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Statin Therapy—Part I: The
Pleiotropic Effects of Statins in
Cardiovascular Disease
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Vivian Gahtan, MD'*?

Abstract

3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG CoA-reductase) inhibitors, otherwise known as statins, are currently
the medical treatment of choice for hypercholesterolemia. Hypercholesterolemia is a known risk factor for cardiovascular
disease, and statin therapy has led to a significant reduction in morbidity and mortality from adverse cardiac events, stroke, and
peripheral arterial disease. In addition to achieving a therapeutic decrease in serum cholesterol levels, statin therapy appears to
promote other effects that are independent of changes in serum cholesterol. These “pleiotropic” effects include attenuation of
vascular inflammation, improved endothelial cell function, stabilization of atherosclerotic plaque, decreased vascular smooth
muscle cell migration and proliferation, and inhibition of platelet aggregation. This article is part | of a 2-part review, and it focuses

on the pleiotropic effects of statins at the cellular level.
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Introduction

3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG
CoA-reductase) inhibitors, commonly known as statins, inhibit
the rate-limiting step of the cholesterol biosynthesis pathway.'
They have become the cornerstone of medical treatment for
hypercholesterolemia and have led to a marked reduction in
morbidity and mortality from adverse cardiac events, stroke,
and peripheral arterial disease.””® Interestingly, a wealth of both
experimental and clinical evidence reveals the beneficial
effects of statins extend beyond those obtained by simply low-
ering serum cholesterol levels.” Statins are believed to have
“pleiotropic effects,” a term used to collectively refer to the
beneficial effects of statins that are independent of cholesterol
levels (see Table 1).” Secondary to these pleiotropic effects of
statins, favorable outcomes using statin therapy have been
appreciated in cardiovascular disease (CVD) as well as other
disease states including cancer, sepsis, dementia, autoimmune
disease, macular degeneration, osteoporosis, and inflammatory
bowel disease.®>>>’

With regard to treating CVD it appears that statins are more
important than originally appreciated. In particular, some of the
added benefits of statin treatment in CVD include attenuation
of vascular inflammation, improved endothelial cell function,
decreased vascular smooth muscle cell (VSMC) proliferation
and migration, stabilization of atherosclerotic plaque, and inhi-
bition of platelet aggregation.?**' This article is the first part of
a 2-part review—part I focuses on the pleiotropic effects of

statin therapy at the cellular level, and part II addresses what
is clinically known regarding the effects of statins on CVD.

Statin Structure and Pleiotropy

The water solubility of statins may determine some of their
pleiotropic effects and is directly attributable to their chemical
structure.* Statin structure can be divided into three basic
parts: an analogue of HMG-CoA, a hydrophobic ring structure
that aids in binding to HMG-CoA reductase, and side groups on
the rings.** These side groups determine statin solubility and,
as a result, many of the pharmacokinetic properties of statins.**
Atorvastatin, fluvastatin, lovastatin, pitavastatin, cerivastatin,
and simvastatin are considered lipophilic, whereaspravastatin
and rosuvastatin are considered hydrophilic as a result of polar
side groups (see Table 2).4***
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Table I. Pleiotropic Effects of Statins in Cardiovascular Disease®

Cell Type Pleiotropic Effect Atorvastatin Cerivastatin Fluvastatin Lovastatin Pravastatin Simvastatin
Platelets Decreased activation 10 Il
Decreased aggregation 12,13
Endothelial cells Increased eNOS expression/activity 14,15 14,15
Decreased ROS 16
Increased endothelial progenitor cell 17-19 17,20
activity/production
Vascular smooth Decreased proliferation 21
muscle cells Decreased migration 21
Increased apoptosis 22 23 24 24 24
Macrophages/ Decreased proliferation 25
monocytes Decreased MMP expression 26 27
Decreased oxLDL uptake 28-30
Vascular Decreased MHC-Il expression 31 31 31
inflammation Decreased hs-CRP levels 32 33 34
NOTES: eNOS = endothelial nitric oxide synthase; MMP = matrix metalloproteinase; oxLDL = oxidized low-density lipoprotein; MHC-Il = major histocompat-

ability complex class II; hs-CRP = high-sensitivity C-reactive protein.
? Numbers in the table correspond to references cited in this paper.

Table 2. Statin Brand Names and Basic Pharmacology

Statin Brand Name Lipophylicity Daily Dosage (mg) Half-Life (hours)
Atorvastatin Lipitor,® Torvast® Lipophilic 10-80 14

Cerivastatin Lipobay,® Baycol® Lipophilic Withdrawn from market® 2-3

Fluvastatin Lescol,® Lescol XL® Lipophilic 20-80 25

Lovastatin Mevacor,® Altocor,® Altoprev® Lipophilic 20-80 1.1-1.7
Pitavastatin Livalo,’ Pitava’ Lipophilic -2 I

Pravastatin Pravachol,? Selektine,® Lipostat® Hydrophilic 10-40 77

Rosuvastatin Crestor” Hydrophilic 10- 40 19

Simvastatin Zocor,? Lipex® Lipophilic 5-80 3

2 Pfizer Inc, New York, New York.

b Bayer, Leverkusen, Germany.

€ Novartis, Basel, Switzerland.

9 Merck & Co. Inc, Whitehouse Station, New Jersey.

¢ Andrx Pharmaceuticals Inc, Davie, Florida.

f Kowa Pharmaceuticals, Tokyo, Japan.

& Bristol-Myers Squibb, New York, New York.

P AstraZeneca Pharmaceuticals, Wilmington, Delaware

Despite their differences in solubility, however, both
lipophilic and hydrophilic statins are relatively hepatoselec-
tive.*> Lipophilic statins readily accumulate in hepatocytes
due to facilitated passive diffusion, and the uptake of
hydrophilic statins by the liver is quite extensive as well due
to efficient carrier-mediated uptake.*>™* Interestingly, this
carrier-mediated uptake is so efficient and specific to hepato-
cytes that hydrophilic statins actually have greater hepatoselec-
tivity and less widespread tissue distribution than their
lipophilic counterparts.*”*°

When examining the pleiotropic effects of statins,
widespread tissue distribution of the lipophilic statins may be
beneficial. Corsini et al designed a series of in vitro experi-
ments with VSMCs and demonstrated that the lipophilic statins
fluvastatin, simvastatin, and lovastatin were able to decrease
VSMC migration and proliferation in a dose-dependent
manner; hydrophilic pravastatin, on the other hand, had no
effect on VSMC migration or proliferation.>® Further, van Vliet

et al showed in a series of in vitro experiments that simvastatin
is a potent inhibitor of VSMC migration and proliferation,
whereas pravastatin had little effect on either process.’!

Atherosclerosis and Neointimal Hyperplasia

To better understand the pleiotropic effects of statins in CVD, it
is important to understand the pathogenesis of atherosclerosis
and neointimal hyperplasia. Both of these processes share com-
mon molecular and cellular pathways affected by statin
administration.

