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Understanding Risk in Hypercholesterolemia
J. C. LAROSA, M.D.
Atherosclerosis was relatively uncommon in the early 1900s, but by the century’s end, it had reached epidemic proportions, and the resulting cardiovascular diseases had become the major cause of mortality worldwide. In the intervening decades, investigators established
that the disease is connected to high serum cholesterol even at an early age and that high-fat diets, sedentary lifestyles, cigarette smoking,
and urbanization are risk factors for hypercholesterolemia. In large-scale primary and secondary trials, statin therapy has effectively reduced
the risk of cardiovascular morbidity and mortality.
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New Dimension of Statin Action on ApoB Atherogenicity
M. J. CHAPMAN, B.SC., PH.D., D.SC., M. CASLAKE, B.SC., PH.D., C. PACKARD, B.SC., PH.D., D.SC., F. MCTAGGART, B.SC., PH.D.
In addition to low-density lipoprotein (LDL), other apolipoprotein B (apoB)-containing lipoproteins—particularly very-low-density
lipoprotein (VLDL), VLDL remnants, and intermediate-density lipoproteins—are attracting interest because of their role in the development and progression of atherosclerosis. Statins reduce circulating concentrations of apoB-containing lipoproteins by decreasing the production of VLDL in the liver and thereby the production of VLDL remnants and LDL, while also markedly increasing the clearance of these
particles through upregulation of hepatic LDL receptors. A recent double-blind study has shown that rosuvastatin, a highly efficacious new
hepatic-selective inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A reductase, produces marked reductions in levels of apoB-containing lipoproteins in patients with type IIa or IIb dyslipidemia and thereby lessens the atherosclerotic burden and degree of coronary heart disease risk.

I-11

Effects of Statins in Reducing Thrombotic Risk and Modulating Plaque Vulnerability
P. LIBBY, M.D.
The demonstrated reduction in risk for coronary events associated with statin therapy may arise from cellular effects independent of effects on plasma lipoprotein and also from lipid lowering. Statins may affect the expression of thrombogenic and fibrinolytic factors, improve
endothelial function, and activate the nitric oxide pathway, thus reducing inflammation and resisting vasoconstriction. As anti-inflammatory agents, the statins may improve cellular processes that stabilize plaque.
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Comparing HMG-CoA Reductase Inhibitors
P. H. JONES, M.D.
The statins, which are recognized as some of the most potent therapies for reducing elevated levels of low-density lipoprotein (LDL)
cholesterol and lowering the risk of coronary heart disease and related events, differ from each other in their chemical derivations, solubility properties, and routes of metabolism. In comparative trials, atorvastatin has produced greater LDL cholesterol reductions than the older
statins, and the latest data show that rosuvastatin lowers LDL cholesterol significantly further than atorvastatin. Although the chemical and
metabolic differences among the various statins are well known, no particular characteristic has been shown to make some agents in the
class more tolerable or more effective than others. As a class, the statins are generally well tolerated. The possibility that they exert pleiotropic effects beyond lipid reduction is generating widespread interest.
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Treating Hypercholesterolemia: Looking Forward
A. M. GOTTO, JR., M.D., D.PHIL.
Despite important advances in the management of hypercholesterolemia in recent decades, many patients with lipid disorders remain
unidentified or undertreated and so continue to have unfavorable levels of low-density lipoprotein cholesterol and are at increased risk for
coronary events. The statins—which inhibit 3-hydroxy-3-methylglutaryl coenzyme A reductase, the rate-limiting enzyme in cholesterol
biosynthesis—have proved to be the most powerful pharmacologic agents for lowering serum lipids, and newer statins offer even greater
efficacy than the agents introduced 10 to 15 years ago.
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Introduction
LDL and Beyond: New Therapeutic Approaches to Hypercholesterolemia
JOHN C. LAROSA, M.D, GUEST EDITOR
State University of New York Downstate Medical Center, Brooklyn, New York, USA

Investigators first noted the link between elevated serum
cholesterol and cardiovascular disease almost a century ago.1
Only after the Second World War, however, did coronary
heart disease (CHD) emerge as the leading cause of premature
death in the developed world, warranting a major research
effort to identify and address its causes.2 This effort gave rise
to such landmark epidemiologic surveys as the Seven Countries Study, the Framingham Study, and the Multiple Risk
Factor Intervention Study, which elucidated the major risk
factors for heart disease and identified low-density lipoprotein
(LDL) cholesterol as the main atherogenic component of
serum cholesterol.
Still, numerous trials of lipid-lowering drugs (bile acid sequestrants, nicotinic acid, and fibrates) in the 1980s failed to
demonstrate that patients who reduced their cholesterol with
medication would have lower rates of CHD morbidity and
mortality. Only in the mid 1990s, with the advent of the 3-hydroxy-3-methylglutaryl (HMG-CoA) reductase inhibitors, or
statins, did controlled trials3–7 begin to yield unequivocal proof
that reduction of total and LDL cholesterol prevents CHDrelated disability and death in persons with no history of heart
disease as well as in those with confirmed CHD.
As always, progress has raised new questions, several of
which are addressed in this collection of articles, adapted from
a symposium entitled “LDL and Beyond: New Therapeutic
Approaches to Hypercholesterolemia.” The symposium, held
just prior to the 74th Scientific Sessions of the American Heart
Association in Anaheim, California, touched on both clinical
and basic research issues arising from over a decade of experience with the statins.

Address for reprints:
John C. LaRosa, M.D.
President, SUNY Downstate Medical Center
Health Science Center at Brooklyn
450 Clarkson Avenue, Box 1
Brooklyn, NY 11203, USA
e-mail: jclarosa@downstate.edu

The opening article answers the question of how, over the
first half of the twentieth century, CHD evolved from being a
relatively rare condition to causing more deaths than any other
disease worldwide. It summarizes several important milestones in the history of cardiovascular medicine, from the first
recorded description of atherosclerosis in a late–seventeenthcentury autopsy to recent studies showing that CHD risk ratios
are lower among populations in undeveloped regions than
among migrant populations from the same regions—sometimes from the same families—living in urban environments.
It also reviews the landmark autopsy studies that found signs
of mild to severe coronary artery disease in U.S. soldiers killed
in Korea and Vietnam,8, 9 as well as in trauma victims—some
still in their teens—in the United States.10, 11 These studies
proved that atherosclerosis begins early, progresses with age,
and is positively related to an atherogenic blood lipid profile.
Apart from LDL cholesterol, what components of the
blood-lipid profile contribute to atherogenicity, and how does
lipid-lowering therapy alter them? M. John Chapman, B.Sc.,
Ph.D., D.Sc., and colleagues Muriel Caslake, B.Sc., Ph.D.,
Chris Packard, B.Sc., Ph.D., D.Sc., and Fergus McTaggart,
B.Sc., Ph.D., discuss the other atherogenic lipid particles—the
apolipoprotein B (apoB)–containing lipoprotein subfractions—namely, very-low-density lipoprotein (VLDL), VLDL
remnants, and intermediate-density lipoproteins. The statins
appear to reduce circulating concentrations of apoB-containing lipoproteins by both decreasing production of VLDL in
the liver and increasing the number of LDL receptors. The authors also present data showing that rosuvastatin, the newest
agent in the statin class, effectively lowers both LDL and apoB
subfractions in patients with type IIa or IIb dyslipidemia.
Peter Libby, M.D., answers the question of how the statins
reduce the risk of coronary thrombosis, revealing that mechanisms less straightforward than cholesterol lowering per se are
involved. He discusses several cellular-level changes characteristic of plaque formation and disruption and shows how statins
interrupt the biochemical pathways that destabilize the atherosclerotic plaque and precipitate most fatal cases of coronary
thrombosis. Dr. Libby also examines the possible mechanisms
of the statins’ vasodilating and anti-inflammatory properties.
What are the similarities and differences among the statins?
Peter H. Jones, M.D., reviews the current data on the pharmacodynamic and pharmacokinetic variations within the class,
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reaching some preliminary conclusions about their clinical
implications. In clinical trials, the statins have all produced significant reductions in LDL cholesterol, although atorvastatin
and rosuvastatin seem to be the most powerful. Dr. Jones also
summarizes current perspectives on the statins’ effects on
triglycerides and high-density lipoprotein (HDL) cholesterol.
Finally, what future direction is lipid-lowering therapy likely to take? In a concluding article, Antonio M. Gotto, Jr., M.D.,
D.Phil., praises the National Cholesterol Education Program
(NCEP) for increasing public awareness of hypercholesterolemia as a risk factor for heart disease but notes that lipid
disorders remain underdiagnosed and undertreated, even
among high-risk patient groups. The statins, which are effective, generally safe, and remarkably well tolerated, should help
clinicians begin to address the gaps in treatment of lipid disorders with greater success. The newest member of this drug
class, rosuvastatin, may have stronger LDL cholesterol–lowering effects than the older statins.
While the value of the statins cannot be overstated, additional lipid-lowering agents will undoubtedly have a place in
the future management of hypercholesterolemia. Several
agents in the early stages of development work by inhibiting
cholesterol or bile transport rather than interrupting cholesterol synthesis, bypassing the HMG-CoA reductase pathway
entirely. With a wider range of therapeutic tools and a better
understanding of optimal management for distinct subgroups
of hyperlipidemic patients, significant CHD risk reduction
should be widely attainable.
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Understanding Risk in Hypercholesterolemia
JOHN C. LAROSA, M.D.
State University of New York Downstate Medical Center, Brooklyn, New York, USA

Summary: Atherosclerosis was relatively uncommon 100
years ago, when researchers first established its link to elevated cholesterol. As the twentieth century progressed, however,
factors such as high-fat diets, sedentary lifestyles, cigarette
smoking, and urbanization combined to increase the prevalence of both hypercholesterolemia and coronary heart disease (CHD) throughout the developed world. Atherogenesis
begins at an early age and progresses throughout life, and
cholesterol levels during young adulthood strongly predict the
risk of CHD and related mortality during the ensuing decades.
The total cholesterol level in youth also determines the actual
age at which a critical level of atherosclerosis will be reached.
Early studies on the primary and secondary prevention of
CHD failed to identify a linear relationship between lipid lowering and risk reduction, primarily because older lipid-lowering agents lacked the potency to reduce cholesterol levels significantly enough to achieve lower cardiovascular event and
mortality rates. The introduction of the statins, with their powerful lipid-lowering activity, overcame this limitation. Several
large-scale trials of statins firmly established the efficacy of
these agents in both primary and secondary CHD prevention.
With the availability of statin therapy, we are now able to reduce the risk of major adverse CHD events by an average of
30%, regardless of patient age or gender.

Key words: atherosclerosis, hypercholesterolemia, statins

Introduction
Atherogenesis has been the subject of investigation for
more than 300 years, yet our understanding of cholesterol-deposition and plaque-formation processes continues to evolve.
In 1695, Johann Conrad von Brunner illustrated autopsy-identified changes that he referred to as “hardening” of the aorta
and major blood vessels. William Heberden penned a description of angina pectoris based on 20 cases in 1768, then expanded his observations to 100 cases in 1782.
The next milestone was Karl Freiherr von Rokitansky’s
1852 description of atheroma pathology, which elucidated the
“thrombogenic” or “encrustation” theory of atherosclerosis.
A few years later, in 1856, Rudolf Virchow presented the
“inflammatory” theory, which held that atherosclerosis is the
result of intimal inflammation and subsequent fibrosis. Between 1909 and 1913, A. Ignatowsky, S. Saltykow, and N. N.
Anitschkow developed the “lipid” theory of atherosclerosis,
which linked dietary cholesterol to elevated circulating cholesterol and, in turn, to subintimal cholesterol deposits. In 1910,
however, Sir William Osler contended that angina pectoris
was a rare disease. “Indeed,” he noted, “I had reached Fellowship before I saw a case in hospital or private practice.”1
The theories of atherogenesis that occupy us today, then,
have clearly been around for a while. Even so, as Osler noted,
angina pectoris was an unusual finding in the early 1900s. As
the twentieth century unfolded, this relatively rare condition2
became the leading cause of mortality in the world.

