statin trials, such as the Scandinavian Simvastatin Survival Study
(4S) and Treating to New Target (TNT) study, suggests that statins reduce the incidence and
morbidity of heart failure [101,102]. In a recent prospective, double blind, placebo-controlled
study, patients with symptomatic, nonischemic, dilated cardiomyopathy were randomly
divided into two groups receiving statin or placebo for 14 weeks [103]. Although patients
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receiving statins exhibited a modest reduction in serum cholesterol level compared to patients
receiving placebo, these patients demonstrated a significant improvement in exercise
endurance, as exhibited by a lower NYHA functional class compared to patients receiving
placebo. This corresponded to improved left ventricular ejection fraction in the statin group
(33 ± 4 to 41 ± 4%, p < 0.01), but not in the placebo group. The improvements in their exercise
endurance and heart function were in addition to the improvements already observed with two
current treatments for heart failure, beta blockers and ACE inhibitors. Furthermore, plasma
concentrations of TNFα, interleukin-6 (IL-6), and brain natriuretic peptide (BNP) were lower
in the statin group compared to the placebo group. This study indicates that short-term statin
therapy improves cardiac function, neurohormonal imbalance, and symptoms associated with
idiopathic dilated cardiomyopathy and further strengthens the therapeutic benefits statins may
have in patients with heart failure irrespective of serum cholesterol levels or atherosclerotic
heart disease.

Statins and Atherosclerosis
Atherosclerosis is a complex inflammatory process that is characterized by the cross-talk
between excessive inflammation and lipid accumulation [104,105]. In the presence of
monocytes, macrophages and T-lymphocytes, inflammatory cytokines are secreted and
subsequently modify endothelial function, SMC proliferation, collagen degradation, and
thrombosis [106]. The early step in atherogenesis is characterized by an inflammatory response
to injury, and involves the recruitment of monocytes to the artery wall, followed by penetration
into the subendothelial space [107]. In the past few years, statins have been found to modulate
immune activation and to exert anti-inflammatory effects on the vascular wall by decreasing
the number of inflammatory cells in atherosclerotic plaques [108]. The mechanism is due, in
part, to statins' ability to decrease the expression of endothelial adhesion molecules, such as
ICAM-1, VCAM-1 and E-selectin [109-111]. Furthermore, statins attenuate P-selectin
expression and leukocyte adhesion in normocholesterolemic animals by increasing endothelial
NO production [55,112]. This cholesterol-independent effect of statins was absent in eNOS-
deficient mice, suggesting that eNOS mediates the vascular protective effects of statins [113].

Once monocytes become resident in the arterial intima, they acquire the morphological
characteristics of macrophages, express scavenger receptors that bind internalized lipoprotein
particles leading to transformation into foam cells [107]. The direct cholesterol-lowering
properties of statins represent the one side of anti-oxidative properties of statins. On the other
hand, statins also inhibit the oxidation of LDL through lipid-independent properties, which is
demonstrated by the upregulation of anti-oxidative enzyme catalase in the aorta and reduced
vascular expression of NADPH oxidase subunits p22phox and nox1 in hypertensive rats after
atorvastatin treatment [28]. During atherogenesis T-lymphocytes also play an important role
in the pathomechanism. The activation of T-lymphocytes and the control of the immune
response are mediated by the major histocompatibility complex class II (MHC-II) and CD40/
CD40L. Under physiological conditions, antigen-presenting cells express MHC-II
constitutively, whereas the induction of interferon-γ (INF-γ) leads to an increase of MHC-II
expression in numerous cells, including human endothelial cells and monocytes. An important
regulator in this pathway is the class II transactivator (CIITA). Statins inhibit MHC-II
expression on endothelial cells and monocyte-macrophages via inhibition of the promoter IV
of the transactivator CIITA and thereby repress MHC-II mediated T cell activation [114]. In
addition, statins also have been shown to decrease INF-γ induced CD40 expression and CD40-
related activation of vascular cells [115,116].