Atherosclerotic Plaque Formation is a Response to
Endothelial Injury
Atherosclerotic plaque formation involves a continual process

of endothelial injury and dysfunction with subsequent remodel-
ing and repair.’® After endothelial injury occurs, platelets are
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among the first to respond by adhering to the injury site and
recruiting macrophages to the area of injury.”*>* Macrophages
phagocytize lipid-laden platelets and migrate into the intima
where they take in more lipids.>* These macrophages are com-
monly referred to as “foam cells,” as the large amount of lipid
they ingest gives them a foamy appearance when viewed
microscopically.>® Additionally, VSMCs migrate from the
media to the intima near the area of endothelial injury with
many of them taking in large amounts of lipid to also become
foam cells.”> Serum lipoproteins accumulate in the intima at
these areas of injury and along with these three cell types,
become part of what is termed the “fatty streak”—the earliest
lesion in the formation of atherosclerotic plaque.”

The fatty streak undergoes further remodeling to form a
fibrous cap composed mainly of VSMCs and the extracellular
matrix they secrete.’® Underlying this cap is a core of necrotic
cellular debris and foam cells packed with lipid.*® Disruption
of the fibrous cap initiates an inflammatory response that can
lead to thrombus formation, with eventual incorporation into
the complex atherosclerotic plaque itself.>> The end result of
this process is narrowing or complete blockage of the vascular
lumen with a resultant compromise in blood flow.>

Neointimal Hyperplasia is a Response to Blood Vessel
Wall Injury as Well

Neointimal hyperplasia is a significant cause of reconstructive
failure in patients after angioplasty, stenting, and bypass proce-
dures.>” Both open and endovascular procedures produce blood
vessel damage that triggers a physiologic response.’” Platelets
rapidly cause thrombus formation at the surface of vessel wall
injury.’”>® An inflammatory cascade ensues, with monocytes,
neutrophils, and lymphocytes migrating to the area of intimal
injury.”® Medial VSMCs migrate to this area of intimal injury
as well, and over the next several months they proliferate and
produce large amounts of extracellular matrix.”**® The sum
of these cellular and molecular responses leads to neointimal
hyperplasia and restenosis of the instrumented blood vessel.®!

Statins, THE Mevalonate Pathway, AND
Small G Proteins

The pathologic processes of both atherosclerosis and neointi-
mal hyperplasia are driven by a complex interplay of related
factors, both molecular and cellular. Although statins were
designed with the singular intent of decreasing serum choles-
terol levels, their pleiotropic effects in CVD indicate they are
able to do much more than originally intended.>® A critical eva-
luation of the pathway where statins were originally designed
to work—the mevalonate pathway—provides a starting point
for understanding some of these pleiotropic effects.

HMG-CoA Reductase is Inhibited by Statins

Statins were originally designed to inhibit the rate-limiting step
of the cholesterol biosynthesis pathway, otherwise known as
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Figure |. The mevalonate pathway. Statins are potent inhibitors
of the rate-limiting step of the mevalonate pathway. They have a high
affinity for HMG-CoA reductase and are able to significantly block the
production of mevalonate, a necessary precursor for cholesterol
synthesis. Mevalonate is the building block for a variety of other
compounds as well including the isoprenoids farnesyl pyrophosphate
and geranylgeranyl pyrophosphate, both of which exert important
effects on vascular smooth muscle cells. PP indicates pyrophosphate.
HMG-CoA indicates 3-hydroxy-3-methylglutaryl coenzyme A.

the mevalonate pathway (Figure 1). The enzyme responsible
for catalyzing this rate-limiting step is HMG Co-A reductase;
it catalyzes the production of mevalonate from HMG-CoA.>*’
As more than two thirds of the body’s total cholesterol is man-
ufactured by the body itself (mainly in the liver)*” and not con-
sumed, the necessity of blocking this pathway to achieve a
therapeutic decrease in serum cholesterol is apparent.®>

Production of Isoprenoid Intermediates is
Inhibited by Statins

The sole product of the mevalonate pathway is not cholesterol,
however, and blocking HMG-CoA reductase has far-reaching
consequences that extend beyond decreased cholesterol
production.’ A diverse array of cellular and biologic processes
are affected by the isoprenoid intermediates derived from
mevalonate, and the end products formed from these intermedi-
ates carry out a variety of vital functions.®*** Some of these
end products and their functions include ubiquinone—involved
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in electron transport, dolichol—involved in glycoprotein
synthesis, and isopentenyl adenine—a component of transfer
RNA.%

Two isoprenoid intermediates of the mevalonate pathway
that have indirect but important roles in vascular structure and
function are farnesyl pyrophosphate (FPP) and geranylgeranyl
pyrophosphate (GGPP). These two isoprenoids are both used to
provide proteins with lipophilic attachments to the cell mem-
brane.®>*® Two protein families that require these lipophilic
attachments for appropriate localization within the membrane
and proper functional activity are the Ras and Rho families
of small G proteins.®>® In particular, FPP is involved with
membrane attachment and biologic activity for the Ras family
of small G proteins, and GGPP performs the same function for
Rho and its isoforms.®>®® Without modification of Ras by
farnesylation and Rho by geranylgeranylation, neither protein
will function properly or localize to its appropriate place within
the cell membrane.®”-%® Furthermore, both Ras and Rho are
vital components of second messenger systems known to
affect vascular inflammation, hypertrophy, and hyperplasia,
and these second messenger systems are intimately involved
in promoting vascular remodeling in disease states such as
atherosclerosis and diabetes.®’

Ras

Ras has been shown to be relevant to both VSMC migration
and proliferation.””® In vitro experimentation with manumy-
cin A, an inhibitor of Ras farnesylation, demonstrated signifi-
cant inhibition of migration and proliferation of rat VSMCs
stimulated by platelet-derived growth factor (PDGF).”® Further
research performed with manumycin A in a murine model of
atherosclerosis showed decreased activation of the Ras signal-
ing pathway, along with a subsequent reduction in fatty streak
lesion size and VSMC composition of the neointima.”" In vivo
experimentation with dominant negative Ras mutants in a rat
carotid injury model indicated that Ras inhibition significantly
decreased VSMC proliferation at the site of injury.”

Investigators working with a recombinant adenovirus
expressing a Ras mutation (AdRasN17, a dominant negative
mutant) have shown that VSMC proliferation and neointima
formation are inhibited by this mutant in a rat carotid injury
model.”® This same group of investigators developed a porcine
carotid injury model to test the efficacy of AdRasN17 in a cir-
culatory system more comparable to that of humans.”” Results
showed a significant decrease in VSMC proliferation and
neointima formation just as in their rat model.”” Collectively,
these studies provide evidence that inhibition of Ras activation
may slow the progression of atherosclerosis and neointimal
hyperplasia.

Rho

Rho GTPases affect a broad array of biologic processes
including regulation of the actin cytoskeleton, cellular migra-
tion, neuronal development, morphogenesis, gene transcription

and mRNA stability, and cell division and adhesion.**”*”> Rho
also has a role in vascular structure and function.”>”’® In partic-
ular, direct inhibition of Rho with Clostridium botulinum C3
transferase and inhibition of Rho geranylgeranylation by statins
both inhibit VSMC proliferation and progression through the
cell cycle.” In endothelial cells, Rho acts as a negative
regulator of endothelial nitric oxide synthase (eNOS) expres-
sion and activity through a reduction in messenger RNA
(mRNA) stability.””’® Taken together, the effects of Rho on
VSMCs and endothelial cells can be proatherogenic; blocking
geranylgeranylation of Rho, therefore, should protect against
the progression of both atherosclerosis and neointimal
hyperplasia.

