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Background

The syndrome of heart failure is characterized by increased levels of circulating inflammatory
mediators (pro-inflammatory cytokines, cell adhesion molecules, complement and C-reactive
protein), which have been implicated in the pathogenesis of heart failure. Recently a number
of studies have suggested that statins (3-hydroxy-3-methylglutaryl-CoA [HMG-CoA]
reductase inhibitors) may exert salutary effects in patients with heart failure by virtue of their
pleiotropic (non-lipid lowering) actions. The following review will focus on the non-lipid
lowering effects of statins with an emphasis on the anti-inflammatory properties of these agents.

Discovery of Statins

In 1971 Drs. Akira Endo and Masao Kuroda began to search for HMG-CoA reductase inhibitors
of microbial origin. They initially considered that these microbes would synthesize molecules
that would inhibit other microbes that required sterols or other isoprenoids for growth. After
testing 6000 microbial strains, their efforts were rewarded with the discovery that the mold
Pythium ultimum produced a compound called Citrinin, which was able to irreversibly bind
the HMG-CoA reductase. By the end of 1971 Dr. Endo and Kuroda were able to determine the
structure of a compound they termed mevastatin.[1] From this discovery and based on the
pioneering work of Drs. Brown and Goldstein at the University of Texas Southwestern, the
use of statins has become a mainstay of therapy in the primary and secondary prevention of
cardiovascular disease.[2] Recently, considerable attention has focused on the “off target” or
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pleiotropic actions of the statin family. As will be discussed below, many of the pleiotropic
actions are thought to be mediated through isoprenoids, which affect multiple biochemical
signaling pathways.

Effect of Statins on the Small G-Proteins: Rho, Rac, and Ras

As illustrated in Figure 1, statins reduce cholesterol synthesis by inhibiting HMG-CoA
reductase, the rate-limiting enzyme in the mevalonate pathway that is responsible for
cholesterol synthesis. The important intermediate products in the mevalonate pathway include
the isoprenoids, farnesylpyrophosphate, and geranlygeranyl-pyrophosphate.[3,4] These
intermediate products lead to activation of various downstream intracellular signaling
molecules by prenylation of the guanosine triphosphate (GTP)-binding proteins Rho, Ras, and
Rac, which facilitates attachment of these proteins to the cell membrane.[5] The Rho signal
transduction pathway is involved in the activation of inflammatory cytokines and chemokines.
Rho also plays an important role in the formation and maintenance of the actin cytoskeleton
and thereby affects intracellular transport, mRNA stability, and gene transcription. The Ras
proteins are responsible for cell proliferation and hypertrophy, whereas the Rac proteins are
involved in the production of reactive oxygen species through activation of NADPH oxidase.
Inhibition of HMG-CoA reductase leads to a decrease in farnesylated and geranygeranylated
proteins, and a subsequent dose-dependent reduction in downstream signaling pathways
mediated by Rho, Ras, and Rac.

In addition to affecting small GTP-binding proteins, statins affect several important
downstream transcription factors, including nuclear factor- kappa B (discussed below),
peroxisome proliferators activated receptors (PPARS), as well as Kruppel-Like-Factor-2
(KLF-2). PPARs are nuclear receptors that function as ligand activated transcription factors.
Fatty acid derivatives and retinoids serve as the natural ligands for PPARs. After
heterodimerization with the 9-cis-retinoic acid receptor (RXR), PPARs bind to specific PPAR
response elements in the promoter regions of target genes.[6] Statins activate PPAR a signaling
by inhibiting activation of Rho A.[6] Importantly, PPARs may inhibit the activation of pro-
inflammatory signaling cascades through Nuclear Factor Kappa B (NF-xB) and activator
protein-1 (AP-1) dependent pathways.[7]

KLF-2 is a zinc finger containing transcription factor that is involved in blood vessel
development and T lymphocyte activation. KLF-2 is expressed in endothelial cells and is up
regulated by laminar sheer stress. KLF-2 is upregulated by statins, and is required for statin
dependent endothelial transcriptional changes.[8] KLF-2 is involved in the induction of heme
oxygenase-1 (HO), which is the rate-limiting step in the catabolism of heme. HO-1 activates
anti-apoptotic, anti-inflammatory, and anti-oxidant signaling pathways. Deficiency of HO-1
results in widespread vascular injury. Thus, by upregulating HO-1 through KLF-2, statins may
upregulate an ensemble of protective genes within the vasculature and counteract the
endothelial dysfunction (see below) that occurs in heart failure patients.[9]

