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The 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, or statins, are potent inhibitors of
cholesterol biosynthesis. Several large clinical trials have demonstrated the benefits of cholesterol lowering with these
agents in the primary and secondary prevention of coronary heart disease. The overall clinical benefits observed with
statin therapy, however, appear to be greater than what might be expected from changes in lipid profile alone, suggesting
that the beneficial effects of statins may extend beyond their effects on serum cholesterol levels. Recent experimental
and clinical evidence indicates that some of the cholesterol-independent, or so-called pleiotropic, effects of statins involve
improving or restoring endothelial function, enhancing the stability of atherosclerotic plaques, decreasing oxidative stress
and inflammation, and inhibiting the thrombogenic response in the vascular wall. Many of these cholesterol-independent
effects reflect statins’ ability to block the synthesis of important isoprenoid intermediates, which serve as lipid attachments
for a variety of intracellular signaling molecules. In particular, the inhibition of small GTP-binding proteins Rho, Ras, and
Rac, whose proper membrane localization and function are dependent upon isoprenylation, may play an important role in
mediating the biological effects of statins. Pharmacological properties of statins Statins bind to HMG-CoA reductase at
nanomolar concentrations, leading to competitive displacement of the natural substrate, HMG-CoA, which binds at
micromolar concentrations (1). In addition, inhibition of cholesterol biosynthesis is accompanied by […]
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The 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase inhibitors, or statins, are potent
inhibitors of cholesterol biosynthesis. Several large clin-
ical trials have demonstrated the benefits of cholesterol
lowering with these agents in the primary and second-
ary prevention of coronary heart disease. The overall
clinical benefits observed with statin therapy, however,
appear to be greater than what might be expected from
changes in lipid profile alone, suggesting that the ben-
eficial effects of statins may extend beyond their effects
on serum cholesterol levels.

Recent experimental and clinical evidence indicates
that some of the cholesterol-independent, or so-called
pleiotropic, effects of statins involve improving or
restoring endothelial function, enhancing the stability
of atherosclerotic plaques, decreasing oxidative stress
and inflammation, and inhibiting the thrombogenic
response in the vascular wall. Many of these cholesterol-
independent effects reflect statins’ ability to block the
synthesis of important isoprenoid intermediates, which
serve as lipid attachments for a variety of intracellular
signaling molecules. In particular, the inhibition of
small GTP-binding proteins Rho, Ras, and Rac, whose
proper membrane localization and function are
dependent upon isoprenylation, may play an important
role in mediating the biological effects of statins.

Pharmacological properties of statins
Statins bind to HMG-CoA reductase at nanomolar
concentrations, leading to competitive displacement of
the natural substrate, HMG-CoA, which binds at
micromolar concentrations (1). In addition, inhibition
of cholesterol biosynthesis is accompanied by an
increase in hepatic LDL receptor, which promotes
uptake and clearance of cholesterol from the blood-
stream. While all statins inhibit hepatic HMG-CoA
reductase to varying degrees, important structural dif-
ferences exist among the statins that distinguish their

lipophilicity, half-life, and potency (2). For example,
one of the more potent newer statins, rosuvastatin, is
relatively hydrophilic and has a greater number of
bonding interactions with the catalytic site of HMG-
CoA reductase compared with mevastatin, fluvastatin,
simvastatin, cerivastatin, and atorvastatin (1, 3).

The lipophilic statins would be expected to penetrate
cell membranes more effectively than the more
hydrophilic statins, causing more side effects but, at
the same time, eliciting more pleiotropic effects. How-
ever, the observation that hydrophilic statins have
pleiotropic effects similar to those of lipophilic statins
calls into question whether there are really any choles-
terol-independent effects of statins. Indeed, recent evi-
dence suggests that some of the cholesterol-independ-
ent effects of these agents may be mediated by
inhibition of hepatic HMG-CoA reductase, leading to
subsequent reduction in circulating isoprenoid levels
(4). This hypothesis may help explain why hydrophilic
statins such as pravastatin and rosuvastatin are still
able to exert cholesterol-independent benefits on the
vascular wall without directly entering vascular wall
cells. In this respect, the word “pleiotropic” probably
does not reflect the hepatic versus nonhepatic effects
of these agents.