Statins, Platelets, and Lipoproteins

The many cellular and molecular components involved in the
evolution of atherogenesis and neointimal hyperplasia are
important to consider because statin administration affects the
role of these components in plaque formation. Two such com-
ponents are platelets and low-density lipoproteins (LDL).>*”
Platelets adhere to areas of endothelial injury and exposed col-
lagen.>* Platelet activation then occurs and stimulates VSMC
migration and proliferation at the site of injury via secretion
of various growth factors and cytokines.>® Further, platelets
promote cholesterol accumulation in arterial wall cells directly
and indirectly through their effect on LDL receptor activity.”’
LDL and very-low-density lipoproteins (VLDL) have been
shown to enhance platelet activation, and this enhancement is
even more pronounced when the lipoproteins are derived from
patients with hyperlipidemia.”* Additionally, platelets from
patients with hyperlipidemia demonstrate hyperaggregability
in vitro.>* With these relationships between platelets and LDL
in mind, their interaction likely contributes to the engine that
drives atherogenic plaque formation.

Statins Decrease Platelet Activation and
Platelet Aggregability

Statin administration attenuates both platelet activation and
platelet aggregability.'®'* Two surface glycoproteins of plate-
lets that serve as important markers of activation are CD62
(also known as PADGEM, GMP140, or P-selectin) and
CD63 (also known as Gp53).%° On the surface of activated pla-
telets, both of these proteins are expressed 10-fold more than on
the surface of quiescent platelets.®® Huhle et al showed through
a series of experiments with platelets obtained from patients
with hypercholesterolemia that both platelet surface markers
were significantly decreased after treatment with fluvastatin.'!
In a similar series of experiments, Labios et al demonstrated
that atorvastatin decreased the expression of CD62 at the
platelet surface as well.'°

Platelet aggregation is enhanced in patients with hypercho-
lesterolemia, but the way by which statins attenuate platelet
aggregability remains an area of debate.''>7*8182 Some
believe statins decrease platelet aggregability by way of a

Downloaded from http://ves.sagepub.com at Ebsco Electronic Journals Service (EJS) on May 14, 2010


http://ves.sagepub.com

Sadowitz et al

245

direct relationship with lowering serum cholesterol, whereas
others believe it is a pleiotropic effect of statin therapy.'*'?
One early theory posited that the increased cholesterol content
of platelets in hypercholesterolemic patients was the main rea-
son for platelet aggregation.®*> A series of in vitro experiments
by Shattil et al with platelets obtained from patients with nor-
mocholesterolemia provided some evidence for this theory.*?
Their experiments involved incubating normocholesterolemic
platelets with cholesterol-rich liposomes to increase the
cholesterol content of the platelets.*> These platelets showed
a 39.2% increase in cholesterol content, with a resultant
increase in aggregability when exposed to the aggregating
agents epinephrine and adenosine diphosphate.®*

More recent studies have shown there are other factors
involved in enhancing platelet aggregability. These factors
include impaired release of platelet-derived nitric oxide,'? oxida-
tive stress,'? increased platelet cholesterol/phospholipid molar
ratio,'* and binding of cholesterol-rich LDL to the platelet sur-
face.®* Statins are able to attenuate these factors and, as a result,
decrease platelet aggregability.'>'* Specifically, Haramaki et al
demonstrated that fluvastatin improves the intracellular redox
state of platelets (an index of oxidative stress) with a resultant
decrease in platelet aggregability.'? Hussein et al demonstrated
that fluvastatin administration decreased the platelet choles-
terol/phospholipid molar ratio and led to a subsequent decrease
in platelet aggregation.'®> Through this same series of experi-
ments, however, Hussein’s group also showed a direct relation-
ship between decreased platelet aggregability and binding of
fluvastatin to the platelet surface.'® These studies suggest that
statins decrease platelet aggregability in both cholesterol-
dependent and cholesterol-independent manners.

Statins Attenuate LDL Promotion of Platelet Aggregation

Whatever be the mechanism of enhanced platelet aggregation
in the atherogenic process, it is apparent that plasma LDL is
important. Plasma LDL increases the tendency of platelets to
aggregate through LDL receptors on the platelet surface,® thus
providing some evidence that serum cholesterol levels have a
direct relationship with platelet aggregability. To further test
this theory, Schror et al demonstrated that platelets from
patients with familial hypercholesterolemia were hyperreactive
and displayed enhanced aggregation; however, treatment with
simvastatin for 8§ months resulted in a decrease in both the total
cholesterol and serum LDL levels toward control.®® In addition,
platelet aggregation, thromboxane formation, and ATP secre-
tion decreased to the levels of the normocholesterolemic con-
trols.®® Additionally, some studies have shown that statins
may alter the structure of the LDL particle itself, which in turn
may lead to decreased platelet aggregability.”*37-88

Statins Decrease the Proatherogenic Effects
of Oxidized LDL

One of the earliest events in the pathogenesis of atherosclerosis
is oxidation of both the lipid and apolipoprotein B components

of LDL.*® In its oxidized form, LDL exerts proatherogenic
effects on certain cell types. For example, oxidized LDL
(oxLDL) is able to promote macrophage proliferation.?®
Furthermore, oxLDL promotes cholesterol accumulation
within macrophages, resulting in foam cell production.®**°
Oxidized LDL is also chemotactic for monocytes®' and
T-cells,” 2 of the major cellular components of the atherogenic
plaque.”®> Other research with oxLDL has shown it is
cytotoxic to cultured endothelial cells,”* and it also decreases
eNOS activity and endothelial cell adhesion, which are
vasoprotective.”*

Statins are able to combat the proatherogenic effects of
oxLDL in several ways. Senokuchi et al were able to demon-
strate in a series of experiments with mouse peritoneal macro-
phages that statins inhibit macrophage proliferation through
inhibition of p38 mitogen activated protein kinase (MAPK)
signaling cascades.? Statins are also able to decrease foam cell
production by inhibiting the uptake of oxLDL by macro-
phages.®>° Specifically, in vitro studies have shown that sta-
tins are able to downregulate the receptors on macrophages
that permit the uptake of oxLDL.?*>° With regard to endothe-
lial cells, statins are able to counteract the detrimental effects of
oxLDL as well. Endothelial cells have a receptor known as
LOX-1 that is responsible for the uptake of oxLDL.** Li et al
were able to demonstrate that statins decreased LOX-1 expres-
sion and subsequent uptake of oxLDL in human coronary
artery endothelial cells.”*

STATINS AND ENDOTHELIAL CELLS

Endothelial cells form a protective barrier between circulating
blood and the rest of the blood vessel wall.”>® Endothelial
injury is one of the inciting events in the development of ather-
osclerosis and neointimal hyperplasia.”>’ Physiologically,
endothelial cells are involved in mediating a variety of pro-
cesses including vasoconstriction and vasodilation, thrombosis
and fibrinolysis, angiogenesis, vascular inflammation, and pro-
duction of extracellular matrix components.”>*°