Risk Factor Interactions

Address for reprints:
John C. LaRosa, M.D.
President, SUNY Downstate Medical Center
Health Science Center at Brooklyn
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e-mail: jclarosa@downstate.edu

Studies carried out in recent decades have documented a
clear relationship between serum cholesterol levels and the
risk of coronary heart disease (CHD) in the developed world.
As shown in Figure 1, curves depicting coronary artery disease
(CAD) risk ratios from the landmark Multiple Risk Factor
Intervention study (MRFIT) and a series of retrospective epidemiologic investigations in Japan are nearly identical.3 These
findings suggest that despite some degree of individual susceptibility, genetic predisposition plays only a minor role in
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FIG. 1 Relationship between serum total cholesterol and risk ratio
for coronary artery disease in the United States vs. Japan. Reprinted
from Ref. No. 3 with permission. CAD = coronary artery disease,
MRFIT = Multiple Risk Factor Intervention Trial.

determining the development of CAD as the result of elevated
serum cholesterol. Rather, in the aggregate, this risk represents
the influence of a constellation of factors, including high-fat
diets, sedentary lifestyles, cigarette smoking, urbanization,
and, most likely, others that have not yet been identified.
A study of Japanese patients—half living in Hiroshima,
half living in Hawaii, and all having a 10- to 19-year history of
type 2 diabetes—clearly illustrated the influence of diet, as
opposed to genetics, on the development of CHD.4 The incidence of retinopathy was similar in the two groups, affecting
57% of the Hiroshima residents and 50% of the Hawaiians.
However, postmortem studies in individuals > 40 years old revealed that CHD was far more prevalent in Hawaii (33%)
than in Hiroshima (14%). These data indicate that diabetes is
an important risk factor for CHD in the presence of the factors
that cause Western societies to have higher cholesterol levels—most prominently, high-fat diets.

Atherosclerosis in Youth (PDAY) Research Group.7, 8 Autopsy data from 2,876 individuals (15 to 34 years old) who had
died of traumatic causes revealed the presence of raised lesions
or fatty streaks even among teenagers; the percentage of intimal surface with such involvement increased with age. Fatty
streaks were more extensive in black than in white subjects,
but the prevalence of raised lesions did not differ by race. The
extent of raised lesions in the aorta was similar in women and
men, but raised lesions in the right coronary arteries were less
common in women. Atherosclerotic damage to the intimal
surface was positively associated with elevated serum levels of
low-density lipoprotein (LDL) cholesterol and very-low-density lipoprotein (VLDL) cholesterol and negatively associated
with high-density lipoprotein (HDL) cholesterol. Smoking
was strongly associated with a greater prevalence of raised lesions—an effect that occurred independent of lipoprotein levels. Hypertension and diabetes also increased the risk of
atherosclerotic changes. Assessing the clinical implications of
this analysis, the investigators pointed out that the primary prevention of atherosclerosis, as opposed to the primary prevention of clinically manifest atherosclerotic disease, must begin
in childhood or adolescence.
Other work showed that a single measurement of cholesterol in early adulthood does, in fact, predict which individuals
will develop CHD as they grow older. In a prospective study of
1,017 men with a mean age of 22 years, Klag et al. found a
strong relationship between the baseline serum cholesterol
level and the occurrence of CHD, as well as CHD mortality
and total mortality, during the subsequent 40 years (Fig. 2).9
Based on the strong association between cholesterol and
CHD risk, one can reasonably conclude that consistently low
cholesterol levels confer protection against heart disease. In
Western societies with high-fat diets and sedentary habits,
“low” indicates well below average. The median cholesterol
level in the United States and Japan is 200 to 210 mg/dl (5.17
to 5.43 mmol/l),10 which is probably 50 to 60 mg/dl (1.29 to
1.55 mmol/l) higher than the ideal in terms of preventing

Patterns of Atherogenesis
Incidence of cumulative
cardiovascular disease

Pivotal data reported in the 1950s revealed that the process
of atherogenesis begins early in life. Analyzing autopsy findings from 300 U.S. soldiers killed in action in the Korean conflict (mean age, 22 years), Enos et al. found that 35% had “fibrous” coronary arterial plaque with insignificant luminal
narrowing, 12% had more than 50% occlusion of one or more
vessels, and 3% had complete occlusion of one or more vessels.5 Similar figures of 42, 12, and 0%, respectively, were reported by McNamara et al. in a 1971 analysis of data from 105
comparably aged casualties of the Vietnam War.6
For almost half a century, therefore, we have been aware
that atherosclerosis is fairly well advanced by early adulthood.
More recent confirmation of this pattern came from 1990s
reports published by the Pathobiological Determinants of
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FIG. 2 Cumulative incidence of cardiovascular disease by cholesterol level at 22 years of age in men. Reprinted from Ref. No. 9
with permission.
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atherosclerosis. A truly normal cholesterol level, from the
standpoint of the process of atherogenesis, would be approximately 150 mg/dl (3.88 mmol/l).
The atherogenesis that begins at an early age progresses
throughout life. The point at which an individual reaches a critical level of atherosclerosis depends on the cholesterol level.
From a pathologic perspective, evidence of plaque formation
on 60% of the coronary artery surface area could be considered significant atherosclerosis. An individual who maintains
a total cholesterol level of 150 mg/dl (3.88 mmol/l) would
reach the age of 80 before developing that degree of atherosclerosis (Fig. 3).11 On the other hand, an individual with a
steady total cholesterol level of 300 mg/dl (7.76 mmol/l)
would reach this critical point at around the age of 50.
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FIG. 4 Reduction in coronary heart disease risk by age in major
statin trials. Reprinted from Ref. No. 18 with permission. 4S =
Scandinavian Simvastatin Survival Study, CARE = Cholesterol and
Recurrent Events Trial, AFCAPS/TexCAPS = Air Force/Texas
Coronary Atherosclerosis Prevention Study, LIPID = Long-Term
Intervention with Pravastatin in Ischaemic Disease study, WOSCOPS = West of Scotland Coronary Prevention Study, CI = confidence interval.
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Primary and Secondary Prevention
Early studies of the primary and secondary prevention of
CHD failed to identify a linear relationship between the degree of cholesterol reduction and the extent of CHD risk
reduction.12 In hindsight, it became apparent that the lipidlowering agents used in the early trials (clofibrate, colestipol,
cholestyramine, gemfibrozil, and niacin) simply lacked the
cholesterol-lowering power needed to produce significant reductions in CHD risk.
Any doubt about the linear relationship between total cholesterol levels and CHD risk evaporated with the development
of the statins, the most powerful agents for reducing cholesterol. Five pivotal, large-scale trials firmly established the efficacy of these agents in terms of both primary and secondary
prevention of CHD morbidity and mortality.13–17 A meta-analysis of data from these trials, representing a total of 30,817 participants, demonstrated that statin therapy reduces the risk of
major adverse CHD events by approximately 30% regardless
of patient age or gender (Figs. 4 and 5, respectively).

1,021
1,283
3,180
3,514
8,998

FIG. 5 Reduction in coronary heart disease risk by gender in major
statin trials. Reprinted from Ref. No. 18 with permission. Definition
of acronyms and abbreviations as in Figure 4.

Conclusion
Our understanding of the link between serum cholesterol
and atherogenesis has been evolving for nearly 100 years. This
association has become ever more striking during the past century as factors that raise atherogenic blood lipids—high-fat diets, sedentary lifestyles, cigarette smoking, and urbanization—have spread to affect every segment of society. With the
understanding that atherogenesis begins early in life and that
total cholesterol levels predict CHD risk, the goal of effective
prevention through pharmacologic and behavioral interventions seems well within reach.
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New Dimension of Statin Action on ApoB Atherogenicity
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Summary: Newer, more effective statins are powerful agents
for reducing elevated levels of low-density lipoprotein (LDL)
cholesterol and thereby lowering the risk of coronary heart
disease (CHD) and related adverse events. Although LDL remains the primary target of therapy for reducing CHD risk,
increased interest is focusing on apolipoprotein B (apoB)containing lipoprotein subfractions—particularly very-lowdensity lipoprotein (VLDL), VLDL remnants, and intermediate-density lipoproteins (IDL)—as secondary targets of
therapy. Elevated apoB is known to be an important risk factor for CHD, and dysregulation of the metabolism of apoBcontaining lipoproteins is involved in the progression of
atherosclerosis. Statins reduce circulating concentrations of
atherogenic apoB-containing lipoproteins by decreasing the
production of VLDL in the liver and, thus, the production of
VLDL remnants and LDL. Statins also increase the clearance
of these particles through upregulation of LDL receptors in
the liver. Efforts to develop statins with enhanced lipid-modifying properties are ongoing. The optimal statin would offer
a high degree of inhibition of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase, a prolonged duration of
action, hepatic selectivity for maximal upregulation of LDL
receptors, and a low potential for drug–drug interactions.
Recent studies have shown that rosuvastatin, a new agent in
this class, demonstrates these qualities. Rosuvastatin is a highly effective inhibitor of HMG-CoA reductase, is relatively
nonlipophilic, has a half-life of approximately 20 h, exhibits
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hepatic selectivity, has little systemic availability, and has a
low potential for drug–drug interactions because of its limited
degree of metabolism by the cytochrome P-450 system. A recent double-blind, crossover study revealed that treatment
with rosuvastatin resulted in marked reductions in apoB-containing lipoproteins in patients with type IIa or IIb dyslipidemia. By reducing the number of atherogenic lipoprotein particles, rosuvastatin decreases the atherosclerotic burden in
hyperlipidemic patients at high risk for CHD and related adverse outcomes.
Key words: apolipoprotein B, atherosclerosis, dyslipidemia,
rosuvastatin, statins

Introduction
Since its inception in the 1980s, the National Cholesterol
Education Program (NCEP) has focused on low-density
lipoprotein (LDL) cholesterol as the principal target of therapy
aimed at reducing the risk of coronary heart disease (CHD)
and related adverse events in patients with dyslipidemia.1–3
Statins have emerged as the most effective pharmacologic
agents for reducing LDL levels, and numerous large-scale trials have confirmed that these effects translate into significant
decreases in the risk of CHD events.3–7 However, the most recent NCEP guidelines (NCEP ATP III), issued in May 2001,
also recognize the importance of non–high-density lipoprotein
(non-HDL) cholesterol as a secondary target of therapy in individuals with high triglyceride (TG) levels.3 The term “nonHDL cholesterol” refers to the combined cholesterol content
of LDL and other atherogenic apolipoprotein B (apoB)-containing lipoprotein subfractions—namely, very-low-density
lipoprotein (VLDL), VLDL remnants, intermediate-density
lipoproteins (IDL), and also lipoprotein(a) when present in
significant quantities. High levels of serum apoB are important
risk factors for ischemic heart disease, and dysregulation of
apoB-containing lipoproteins is involved in atherosclerotic
progression.8, 9
Concentrations of apoB-containing, non-HDL particles are
elevated in atherogenic lipoprotein phenotypes, of which type
IIa and type IIb dyslipidemia are the most common. The type
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IIa phenotype is characterized by elevated LDL and normal
TG concentrations, whereas the type IIb phenotype (also
known as mixed or combined dyslipidemia) is associated with
hypercholesterolemia and elevated levels of TG-rich lipoproteins. Both phenotypes frequently give rise to premature cardiovascular morbidity and mortality.
Because of the growing attention to the role of non-HDL
cholesterol in atherogenesis, it is of interest to consider
whether the potent effects of statins on LDL cholesterol levels
extend to other apoB-containing lipoproteins as well.