The atherosclerotic lesion contains highly thrombogenic materials in the lipid core that are
separated from the bloodstream by a fibrous cap [117]. Fissuring, erosion, and ulceration of
the fibrous cap eventually lead to plaque rupture and thrombosis [118], which is the major
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cause of acute coronary syndromes [106,119]. Lipid lowering by statins contribute to plaque
stability by reducing plaque size or by modifying the physiochemical properties of the lipid
core [120,121]. However, changes in plaque size by lipid lowering tend to occur over extended
time and are quite minimal as assessed by coronary angiography or intravascular ultrasound.
Rather, the clinical benefits from lipid lowering are probably due to decreases in macrophage
accumulation in atherosclerotic lesions and inhibition of matrix metalloproteinase (MMP)
production by activated macrophages [122]. Indeed, statins inhibit the expression of MMPs
and tissue factor by cholesterol-dependent and –independent mechanisms [120,123]. The
cholesterol-independent mechanisms are mainly mediated through a combined reduction in
lipids, macrophages, and MMPs [124]. These effects of statins may reduce the incidence of
acute coronary syndromes by lessening the propensity for plaque to rupture and may explain
the rapid time course of event reduction in patients at high risk for recurrent coronary ischemia
in the MIRACL (Myocardial Ischemia Reduction with Aggressive Cholesterol Lowering) and
PROVE-IT (Pravastatin or Atorvastatin Evaluation and Infection Therapy and Thrombolysis
in Myocardial Infarction) trials [125,126].

Finally, statins can also modulate LFA, a major counterreceptor for ICAM-1 on leukocytes
[127]. By binding directly to its regulatory site in the beta-2 integrin, statins can inhibit T cell
activation and suppress the inflammatory response independent of HMG-CoA reductase
inhibition and small GTPases [13,128].

While inflammatory processes characterize the initiation of atherosclerosis, platelets play a
critical role in the manifestation of acute coronary syndromes. Circulating platelets are
associated with mural thrombus formation at the site of plaque rupture and vascular injury and
acute thrombus formation is present in most episodes of acute coronary syndromes [129].
Hypercholesterolemia has been associated with increases in platelet reactivity [130,131]. These
abnormalities are linked with impairment of platelet-derived NO release, an increase in the
cholesterol-to-phospholipid ratio in platelets, and elevated thromboxane A2 biosynthesis
[132-135]. Statins have been shown to modulate platelet function through multiple mechanisms
[136,137]. One mechanism includes the statin-mediated upregulation of eNOS that is
associated with downregulation of platelet reactivity [138]. This observation is further
supported by a recent published work showing that the combination of subtherapeutic doses
of simvastatin and dipyridamole increases cerebral blood flow and decreases stroke volume
through an eNOS-dependent pathway [139]. Also fluvastatin has been shown to reduce platelet
aggregation in association with greater platelet-derived NO release and less oxidative stress
[140]. Interestingly, this study also supports previous assumptions that the reduced platelet
activity under statins is due to its inhibitory effect on Rho [141]. For example, fluvastatin
inhibited platelet nitrotyrosine expressions, which was reversed by supplementation of GGPP.
Further possibilities include a reduction in the production of thromboxane A2 and
modifications in the cholesterol content of platelet membranes [108,142]. Indeed, animal
studies suggest that statin therapy inhibits platelet deposition on damaged vessels and reduces
platelet thrombus formation. Finally, statins inhibit tissue factor expression by macrophages
and thereby potentially reducing the thrombotic potential of the vascular wall [122].

Statins in Clinical Trials: Evidence for Pleiotropy
Because serum cholesterol level is strongly associated with coronary heart disease, it has been
generally assumed that the beneficial effects underlying statin therapy are predominantly due
to cholesterol reduction. Several meta-analyses of lipid-lowering trials have suggested lipid
modification alone accounts for the clinical benefits associated with statin therapy [143].
However, when comparing statin with non-statin lipid-lowering trials – such as the Lipid
Research Clinics – Coronary Primary Prevention Trial (LRC-CPPT) or the Program on the
Surgical Control of the Hyperlipidemias (POSCH) trial, clinical studies with statin therapy
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demonstrate benefits within 5 years compared with greater than 7 years for non-statin trials
[144]. The European WOSCOPS (West of Scotland Coronary Prevention Study), a double-
blind, randomized placebo-controlled trial has evaluated the effects of 40mg pravastatin daily
on preventing the coronary events in hyperlipidemic subjects during a time-frame of 4.9 years.
Although no significant differences could be found in non-cardiac death, the onset of non-fatal
myocardial infarction or death resulting from coronary artery disease was significantly lower
compared to the placebo group [145]. Furthermore, subgroup analysis of WOSCOPS and
CARE (The Cholesterol and Recurrent Events Trial) studies indicate that, despite comparable
serum cholesterol levels among patients in the statin and placebo groups, patients who are
treated with statin have 47% lower risk of developing subsequent events [146,147]. These
findings suggest clinical benefits of statin therapy, which are independent of LDL cholesterol
reduction.