Endothelial-Derived Nitric Oxide is Antiatherogenic

One important function of endothelial cells that helps
prevent atherosclerosis is the production and release of nitric
oxide (NO), a potent vasodilator, synthesized by eNOS.”®
Endothelial-derived NO inhibits the progression of atherogen-
esis by several different mechanisms. One such mechanism
may be through inhibition of VSMC proliferation.”® In a series
of experiments with rat aortic VSMCs, Garg et al were able to
show that three independent NO-generating vasodilators could
inhibit VSMC proliferation.”” Platelet aggregation, another
important component in the pathogenesis of atherosclerosis,
is also inhibited by NO.'° Finally, monocyte adhesion to the
endothelial surface is proatherogenic and is attenuated by
eNOS as well.'"!
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Statins Promote eNOS Production and Function

Statins are able to promote eNOS production and function in
endothelial cells in several ways. In a series of experiments
with vascular endothelial cells, Laufs et al demonstrated that
statin treatment upregulated eNOS expression and activity
through stabilization of eNOS mRNA.'* Their study also
demonstrated that statins can prevent the downregulation of
eNOS expression and activity by oxLDL.'* Furthermore, sta-
tins also promoted eNOS activity by attenuating hypoxia-
mediated downregulation of eNOS expression.'> Statins also
display an antioxidant effect that may improve endothelium-
mediated relaxation, as reactive oxygen species are known to
limit the bioavailability of NO,'¢-10%-193

Statins and Endothelial Progenitor Cells

In addition to augmenting mature endothelial cell function,
statin administration also affects endothelial progenitor cell activ-
ity. Investigators have shown that statins promote endothelial pro-
genitor cell proliferation, migration, and cell survival in vitro via
the Akt signaling pathway, an important signaling pathway
involved in cell growth and survival.'7? Statins also appear to
prevent endothelial progenitor cell senescence while promoting
endothelial progenitor cell proliferation ex vivo;'® this alteration
in endothelial progenitor cells may be due to the stabilization of
telomeres by a telomere repeat-binding factor, TRF2, whose
expression is upregulated by statin administration.'’

Statins and VSMCs
Statins Decrease VSMC Migration and Proliferation

Vascular smooth muscle cell migration and proliferation are 2
other major components of both atherogenesis and neointimal
hyperplasia, and both of these components are affected by sta-
tin administration.?""'®* As mentioned previously, the small G
proteins Ras and Rho play a large role in VSMC migration
and proliferation, and statin administration is able to attenuate
the effects of both small G protein families. Through a series of
experiments with human saphenous vein grafts, Porter et al
demonstrated that simvastatin inhibits both VSMC prolifera-
tion and migration.?! Jaschke et al were able to show
significant inhibition of neointima formation using a
cerivastatin-eluting stent in a rat carotid injury model.'**

Statins Promote VSMC Apoptosis

Vascular smooth muscle cell apoptosis appears to be important
in the pathogenesis of both atherosclerotic disease and neointi-
mal hyperplasia.**'°> Multiple studies have shown that statins
promote VSMC apoptosis. Guijarro et al demonstrated that
atorvastatin showed cellular changes consistent with apoptosis
including cell rounding, detachment from adjacent cells, reduc-
tion in cellular DNA content, and chromatin condensation and
fragmentation in cultured rat VSMCs.*? Kaneider et al reported
similar findings in their studies with rat aortic VSMCs treated

with cerivastatin; specifically, they noted an increase in
caspase-3 activity indicative of an increase in VSMC apopto-
sis.?? Consistent with these studies, Erl et al demonstrated that
cultured rat neointimal aortic VSMCs underwent increased
apoptosis when exposed to simvastatin, lovastatin, or
fluvastatin.**

Although most investigators feel that VSMC apoptosis
would be beneficial for preventing neointimal hyperplasia after
revascularization,* the benefits derived from increased VSMC
apoptosis are less clear-cut for atherosclerotic disease. Vascu-
lar smooth muscle cell apoptosis may halt the progression of
neointimal thickening seen in early atherosclerotic lesions, or
it may contribute to plaque instability by thinning out the
fibrous cap.?* More studies are needed, therefore, to determine
the effects of statin-induced VSMC apoptosis on the progres-
sion of atherosclerotic disease.

Statins and Vascular Inflammation

Inflammatory cells are a large part of atherosclerotic plaque. In
particular, macrophages and T-cells are present in abundance,
and they secrete a wide variety of cytokines and inflammatory
mediators that promote endothelial dysfunction, VSMC prolif-
eration and migration, and thrombosis. % Furthermore, some
patients with atherosclerosis mount a systemic immune response
to oxLDL, heat shock proteins, and Chlamydia pneumoniae.'®’
These observations provide evidence that adaptive immunity
may be important in the pathogenesis of atheroslerosis.'"’

Statins Decrease the Inflammatory Response

T-cell activation is mediated by major histocompatability com-
plex class I (MHC-IIT) molecules.’’ Some cell types, including
endothelial cells and monocyte—macrophages, express
MHC-IT molecules after induction by interferon y.>' Kwak
et al were able to demonstrate that statins block the induction
of MHC-II by interferon vy in both endothelial cells and mono-
cyte—macrophages in a dose-dependent manner.>' This same
effect was seen in human VSMCs and fibroblasts as well.*'
Another important component of the vascular inflammatory
response is the CD40-CD40L pathway.'®® CD40 and its ligand
CDA40L are members of the tumor necrosis factor family of pro-
teins.'”® The interactions between CD40 and CD40L are
important in a wide variety of inflammatory processes, which
include leukocyte adhesion and migration, chemokine and
cytokine induction, and fibroblast activation.'®® The impor-
tance of the CD40-CD40L pathway in atherogenesis was
demonstrated by Mach et al in a series of experiments with
hyperlipidemic mice.'” Their protocol involved using an
anti-CD40L blocking antibody, and their results showed a
decrease in the size of atherosclerotic lesions as well as a
decrease in the number of T-cells and macrophages within the
plaques themselves.'® Statins are able to attenuate the effects
of this pathway, as experimentation with both human endothe-
lial cells and monocyte—macrophages has shown that statin
treatment decreases CD40 expression on both cell types.''°
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C-Reactive Protein Levels Are Decreased by Statin
Administration

High-sensitivity C-reactive protein (hs-CRP) is an acute phase
reactant produced by the liver that serves as a marker of
inflammation.""" It displays several proatherogenic properties
including induction of plasminogen activator inhibitor
expression, complement activation, increased expression of
cellular adhesion molecules, and decreased eNOS expres-
sion.** Multiple studies have shown that statins are able to
decrease hs-CRP levels.**>* Whether a decrease in hs-CRP
levels by statins confers clinical benefits separate from that
of the lipid-lowering effects of statins remains unclear.

Statins and Plaque Stabilization

Atherosclerotic plaque rupture is a major cause of acute
ischemic episodes in both the cardiac and peripheral vascular
systems.''? Rupture of the fibrous cap exposes thrombogenic
components of the atheroma to the blood.''? Activation of both
platelets and the coagulation cascade ensues, with subsequent
thrombus formation that may lead to partial or complete blood
vessel occlusion.''?