In Vivo Metabolism of Atherogenic Lipoproteins
An understanding of lipoprotein metabolism in normolipidemic and hyperlipidemic patients is essential in gaining a
perspective on the actions of statins. The liver secretes VLDL
particles that are precursors of VLDL remnants, which subsequently may be transformed into IDL and LDL.10 This cascade occurs as the result of the actions of lipoprotein lipase and
hepatic lipase. However, all apoB-containing particles are significantly enriched while circulating in the plasma by the action of the cholesteryl ester transfer protein, which transfers
cholesterol, in the form of its ester, from HDL to these particles. Under normolipidemic conditions, this pathway can account for up to approximately 50% of the cholesterol taken up
by the liver.11 Hepatic uptake of these particles is primarily
mediated by the LDL receptor, as identified in the work for
which Brown and Goldstein were awarded the Nobel Prize.12
The circulating concentrations of these particles are dependent
on the rate of their production as well as their rates of intravascular remodeling and removal from the plasma compartment.
Certain alterations in lipoprotein metabolism result in elevated plasma concentrations of atherogenic lipoprotein particles in types IIa and IIb dyslipidemia (Fig. 1). These two forms
of atherogenic dyslipidemia are often characterized by an
overproduction of VLDL in the liver, or by delayed catabolism
of VLDL, or both, leading to elevated concentrations of
VLDL remnants and, ultimately, of LDL. The plasma pool of

VLDL remnants is thereby increased, and their half-lives in
plasma are extended. When these particles accumulate, their
presence at high concentrations favors the accumulation and
deposition of cholesterol in peripheral tissues and particularly
in the arterial wall. Elevated levels of such particles set the
stage for the development and progression of lipid-rich atherosclerotic plaque.

Effects of Statins on ApoB-Containing Lipoproteins
Statins act in two ways to reduce circulating concentrations
of apoB-containing lipoproteins (Fig. 2). First, these agents
reduce the production of VLDL particles in the liver by approximately 10 to 15%, resulting in decreased production of
VLDL remnants and of LDL.13 Of greater importance, however, is increased clearance via LDL receptors, which is responsible for the major reductions in levels of these particles
in individuals receiving statin therapy.14 Numbers of LDL receptors, especially in the liver, are increased, because statins
inhibit the key enzyme in endogenous cholesterol synthesis:
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase. A reduction in the cholesterol pool results in upregulation of LDL receptor expression, mediated by activation of
the nuclear transcription factor, SREBP. This upregulation
leads to enhanced clearance of atherogenic lipoproteins and,
therefore, to reductions in the plasma pool of these particles.
The atherosclerotic burden in individuals with type IIa or IIb
dyslipidemia is consequently reduced on statin treatment.
The nature of the atherogenic particles that predominate in
type IIa and type IIb dyslipidemia determines how statins normalize atherogenic lipoprotein phenotypes. The major atherogenic particles in type IIa dyslipidemia are large, buoyant
LDLs (LDL-I and LDL-II subtypes), which are enriched in
cholesteryl esters. In contrast, type IIb dyslipidemia is typified
by increases in TG-rich VLDL, VLDL remnants, and small,
dense LDL (LDL-III).15, 16
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FIG. 1 In vivo metabolism of apoB-containing lipoproteins in types
IIa and IIb dyslipidemia. ApoB = apolipoprotein B, LDL-R = lowdensity lipoprotein receptor, VLDL = very-low-density lipoprotein.
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FIG. 2 Effects of statins on atherogenic apoB-containing lipoproteins in types IIa and IIb dyslipidemia. HMG-CoA-R = 3-hydroxy3-methylglutaryl coenzyme A receptor, LDL = low-density lipoprotein. Other abbreviations as in Figure 1.
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Characteristics of an Ideal Hypothetical Statin
The optimal statin would be one that produces a high degree
of inhibition of HMG-CoA reductase, has a prolonged duration of action, is targeted to the liver for maximal upregulation
of LDL receptors, and has a low potential for drug–drug interactions.17 In addition, such an agent would offer pharmacologic properties designed to diminish the possibility of adverse effects in peripheral tissues. A favorable effect on the entire lipid
profile is very important, as is lack of metabolism by the cytochrome P-450 system.
The ideal statin would produce significant reductions in
coronary events and be cost-effective for both primary and
secondary prevention.18 Other desirable characteristics would
include:
• Daily administration not affected by meals or time of day
• Tolerability and efficacy regardless of patient characteristics such as age or weight
• An accompanying educational program for physicians
and patients to enhance understanding of treatment
Recent observations from studies of a new statin, rosuvastatin, provide insights into the prospects for achieving these
objectives.

Pharmacologic Characteristics of Rosuvastatin
Like other agents in its class, the rosuvastatin molecule has
a characteristic pharmacophore group that interacts with the
binding site of HMG-CoA reductase (Fig. 3).17 However, the
other components of this molecule are distinct from those of
other statins. In particular, rosuvastatin has a polar methane
sulfonamide group that renders the molecule relatively hydrophilic.17, 19 The log D value of rosuvastatin (0.33 at pH
7.4) is considerably lower than the values for cerivastatin,
simvastatin, fluvastatin, and atorvastatin (log D > 1.0 and
< 2.0) and is closer to that of pravastatin (log D = 0.84).20
This characteristic of relative hydrophilicity means that the
molecule is relatively hepatoselective, with limited nonhepatic tissue uptake.
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In a recently published study, Istvan and Deisenhofer
cocrystallized the catalytic domain of human HMG-CoA reductase with each of the statins currently available or in late
clinical development.21 These researchers showed that all the
statins interact with the binding site of HMG-CoA reductase,
but rosuvastatin was distinguished by two factors. First, the total number of bonding interactions between the molecule and
the active site of HMG-CoA reductase—that is, the catalytic
portion—was higher than with any other statin. Second, a
unique polar interaction was evident between the electronegative sulfone group of rosuvastatin and the Arg568 side chain of
HMG-CoA, contributing to the potency with which the inhibitor binds to the enzyme. This degree of polarity confirms
that rosuvastatin is relatively nonlipophilic and is also an excellent enzyme inhibitor.
Other work has helped elucidate the ways in which these
structural features of rosuvastatin translate into pharmacologic properties, such as hepatic selectivity. A group studying the
inhibition of cholesterol synthesis in primary rat hepatocytes
found that the log mean IC50 was significantly lower with
rosuvastatin than with the other available statins (p < 0.001).19
This statistically significant difference reflects the enhanced
potency of rosuvastatin with respect to HMG-CoA reductase
inhibition and its ability to be actively taken up and concentrated by hepatic cells, with perhaps a low rate of efflux from hepatic cells, as well. The same researchers analyzed cell selectivity and found that simvastatin and cerivastatin were relatively
nonspecific for hepatic uptake.19 They also showed that the
IC50 values for these agents were similar in primary rat hepatocytes and in cultured rat fibroblasts, and that cerivastatin probably has even greater selectivity for peripheral tissue than for
the liver.
Given that rosuvastatin is relatively nonlipophilic, its metabolism by the cytochrome P-450 (CYP) system in the liver is
relatively low.17, 22 Studies have found minimal or no metabolism of the compound by CYP 3A4 and only minor metabolism by CYP 2C9 or 2C19.22 Rosuvastatin has only limited
systemic availability. Its absolute bioavailability is 20%.17
Rosuvastatin is predominantly eliminated as the parent compound in bile.17 The elimination half-life is approximately 20
h, which is among the longest for a statin and provides prolonged action on the target enzyme of cholesterol synthesis.
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FIG. 3 Structure and relative lipophilicity of rosuvastatin.
Reproduced from Ref. No. 16 with permission.

Effects of Rosuvastatin on ApoB-Containing
Lipoproteins
Rosuvastatin produces dose-related reductions in LDL
cholesterol that meet or exceed the decreases achieved by any
other statin monotherapy in patients with primary hypercholesterolemia.23–27 The effects of rosuvastatin on levels of
apoB-containing lipoproteins were examined in a doubleblind, crossover study involving 14 patients with type IIa dyslipidemia (LDL 3.40–5.70 mmol/l, TG < 2.0 mmol/l) and 18
patients with type IIb dyslipidemia (LDL 2.75–5.55 mmol/l,
TG > 2.0 mmol/l).28 All patients received rosuvastatin 40
mg/day for 6 weeks. In patients with type IIa dyslipidemia, ro-
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suvastatin reduced LDL by a mean of 43%, VLDL by 40% or
more, IDL by 65%, and apoB by 51%. In patients with type IIb
dyslipidemia, rosuvastatin reduced LDL by a mean of 62%,
VLDL by 42 to 50%, IDL by 50%, and apoB by 51%. In the
overall study population, the reduction in LDL was inversely
related to baseline TG levels (r = 0.33, p = 0.034), whereas the
reduction in TG was positively related to baseline TG levels
(r = 0.58, p < 0.001). Clearly then, triglyceride lowering by rosuvastatin is intimately related to lipid phenotype.

8.

9.
10.
11.

Conclusion
12.

The growing recognition of the importance of atherogenic
apoB-containing lipoproteins in CHD is leading to a greater
appreciation of the spectrum of potential therapeutic benefit
associated with statin therapy. Along with the continuing focus on LDL reductions as the primary means of lowering
CHD risk, there is a growing appreciation that other apoBcontaining lipoproteins, not just LDL, possess atherogenic activity. Rosuvastatin is associated with marked reductions in all
apoB-containing lipoproteins, including VLDL, IDL, and
small, dense LDL, in the major atherogenic dyslipidemias—
types IIa and IIb. By reducing the number of atherogenic
lipoprotein particles, rosuvastatin decreases the atherosclerotic burden in these patients, who are at high risk of adverse cardiovascular outcomes. Clinical evaluations in type IIb dyslipidemia have shown that rosuvastatin reduces the number of
atherogenic particles by more than half. These findings hold
promise for more effective management of patients with
atherogenic dyslipidemias.
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Effects of Statins in Reducing Thrombotic Risk and Modulating
Plaque Vulnerability
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Summary: A large body of evidence demonstrates that statin
therapy reduces risk for coronary events. This benefit probably
stems in large part from lipid lowering, but lipid-independent
cellular effects may also contribute. Statin therapy may lower
the risk of thrombosis by reducing tissue factor expression and
increasing plasminogen activators while reducing plasminogen-activator inhibitor. The statins may also improve endothelial function and reduce inflammatory response by increasing
nitric oxide activity; all statins tested can decrease levels of
C-reactive protein, a systemic marker of inflammation. Indeed, limiting inflammation may prove an important mechanism of statins’ clinical benefits due to both lipid lowering and
direct cellular effects. For example, attenuation of inflammation probably promotes maintained integrity of the fibrous cap
of the atherosclerotic lesion by inhibiting processes that degrade the collagenous structure of the cap. Rupture of the fibrous cap causes most fatal coronary thrombosis.
Key words: inflammation, thrombosis, statins