Previous findings indicate that statin therapy lowers high-sensitivity C-reactive protein (hs-
CRP), an independent marker shown to predict future vascular events [148,149]. This anti-
inflammatory property of statins has been suggested to be one explanation for its beneficial
effects on endothelial dysfunction. As demonstrated in the PROVE IT study, patients with
acute coronary syndromes who were treated with statins and achieved a target level of CRP
less than 2mg/l, showed a significant improvement in event-free survival [150]. In a second
step, the REVERSAL trial (Reversal of atherosclerosis with aggressive lipid lowering) has
demonstrated that intensive treatment with atorvastatin not only significantly reduced
atherogenic lipoproteins, but also resulted in a 36.4% reduction of C-reactive protein (CRP)
in the atorvastatin group compared with 5.2% reduction in the pravastatin group. This is further
accompanied by a lower progression rate of atheroma volume in the atorvastatin group,
underlining the relationship between CRP and atherosclerosis [151]. Finally, to evaluate
whether long-term treatment with rosuvastatin (20mg/day) would decrease the rate of
cardiovascular events among apparently healthy men and women with acceptable levels of
LDL cholesterol, but increased levels of hsCRP, the JUPITER trial (Justification for the Use
of statin in Primary prevention: an Intervention Trial Evaluating Rosuvastatin) was initiated
in 2003 and stopped in March this year, because of significant reduction in cardiovascular
morbidity and mortality in patients who received rosuvastatin [152]

Recently, two clinical trials with ezetimibe support the notion of statin pleiotropy in humans.
Ezetimibe is a lipid-lowering agent, which acts by decreasing cholesterol absorption in the
intestine [153]. It is used alone or in combination with statin therapy to enhance lipid lowering
[154]. In patients with heart failure, 4 weeks of simvastatin but not ezetimibe treatment
improved endothelial function and reduced oxidative stress, despite comparable reduction in
serum cholesterol levels [155]. Similarly, 40 mg atorvastatin improved forearm blood flow to
a greater extent than 20 mg simvastatin/10 mg ezetimibe, despite comparable reduction in LDL
cholesterol [156]. Furthermore in the recently published Ezetimibe and and Simvastatin in
Hypercholesterolemia Enhances Atherosclerosis Regression (ENHANCE) study – a double
blind, randomized trial comparing ezetimibe/simvastatin (10mg/80mg) to the highest
recommended dose of 80mg simvastatin, ezetimide/simvastatin combination did not reduce
the intima-media thickness of the carotid-artery wall in patients with familial
hypercholesterolemia, despite significant incremental reductions in levels of both LDL
cholesterol and C-reactive protein [157]. One possible interpretation of this result could be that
the lowering of LDL cholesterol levels by a drug other than a statin might not be as effective
for slowing atherosclerosis as statin monotherapy. This explanation would emphasize the
pleiotropic effect of statins. Indeed, direct comparison between ezetimibe and statins revealed
differential effects on endothelial function favoring statin therapy despite similar reductions
in LDL cholesterol [155]. Currently, the IMPROVE-IT study comparing Vytorin (ezetimibe/
simvastatin) versus simvastatin alone in subjects with acute coronary syndromes is ongoing.
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The expected completion for this trial is awaited for 2012 and will hopefully help determine
whether there are any beneficial effects of statins beyond LDL-lowering.

There is a large pool of data supporting the pleiotropic effect of statins on the vasculature. But
recent clinical studies have also focused on pleiotropic effects of statins beyond the vascular
tree. As demonstrated by Horwich et al. statins also improve heart function and survival in
patients with non-ischemic heart failure [158-160]. While ischemic heart failure is due to
atherosclerosis and associated with high cholesterol level, non-ischemic heart failure is usually
unrelated to atherosclerosis. Short-term statin therapy has been demonstrated to improve
cardiac function, neurohormonal imbalance and symptoms associated with idiopathic dilated
cardiomyopathy [103]. Furthermore, two prospective trials have recently investigated the
effect of statin on ischemic and non-ischemic heart failure. Results of the CORONA
(Controlled Rosuvastatin Multinational Study in Heart Failure) trial have demonstrated that
daily treatment with 10mg of rosuvastatin in patients with ischemic, systolic heart failure
(NYHA class III-IV, or EF < 35% in NYHA class II) significantly reduced hospitalization of
the patients. However, rosuvastatin treatment did not show significant changes on the NYHA
class compared to placebo treatment, nor did it reduce the composite outcome of death from
cardiovascular causes or nonfatal myocardial infarction or stroke [161] The outcome of patients
with non-ischemic heart failure and a preserved ejection fraction are enrolled in the GISSI-HF
(Gruppo Italiano per lo Studio della Sopravvivenza nell'Infarto Miocardico-Insufficienza
Cardiaca) trial. This trial compares rosuvastatin with placebo and n-3 polyunsaturated fatty
acids with placebo in 6975 patients, with 4574 patients assigned to participate in the
rosuvastsatin portion of the study [162]. The results are expected to be announced in August
2008 and will further help to determine whether statin therapy is effective in patients with non-
ischemic heart failure.