Statins potentially stabilize atherosclerotic plaque in a of
couple ways. First, accumulation of lipids in the atherosclerotic
plaque causes both mechanical and biologic instability of the
plaque itself.!'? Lipid lowering through statin therapy should,
therefore, promote mechanical stability while attenuating the
oxidative stress and inflammatory response caused by biologi-
cally active lipids.'"?

Second, and perhaps more importantly, plaques prone to
rupture contain an abundance of macrophages that express
matrix metalloproteinases (MMPs) and tissue factor
(TF).2"1* Matrix metalloproteinases are proteolytic enzymes
that weaken the fibrous cap through collagen degradation,'"*
and TF is a prothrombotic molecule that causes plaque instabil-
ity as well.>®!15-116 Ajkawa et al demonstrated that cerivastatin
treatment decreased macrophage growth and subsequent
expression of MMPs and TF both in vitro and in vivo in a
hypercholesterolemic rabbit model.?® Crisby et al studied the
effects of pravastatin on human carotid plaque composition and
reported a significant reduction in MMP-2 immunoreactivity.*’
Even the reduction of plasma lipid through simple dietary
changes was shown to decrease MMP proteolytic activity and
increase the collagen content of atherosclerotic plaque in a rab-
bit model of atherosclerosis.'"”

Conclusion

The pleiotropic effects of statins in CVD are secondary to a
variety of processes at both the molecular and cellular levels.
Some of these beneficial effects of statins include improvement
in endothelial cell function, inhibition of platelet activation/
aggregation, inhibition of VSMC migration and proliferation,
decreased vascular inflammation, and increased stability of
atherosclerotic plaques. With these pleiotropic effects in mind,

the indications for statin use may continue to expand, as the
mechanisms for these effects are fully elucidated.

Acknowledgment

This work was supported by a Merit Award from the Veterans
Administration.

Declaration of Conflicting Interests

The author(s) declared no conflicts of interest with respect to the
authorship and/or publication of this article.

Funding

The author(s) received no financial support for the research and/or
authorship of this article.

References

1. Buhaescu I, Izzedine H. Mevalonate pathway: a review of clinical
and therapeutical implications. Clin Biochem. 2007;40(9-10):
575-584.

2. Randomised trial of cholesterol lowering in 4444 patients with
coronary heart disease: the Scandinavian Simvastatin Survival
Study. Lancet. 1994;344(8934):1383-1389.

3. The Long-Term Intervention with Pravastatin in Ischaemic Dis-
ease (LIPID) Study Group. Prevention of cardiovascular events
and death with pravastatin in patients with coronary heart disease
and a broad range of initial cholesterol levels. N Engl J Med.
1998;339(19):1349-1357.

4. Downs JR, Clearfield M, Weis S, et al. Primary prevention of
acute coronary events with lovastatin in men and women with
average cholesterol levels: results of AFCAPS/TexCAPS. JAMA.
1998;279(20):1615-1622.

5. Sever PS, Dahlof B, Poulter NR, et al. Prevention of coronary and
stroke events with atorvastatin in hypertensive patients who have
average or lower-than-average cholesterol concentrations, in the
Anglo-Scandinavian Cardiac Outcomes Trial—Lipid Lowering
Arm (ASCOT-LLA): a multicenter randomized controlled trial.
Lancet. 2003;361(9364):1149-1158.

6. Shepherd J, Cobbe SM, Ford I, et al. Prevention of coronary heart
disease with pravastatin in men with hypercholesterolemia. West
of Scotland Coronary Prevention Study Group. N Engl J Med.
1995;333(20):1301-1307.

7. Group Heart Protection Study Collaborative. MRC/BHF Heart
Protection Study of cholesterol lowering with simvastatin in 20
536 high-risk individuals: a randomised placebo-controlled trial.
Lancet. 2002;360(9326):7-22.

8. Almuti K, Rimawi R, Spevack D, et al. Effects of statins beyond
lipid lowering: Potential for clinical benefits. Int J Cardiol. 2006;
109(1):7-15.

9. Liao JK. Clinical implications for statin pleiotropy. Curr Opin
Lipidol. 2005;16(6):624-629.

10. Labios M, Martinez M, Gabriel F, Guiral V, Martinez E, Aznar J.
Effect of atorvastatin upon platelet activation in hypercholestero-
lemia, evaluated by flow cytometry. Thromb Res. 2005;115(4):
263-270.

11. Huhle G, Abletshauser C, Mayer N, Weidinger G, Harenberg J,
Heene DL. Reduction of platelet activity markers in type II

Downloaded from http://ves.sagepub.com at Ebsco Electronic Journals Service (EJS) on May 14, 2010


http://ves.sagepub.com

248

Vascular and Endovascular Surgery 44(4)

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

hypercholesterolemic  patients by a HMG-CoA-reductase
inhibitor. Thromb Res. 1999;95(5):229-234.

Haramaki N, lkeda H, Takenaka K, et al. Fluvastatin alters
platelet aggregability in patients with hypercholesterolemia:
possible improvement of intraplatelet redox via HMG-CoA
reductase. Arterioscler Thromb Vasc Biol. 2007;27(6):1471-1478.
Hussein O, Rosenblat M, Schlezinger S, Shlomo K, Michael A.
Reduced platelet aggregation after fluvastatin therapy is associ-
ated with altered platelet lipid composition and drug binding to
platelets. Br J Clin Pharmacol. 1997;44(1):77-83.

Laufs U, La Fata V, Plutzky J, et al. Upregulation of endothelial
nitric oxide synthase by HMG CoA reductase inhibitors. Circula-
tion. 1998;97(12):1129-1135.

Laufs U, La Fata V, Liao JK. Inhibition of 3-hydroxy-3-
methylglutaryl (HMG)-CoA reductase blocks hypoxia-mediated
down-regulation of endothelial nitric oxide synthase. J Biol
Chem. 1997;272(50):31725-31729.

Rikitake Y, Kawashima S, Takeshita S, et al. Anti-oxidative prop-
erties of fluvastatin, an HMG-CoA reductase inhibitor, contribute
to prevention of atherosclerosis in cholesterol-fed rabbits. Ather-
osclerosis. 2001;154(1):87-96.

Dimmeler S, Aicher A, Vasa M, et al. HMG-CoA reductase inhi-
bitors (statins) increase endothelial progenitor cells via the PI3-
kinase/Akt pathway. J Clin Invest. 2001;108(3):391-397.
Assmus B, Urbich C, Aicher A, et al. HMG-CoA reductase inhi-
bitors reduce senescence and increase proliferation of endothelial
progenitor cells via regulation of the cell cycle regulatory genes.
Circ Res. 2003;92(9):1049-1055.

Spyridopoulos I, Haendeler J, Urbich C, et al. Statins enhance
migratory capacity by upregulation of the telomere repeat-
binding factor TRF2 in endothelial progenitor cells. Circulation.
2004;110(19):3136-3142.