Introduction
Evidence from clinical trials demonstrates that lipid lowering with statin treatment reduces the incidence of coronary
events and stroke in a broad spectrum of individuals. A number of mechanisms may account for or contribute to the protective effects of statins. Drugs in this class may reduce plaque
thrombogenicity, lessen vasospasm, decrease inflammation,
and stabilize the fibrous cap of the atherosclerotic lesion.1
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Reducing Thrombogenicity
Physical disruption of the atherosclerotic plaque precipitates most fatal cases of coronary thrombosis. Once a plaque
ruptures and a thrombus begins to form, a robust endogenous
fibrinolytic system may favor rapid clot dissolution, or if an
unfavorable balance in local and systemic hemostatic factors
prevails, an occlusive thrombus may result. The procoagulant,
prothrombotic, and antifibrinolytic factors involved in determining the consequences of a given plaque disruption include
tissue factor, plasminogen activator inhibitor-1 (PAI-1), fibrinogen, and platelet-activating factor; the anticoagulant, antithrombotic, and profibrinolytic factors include plasminogen
activators, thrombomodulin, and prostacyclin. One potential
mechanism for disruption of hemostatic balance, overexpression of the potent procoagulant tissue factor by macrophage
foam cells in the atherosclerotic plaque lipid core, may result
from inflammatory signals, namely the proinflammatory cytokine CD40 ligand.2
Statin drugs may lower thrombogenicity by exerting anticoagulant/profibrinolytic effects. Aikawa et al. have shown
that dietary lipid lowering reduces tissue factor expression in
rabbit atheroma.3 In this study, rabbits with atheromas induced by balloon injury and high cholesterol diet (baseline
group) were either switched to a purified-chow diet (lowcholesterol group) or maintained on a high-cholesterol diet
(high-cholesterol group) for 16 months. Immunolocalization
of tissue factor quantified by computer-assisted color image
analysis showed strong expression of tissue factor in atheroma
macrophages in the baseline and high-cholesterol groups and
substantial reduction of tissue-factor protein expression in the
low-cholesterol group (Fig. 1). This reduction corresponded
to decreased activity of tissue factor assessed by in situ binding of tissue factor to factors VIIa and X; levels of tissue factor
mRNA also decreased after dietary lipid lowering.
Other studies have found that statins can increase endothelial cell expression of an enzyme that favors fibribolysis, tissue
plasminogen activator.4 These in vitro studies demonstrated
that endogenous tissue plasminogen activator levels increased
in a lipid-independent manner, while levels of antifibrinolytic
PAI-1 declined. Therefore, statins may act to reduce thrombus
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(A)

In these animals, after ischemia and reperfusion of the middle
cerebral artery territory, stroke size diminished, cerebral
blood flow increased, and neurologic function improved as a
result of statin pretreatment. Mice deficient in eNOS showed
no improvement in cerebral blood flow or neuroprotective
statin effect.
In addition to exerting a vasodilator effect, nitric oxide can
impede platelet aggregation. It also limits activation of nuclear
factor kappa B, a transcription factor involved in expression of
genes encoding a number of proinflammatory functions of
vascular wall cells and infiltrating leukocytes. Thus, nitric oxide has a direct anti-inflammatory effect.1

(B)

FIG. 1 Staining for tissue factor protein in rabbit atheromas after 16
months of high-cholesterol diet (A) and 16 months of low-cholesterol diet (B) following induction of the atheroma with balloon injury and 4 months of an atherogenic diet. Reproduced from Ref. No.
3 with permission.

accumulation in both a lipid-dependent manner (decreased tissue-factor activity) and a lipid-independent manner (decreased PAI-1 levels and enhanced plasminogen activator effect). Decreases in fibrinogen, an acute phase reactant, may
also limit thrombus formation.

Opposing Vasospasm
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A variety of studies indicate that lipid lowering (e.g., with
statins and other drugs, plasmapheresis, or other means) can
improve endothelial vasodilator function. Studies in vitro
have shown that statins increase production of the potent vasodilator nitric oxide. Endres et al. showed that statin treatment significantly increased activity of endothelial nitric oxide synthase (eNOS), an enzyme responsible for nitric oxide
production, in aortas of normocholesterolemic mice (Fig. 2).5
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Decreasing Inflammation
C-reactive protein (CRP) sensitively indicates systemic inflammation. Apparently well individuals at risk for cardiovascular events tend to have levels of CRP in the upper end of the
normal range. Treatment with statins may reduce CRP levels
in a manner independent of the magnitude of low-density
lipoprotein lowering in an individual. In an analysis of 472
patients who remained free of recurrent coronary heart disease
(CHD) events at 5 years in the Cholesterol and Recurrent
Events (CARE) trial, a secondary prevention study involving a
patient population with average cholesterol levels, pravastatin
recipients exhibited a median decrease of 17.4% in CRP, compared with a median increase of 4.2% in placebo recipients,
during the 5-year trial period.6
Analysis of changes in CRP among 5,719 participants
who remained event free at 1 year in the primary prevention
Air Force/Texas Coronary Atherosclerosis Prevention Study
(AFCAPS/TexCAPS, which involved a population with average cholesterol and modestly reduced high-density lipoprotein cholesterol levels) showed a 14.8% decrease in CRP in
the lovastatin group, compared with no change in the placebo
group.7 A study of the effects of cerivastatin over 8 weeks in
785 patients with primary hypercholesterolemia yielded similar findings.8 Likewise, in the Pravastatin Inflammation/CRP
Evaluation (PRINCE) study, which included a CHD-free cohort (n = 1,702) and a cohort of patients with a history of CHD
(n = 1,182),9 CRP levels fell a median of 14.7% from baseline
in 12 weeks and 16.9% from baseline at 24 weeks among participants with no prior history of CHD. In patients with prior
CHD, CRP levels were reduced 14.3% from baseline at 12
weeks and 13.1% from baseline at 24 weeks.9
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FIG. 2 Calcium-dependent nitric oxide synthase (Ca++-dep NOS)
catalytic activity in aortas from mice treated with simvastatin 0.2, 2,
or 20 mg/kg for 14 days, compared with vehicle (V) treatment.
Reproduced from Ref. No. 5 with permission.

Inflammation, particularly as it affects the stability of the
atherosclerotic plaque, appears to link atherosclerosis to coronary events. Indeed, the finding that lipid-lowering treatment
generally produces only slight improvements in the fixed
stenoses in coronary arteries suggests that the reduced rates of
myocardial infarction observed with lipid reduction involve
qualitative changes in plaque biology rather than regression
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Conclusion
Statins may improve outcomes and limit complications of
atherosclerosis by a variety of mechanisms, including reduc-

ing thrombogenicity, opposing vasospasm, decreasing inflammation, and stabilizing the atherosclerotic lesion fibrous cap.
Recent experimental investigations have shown that lipid lowering reduces other markers of endothelial activation, including expression of the leukocyte-receptor vascular cell adhesion molecule-1.13
A decrease in inflammatory responses as a result of lipid
lowering may underlie many of the beneficial effects of statins
in atherosclerotic disease. However, statins may also exert
effects independent of systemic lipid lowering, including the
increased levels of eNOS and expression of plasminogen activator and decreased expression of PAI-1. Inhibition of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase
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Macrophages

Low cholesterol
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per se. We have hypothesized that lipid lowering acts as an
anti-inflammatory intervention to improve plaque stability.
We have proposed the hypothesis that the fibrous cap of the
atherosclerotic lesion undergoes dynamic remodeling and exhibits considerable metabolic activity.1, 10 Interstitial collagen
fibrils strengthen the fibrous cap and render it resistant to rupture. The balance among inflammatory mediators controls the
level of collagen in the arterial extracellular matrix. Inflammation in the matrix, which may in part reflect effects of hyperlipidemia, results in reduced synthesis of collagen. The
proinflammatory cytokine gamma interferon, for example, inhibits interstitial collagen synthesis by smooth muscle cells,
the primary source of this extracellular matrix protein in the arterial wall. Other proinflammatory cytokines induce enzymes
that can degrade collagen—e.g., matrix metalloproteinases,
including collagenases and gelatinases. Inflammation reduces
the ability of smooth muscle cells to repair and maintain the
collagen component of the fibrous cap as well, since inflammatory factors overexpressed in plaques can trigger apoptosis;
sites of fatal thrombosis where plaques have ruptured typically feature few smooth muscle cells. In summary, these inflammatory processes can weaken the ordinarily stable fibrous cap,
rendering it prone to disruption and hence thrombosis.
Statin or other lipid-lowering therapy can stabilize the fibrous cap by reducing inflammation. In one experimental
study, atheromas were induced in rabbits by balloon injury
and atherogenic diet for 4 months, at which time one group
(baseline) was sacrificed, while another group consumed a
high-cholesterol diet for 16 months and another group consumed a low-cholesterol diet for 8 or 16 months. Measurement of macrophage and collagenase content by quantitative
image analysis of standardized sections of immunostained
aortas showed that atheromas in the baseline and hyperlipemic groups featured high macrophage content and high
levels of collagenase; in contrast, atheromas in the lipid-lowering group showed reduction in both macrophage and collagenase content (Fig. 3).11 Measurement of the amount of
interstitial collagen content by Sirius red staining showed that
most of the intact fibrillar collagen in the aortas of hyperlipemic animals resided in the vessel adventitia, with only a
filamentous network in the intima. In contrast, animals receiving the low-cholesterol diet had a marked reinforcement of the
collagenous structure of the atheroma fibrous cap (Fig. 4). If
applicable to humans, these findings suggest that lipid lowering stabilizes vulnerable plaques by reducing expression of the
enzymes that degrade the arterial extracellular matrix and may
reduce susceptibility of atheromas to disruption and thrombosis by promoting collagen accumulation in the fibrous cap.
The recent observations of Crisby et al. indeed suggest similar
changes in carotid atheroma of patients treated with pravastatin in a nonrandomized series.12
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(A)

(B)

FIG. 3 Macrophage (A) and collagenase (B) content of rabbit
atheromas were induced by balloon injury and 4 months of a highcholesterol diet. After 16 additional months of high-cholesterol diet
(top), macrophages continue to exhibit strong expression of collagenase. After a switch to and maintenance of low-cholesterol diet for
16 months (bottom), only scant macrophages and collagenase remain. Arrows indicate the internal elastic lamina. Reproduced from
Ref. No. 11 with permission.

(A)

(B)

FIG. 4 Interstitial collagen content in the rabbit aortic intima is
shown by Sirius red staining. A typical lesion in the high-cholesterol group (A) shows little intimal collagen, whereas a representative lesion in the low-cholesterol group (B) shows an abundance of
interstitial collagen in the intima. Reproduced from Ref. No. 11
with permission.
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by statins reduces formation of the polyisoprenoids farnesyl
pyrophosphate and geranyl pyrophosphate, intermediates in
the pathway of cholesterol synthesis. These polyisoprenoids
can derivatize proteins and alter their functions. Inhibition by
statins of the prenylation of the polyisoprenoids with intracellular signaling molecules including small G proteins may in
this manner produce direct effects on cell function independent of lipid lowering. In summary, the well-characterized reduction in cardiovascular risk associated with statin therapy
may arise from both direct effects on lipid lowering and lipidindependent effects.

6.

7.