Effects of Statins on Oxidative Stress

“Oxidative stress” occurs when the production of reactive oxygen species (ROS) exceeds the
buffering capacity of antioxidant defense systems, leading to an excess of ROS within the cell.
At low levels ROS activate a variety of important intracellular signaling pathways, whereas at
higher levels ROS causes damage to cell membranes and can provoke cell death. Not
surprisingly, oxidative stress has been implicated in the progression of cardiac hypertrophy
and adverse remodeling.[10] In cardiac myocytes NAPDH oxidase is an important source of
ROS. As noted above Racl is a small GTP binding protein that regulates NAPDPH oxidase
activity in myocytes. Insofar as statins inhibit isoprenylation of Rac1, these drugs also decrease
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the production of ROS.[11] Indeed, in rat models of heart failure treatment with statins was
associated with decreased progression to heart failure after aortic banding. Importantly,
simvastatin treated rats displayed lower tissue levels of superoxide anion production. In rat
myocytes exposed to angiotensin 11 (which activates NADPH oxidase), simvastatin treatment
resulted in decreased superoxide anion production and intracellular oxidation.[12]

Anti-Inflammatory Properties of Statins

Statins have been shown to decrease the expression of pro-inflammatory cytokines in multiple
clinical heart failure studies (see article by Kahn in this issue). Herein we will review the
molecular mechanisms by which statins may reduce inflammation. Nuclear factor- kappa B is
an important transcription factor that is responsible for the activation of a variety of
inflammatory pathways. Under normal conditions, NF-«B resides in the cytoplasm, where it
is bound by its inhibitor, | kappa B (IxB). In response to inflammatory stimuli, 1B is
phosphorylated and targeted for degradation by the ubiquitin proteasome system, thereby
releasing NF-«xB and allowing it to translocate to the nucleus where it is capable of inducing
the expression of inflammatory cytokines and cell adhesion molecules. Statins decrease NF-
kB activation by decreasing the levels of oxidative stress within cells (which can directly
activate NF-kB), as well as by stabilization of 1kB.[13]:[14]. Statins decrease the expression
of monocyte chemoattractant protein-1 (MCP-1), a cell adhesion molecule that is upregulated
by NF-kB. MCP-1 is involved in the chemotaxis of monocytes and smooth muscle cells into
tissue beds. In a transgenic mouse model, cardiac restricted overexpression of MCP-1 resulted
in myocarditis with the subsequent development of a heart failure phenotype. [15] In a mouse
model, atorvastatin and pravastatin decreased the expression of MCP-1 in carotid, femoral,
and thoracic aortic vascular beds.[16]

Persistent activation of the renin angiotensin system with increased levels of angiotensin II
(Ang I1) contributes to disease progression in heart failure. Ang Il not only causes peripheral
vasoconstriction but can also lead to remodeling in heart failure, by provoking cardiac myocyte
hypertrophy, cardiac myocyte cell death, and progressive myocardial fibrosis. [17] Relevant
to the current discussion, Ang Il stimulates MCP-1 gene expression in cultured rat aortic
smooth muscle cells through an AT4 receptor mediated mechanism. Recent studies suggest
that statins may interdict Ang Il mediated signaling. When double transgenic rats that harbor
both the human renin and angiotensinogen genes were treated with cerivastatin, there was a
decrease in mortality, cardiac hypertrophy, macrophage infiltration, as well as reduced collagen
I, laminin, and fibronectin deposition. Cerivastatin treated rats also had reduced expression of
basic fibroblast growth factor mRNA, and IL-6 expression, and less activation of NF-xB and
activator protein-1 (AP-1).[18]