Clinical trials with statins
Because serum cholesterol level is strongly associated
with coronary heart disease (5), it has been generally
assumed that cholesterol reduction by statins is the
predominant, if not the only, mechanism underlying
their beneficial effects in cardiovascular diseases.
However, subgroup analysis of large clinical trials
such as the 4S, WOSCOP, CARE, and HPS suggests
that the clinical benefits of statins are not associated
with base-line cholesterol levels or the degree of cho-
lesterol reduction (6–9). Furthermore, in angiograph-
ic trials, clinical improvements with statins far exceed
changes in the size of atherosclerotic lesions (10). It is
quite likely that cholesterol lowering in these long-
term trials stabilized atherosclerotic plaques and
made them less prone to rupture. However, in the
Myocardial Ischemia Reduction with Aggressive Cho-
lesterol Lowering (MIRACL) trial, statins reduced
recurrent ischemic events within 16 weeks following
acute coronary ischemia (11). Although the serum
LDL-cholesterol was decreased by 40%, this time
frame was probably far too rapid for appreciable
changes in lesion size and plaque stability to occur as
a consequence of cholesterol reduction.

An intriguing but perplexing result of large clinical tri-
als with statins is the reduction in ischemic stroke (12).
Although myocardial infarction is closely associated
with serum cholesterol levels, neither the Framingham
Heart Study nor the Multiple Risk Factor Intervention
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Trial (MRFIT) demonstrated significant correlation
between ischemic stroke and serum cholesterol levels
(13, 14). Thus, the findings of these large statin trials
raise the interesting question of how statins could
reduce ischemic stroke when ischemic stroke and cho-
lesterol are unrelated. It appears likely that some of the
beneficial effects of statins in ischemic stroke are attrib-
utable to the pleiotropic effects of statins on endothe-
lial function and fibrinolytic pathways.

Statins and isoprenylated proteins
By inhibiting L-mevalonic acid synthesis, statins also
prevent the synthesis of other important isoprenoid
intermediates of the cholesterol biosynthetic pathway,
such as farnesylpyrophosphate (FPP) and geranylger-
anylpyrophosphate (GGPP) (15) (Figure 1). These
intermediates serve as important lipid attachments for
the posttranslational modification of a variety of cell-
signaling proteins. Protein isoprenylation permits the
covalent attachment, subcellular localization, and
intracellular trafficking of membrane-associated pro-
teins (16). Members of the Ras and Rho GTPase fami-
ly are major substrates for posttranslational modifi-
cation by isoprenylation and may be important targets
for inhibition by statins. Indeed, statins induce
changes in the actin cytoskeleton and assembly of
focal adhesion complexes by inhibiting RhoA and
Rac1 isoprenylation (Figure 2).

Besides altering the actin cytoskeleton, inhibition of
RhoA by statins increases endothelial nitric oxide syn-
thase (eNOS) expression and decreases severity of cere-
bral ischemia in a mouse model of ischemic stroke (17,

18). Similarly, statins also
increase the expression of tis-
sue-type plasminogen activa-
tor (19) and inhibit the
expression of plasminogen
activator inhibitor-1 (19) and
endothelin-1 by mechanisms
involving inhibition of ger-
anylgeranylation (20). Be-
cause Ras and Rho also regu-
late the cell cycle, they are, in
addition, likely targets for
the direct antiproliferative

effects of statins. Indeed, statins inhibit vascular
smooth muscle cell proliferation in transplant-associ-
ated arteriosclerosis (21) and may have clinical benefits
in inhibiting certain breast cancers (22). Finally, inhi-
bition of Rac1 geranylgeranylation and Rac1-mediated
NAD(P)H oxidase activity by statins attenuates angio-
tensin II–induced reactive oxygen species production
in vascular smooth muscle cells and cardiac myocytes
(23, 24) (Figure 3). These cholesterol-independent
antioxidant effects of statins lead to the inhibition of
hypertrophic responses in these tissues.

Statins and cardiovascular diseases
Plaque rupture is a major cause of acute coronary syn-
dromes (25). Lipid lowering by statins contributes to
plaque stability by reducing plaque size or by modify-
ing the physiochemical properties of the lipid core.
However, since the changes in plaque size associated
with lipid lowering tend to occur over extended time
and to be quite minimal as assessed by angiography, it
appears that the clinical benefits from statins must

286 The Journal of Clinical Investigation | August 2002 | Volume 110 | Number 3

Figure 1
Biological actions of isoprenoids and
cholesterol. This diagram of the choles-
terol biosynthesis pathway shows the
effects of inhibition of HMG-CoA reduc-
tase by statins. Decrease in isoprenyla-
tion of signaling molecules such as Ras,
Rho, and Rac leads to modulation of
various signaling pathways. BMP-2,
bone morphogenetic protein-2; eNOS,
endothelial nitric oxide synthase; t-PA,
tissue-type plasminogen activator; ET-1,
endothelin-1; PAI-1, plasminogen activa-
tor inhibitor-1.

Figure 2
Actin cytoskeletal effects of statins. Phalloidin staining of human
endothelial cells shows the effects of the statin simvastatin (10 µM) on
actin stress fibers and focal adhesion complexes (green) with and with-
out L-mevalonate (L-Mev, 200 µM).



have another explanation. Most likely, these benefits
arise from a combined reduction in lipids and
macrophage accumulation in atherosclerotic lesions
and inhibition of matrix metalloproteinases and tissue
factor production by activated macrophages (26, 27).