Llevadot J, Murasawa S, Kureishi Y, et al. HMG-CoA reductase
inhibitor mobilizes bone marrow-derived endothelial progenitor
cells. J Clin Invest. 2001;108(3):399-405.

Porter KE, Naik J, Turner NA, Dickinson T, Thompson MM,
London NIJ. et al. Simvastatin inhibits human saphenous vein
neointima formation via inhibition of smooth muscle cell prolif-
eration and migration. Journal of Vascular Surgery. 2002;36(1):
150-157.

Guijarro C, Blanco-Colio LM, Ortego M, et al. 3-Hydroxy-3-
methylglutaryl coenzyme A reductase and isoprenylation inhibi-
tors induce apoptosis of vascular smooth muscle cells in culture.
Circulation Research. 1998;83(5):490-500.

Kaneider NC, Reinisch CM, Dunzendorger S, Meierhofer C,
Djanani A, Wiedermann CJ. et al. Induction of apoptosis and inhi-
bition of migration of inflammatory and vascular wall cells by
cerivastatin. Atherosclerosis. 2001;158(1):23-33.

Erl W, Hristov M, Neureuter M, Yan ZQ, Hansson GK,
Weber PC. et al. HMG-CoA reductase inhibitors induce apoptosis
in neointima-derived vascular smooth muscle cells. Atherosclero-
sis. 2003;169(2):251-258.

Senokuchi T, Matsumura T, Sakai M, et al. Statins suppress oxi-
dized low density lipoprotein-induced macrophage proliferation
by inactivation of the small G protein-p38 MAPK pathway. J Biol
Chem. 2005;280(8):6627-6633.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Aikawa M, Rabkin E, Sugiyama S, et al. An HMG-CoA reductase
inhibitor, cerivastatin, suppresses growth of macrophages expres-
sing matrix metalloproteinases and tissue factor in vivo and in
vitro. Circulation. 2001;103(2):276-283.

Crisby M, Nordin-Fredriksson G, Shah PK, Yano J, Zhu J,
Nilsson J. Pravastatin treatment increases collagen content and
decreases lipid content, inflammation, metalloproteinases, and
cell death in human carotid plaques: implications for plaque sta-
bilization. Circulation. 2001;103(7):926-933.

Draude G, Hrboticky N, Lorenz RL. The expression of the lectin-
like oxidized low-density lipoprotein receptor (LOX-1) on human
vascular smooth muscle cells and monocytes and its downregula-
tion by lovastatin. Biochem Pharmacol. 1999;57(4):383-386.
Pietsch A, Erl W, Lorenz RL. Lovastatin reduces expression of
the combined adhesion and scavenger receptor CD36 in human
monocytic cells. Biochem Pharmacol. 1996;52(3):433-439.
Umetani N, Kanayama Y, Okamura M, et al. Lovastatin inhibits
gene expression of type-1 scavenger receptor in THP-1 human
macrophages. Biochim Biophys Acta. 1996;1303(3):199-206.
Kwak B, Mulhaupt F, Myit S, Mach F. Statins as a newly recog-
nized type of immunomodulator. Nat Med. 2000;6(12):1399-1402.
Ridker PM, Rifai N, Lowenthal SP. Rapid reduction in C-reactive
protein with cerivastatin among 785 patients with primary
hypercholesterolemia. Circulation. 2001;103(9):1191-1193.
Ridker PM, Rifai N, Clearfield M, et al. Measurement of C-
reactive protein for the targeting of statin therapy in the primary
prevention of acute coronary events. N Engl J Med. 2001;
344(26):1959-1965.

Ridker PM, Rifai N, Clearfield M, Sacks F, Braunwald E. Long-
term effects of pravastatin on plasma concentration of C-reactive
protein. Circulation. 1999;100(3):230-235.

Kuoppala J, Lamminpaa A, Pukkala E. Statins and cancer: a sys-
tematic review and meta-analysis. Eur J Cancer. 2008;44(15):
2122-2132.

Wong TY, Rogers SL. Statins and age-related macular degenera-
tion: time for a randomized controlled trial? Am J Ophthalmol.
2007;144(1):117-119.

Falagas M, Makris GC, Matthaiou DK, Rafailidis PI. Statins for
infection and sepsis: a systematic review of the clinical evidence.
J Antimicrob Chemother. 2008;61(4):774-785.

Biskobing DM, Novy AM, Downs R Jr. Novel therapeutic options
for osteoporosis. Curr Opin Rheumatol. 2002;14(4):447-452.
Liao JK, Laufs U. Pleiotropic effects of statins. Ann Rev Pharma-
col Toxicol. 2005;45:89-118.

Calabro P, Yeh ETH. The pleiotropic effects of statins. Curr Opin
Cardiol. 2005;20(6):541-547.

Takemoto M, Liao JK. Pleiotropic effects of 3-hydroxy-3-
methylglutaryl coenzyme A reductase inhibitors. Arterioscler
Thromb Vasc Biol. 2001;21(11):1712-1719.

Schachter M. Chemical, pharmacokinetic and pharmacodynamic
properties of statins: an update. Fundam Clin Pharmacol. 2005;
19(1):117-125.

McTaggart F, Buckett L, Davidson R, et al. Preclinical and
clinical pharmacology of Rosuvastatin, a new 3-hydroxy-3-
methylglutaryl coenzyme A reductase inhibitor. Am J Cardiol.
2001;87(5A):28B-32B.

Downloaded from http://ves.sagepub.com at Ebsco Electronic Journals Service (EJS) on May 14, 2010


http://ves.sagepub.com

Sadowitz et al

249

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

McTavish D, Sorkin EM. Pravastatin: a review of its pharmacolo-
gical properties and therapeutic potential in hypercholesterole-
mia. Drugs. 1991;42(1):65-89.

Nezasa K, Higaki K, Takeuchi M, Nakano M, Koike M. Uptake of
rosuvastatin by isolated rat hepatocytes: comparison with pravas-
tatin. Xenobiotica. 2003;33(4):379-388.

Rosenson RS, Tangney CC. Antiatherothrombotic properties of
statins: implications for cardiovascular event reduction. JAMA.
1998;279(20):1643-1650.

Hamelin B, Turgeon J. Hydrophilicity/lipophilicity: relevance for
the pharmacology and clinical effects of HMG-CoA reductase
inhibitors. Trends Pharmacol Sci. 1998;19(1):26-37.

Ziegler K, Hummelsiep S. Hepatoselective carrier-mediated
sodium-independent uptake of pravastatin and pravastatin-lac-
tone. Biochim Biophys Acta. 1993;1153(1):23-33.

van Vliet Ak, van Thiel GC, Huisman RH, Moshage H, Yap SH,
Cohen LH. Different effects of 3-hydroxy-3-methylglutaryl-
coenzyme A reductase inhibitors on sterol synthesis in various
human cells types. Biochim Biophys Acta. 1995;1254(1):105-111.
Corsini A, Bernini F, Quarato P, et al. Non-lipid-related effects of
3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors.
Cardiology. 1996;87(6):458-468.

van Vliet AK, Negre-Aminou P, van Thiel GCF, Bolhuis PA,
Cohen LH. Action of lovastatin, simvastatin, and pravastatin on
sterol synthesis and their antiproliferative effect in cultured myo-
blasts from human striated muscle. Biochem Pharmacol. 1996;
52(9):1387-1392.