Endothelial Dysfunction

Endothelial dysfunction is an important mechanism that contributes to disease progression in
heart failure. The mechanistic basis for this abnormality is thought to lie, at least in part, to an
imbalance between nitric oxide synthesis (vasodilator) and endothelin-1 (vasoconstrictor)
production. In endothelial cells nitric oxide is produced by the endothelial nitric oxide synthase
(eNOS) gene. Diminished levels of nitric oxide lead to impaired vascular relaxation, platelet
aggregation, and increased vascular smooth muscle cell proliferation and migration.[19]
Statins enhance endothelial nitric oxide synthase via stabilization of eNOS mRNA through
inhibition of Rho, and phosphorylation of eNOS protein by activation of the
phosphatidylinositol 3-kinase/Akt pathway.[20] Simvastatin has been shown to stabilize eNOS
MRNA, whereas simvastatin and lovastatin have been shown to upregulate eNOS expression.
[21,22] Inan ischemic model of heart failure induced by ligation of the left anterior descending
artery low dose simvastatin was shown to decrease the severity of heart failure. The salutary
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effects of simvastatin were not evident in eNOS deficient mice (eNOS -/-), suggesting that
eNOS is required for the beneficial effects of simvastatin in this model.[20] Endothelin-1 is a
21 amino acid peptide that acts on ET a receptors on endothelial cells to cause vasoconstriction.
Atorvastatin and simvastatin inhibit pre-proET-1 mRNA expression and ET-1 synthesis.
Statins have been demonstrated to decrease endothelin-1 levels in animal models as well as in
humans. In a hypertensive rat model of cardiac failure treatment with pitavastatin resulted in
lower endothelin-1 levels.[23] Similarly, endothelin-1 levels were decreased in heart failure
patients after treatment with statins.[24]

The beneficial effects of statins on endothelial function have also been observed in heart failure
patients. Tousoulis used forearm blood flow as a surrogate for endothelial function in patients
with ischemic cardiomyopathy. Patients were divided into three groups, the first group received
10mg of atorvastatin a day, the second group received 10mg of atorvastatin and 400 1U/day of
Vitamin E and the third group received no stain or vitamin E treatment. In the group that
received atorvastatin there was an increase in the maximum hyperemic blood flow, which was
slightly attenuated, but also present in the atorvastatin plus vitamin E group. No effect on
hyperemic blood flow was found in the placebo group.[25] Node et al examined the use of
statins in 51 patients with non-ischemic heart failure and an EF < 40% in Japan. Patients were
randomized to either simvastatin or placebo and followed for 14 weeks. Endothelial function
was assessed using high resolution B mode ultrasonography of the brachial artery before and
after cuff induced transient ischemia of the forearm. In the simvastatin treated group, brachial
artery vasodilatation improved from 8 to 13%, and was statistically significant. A statistically
significant change was not observed in the placebo group.[26] Thus, by altering the regulation
of nitric oxide and endothelin, statins may have a beneficial effect on endothelial function and
systemic peripheral vascular resistance.

Angiogenesis

Angiogenesis is a multi-step process by which new blood vessels are created by sprouting from
existing blood vessels. Angiogenesis has been implicated in both normal physiological
processes such as development, growth and, wound healing. However, angiogenesis has also
been linked to pathological processes such as tumor formation. Multiple factors have been
shown to be important in angiogenesis, including vascular endothelial growth factor (VEGF),
matrix metalloproteinases (MMPs), fibroblast growth factor (FGF), and hepatocyte growth
factor (HGF).[27] VEGEF levels in patients with hyperlipidemia are elevated, and have been
shown in a small study to decrease after treatment with fluvastatin and fenofibrate. [28]
Unfortunately the effects of fluvastatin vs fenofibrate vs simple lipid lowering could not be
separated in this small clinical study because of the small sample size, but are nonetheless
intriguing.[28] Treatment with statins has been shown to produce a biphasic effect on
angiogenesis. Endothelial cells treated with low dose cerivastatin increased cell proliferation
by 10-20%, while high concentrations decreased proliferation by 38%. The formation of
vascular-like structures by human adult dermal microvascular endothelial cells (HMEC-1) was
enhanced by low dose cerivastatin and atorvastatin, while the formation of vascular structures
at high dose was inhibited.[29] Whether this translates into angiogenesis in humans and/or has
an effect on heart failure outcomes remains to be determined. For a more detailed discussion
on statin therapy and angiogenesis we refer the reader to the review article by Skaletz-Rorowski
and Walsh.[30]