8.
9.
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Comparing HMG-CoA Reductase Inhibitors
PETER H. JONES, M.D.
Baylor College of Medicine, Houston, Texas, USA

Summary: The statins have proved to be some of the most
potent therapies for reducing elevated low-density lipoprotein
(LDL) cholesterol and lessening the risk of coronary heart
disease (CHD) and related events. Nonetheless, there are still
questions about the clinical relevance of individual drug characteristics, such as chemical derivation, solubility properties,
and metabolic route, in terms of tolerability or therapeutic
benefit. At the same time, no clear explanation has emerged
for the significantly steeper reductions in LDL cholesterol
levels achieved with atorvastatin versus lovastatin, simvastatin, pravastatin, or fluvastatin, or, more recently, with rosuvastatin versus atorvastatin, although possible mechanisms
have been suggested. More studies are needed to characterize
the effects of statins on high-density lipoprotein (HDL) in different patient groups. Clearly, though, several statins have
yielded significant reductions in CHD risk and have shown to
be well tolerated in both primary and secondary prevention
trials. The possibility that statins exert pronounced effects beyond lowering blood lipids is opening other avenues of research into the benefits of these drugs.

dramatically than other lipid-lowering agents, thus exerting a
significant impact on CHD risk.1–6
While these drugs have similar lipid-lowering effects, they
vary in their derivation, pharmacology, and pharmacokinetics.
The older statins (lovastatin, pravastatin, and simvastatin) are
naturally derived, while the newer ones (atorvastatin, rosuvastatin, and itavastatin) are synthetic. In addition, several statin
drugs are metabolized via the cytochrome P-450 (CYP) 3A4
enzyme system, a characteristic with potential clinical importance for drug interactions.7
As data from different statin trials continue to accumulate,
more distinct features of the class and of the individual drugs
within it will emerge. A review of observations to date about
statin pharmacology, effects on lipid and nonlipid (pleiotropic)
parameters, impact on clinical end points, and tolerability (in
mono- and combination therapy) will lay the groundwork for
future studies that may demonstrate more striking clinical differences among these drugs.

Pharmacology
Key words: coronary heart disease, dyslipidemia, statins

Introduction
A large body of evidence demonstrates that reducing the
levels of low-density lipoprotein (LDL) cholesterol lessens the
risk of coronary heart disease (CHD) and related events.1 The
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors (statins) lower LDL more consistently and
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Introduced in 1987, lovastatin was the first HMG-CoA reductase inhibitor—a natural product isolated from fungal
metabolites. A similar agent, pravastatin, followed in 1991,
along with simvastatin, a semisynthetic compound consisting
of lovastatin plus an extra methyl group. Fluvastatin, cerivastatin, and atorvastatin are synthetic enantiomers, as is the investigational HMG-CoA reductase inhibitor rosuvastatin.8, 9
Both lovastatin and simvastatin have a closed lactone ring,
which makes them prodrugs; these compounds must be converted in the liver to the open lactone form. All the other statins
are open lactone forms. Each of the agents in this class has a
characteristic pharmacophore group that interacts with the
binding site of HMG-CoA reductase.10
The pharmacokinetic and pharmacodynamic characteristics
of the various statins are summarized in Table I. Lovastatin,
simvastatin, fluvastatin, atorvastatin, and cerivastatin are lipophilic agents, whereas pravastatin and rosuvastatin are hydrophilic, with negative values on a log-dose scale at pH 7.4, compared with >1 for the other drugs.9 Half-lives are generally in
the range of 1 to 3 h, with the exception of atorvastatin (14 h)
and rosuvastatin (20 h).7, 11 Lovastatin, simvastatin, and atorvastatin are metabolized by the most common isoform of the
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Statin

Lipophilic/
hydrophilic

T 1⁄2
(h)

Lovastatin
Simvastatin
Pravastatin
Fluvastatin
Atorvastatin
Rosuvastatin

Lipophilic
2–3
Lipophilic
2
Hydrophilic 1.5–2
Lipophilic
1
Lipophilic
14
Hydrophilic 20

Active
metabolites
Yes
Yes
No
No
Yes
Yes

Metabolism

CYP 3A4
CYP 3A4
No CYP
CYP 2C9
CYP 3A4
CYP 2C9, CYP 2C19

cytochrome P-450 system, namely CYP 3A4. Fluvastatin and
rosuvastatin are primarily metabolized by CYP2C9 and also,
in the case of the latter agent, by CYP 2C19. Rosuvastatin does
not undergo any appreciable metabolism by cytochrome P-450
3A4; thus, this agent presents less potential for drug–drug interactions than some other statins.7, 12

Effects on Lipids

Mean LDL-C reduction from baseline (%)

The multicenter, randomized, open-label CURVES study
compared the effects of five different statins on LDL cholesterol levels in 534 patients.13 Dose-dependent reductions in
LDL cholesterol were significantly greater with atorvastatin
than with milligram-equivalent doses of lovastatin, simvastatin, pravastatin, or fluvastatin (Fig. 1). Over the dose range
of 10 to 80 mg, atorvastatin reduced LDL cholesterol by 38 to
54%. Agents with even greater lipid-lowering effects have
been under investigation. In a two-phase investigation involving 206 patients with hypercholesterolemia, rosuvastatin produced highly significant, dose-dependent reductions in LDL
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FIG. 1 Reductions in low-density lipoprotein cholesterol (LDL-C)
with statins in the CURVES study. Reproduced from Ref. No. 13
with permission.

cholesterol when compared with placebo; atorvastatin was
used as a benchmark comparator.14
A more recent 12-week, multicenter, randomized, doubleblind, placebo-controlled trial found that reductions in LDL
were significantly greater with rosuvastatin than with atorvastatin (Fig. 2).15 This comparison of the two agents in 516 patients with hypercholesterolemia revealed LDL reductions of
40 and 43% with rosuvastatin 5 mg and 10 mg, respectively, as
opposed to 35% with atorvastatin 10 mg (p < 0.01 vs. rosuvastatin 5 mg, p < 0.05 vs. rosuvastatin 10 mg).
Another recent randomized, double-blind trial in 502 patients found significantly greater reductions in LDL cholesterol with rosuvastatin as opposed to pravastatin or simvastatin.16 At 12 weeks, rosuvastatin 5 and 10 mg had reduced
LDL cholesterol by 42 and 49%, respectively, compared with
28% for pravastatin 20 mg (p < 0.01 vs. both rosuvastatin
doses) and 37% for simvastatin (p < 0.01 vs. rosuvastatin 5
mg, p < 0.001 vs. rosuvastatin 10 mg).
In the CURVES study, the 40-mg dose of atorvastatin produced a greater reduction in triglyceride levels than did the 40mg dose of fluvastatin, lovastatin, pravastatin, and simvastatin;
other doses did not produce different effects among the statins
for triglycerides.13 Elsewhere, rosuvastatin also has been
shown to produce significant reductions in triglyceride levels,
albeit not in a dose-related manner.14
A large body of data gathered over the past decade has confirmed the significant inverse relationship between high-density lipoprotein (HDL) cholesterol levels and the risk of CHD
events,17, 18 but the potential impact of statins on HDL remains
only partially understood. In a recent review, researchers suggested several possible mechanisms for this effect.19 Statins
might bring about an increase in the messenger RNA (mRNA)
for apolipoprotein A-I (apoA-I) at the promoter site. The elevation in mRNA for apoA-I appears to be reversed by adding
mevalonate, suggesting an underlying process related to
prenylated proteins or isoprenoids. Alternatively, statins may
increase apoA-I expression by inhibiting Rho activation.
Reduced Rho stimulates peroxisome proliferator activated receptor- (PPAR), which in turn is known to increase apoA-I
expression, as shown in studies of fibrates. Furthermore,

Change (%) from baseline
lipid parameters at 12 weeks

TABLE I Pharmacokinetic/pharmacodynamic comparison of statins
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FIG. 2 Reductions in low-density lipoprotein cholesterol (LDL-C)
and increases in high-density lipoprotein cholesterol (HDL-C) with
rosuvastatin versus atorvastatin. ■ = Total cholesteral, ■ = LDL-C,
■ = HDL-C. Data from Ref. No. 15.
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statins may reduce the activity of cholesterol ester transfer protein (CETP) to varying degrees, depending on the agent.
Higher doses of atorvastatin may not inhibit CETP activity as
strongly as some of the other statins, although data on CETP
inhibition are contradictory.20 The extent to which any or all of
these mechanisms contribute to increases in HDL cholesterol
levels is far from clear, but all the statins could potentially display such actions.
Increases in HDL cholesterol levels ranged from 3.0 to
9.9% with the statins evaluated in the CURVES study.13 The
amount of the increase did not differ significantly between
atorvastatin and the other agents except at a dose of 40 mg,
when elevations in HDL cholesterol were significantly greater with simvastatin than with atorvastatin (p ≤ 0.05). In a recent study of rosuvastatin, HDL cholesterol levels increased
by 10.0 to 14.4% over baseline in the same dosage range used
in the CURVES study.14 Levels of HDL cholesterol also increased more with rosuvastatin at a dosage of 5 mg or 10 mg
than with atorvastatin 10 mg in a recent 12-week trial. With
rosuvastatin 5 mg and 10 mg, HDL levels rose 13% (p < 0.01)
and 12% (p < 0.05) over baseline, respectively, vs. 8% with
atorvastatin.15
The CURVES investigators are planning to repeat the protocol, using a larger number of patients and including rosuvastatin as one of the treatment arms in the Statin Therapies for
Elevated Lipid Levels Compared Across Dose Ranges to
Rosuvastatin (STELLAR) study. More than 2,000 patients
will be randomized to 6 weeks of treatment with either rosuvastatin, simvastatin, or atorvastatin (each in doses of 10, 20,
40, or 80 mg) or pravastatin (10, 20, or 40 mg). The primary
end point will be the percentage reduction in LDL cholesterol
levels, secondary end points will include changes in other
lipoprotein levels, and safety will be assessed with careful attention to adverse events. In a trial extension, all patients who
are not initially randomized to rosuvastatin will receive rosuvastatin 10 mg for at least 12 weeks.

Effects on Clinical End Points
Five major trials2–6 have confirmed that therapy with lovastatin, simvastatin, or pravastatin has beneficial effects on hard
clinical end points in the primary and secondary prevention of
CHD events. Pravastatin reduced rates of major coronary
events (CHD death or nonfatal myocardial infarction) in highrisk patients with no evidence of CHD by 33%, compared with
placebo.6 Hypercholesterolemic patients with no history of
CHD had 37% fewer CHD events (fatal or nonfatal myocardial infarction, unstable angina, or sudden cardiac death) with
lovastatin therapy than with placebo.2 Among patients with established CHD, pravastatin and simvastatin reduced major
coronary events by 23 to 34%.3–5
More recently, data from the Heart Protection Study21 suggested that statin therapy lowers CHD death rates among patients with average or below-average lipid levels who are still
at increased risk because of previous myocardial infarction,
noncardiac occlusive arterial disease, treated hypertension, or
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diabetes. Across all these patient groups, the rate of CHD
events was 24% lower among patients taking simvastatin 40
mg/day over the 5.5-year study period than among similar patients taking placebo. A benefit was seen regardless of baseline
LDL level.
Other studies have suggested beneficial effects of statin
therapy on surrogate end points, including markers of atherosclerotic regression or progression as assessed by quantitative
coronary angiography22, 23 or high-resolution ultrasound.24 As
evidence mounts that other surrogate end points correlate with
CHD events, it is likely that lipid-lowering therapy will be
found to affect them.
For example, statin therapy is showing promise in patients
with acute coronary syndrome (ACS). In the Myocardial
Ischemia Reduction with Aggressive Cholesterol Lowering
(MIRACL) study, recurrent ischemic events in the first 16
weeks were reduced significantly in patients with ACS treated with atorvastatin 80 mg/day.25 In a recent study using data
from the Swedish Register of Cardiac Intensive Care (RIKSHIA), early initiation of statin treatment was associated with
reduced 1-year mortality in patients with acute myocardial
infarction.26