Ross R. Atherosclerosis—an inflammatory disease. N Engl J
Med. 1999;340(2):115-126.

Ruggeri ZM. Platelets in atherothrombosis. Nat Med. 2002;8(11):
1227-1234.

Siegel-Axel D, Daub K, Seizer P, Lindemann S, Gawaz M. Plate-
let lipoprotein interplay: trigger of foam cell formation and driver
of atherosclerosis. Cardiovasc Res. 2008;78(1):8-17.

Lumsden AB, Lin PH, Bush RL, Chen C. Schwartz’s Principles of
Surgery. 8th ed. New York, NY: McGraw-Hill Companies; 2005.
Jonasson L, Holm J, Skalli O, Bondjers G, Hansson GK. Regional
accumulations of T cells, macrophages, and smooth muscle cells
in the human atherosclerotic plaque. Arteriosclerosis. 1986;6(2):
131-138.

Kokubo T, Uchida H, Choi ET. Integrin alphavbeta3 as a target in
the prevention of neointimal hyperplasia. J Vasc Surg. 2007,
45(suppl A):33A-38A.

Kirchengast M, Munter K. Endothelin and restenosis. Cardiovasc
Res. 1998;39(3):550-555.

Wu CH, Lin CS, Hung JS, et al. Inhibition of neointimal forma-
tion in porcine coronary artery by a ras mutant. J Surg Res.
2001;99(1):100-106.

Serruys PW, Luijten HE, Beatt KJ, et al. Incidence of restenosis
after successful coronary angioplasty: a time-related phenom-
enon. Circulation. 1988;77(2):361-371.

Schwartz RS, Holmes DR Jr, Topol EJ. The restenosis paradigm
revisited: an alternative proposal for cellular mechanisms. J Am
Coll Cardiol. 1992;20(5):1284-1293.

National Institutes of Health National Heart, Lung, and Blood
Institute. National Cholesterol Education Program Expert Panel

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

on Detection, Evaluation, and Treatment of High Blood Choles-
terol in Adults (Adult Treatment Panel III).

Goldstein JL, Brown MS. Regulation of the mevalonate pathway.
Nature. 1990;343(6257):425-430.

Wong WW-L, Dimitroulakos J, Minden MD, Penn LZ. HMG-
CoA reductase inhibitors and the malignant cell: the statin family
of drugs as triggers of tumor-specific apoptosis. Leukemia. 2002;
16(4):508-519.

Adamson P, Marshall CJ, Hall A, Tilbrook PA. Post-translational
modifications of p21rho proteins. J Biol Chem. 1992;267(28):
20033-20038.

Vincent L, Soria C, Mirshahi F, et al. Cerivastatin, an inhibitor of
3-hydroxy-3-methylglutaryl inhibits
endothelial cell proliferation induced by angiogenic factors in

coenzyme a reductase,

vitro and angiogenesis in in vivo models. Arterioscler Thromb
Vasc Biol. 2002;22(4):623-629.

Argmann CA, Edwards JY, Sawyez CG, et al. Regulation of
macrophage cholesterol efflux through hydroxymethylglutaryl-
CoA reductase inhibition. J Biol Chem. 2005;280(23):
22212-22221.

Casey PJ. Protein lipidation in cell signaling. Science. 1995;
268(5208):221-225.

Shirai H, Autieri M, Eguchi S. Small GTP-binding proteins and
mitogen-activated protein kinases as promising therapeutic tar-
gets of vascular remodeling. Curr Opin Nephrol Hypertens.
2007;16(2):111-115.

Kouchi H, Nakamure K, Fushimi K, et al. Manumycin A, inhibi-
tor of ras farnesyltransferase, inhibits proliferation and migration
of rat vascular smooth muscle cells. Biochem Biophys Res Com-
mun. 1999;264(3):915-920.

Sugita M, Sugita H, Kaneki M. Farnesyltransferase inhibitor,
manumycin A, prevents atherosclerosis development and reduces
oxidative stress in apolipoprotein E-deficient mice. Arterioscler
Thromb Vasc Biol. 2007;27(6):1390-1395.

Indolfi C, Avvedimento EV, Rapacciuolo A, et al. Inhibition of
cellular ras prevents smooth muscle cell proliferation after vascu-
lar injury in vivo. Nat Med. 1995;1(6):541-545.

Jin G, Wu JCH, Li YS, Hu YL, Shyy JY, Chien S. Effects of
active and negative mutants of ras on rat arterial neointima forma-
tion. J Surg Res. 2000;94(2):124-132.

Heasman SJ, Ridley AJ. Mammalian Rho GTPases: new insights
into their functions from in vivo studies. Nature. 2008;9(9):
690-701.

Van Aelst L, Souza-Schorey C. Rho GTPases and signaling net-
works. Genes Dev. 1997;11(18):2295-2322.

Laufs U, Marra D, Node K, Liao JK. 3-Hydroxy-3-methylglutaryl-
CoA reductase inhibitors attenuate vascular smooth muscle prolif-
eration by preventing Rho GTPase-induced down-regulation of
p27. J Biol Chem. 1999;274(31):21926-21931.

Eto M, Barandier C, Rathgeb L, et al. Thrombin suppresses
endothelial nitric oxide synthase and upregulates endothelin-
converting enzyme by distinct pathways: role of Rho/ROCK and
mitogen-activated protein kinase. Circ Res. 2001;89(7):583-590.
Laufs U, Liao JK. Post-transcriptional regulation of endothelial
nitric oxide synthase mRNA stability by Rho GTPase. J Biol
Chem. 1998;273(37):24266-24271.

Downloaded from http://ves.sagepub.com at Ebsco Electronic Journals Service (EJS) on May 14, 2010


http://ves.sagepub.com

250

Vascular and Endovascular Surgery 44(4)

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Aviram M, Hussein O, Rosenblat M, Schlezinger S, Hayek T,
Keidar S. Interactions of platelets, macrophages, and lipoproteins
in hypercholesterolemia: antiatherogenic effects of HMG-CoA
reductase inhibitor therapy. J Cardiovasc Pharmacol. 1998;
31(1):39-45.

Abrams C, Shattil SJ. Immunological detection of activated
platelets in clinical disorders. Thromb Haemost. 1991;65(5):
467-473.

Carvalho AC, Colmanm RW, Lees RS. Platelet function in
hyperlipoproteinemia. N Engl J Med. 1974;290(8):434-438.
Hochgraf E, Levy Y, Aviram M, Brook JG, Cogan U. Lovastatin
decreases plasma and platelet cholesterol levels and normalizes
elevated platelet fluidity and aggregation in hypercholesterolemic
patients. Metabolism. 1994;43(1):11-17.

Shattil SJ, Anaya-Galindo R, Bennett J, Colman RW, Cooper RA.
Platelet hypersensitivity induced by cholesterol incorporation.
J Clin Invest. 1975;55(3):636-643.

Relou 1AM, Hackeng CM, Akkerman JWN, Malle E. Low-
density lipoprotein and its effect on human blood platelets. Cell
Mol Life Sci. 2003;60(5):961-971.