Thrombosis

There is now substantial evidence linking inflammation to a prothrombotic state in heart failure.
Studies of heart failure including Studies of Left Ventricular Dysfunction (SOLVD) and
Veterans Affairs Vasodilator Heart Failure Trials (V-HeFT) showed that heart failure was
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associated with an annual 1.5-4% risk of stroke. It is likely that the chronic systemic
inflammation in heart failure contributes to the prothrombotic state.[31] Statins may attenuate
this pro-thrombotic state by either decreasing inflammation or by more direct interactions with
platelets and the coagulation system.[32] Several studies have examined the interaction of
statins and coagulation. Reduced levels of plasminogen activator 1 (PAI-1) were found after
treatment with platelet derived growth factor or transforming growth factor p in smooth
muscles cells and endothelial cells that were exposed to simvastatin. Treatment with
simvastatin was also shown to increase the level of tissue-type plasminogen activator (tPA)
released from endothelial cells.[33] Another possible mechanism by which statins affect
thrombosis involves the protease-activated receptor-1 (PAR-1), which was noted in the PAR-1
inhibition by statins (PARIS) study. PAR-1 is a thrombin receptor that is reduced in statin
treated patients.[34,35] PAR-1 repression by all statins has been found to be nearly identical.
[36] Simvastatin decreases the expression of tissue factor (TF) in a monocyte model of in vitro
clotting. When monocytes were treated with LPS and simvastatin, they displayed a decreased
rate of thrombin generation by interfering with monocyte expression of TF.[37]

Statins may alter platelet function by altering the cholesterol content of platelet membranes
and thus membrane fluidity, or they may inhibit platelet aggregation indirectly by increasing
NO bioavailability.[38] p—thromboglobulin and platelet factor 4 (PF4) are platelet-specific
proteins that are secreted from the a—granules during the release reaction induced by ADP,
epinephrine, arachidonic acid, collagen, and thrombin. In mice treated with atorvastatin, PF4
and B-thromboglobulin levels were decreased. [39] In eNOS deficient mice, atorvastatin
treatment did not alter serum levels of PF4 or beta thromboglobulin, which suggests that the
major effect of atorvastatin on platelet activity is mediated by eNOS.[40] In a human study,
fluvastatin was shown to decrease platelet aggregation in a mechanism thought to be mediated
by increased platelet derived nitric oxide release.[41] In a rat model of streptozotocin-induced
diabetes, rosuvastatin has been shown to reduce fibrinogen binding to activated GPIIb/Illa and
P-selectin surface expression on platelets.[42] In a small clinical study, 17 patients received
atorvastatin 10mg/day, whereas 18 patients received no statin therapy. Treatment with
atorvastatin decreased plasma levels of antithrombin I11, protein C, factor V, tPA, and PAI-1.
[43] Thus, statins may alter the prothrombotic state of chronic heart failure through several
different pathways, including reduced inflammation, decreased platelet activity, and/or
improved endothelial function.

Mobilization of Bone-Marrow Cells

The exact mechanisms by which mobilization of bone marrow cells may benefit patients in
heart failure remains to be determined. Interestingly, statins have been shown to increase the
number of circulating bone-marrow derived endothelial progenitor cells. In mice fed 20mg/kg
of simvastatin for three weeks the number of circulating endothelial progenitor cells (EPCs)
was increased. The number of c-kit/Sca-1 double positive cells increased from 0.78% to 8.2%.
It is suggested that statins increase the levels of EPCs by acting through the PI3-kinase/AKT
pathway.[44] Statins have been shown previously to activate P1-3 Kinase and AKT.[45,46]
When inhibitors of PI-3 kinase were added the increase in EPCs was abolished.[44] In a murine
infarct model, atorvastatin was found to augment the number of circulating EPCs after
infarction. Interestingly, increased levels of circulating EPCs were not seen after treatment
with atorvastatin in eNOS -/- mice, suggesting that eNOS has a role in mobilization of EPCs.
[47,48] Although speculative, it is possible that statin-induced enhancement of EPCs may
contribute to improved cardiac regeneration and/or repair.