Pleiotropic Effects
The Heart Protection Study has added weight to the intriguing theory that the antiatherogenic effects of statin therapy extend beyond lipid lowering—that they are, in fact, pleiotropic.
Basic research suggests that the statins may exert such nonlipid effects as modifying endothelial function, mediating inflammatory responses, promoting plaque stability, and inhibiting thrombus formation.20 Statins stabilize endothelial nitric
oxide synthase (eNOS) mRNA and increase the release of nitric oxide from the endothelium.27 Notably, reduced stability
of eNOS is the major factor contributing to endothelial dysfunction in cardiovascular disease states (including CHD,
myocardial ischemia, cerebral ischemia, and diabetes). Statins
also increase the number of endothelial progenitor cells and
promote their function, resulting in angiogenesis through the
protein kinase AKT/eNOS pathway.27 In addition, they arrest
the creation of vascular cell adhesion molecules in endothelial
cells and limit the formation of CD11b and CD18 on leukocytes.28, 29 Other work has shown that statins reduce levels of
plasminogen activator inhibitor-1 while increasing the production of tissue plasminogen activator in endothelial cells and
lowering the expression of tissue factor.30, 31
Several studies have examined the effect of statins on inflammation. The Cholesterol and Recurrent Events (CARE)
trial involving patients who had suffered acute myocardial
infarction found a significant association between levels of
high-sensitive C-reactive protein (hs-CRP, a marker of inflammation and predictor of CHD risk) and subsequent risk in a
placebo group.32 The Pravastatin Inflammation/CRP Evaluation, a large-scale, prospective, randomized trial, revealed
that pravastatin reduced CRP levels significantly, by 17% at 24
weeks (p < 0.001).33 An analysis of data from 5,742 patients
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in the Air Force/Texas Coronary Atherosclerosis Prevention
Study recently demonstrated a significant 15% reduction of
CRP levels by lovastatin.34 Another study of hypercholesterolemic patients without CHD showed that rates of coronary
events increased significantly with increases in baseline levels
of CRP, and that lovastatin significantly reduced CRP levels.35
In addition, a recent short-term study found that hs-CRP levels
were reduced by 15 to 25% when hyperlipidemic patients
were treated with simvastatin, pravastatin, or atorvastatin.36
The statins also decrease levels of isoprenoid proteins
(GGPP and FPP), which are important in cellular signaling,
and they may reduce osteoclastic activity, with possible relevance in osteoporosis. Furthermore, the statins may reduce the
formation of beta-amyloid deposits, thereby possibly decreasing the risk of dementia. In addition, these agents may reduce
levels of reactive oxygen species (i.e., superoxide and hydroxyl radicals), exert anti-inflammatory activities that could reduce the risk of diabetes, and produce antithrombotic effects
that could reduce the risk of deep vein thrombosis.37, 38 More
research is needed to clarify whether such effects may translate into additional clinical benefit beyond LDL reduction in
patients treated with statins.

Tolerability
More than 25,000 patients received lovastatin, simvastatin,
or pravastatin in the six major, large-scale clinical trials involving more than 50,000 patients with hypercholesterolemia.2–6,
39, 40 No serious morbidity or mortality was observed during
these trials, and there were few drug interactions. Subsequent
work has also found no appreciable tolerability issues among
patients taking atorvastatin or rosuvastatin.13, 41
The withdrawal of cerivastatin from the U.S. market in
2001, however, because of reports of serious myopathy and
rhabdomyolysis, prompted concerns regarding the statins as a
drug class. Investigators first noted a possible increase in the
risk of myotoxicity with combined statin-fibrate therapy in
a 1990 report of 12 cases of myopathy or rhabdomyolysis
among patients taking lovastatin plus gemfibrozil.42 Since
then, reports of 52 deaths from rhabdomyolysis worldwide in
patients taking cerivastatin led to its withdrawal.43 The increased risk of myotoxicity appears to be greater with cerivastatin rather than generally present with all statins; among the
416 U.S. cases of fatal or nonfatal statin-related rhabdomyolysis, 10 times as many were associated with cerivastatin as
with other statins.44
A 1995 analysis of data from 516 patients yielded evidence
that combined statin-fibrate therapy poses no excess risk of adverse effects on skeletal muscle. Only 1% of these patients had
significant, drug-related increases in creatine kinase (CK), and
only 1% had significant muscle pain requiring drug discontinuation.45 No cases of rhabdomyolysis were observed. More
recently, a review of 36 clinical trials involving a total of 1,674
patients treated with statins plus fibrates found CK levels
greater than 10 times the upper limit of normal in only 0.12%
of patients and no cases of rhabdomyolysis.46 Most of the

studies in this analysis, however, excluded patients with renal
or hepatic impairment, both of which are suspected risk factors
for statin-fibrate–associated myopathy. Other risk factors include advanced age, female gender, increased serum creatinine, high-dose statin therapy, use of gemfibrozil rather than
another fibrate, hypothyroidism, and concomitant use of
CYP3A4-inhibiting medications such as erythromycin and
azole antifungal agents.46, 47
Although postmarketing reports of adverse events have been
very limited compared with the large number of persons taking
approved statins, a clinical advisory was recently issued by the
American College of Cardiology/American Heart Association/
National Heart, Lung, and Blood Institute to provide updated
recommendations for the appropriate use of statins, including
cautions, contraindications, and monitoring.48
The main points made in the statement are:
• There are no clinically important differences in the rate
of fatal complications among patients taking atorvastatin, fluvastatin, lovastatin, pravastatin, or simvastatin
• Statin therapy appears to carry a small risk of myopathy. Since most cases occur in patients who are at risk
for the condition, if statins are used with appropriate
caution, the likelihood of developing clinically important myopathy is substantially reduced
• The combination of a statin plus nicotinic acid seems
to carry a lower risk for myopathy than does a statin
plus a fibrate
• Myopathy is more likely to occur at higher statin
doses; thus, doses should not exceed those required to
attain the ATP III goal of therapy
• All persons starting statin therapy should be instructed
to report muscle discomfort or weakness or brown
urine immediately, which should then prompt a CK
measurement.
Early trials suggested a possible increase in cancer risk with
statin therapy, but subsequent analyses have proved that concern unfounded. Data from 6,721 cancer-free patients (> 65
years old) who were taking lipid-lowering drugs showed that
patients treated with statins had a 28% lower risk of cancer
after 2.7 years of follow-up than those treated with bile acid
resins.49 Likewise, the five major statin trials (involving
30,817 patients followed for 5 to 6 years),2–6 analyzed together, showed no increased risk of all cancers or site-specific cancers with the use of statin therapy over a 5-year period.50

Conclusion
Clinical trials to date indicate that the derivation of a statin
(i.e., natural or synthetic) has no bearing on clinical pharmacologic effects. More work is required to determine whether the
relative hydrophilicity or lipophilicity of a compound may
have a bearing on efficacy or tolerability. Metabolism through
the CYP system may be important, as there appear to be rele-
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vant clinical differences in drug interactions with statins that
are not metabolized by this cytochrome system.
The various statins differ somewhat with regard to their LDL
cholesterol–lowering effects. Clinical trials show greater decreases in LDL cholesterol with atorvastatin or rosuvastatin
than with other agents in this class. Notably, recent data suggest
that the LDL cholesterol–lowering ability of rosuvastatin may
be even greater than that of atorvastatin. To date, not all statins
have been evaluated with regard to their effects on hard clinical
end points (e.g., CHD event rates), but the body of evidence accumulated thus far suggests that all agents in this class will
eventually prove to have significant benefits. With the exception
of cerivastatin, the statins do not appear to differ with regard to
overall tolerability or incidence of adverse effects. Pleiotropic
effects are most likely a class effect, and future research promises to shed more light on the extent of these effects.
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Treating Hypercholesterolemia: Looking Forward
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Summary: Despite important advances in the management of
hypercholesterolemia in recent decades, many patients with
lipid disorders remain unidentified or undertreated and so continue to have unfavorable levels of low-density lipoprotein
(LDL) cholesterol and an increased risk for coronary events.
The statins—which inhibit 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, the rate-limiting enzyme in
cholesterol biosynthesis—have proved to be the most powerful pharmacologic agents for lowering serum lipids, and newer statins offer even greater efficacy than the agents introduced
10 to 15 years ago. Studies have shown that rosuvastatin, in
late-stage development, is a very potent agent for the treatment
of primary hypercholesterolemia, and that relatively low doses decrease LDL cholesterol levels to a greater extent than do
similar doses of pravastatin, simvastatin, or atorvastatin as
evaluated in separate clinical trials. Pitavastatin, in phase II trials, also has promise as a more potent drug than currently
available statins. Because neither of these drugs has been approved for use in the United States, clinical trial results should
be considered preliminary. In the future, agents that combine
the actions of statins and nicotinic acid may achieve still
greater LDL cholesterol reductions. Drugs that lower lipids via
mechanisms other than inhibition of HMG-CoA reductase
also offer promise. The newest addition to the roster of lipidregulating agents is ezetimibe, a cholesterol absorption inhibitor that has been approved for use either alone or in combination with a statin. Agents in development include bile acid
transport inhibitors and inhibitors of acyl CoA:cholesterol
acyltransferase. More research will be needed to determine the
full clinical potential of such approaches to the management of
hypercholesterolemia.
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Introduction
In the past 20 years, public and professional education initiatives such as the National Cholesterol Education Program
(NCEP) have increased awareness of hypercholesterolemia as
a risk factor for cardiovascular disease. At the same time, treatment advances have placed the goal of significant serumcholesterol reduction within reach for a large proportion of the
at-risk population. Nevertheless, clinical practice lags behind
therapeutic progress: improvement in the identification, treatment, and follow-up of individuals with hypercholesterolemia
is needed if the nation is to realize the full potential of newer,
more potent lipid-lowering agents, particularly as drugs that
act through novel mechanisms move through the clinical development process.

Hypercholesterolemia: Defining the Challenge
Guidelines for detecting, evaluating, and treating high
cholesterol, from both the NCEP Adult Treatment Panel II
(ATP II) and Adult Treatment Panel III (ATP III), call for periodic cholesterol screening.1, 2 Elevated levels of low-density
lipoprotein (LDL) cholesterol are the primary indication for
initiating therapy aimed at reducing the risk for coronary heart
disease (CHD). Evidence suggests, however, that many patients who are clearly at risk for CHD are not undergoing periodic cholesterol screening. An observational study examining
10-year data on the measurement of cholesterol levels among
patients hospitalized for acute myocardial infarction (MI)
in the Worcester, Massachusetts, area found a marked increase
in rates of cholesterol measurement between 1986 (< 60%
screened) and 1991 (approximately 90% screened).3 Thereafter, however, the trend was reversed, with serum cholesterol
measurements reported for less than 25% of hospitalized patients with MI, and complete lipid profiles (LDL and high-density lipoprotein [HDL] cholesterol and triglycerides) reported
for only 15%, in 1997 (Fig. 1). A multivariate analysis showed
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FIG. 1 Annual percentage of patients hospitalized with myocardial
infarction and undergoing total cholesterol screening, 1986–1997,
in the Worcester, Mass., Heart Attack Study. Reprinted from Ref.
No. 3 with permission.