Recently, a meta-analysis of randomized trials with statins on the end point of incidence or
recurrence of atrial fibrillation demonstrated that statins significantly decreased the risk of
incidence or recurrence of atrial fibrillation (AF) in patients with a history of previous AF or
patients undergoing cardiac surgery or after acute coronary syndrome [163]. This analysis
included six studies with a total of 3,557 patients. Interestingly, the beneficial effect in the
prevention of AF recurrences is stronger than in primary prevention of AF. The mechanism
could be due to the interaction of statins with the renin-angiotensin system. Ang II has been
demonstrated to enhance cardiac myocyte growth and promote the proliferation of vascular
smooth muscle cells and fibroblasts resulting in remodeling and fibrosis of the atria that could
finally lead to the pro-arrhythmia [164]. At the same time statins has been shown to decrease
oxidative stress and downregulate the renin-angiotensin system [165], which might in part
explain a possible antiarrhythmic effect of statins against AF [166]. Statins have also been
suggested to modulate the autonomic nervous system, which might explain the protective role
of statins in the particular setting of postoperative patients with enhanced sympathetic activity
[167].

Underlining the pleiotropic effect of statins outside the cardiovascular system, several clinical
trials focusing on other organ system have been conducted over the past years, including the
neurovascular, renal and immunological system. Especially the impact of statins in the
prevention of stroke has been the spotlight recently [168]. Although myocardial infarction is
closely associated with serum cholesterol levels, several observational studies looking at the
relationship between elevated cholesterol level and cerebrovascular disease reported
contradictory results [169,170]. However, many clinical trials primarily designed to examine
the coronary benefits of statins also demonstrated reduction in risk of stroke [171]. While
WOSCOPS and the Air Force/Texas Coronary Atherosclerosis Prevention Study (AFCAPS/
TexCAPS) did not show any decrease in stroke events with statin therapy, the Anglo-
Scandinavian Cardiac Out-cmomes Trial (ASCOT)-Lipid Lowering Arm (LLA) demonstrated
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a 27% reduction of fatal or nonfatal stroke in the atorvastatin group compared to placebo
[147,172,173]. In the recently completed Collaborative Atorvastatin Diabetes Study (CARDS),
atorvastatin treatment resulted in 48% reduction in the relative risk of stroke in patients with
diabetes and at least one other cardiovascular risk factor, but no history of coronary artery
disease [174]. Further non-cardiovascular clinical studies supporting the effects of statins
beyond cholesterol reduction include the beneficial effects of statin in the treatment of chronic
kidney disease [175,176], rheumatologic diseases, neurological disease like multiple sclerosis
[177,178] or Alzheimer's disease [108]. These data all support the concept of stain pleiotropy
and emphasizes the rationale for its clinical use beyond cholesterol lowering.

Conclusion
Statin pleiotropy – once regarded as being “too good to be true”, is still a work-in-progress.
Most of the pleiotropic effects of statins are mediated through inhibition of the isoprenoid
synthesis, with subsequent downstream effects on small GTPase signaling pathways. In
particular statins can lead to increased expression of atheroprotective genes and inhibition of
pro-inflammatory mediators. These benefits include endothelial protective effects, enhancing
the stability of atherosclerotic plaques, and inhibiting vascular smooth muscle proliferation
and platelet aggregation. It remains to be determined to what extend these pleiotropic effects
account for the clinical benefits of statin therapy beyond cholesterol lowering.
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Fig. (1). Biological actions of isoprenoids
Statins inhibit HMG-CoA reductase activity leading to a decrease in isoprenylation of signaling
molecules, such as RhoA, Rac1 and cdc42.
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Fig. (2). Upregulation of eNOS by statins
Statins modulate eNOS expression and activity through three major mechanisms: 1) Increased
eNOS mRNA stability through inhibition of Rho isoprenylation. 2) Increased Akt-mediated
eNOS phosphorylation through PI3K-dependent signaling. 3) Restoration of eNOS activity
through reduction of caveolin-1 abundance.

Zhou and Liao Page 22

Curr Pharm Des. Author manuscript; available in PMC 2010 July 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