Heart Fail Clin. Author manuscript; available in PMC 2009 June 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mathur et al. Page 6

Ventricular Remodeling

Treatment with statins has also shown to have important effects on cardiac remodeling. As
noted above, activation of Ras signaling has been shown to initiate a cascade of intracellular
signaling events that contribute to myocardial hypertrophy.[49] Germane to the present
discussion, statins have been shown to prevent or reverse cardiac hypertrophy in humans.
[50] In animal infarct models, suppression of Rho kinase has been associated with attenuated
LV remodeling.[51,52] Atorvastatin has been shown to reduce collagen synthesis, a-1-
procollagen MRNA expression, and expression of the profibrotic peptide connective tissue
growth factor in cell cultures of rat and human cardiac fibroblasts.[53] In a rat model of cardiac
hypertrophy, treatment with pitavastatin led to a decrease in the expression of hypertrophic
and profibrotic genes that was accompanied by significant decrease in interstitial fibrosis and
collage deposition.[53] Cerivastatin has been shown to decrease the levels of matrix
metalloproteinase-1 (MMP-1), MMP-3, and MMP-9 in macrophages of Watanabe heritable
hyperlipidemic rabbits.[54] In canine model of heart failure induced by microembolization
dogs were treated with three months of rosuvastatin. Treatment with rosuvastatin resulted in
the prevention of progressive LV dysfunction and remodeling and improvement in remodeling
was similar to that seen after angiotensin converting enzyme inhibitor treatment. Additionally,
treatment with rosuvastatin resulted in decreased levels of TNF and MMP2, and increased
circulating levels of bone marrow derived stems cells.[55] A rabbit model of hypertrophic
cardiomyopathy has been used to examine the effects of simvastatin on cardiac hypertrophy
and fibrosis. Simvastatin was able to reduce LV mass, wall thickness, and filling pressures in
this model. It was postulated that simvastatin was able to provide protection by down-regulating
the levels of ERK1/2 kinases, which have been implicated in hypertrophic growth.[56] Dhal
salt sensitive rats develop cardiac hypertrophy and congestive heart failure after a being fed a
high salt diet. When these rats were fed a high salt diet and given cerivastatin they displayed
decreased left ventricular wall thickness and myocardial fibrosis, as well as decreased heart
weight, and LV diameter, and improved LV function at 17 weeks (Figure 2).[57] Finally,
treatment with 20mg/kg of simvastatin for 6 weeks reduced caspase-3 activation in a hamster
model with a recessive mutation in delta sarcoglycan, which has been shown to lead to a heart
failure phenotype.[58] Taken together, these observations suggest that statins may have
important effects on cardiac remodeling, which has been implicated in the pathogenesis of
heart failure.

Conclusion

In the foregoing review, we have discussed the spectrum of salutary non-lipid lowering effects
of statins in patients with heart failure, including decreased oxidative stress, improved
endothelial function, decreased systemic inflammation, and decreased cardiac remodeling.
There is also evidence that statins play an important role in preventing atrial and cardiac
arrhythmias, which will be discussed in the accompanying review by Olshansky in this issue.
[59] The question that remains is whether the aggregate of these beneficial effects observed in
the laboratory will translate into beneficial effects in patients with heart failure, and if so, which
of the potential spectrum of mechanisms will prove to be most important. Hopefully, these
issues may potentially be gleaned from ongoing large scale clinical trials.
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Figure 1.

Pleiotropic effects of statins. Inhibition of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase by statins inhibits cholesterol synthesis and isoprenoid production. This results
in reduced prenylation of small G-proteins such as Rho and, in turn, reduced nuclear factor-
«B (NF-«B) activation and enhanced Kruppel-like factor-2 (KLF2) expression. KLF2
expression can also be enhanced by exposure to blood flow termed laminar flow. FPP, farnesyl
pyrophosphate; GPP, geranyl pyrophosphate. (Reprinted by permission from Macmillan
Publishers Ltd. Jain MK, Ridker PM. Anti-inflammatory effects of statins: clinical evidence
and basic mechanisms. Nature reviews Drug discovery. 2005 Dec 1;4(12):977-87.
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Figure 2.
Effects of statins on LV remodeling. Dahl salt sensitive rats (17 weeks) were treated with (A)

low salt diet (B) high salt diet (C) high salt + cerivastatin. Panels D — F show the resultant
cardiac fibrosis (arrow heads) at 17 weeks in (D) low salt diet (E) high salt diet and (F) high
salt diet + cerivastatin treated rats (Modified with permission from Elsevier. Hasegawa H,
Yamamoto R, Takano H, et al: 3-Hydroxy-3-methylglutaryl coenzyme A reductase inhibitors
prevent the development of cardiac hypertrophy and heart failure in rats. J Mol Cell Cardiol
35:953, 2003)
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