that men and patients with an initial Q-wave MI were more
likely to have their cholesterol levels measured during the index hospitalization. The likelihood of cholesterol screening
declined with older age (1986–1988) and was significantly reduced in patients with a history of diabetes or hypertension.
In the same observational study, 0.4% of post-MI patients
received prescriptions for lipid-lowering drugs in 1986. The
rate remained relatively low until 1997, when it rose to 10.7%.
Data from 1997 showed that patients who had their cholesterol
levels measured were four times more likely to receive prescriptions for lipid-lowering therapy than patients whose lipid
levels were not checked. Nonetheless, only 36.6% of patients
found to have total cholesterol levels ≥ 6.2 mmol/l (≥ 240
mg/dl) received lipid-lowering therapy in 1997.
Studies examining physician practice and prescribing patterns for patients with varying degrees of risk document the
undertreatment of hyperlipidemia and the need to improve
physician adherence to evaluation and treatment guidelines in
community-based and hospital settings. For example, in the
Merck-funded Quality Assurance Program, a retrospective
chart audit of 48,586 adult outpatients with coronary artery
disease (CAD), found that only 44% had LDL cholesterol
testing within 1 year of their last visit, only 39% were taking
lipid-lowering medications, and only 25% were able to attain
an LDL cholesterol level of ≤ 2.6 mmol/l (≤ 100 mg/dl), the
goal for high-risk patients as established by NCEP ATP II4
(the goal established by NCEP ATP III is < 2.6 mmol/l [< 100
mg/dl]).2 The chart audit also revealed that patients between
the ages of 55 and 64 were more likely to receive a prescription for lipid-lowering therapy than patients > 65, and that
women < 65 years of age were less likely to receive a prescription than men < 65 years.
The Lipid Treatment Assessment Project (L-TAP), which
studied 4,888 adult patients with dyslipidemia who had been
receiving the same lipid-lowering therapy for at least 3
months, found that 38% of patients achieved ATP II target
levels for LDL cholesterol.5 However, the study also found
that achievement of goal was higher in the low-risk patients
and lower in the high-risk patients: 68% in patients at low
risk (fewer than two major risk factors for CHD and no evidence of CHD), 37% in patients at high risk (two or more

major risk factors but no evidence of CHD), and 18% in patients with CHD.
Practice and prescribing data from the National Registry of
Myocardial Infarction 3 have shown that only 31.7% of
138,001 patients discharged from the hospital after an acute
MI received a prescription for lipid-lowering medication as
part of the discharge regimen.6 In this large prospective observational study, patients between 65 and 74 years of age were
less likely to receive a prescription for lipid-lowering therapy
than those younger than 55. Patients with a history of hypertension and those undergoing coronary artery bypass graft
surgery were also less likely to receive a prescription.
Further evidence of the inadequate control of hypercholesterolemia even in high-risk patients comes from a recent analysis of data from the Third National Health and Nutrition
Examination Survey. Of 417 survivors of MI, stroke, or both,
whose LDL cholesterol levels were measured, fewer than half
met the target levels established by the NCEP ATP III (Fig.
2).2, 7 A total of 57% of these patients had levels > 3.36 mmol/l
(> 130 mg/dl).

Meeting the Challenge
Current Efficacy of Statins

The 3-hydroxy-3-methylglutaryl coenzyme A (HMGCoA) reductase inhibitors, or statins, are the most potent
pharmacologic agents available for reducing elevated levels of
LDL cholesterol.2 By inhibiting the activity of HMG-CoA reductase, the statins limit cholesterol biosynthesis in the liver
and extrahepatic cells. This also leads to upregulation of LDL
receptors, which promotes the clearance of LDL cholesterol
from plasma. The net result is a substantial reduction in LDL
cholesterol levels.
Six major studies of simvastatin, lovastatin, and pravastatin
have confirmed that statin therapy significantly reduces CHD-
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FIG. 2 Low-density lipoprotein cholesterol (LDL-C) levels in 417
survivors of myocardial infarction, stroke, or both in the Third
National Health and Nutrition Examination Survey. The white and
gray bars signify levels below and above the cut-point that defines
adequate control. Reprinted from Ref. No. 7 with permission.
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associated risk in both primary and secondary prevention.8–13
These studies have shown that statins can lower LDL levels by
20 to 36%, decrease the incidence of nonfatal MI or CHD
death by 27 to 34%, and reduce the need for interventional
coronary procedures (angioplasty or coronary artery bypass
graft surgery) by 20 to 37%. The risk for stroke may also be
lowered by up to 31%. The most recent of these six trials, the
Heart Protection Study (HPS), examined the effect of cholesterol-lowering therapy with simvastatin in the largest number
(n = 20,536) and the widest range of high-risk individuals
studied to date. The trial, which focused on groups for whom
sufficient data had been lacking, included patients with diabetes or noncoronary occlusive arterial disease, but without
CAD; women; the elderly; and those with below-average LDL
cholesterol concentrations for Western societies. Results indicate that lowering LDL cholesterol by 39 mg/dl produced a
proportional risk reduction of about 25% in patients with baseline levels < 116 mg/dl and in those with higher baseline levels. This supports the hypothesis that current guidelines may
inadvertently result in undertreatment of high-risk patients
who present with LDL cholesterol levels that are below or
close to recommended targets.13
The HPS also found a significant decrease in the primary
end point of all-cause mortality, based chiefly on a highly
significant 18% reduction in the coronary death rate (also a
primary end point) and a marginally significant reduction of
16% in other vascular deaths. There were highly significant
reductions in the secondary end points of nonfatal MI or
coronary death (27%), nonfatal or fatal stroke (25%),
and coronary or noncoronary revascularization (24%),
with an overall 24% reduction in the occurrence of any major vascular event. Risk reductions were similar in each major subcategory of participant studied. Overall, results of the
HPS demonstrate the importance of treating high risk, not
just high cholesterol. The recently published Prospective
Study of Pravastatin in the Elderly at Risk (PROSPER),
which enrolled 5,804 men and women aged 70 to 82 years,
found that pravastatin 40 mg/d significantly reduced the risk
for a composite primary end point event (CHD death,
nonfatal MI, or fatal/nonfatal stroke) by 15% and for CHD
death or nonfatal MI by 19%, compared with placebo. However, there was no significant treatment effect on the incidence of stroke. Because only 266 patients suffered a stroke,
one possible explanation for this outcome may be a lack of
statistical power.14, 15
The statins also produce moderate increases (5 to 15%) in
HDL cholesterol.2 Although the mechanisms responsible for
this effect remain uncertain, they may involve apolipoprotein
(apo)A-I, the major apolipoprotein of HDL. Researchers
have suggested that statins may induce apoA-I messenger
RNA by activating peroxisome proliferator-activated receptor-, a nuclear transcription factor that binds to a peroxisome
proliferator response element mapped to the apoA-I promoter A site.16 Because the addition of mevalonate can reverse
this mechanism, it is thought that the effects of statins on
apoA-I gene expression are a downstream effect of HMGCoA reductase inhibition.16
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Safety of Statins

The major safety concerns with statins have involved skeletal muscle function and liver toxicity. However, large-scale
analyses attest to the highly favorable safety profiles of these
drugs. In the Air Force/Texas Coronary Atherosclerosis Prevention Study (AFCAPS/TexCAPS) of 6,605 participants
randomized to lovastatin or placebo, serious drug-related adverse events and treatment discontinuations were similar for
both treatment groups.8 Patients receiving lovastatin and placebo showed no significant differences in the incidence of
creatine kinase elevations (>10 times ULN), rhabdomyolysis,
or treatment discontinuation because of myalgia. There were
no cases of myopathy (i.e., muscle symptoms plus creatine
kinase > 10 times ULN). Although any increase in alanine
aminotransferase levels occurred significantly more often with
lovastatin than with placebo (3.3 vs. 2.1%; p = 0.003), the incidence of consecutive liver enzyme elevations > 3 times ULN
was rare and similar for both treatment groups. Mortality and
incidence of fatal and nonfatal cancer were similar with lovastatin and placebo.
In the HPS, there was no significant excess in the number of
simvastatin-treated patients with elevated alanine aminotransferase concentrations (> 4 times ULN) compared with those
receiving placebo, and no significant difference between the
groups in the number of patients who discontinued treatment
because of elevated liver enzymes (48 [0.5%] in the simvastatin group vs. 35 [0.3%] in the placebo group).13 In addition,
there was no significant difference between the treatment
groups with regard to reports of unexplained muscle pain or
weakness (32.9% among those receiving simvastatin, 33.2%
among those receiving placebo on at least one occasion) and
no significant difference in the number of patients who discontinued treatment because of muscle symptoms (49 in the
simvastatin group vs. 50 in the placebo group). Rhabdomyolysis (creatine kinase > 40 times ULN) developed in five patients in the simvastatin group and three in the placebo group,
but none died.
The Prospective Pravastatin Pooling (PPP) Project, which
analyzed data from three large-scale trials involving >19,000
patients and >112,000 patient-years, likewise found no significant differences in the occurrence of side effects with
pravastatin therapy versus placebo.17, 18 Included in the PPP
Project were one primary-prevention trial (West of Scotland
Coronary Prevention Study) and two secondary-prevention
trials (Cholesterol and Recurrent Events, Long-Term Intervention with Pravastatin in Ischemic Disease). In this combined analysis, the pravastatin and placebo groups did not differ in the proportion of noncardiovascular deaths and in the
number of noncardiovascular serious adverse events, including musculoskeletal and hepatobiliary events, over an average
of 5 to 6 years. The reduction in total mortality with pravastatin occurred largely because of the significant decrease in
cardiovascular events. Similarly, pooled data from 44 studies
involving 4,271 patients have shown that atorvastatin was safe
and well tolerated, with less than 2% of statin patients withdrawing from the studies because of drug-attributable adverse
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events. In addition, only 0.7% of patients had confirmed liver
transaminase elevations > 3 times ULN, and no patients had
proven drug-induced myopathy.19
Recently, four patients enrolled in a clinical trial were able to
identify blinded statin therapy based on reproducible muscle
symptoms.20 Despite normal creatine kinase levels, the patients
were found to have biopsy-confirmed myopathy. Pathologists
reading the biopsies were not blinded to the patients’ treatment
status. Three of the subjects also had 3-methylglutaconic
aciduria. These data suggest that creatine kinase levels may not
be an adequate test for statin-associated myopathy. Therefore,
physicians should closely monitor patients reporting muscle
pain, decreased exercise tolerance, weakness, or other symptoms compatible with myopathy and determine whether the
symptoms resolve when therapy is discontinued. In PROSPER, the incidence of skeletal muscle and hepatic adverse
events was similar with pravastatin and placebo, with no
reported cases of rhabdomyolysis. Although the rate of new
cancers was 25% higher in the pravastatin group, the authors
interpret this in the context of meta-analyses of prior statin trials, which showed no increased risk for cancer with long-term
statin use. Moreover, the HPS, which enrolled a large number
of elderly subjects, found no excess incidence of cancer with
statin treatment. The investigators attribute the PROSPER
result to chance, perhaps driven in part by the enrollment of
individuals with occult cancers .14, 15, 21
Because some epidemiologic studies have found an inverse
association between serum cholesterol levels and hemorrhagic stroke, there has been concern that reducing cholesterol
concentrations with drug therapy may increase the risk for
intracranial hemorrhage.22, 23 However, neither the PPP Project nor the HPS found that pravastatin had any effect on the
incidence of hemorrhagic stroke.13, 24
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Statins in Development