Recently, statins have been found to increase the
number of circulating endothelial progenitor cells
(EPCs), which may give rise to neovascularization in
ischemic tissues (28). Indeed, statin therapy induces
angiogenesis by promoting the proliferation, migra-
tion, and survival of circulating EPCs via the phos-
phatidylinositol (PI) 3-kinase/Akt pathway (29). In
patients with angiographically documented, stable
coronary artery disease, statins augment the number of
circulating EPCs and enhanced functional activity (30).
These findings agree with earlier data showing that
statin therapy rapidly activates PI 3-kinase/Akt and
eNOS, inhibits apoptosis, and accelerates vascular
structure formation (31). Interestingly, these angio-
genic effects occur rapidly at very low concentrations
of statins and are cholesterol-independent.

Are clinical benefits of statin therapy due entirely
to cholesterol lowering?
Many clinicians, especially lipidologists, find it diffi-
cult to embrace the concept of statin pleiotropy for a
number of reasons. First, patients receiving statin
therapy invariably will have reduced lipid levels, and it
is often difficult to separate the lipid-lowering from
the non–lipid-lowering effects of statins in clinical tri-
als. Second, many effects of statins, such as improve-
ment in endothelial function, decreased inflam-
mation, increased plaque stability, and reduced
thrombogenic response, could all be accounted for, to
some extent, by lipid lowering. Third, the concentra-
tions used to demonstrate the biological effects of
statins in cell culture and animal experiments, espe-
cially with regard to inhibition of Rho geranylgerany-
lation (but not PI 3-kinase/Akt activation), appear to
be much higher than those prescribed clinically. Final-

ly, both hydrophilic and lipophilic statins, which
inhibit hepatic HMG-CoA reductase, appear to exert
similar cholesterol-independent effects, despite the
relative impermeability of hydrophilic statins in vas-
cular tissues. Thus, it appears that statins are very
potent cholesterol-lowering agents and that reduction
in cholesterol levels by statins contributes to many of
their clinical benefits.

The evidence for cholesterol-independent effects of
statins in humans, however, stems mostly from the
rapidity of statin action in clinical trials (i.e., sometimes
within days) and from evidence for clinical benefits
that are not related to base-line cholesterol levels or the
degree of cholesterol reduction. Furthermore, statins
appear to exert clinical benefits beyond cardiovascular
disease, including a reduction in the risk of dementia
(32), Alzheimer disease (33), ischemic stroke (12),
osteoporosis (34), and possibly breast cancer (22).
Indeed, there is a growing body of biological, epidemi-
ological, and limited but nonrandomized clinical evi-
dence indicating that lowering serum cholesterol by
statins may retard the pathogenesis of Alzheimer dis-
ease (35). Because neurons receive only small amounts
of exogenous cholesterol, statins that reduce endoge-
nous isoprenoid and cholesterol synthesis may inhibit
the formation of Aβ-amyloid peptide by removing amy-
loid precursor protein from cholesterol- and sphin-
golipid-enriched membrane microdomains (36). How-
ever, in a recent prospective study, lipid and lipoprotein
levels were not associated with the development of
Alzheimer disease (37). These interesting observations
suggest that the cellular or non–cholesterol-lowering
effects of statins may be more important in influenc-
ing the progression of Alzheimer disease.

For osteoporosis, ischemic stroke, and other condi-
tions for which statins appear to be beneficial, there is
no clear association between cholesterol levels and risk
of disease. Is it possible, then, that in normocholes-
terolemic individuals or in patients with ischemic
stroke, plasma cholesterol, like L-mevalonate, is merely
a marker of statins’ inhibitory effect on HMG-CoA
reductase, rather than the cause of the disease? Perhaps
in patient populations where cholesterol is not an overt
risk factor, other factors such as inflammation, which
is also reduced by statin therapy, may be a more appro-
priate marker of statin efficacy than serum cholesterol
levels (38). These uncertainties beg for further ran-
domized clinical trials that would allow the cholesterol-
dependent and -independent effects of statins to be
evaluated separately. Only then will one be able to
determine conclusively whether real clinical benefits of
statin therapy beyond lipid lowering exist.
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Figure 3
Antioxidant effects of statins. Intracellular oxidation (red) as determined
by 2′,7′-dichlorofluoroscein staining of rat cardiomyocytes treated with
angiotensin II (Ang II, 10 nM), with and without simvastatin (statin, 10
µM), L-mevalonate (L-Mev, 200 µM), GGPP (100 µM), or FPP (100 µM).
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