Aviram M, Brook JG. Platelet interaction with high and low den-
sity lipoproteins. Atherosclerosis. 1983;46(3):259-268.

Schror K, Lobel P, Steinhagen-Thiessen E. Simvastatin reduces
platelet thromboxane formation and restores normal platelet sen-
sitivity against prostacyclin in type Ila hypercholesterolemia.
Eicosanoids. 1989;2(1):39-45.

Tsakiris DA, Keller U, Zulewshi H, Miserez AR, Wolf F,
Marbet GA. Simvastatin reduces activation of normal platelets
by LDL isolated from patients with familial hypercholesterolemia
and familial defective apolipoprotein B. Eur J Clin Pharmacol.
1997;53(3-4):277-279.

Notarbartolo A, Davi G, Averna M, et al. Inhibition of thrombox-
ane biosynthesis and platelet function by simvastatin in type Ila
hypercholesterolemia. Arterioscler Thromb Vasc Biol. 1995;
15(2):247-251.

Matsuura E, Hughes GRV, Khamashta MA. Oxidation of LDL
and its clinical implication. Autoimmun Rev. 2008;7(7):558-566.
Steinberg D. Oxidative modification of LDL and atherogenesis.
Circulation. 1997;95(4):1062-1071.

Quinn MT, Parthasarathy S, Fong LG, Steinberg D.
Oxidatively modified low density lipoproteins: a potential role
in recruitment and retention of monocyte/macrophages during
atherogenesis. Proc Natl Acad Sci U S A. 1987;84(9):
2995-2998.

McMurray HF, Parthasarathy S, Steinberg D. Oxidatively modi-
fied low density lipoprotein is a chemoattractant for human T
lymphocytes. J Clin Invest. 1993;92(2):1004-1007.

Hessler JR. Lipoprotein oxidation and lipoprotein-induced cyto-
toxicity. Arteriosclerosis. 1983;3(3):215-222.

Li DY, Chen HJ, Mehta JL. Statins inhibit oxidized-LDL-
mediated LOX-1 expression, uptake of oxidized-LDL and reduc-
tion in PKB phosphorylation. Cardiovasc Res. 2001;52(1):
130-135.

Sumpio BE, Riley JT, Dardik A. Cells in focus: endothelial cell.
Int J Biochem Cell Biol. 2002;34(12):1508-1512.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Beckman JA, Creager MA. The nonlipid effects of statins on
endothelial function. Trends Cardiovasc Med. 2006;16(5):
156-162.

Tesfamariam B. The effects of HMG-CoA reductase inhibitors
on endothelial function. A4m J Cardiovasc Drugs. 2006;6(2):
115-120.

Moncada S, Higgs A. The vr-arginine-nitric oxide pathway.
N Engl J Med. 1993;329(27):2002-2012.

Garg UC, Hassid A. Nitric oxide-generating vasodilators and
8-bromo-cyclic guanosine monophosphate inhibit mitogenesis
and proliferation of cultured rat vascular smooth muscle cells.
J Clin Invest. 1989;83(5):1774-1777.

Radomski MW, Palmer RMJ, Moncada S. An L-arginine/nitric
oxide pathway present in human platelets regulates aggregation.
Proc Natl Acad Sci. 1990;87(13):5193-5197.

Tsao PS, McEvoy LM, Drexler H, Butcher EC, Cooke JP.
Enhanced endothelial adhesiveness in hypercholesterolemia is
attenuated by L-arginine. Circulation. 1994;89(5):2176-2182.
Munzel T, Sayegh H, Freeman BA, Tarpey MM,
Harrison DG. Evidence for enhanced vascular superoxide
anion production in nitrate tolerance. J Clin Invest. 1994;
95(1):187-194.

Harrison DG. Cellular and molecular mechanisms of endothelial
cell dysfunction. J Clin Invest. 1997,100(9):2153-2157.
Jaschke B, Michaelis C, Milz S, et al. Local statin therapy differ-
entially interferes with smooth muscle and endothelial cell pro-
liferation and reduces neointima on a drug-eluting stent
platform. Circ Res. 2005;68(3):483-492.

Han DKM, Haudenschild CC, Hong MK, Tinkle BT, Leon MB,
Liau G. Evidence for apoptosis in human atherogenesis and in a
rat vascular injury model. 4m J Pathol. 1995;147(2):267-277.
Libby P. Molecular bases of the acute coronary syndromes. Cir-
culation. 1995;91(11):2844-2850.

Zhou X, Nicoletti A, Elhage R, Hansson GK. Transfer of CD4+
T cells aggravates atherosclerosis in immunodeficient apolipo-
protein E knockout mice. Circulation. 2000;102(24):2919-2922.
Lutgens E, Daemen MJAP. CD40-CD40L interactions in ather-
osclerosis. Trend Cardiovasc Med. 2002;12(1):27-32.

Mach F, Schonbeck U, Sukhova GK, Atkinson E, Libby P.
Reduction of atherosclerosis in mice by inhibition of CD40 sig-
naling. Nature. 1998;394(6689):200-203.

Mulhaupt F, Matter CM, Kwak BR, et al. Stains (HMG-CoA
reductase inhibitors) reduce CD40 expression in human vascular
cells. Cardiovasc Res. 2003;59:755-766.

Araujo JP, Lourenco P, Azevedo A, et al. Prognostic value of
high-sensitivity C-reactive protein in heart failure: a systematic
review. J Card Fail. 2009;15(3):256-266.

Shah PK. Mechanisms of plaque vulnerability and rupture. J Am
Coll Cardiol. 2003;41(4 suppl S):15S-228S.

Koh KK. Effects of statins on vascular wall: vasomotor function,
inflammation, and plaque stability. Cardiovasc Res. 2000;47(4):
648-657.

Shah PK, Falk E, Badimon JJ, et al. Human monocyte-derived
macrophages induce collagen breakdown in fibrous caps of
atherosclerotic plaques: potential role of matrix-degrading

Downloaded from http://ves.sagepub.com at Ebsco Electronic Journals Service (EJS) on May 14, 2010


http://ves.sagepub.com

Sadowitz et al

251

115.

116.

metalloproteinases and implications
Circulation. 1995;92(6):1565-1569.

Libby P, Geng YJ, Aikawa M, et al. Macrophages and athero-
sclerotic plaque stability. Curr Opin Lipidol. 1996;7(5):330-335.
Galis ZS, Sukhova GK, Lark MW, Libby P. Increased expres-
sion of matrix metalloproteinases and matrix degrading activity

for plaque rupture.

117.

in vulnerable regions of human atherosclerotic plaques. J Clin
Invest. 1994;94(6):2493-2503.

Aikawa M, Rabkin E, Okada Y, et al. Lipid lowering by diet
reduces matrix metalloproteinase activity and increases collagen
content of rabbit atheroma: a potential mechanism of lesion sta-
bilization. Circulation. 1998;97(24):2433-2444.

Downloaded from http://ves.sagepub.com at Ebsco Electronic Journals Service (EJS) on May 14, 2010


http://ves.sagepub.com


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