Rosuvastatin and pitavastatin are two HMG-CoA reductase
inhibitors now in development. Rosuvastatin has been submitted to the Food and Drug Administration, but it is not approved
at this time.
Six double-blind studies of 6 to 52 weeks’ duration have
shown that rosuvastatin at relatively low doses is a very potent
agent for the treatment of primary hypercholesterolemia. Four
of the studies, each one involving approximately 400 to 500
subjects, compared rosuvastatin with atorvastatin, simvastatin, or pravastatin. In the six studies, rosuvastatin at doses of
5 mg and 10 mg reduced LDL cholesterol levels by 39 to
53%, with one of the studies reporting a reduction of 47%
with 5 mg at 52 weeks (Fig. 3). All but one of the reductions,
an outcome achieved with rosuvastatin 5 mg, were statistically
significant versus either placebo or the comparator drug.25–29
Based on the results of separate clinical trials, atorvastatin reduces LDL cholesterol levels by 39 to 60%, simvastatin produces reductions of 26 to 47%, and pravastatin reduces LDL
cholesterol by 22 to 37%, when administered at approved doses ranging from low (5 mg or 10 mg) to high (80 mg).30–32 In
two of the comparative studies cited above, the proportion of
rosuvastatin patients who achieved ATP II goals for LDL
cholesterol ranged from 71 to 87%, compared with 53 to 73%
of patients taking pravastatin, simvastatin, or atorvastatin. Post
hoc analyses following release of the ATP III guidelines show
that target levels were reached by 64 to 84% of patients treated with rosuvastatin, compared with 48 to 72% in the pravastatin, simvastatin, and atorvastatin groups.25, 26 In the other
two comparative studies, ATP II goals were achieved by 62 to
97% of rosuvastatin-treated patients with CHD, peripheral
vascular disease, or diabetes versus 6 to 61% of patients taking
pravastatin, simvastatin, or atorvastatin.27, 28
Because rosuvastatin has not been approved, the starting
dose is unknown. Therefore, the results of studies at different
doses must be considered very preliminary.
Pitavastatin (NK-104), an investigational agent now in
phase II trials, has been evaluated for periods of 8 to 104 weeks
in two small studies conducted in patients with heterozygous
familial hypercholesterolemia (HeFH). Results indicate that
doses of 2 mg to 4 mg significantly reduced LDL cholesterol
levels by 40 to 48% from baseline.33, 34 In a 12-week doubleblind dose-finding study, pitavastatin 1 mg to 4 mg produced
significant LDL cholesterol reductions of 34 to 47% in 273 patients with hyperlipidemia.35 A comparative study of the same
duration in 240 subjects with primary hypercholesterolemia
found that pitavastatin 2 mg decreased LDL cholesterol levels
by 38%, which was significantly greater than the reduction
with pravastatin, the comparator drug.36 As with rosuvastatin,
the results of these studies should be considered preliminary,
because pitavastatin is not approved and the starting dose
is unknown.
Future statin-based agents may employ a dual mechanism
to regulate serum cholesterol levels. Recent structural analyses
indicate that statins leave the nicotinamide-binding site of
HMG-CoA reductase unoccupied.37 Conceivably, therefore,
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the covalent attachment of a nicotinamide-like moiety to a
statin might result in even greater potency.

On the Horizon: New Approaches to Lipid Lowering
Lipid metabolism involves many complex processes that
may be potential targets for pharmacologic intervention aimed
at regulating various dyslipidemias. At present, several novel
agents for the reduction of LDL cholesterol are being investigated (Table I). With all investigational agents, the results of
clinical trials must be considered preliminary, because the
starting doses are unknown.
Recently, ezetimibe became the first agent in a new class of
cholesterol absorption inhibitors to receive approval in the
United States. As an adjunct to diet, ezetimibe was approved
for use either alone or in combination with a statin to reduce
total cholesterol, LDL cholesterol, and apoB in patients with
primary hypercholesterolemia. Other indications include the
lowering of total and LDL cholesterol levels in homozygous
familial hypercholesterolemia (HoFH) and the treatment of
homozygous sitosterolemia. For all indications, the recommended dose is 10 mg/day.38
Ezetimibe selectively inhibits the absorption of dietary and
biliary cholesterol at the brush border of the intestine.39, 40 Both
ezetimibe and its pharmacologically active glucuronide conjugate undergo enterohepatic recycling, which repeatedly delivers drug back to the intestine. No significant effect on major
drug-metabolizing enzymes has been identified. Therefore,
the potential for interaction with substrates of cytochrome
P-450 enzymes is low.39
Two phase III studies published as abstracts indicate that
combination therapy with ezetimibe and a statin improves
cholesterol lowering, with a safety profile similar to that of
statin therapy alone. In 628 patients with primary hypercholesterolemia, a 12-week study compared ezetimibe 10 mg;
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atorvastatin 10, 20, 40, or 80 mg either alone or with ezetimibe
10 mg; and placebo. For the primary endpoint, ezetimibe plus
atorvastatin (pooled doses) significantly reduced LDL cholesterol by 54.5% from baseline, compared with 42.4% for
atorvastatin alone (pooled doses).41 Ezetimibe alone reduced
LDL cholesterol levels by 18.4%. A similarly designed study
(n = 668) found that ezetimibe plus simvastatin (pooled doses)
produced a 49.9% decrease in LDL cholesterol, which exceeded the reductions with simvastatin alone (36.1%, pooled
doses) (p < 0.01). Ezetimibe 10 mg decreased LDL cholesterol
levels by 18.1%.42
In 50 patients with HoFH, ezetimibe 10 mg plus a statin
(atorvastatin or simvastatin) 40 or 80 mg reduced LDL cholesterol levels by 20.7% from baseline after 12 weeks of treatment following a lead-in period with open-label statin therapy
(40 mg), versus a reduction of 6.7% with statin 80 mg alone.
Ezetimibe plus statin 80 mg decreased LDL cholesterol by
27.5% from baseline following open-label statin therapy,
compared with 7.0% in patients randomized to statin 80 mg
alone. Figure 4 depicts mean percentage reductions in LDL
cholesterol over time in the ezetimibe plus statin 80 patients. All
between-group treatment effects were statistically significant,
with no clinically meaningful differences in adverse effects.40
In a small (n = 32) randomized evaluator-blind study, published as a poster abstract, ezetimibe 10 mg administered with
fenofibrate 200 mg was found to reduce levels of LDL cholesterol by 36.3% from baseline, compared with 22.3, 13.5,
and 10.1% for ezetimibe, fenofibrate, and placebo, respectively (p ≤ 0.03 for either drug alone or placebo).43 Ezetimibe
plus fenofibrate also reduced levels of LDL-III (small dense
LDL) by 37%, a significantly greater decrease (p ≤ 0.05) than
the results seen either with fenofibrate (+8%), ezetimibe
(8%), or placebo (+6%).
Another class of agents, the bile acid transport inhibitors,
specifically inhibits the intestinal epithelial uptake of bile
acids, which may affect cholesterol metabolism. These agents

TABLE I Agents in development for reducing low-density lipoprotein cholesterol
Mechanism of action/agent

Developmental phase

Bile acid transport inhibition
S-8921

Phase I

ACAT inhibition
Avasimibe

Phase III

TS-962

Preclinical

F-12511

Phase I

HMG-CoA reductase inhibition
Rosuvastatin
Pitavastatin

Phase III
Phase II

Results to date
↓ Serum cholesterol and
↓ appearance of severe stenosis (preclinical)45, 46
↓ Triglycerides, ↓ VLDL-C, ↓ cholesterol and
↓ atherosclerotic lesion progression48, 49
Possible suppression of arterial foam cell formation in
early atherosclerosis50
Used with atorvastatin, ↓ cholesterol and ↓ apoB-100
greater than with each agent alone; potential plaquestabilizing effects51
↓ LDL-C 34–65%29
↓ LDL-C 38–49%34, 35

Abbreviations: ACAT = acyl CoA:cholesterol acyltransferase; apo = apolipoprotein; HMG-CoA = 3-hydroxy-3-methylgutaryl coenzyme A;
LDL-C = low-density lipoprotein cholesterol; VLDL-C = very-low-density lipoprotein cholesterol.
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Fig. 4 Mean percentage reduction in low-density lipoprotein
cholesterol over time for 50 patients with homozygous familial
hypercholesterolemia receiving ezetimibe 10 mg/day plus statin
(atorvastatin or simvastatin) 80 mg/day versus statin 80 mg/day
alone. Reprinted from Ref. No. 40 with permission.

are likely to be more effective in lowering cholesterol levels
than older bile acid–absorbing resins, which work through
competitive, rather than specific, inhibition.44 S-8921, a bile
acid transport inhibitor that entered phase I clinical trials in
2000, has been shown in preclinical studies to reduce serum
cholesterol levels via mechanisms that may involve increased
fecal excretion of bile acids and increased hepatic LDL receptor expression.45, 46 Animal data also indicate a decrease in the
appearance of severe stenosis with S-8921.46 Like cholesterol
absorption inhibitors such as ezetimibe, the bile acid transport
inhibitors could potentially be used with statin therapy to improve cholesterol lowering.44
Three more experimental agents are members of a class
known as acyl CoA:cholesterol acyltransferase (ACAT) inhibitors.44 ACAT is an enzyme that esterifies cholesterol in the
arterial wall and appears to be largely responsible for the generation of monocyte-macrophage foam cells in the presence of
excess cholesterol. Inhibition of arterial wall ACAT may limit
macrophage accumulation and reduce the expression of matrix metalloproteinases, the matrix-degrading enzymes that
contribute to plaque rupture.47 One ACAT inhibitor, avasimibe, has been found to reduce intracellular cholesteryl ester
levels and to decrease atherosclerotic lesion area in rabbits.47
Avasimibe is now in phase III clinical trials.
In an 8-week double-blind placebo-controlled trial (n =
130), avasimibe at doses of 50, 125, 250, and 500 mg/day significantly decreased triglyceride and very-low-density lipoprotein (VLDL) cholesterol levels in patients with combined
hyperlipidemia and low levels of HDL cholesterol. The reductions in triglycerides and VLDL cholesterol ranged from 16 to
23% and from 20 to 30%, respectively; however, these results
appear to be independent of dose, which suggests that hepatic
ACAT may be maximally inhibited with 50 mg avasimibe.
Alternatively, ACAT inhibition may increase with higher
doses of the drug, but further decreases in lipid levels may be

blunted by a compensatory response. There were no statistically significant changes from baseline in total cholesterol,
LDL cholesterol, or HDL cholesterol. The incidence of adverse events was similar with avasimibe and placebo (11 vs.
8%), with no clinically significant changes in laboratory values among patients receiving avasimibe.48
Although clinical trials have consistently shown that statins
can decrease the incidence of coronary events by up to one
third, there is a need for pharmacologic interventions able to
provide additional cardiovascular protection in patients with
coronary atherosclerosis. By inhibiting ACAT in the arterial
wall, avasimibe may slow the development of atherosclerosis
by several possible mechanisms.49 The Avasimibe and Progression of Coronary Lesions Assessed by Intravascular
UltraSound (A-PLUS) trial, now in progress, is designed to
test the hypothesis that avasimibe 50, 250, or 750 mg will inhibit the progression of atherosclerosis when administered
with lipid-lowering therapy as needed to reach a target LDL
cholesterol level ≤ 125 mg/dl.49 Participants in this 2-year, 28center study must have at least one lesion with stenosis of 20 to
50% diameter in a coronary artery of ≥ 2.5 mm. The primary
end point is the change in plaque volume in a 30-mm segment
of the coronary artery assessed by three-dimensional intravascular ultrasound.
Another ACAT inhibitor, TS-962, was shown to suppress
the formation of arterial foam cells in hamsters fed a high-fat
diet.50 A third compound, F-12511, has potential lipid-lowering effects; F-12511 and atorvastatin appear to have synergistic hypocholesterolemic effects in rabbits.51

Conclusion
Despite clinical evidence that the statins significantly reduce LDL cholesterol and CHD-related risk, hyperlipidemia
is still undertreated. The problem of undertreatment has two
components: insufficient adherence to current guidelines and
the inadequate response of some patients to currently available
agents. The former issue requires the development of new
compliance strategies for patients and physicians. Regarding
the latter, although statins—which inhibit HMG-CoA reductase—are highly effective in reducing cardiovascular risk by
up to one third, interventions are needed to prevent the remaining two thirds of events that still occur. Advances in statin therapy and the development of new agents aimed at modifying
other mechanisms involved in lipid metabolism may help
close the treatment gap and extend CHD risk reduction to a
larger segment of the population.
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