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Summary: Considerable effort has been devoted to improv-
ing the pharmacologic characteristics and clinical effects of
statins. Desirable pharmacologic properties include potent in-
hibition of hydroxymethylglutaryl coenzyme A (HMG-CoA)
reductase, selectivity of uptake in hepatocytes, low systemic
bioavailability to reduce systemic adverse effects, prolonged
elimination half-life, and no or minimal hepatic metabolism to
avoid drug–drug interactions. The desirable effects on lipid
variables would include increased effectiveness in reducing
levels of low-density lipoprotein cholesterol and other athero-
genic lipoproteins and measurable beneficial effects on high-
density lipoprotein cholesterol levels. As a product of the on-
going efforts regarding statin pharmacology, the new statin
rosuvastatin exhibits significant improvements in several of
these characteristics.
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Introduction

Statins are the drugs of first choice for management of
many lipid disorders. These drugs share many features, but
also exhibit differences in pharmacologic attributes that may
contribute to differences in clinical utility and effectiveness in
modifying lipid risk factors for coronary heart disease. Some
of the features desired with statin therapy include potent re-
versible inhibition of hydroxymethylglutaryl coenzyme A
(HMG-CoA) reductase, the ability to produce large reductions
in low-density lipoprotein cholesterol (LDL-C) and non-high-
density lipoprotein cholesterol (non-HDL-C), the ability to in-
crease HDL cholesterol (HDL-C), tissue selectivity (which fo-

cuses on treatment effects), optimal pharmacokinetics that
limits systemic bioavailability and offers once a day dosing,
and a low potential for drug–drug interactions.

Inhibition of Hydroxymethylglutaryl 
Coenzyme A Reductase

All statins interfere with the conversion of HMG-CoA to
the cholesterol precursor mevalonate by HMG-CoA reduc-
tase, an early and rate-limiting step in cholesterol synthesis.
Statins competitively inhibit HMG-CoA reductase by binding
to the enzyme and sterically inhibiting substrate binding. The
degree of inhibition exhibited by statin compounds may differ
depending on the strength of their bond to the enzyme.

Recent molecular studies have provided insights into the
binding characteristics of statin molecules with HMG-CoA
reductase.1 All of the statin molecules contain an HMG-like
moiety that binds to the catalytic domain of the target enzyme.
In addition, the base structures of these compounds determine
how well the molecule fits into the binding pocket of the en-
zyme and binds with it. The synthetic statins, including ceriva-
statin, fluvastatin, atorvastatin, and rosuvastatin (currently in
development), contain a fluorinated phenol group and other
moieties in the base structure that provide additional sites for
binding within the enzyme pocket.

X-ray crystallography of statin-HMG-CoA reductase com-
plexes has allowed visualization of these binding character-
istics (Fig. 1). Through this work, it has been shown that all
statins bind with the enzyme through van der Waals forces
with the HMG-like moiety and the base structure (approxi-
mately eight such bonds).

The synthetic statins have, in addition, a polar interaction
via their fluorinated phenol group. Both atorvastatin and rosu-
vastatin form an additional hydrogen bond with the Ser565 res-
idue in the enzyme and the carbonyl oxygen of atorvastatin or
the sulfone oxygen of rosuvastatin. Rosuvastatin exhibits an
additional and unique polar interaction between its sulfone
group and the enzyme Arg568 side chain in the enzyme. These
studies show that rosuvastatin has the greatest number of bind-
ing interactions with the enzyme active site and that both rosu-
vastatin and atorvastatin have an additional interaction with
the enzyme that is not seen with the other synthetic statins.
These differences in the number and types of bonds between
the statin and enzyme may explain the relatively greater effica-
cy of atorvastatin and rosuvastatin to lower LDL-C.
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The theory that greater binding to the enzyme translates into
greater potency of the statin appears to be confirmed in in vitro
and in vivo studies. Studies in purified human HMG-CoA re-
ductase catalytic domain preparations2, 3 showed that rosuva-
statin’s ability to inhibit 50% of HMG-CoA reductase activity
occurs at the lowest concentration (IC50 = 5.4 nM) among the
statins tested, followed by atorvastatin (8.2 nM) (Fig. 2).
Similar findings were made in a study of primary rat hepato-
cytes;3, 4 mean IC50 values for inhibition of cholesterol synthe-
sis in this model were 0.16 nM for rosuvastatin, 1.16 nM for
atorvastatin, 2.74 nM for simvastatin, 3.54 nM for cerivastatin,
3.78 nM for fluvastatin, and 6.93 nM for pravastatin.

Effects on Non-High-Density Lipoprotein Cholesterol
and High-Density Lipoprotein Cholesterol

The reduction in cholesterol synthesis with statin therapy
causes a reduction in intracellular cholesterol concentrations
and a subsequent upregulation of hepatocyte LDL receptors.
These receptors recognize and bind with apolipoproteins B
and E on the surface of circulating very-low-density lipopro-
tein (VLDL) and LDL particles, resulting in uptake and degra-
dation by the cells. Some statins, especially those with greater
potency, also lower circulating VLDL and LDL levels by re-
ducing the secretion of VLDL and VLDL-like lipoproteins
from the liver, thus reducing the quantities of lipoprotein avail-
able to serve as substrate for conversion to atherogenic rem-
nant particles (Fig. 3).

Common forms of dyslipidemia encountered in the clini-
cal setting include hypercholesterolemia characterized by
marked elevation of LDL-C (with or without decreased
HDL-C) and mixed dyslipidemia that is characterized by ele-
vated triglyceride and LDL-C levels. In the case of mixed
dyslipidemia, large quantities of cholesterol may be carried
by triglyceride-rich VLDL, intermediate-density lipoproteins
(IDL), and LDL particles. A greatly increased number of

small LDL particles that accumulate via a prolonged resi-
dence of lipoproteins in the circulation are also frequently
present. In addition, there is an increase in the number (con-
centration) of atherogenic VLDL and LDL particles in these
patients, which many experts believe is the key factor ac-
counting for the increased risk of CHD.

To focus attention on the need to reduce levels of athero-
genic remnant particles in these cases, the National Choles-
terol Education Program (NCEP) Adult Treatment Panel III
(ATP III) has introduced the measure of non-HDL-C as a sec-
ondary treatment target in patients with elevated triglyceride
levels after achieving recommended LDL-C targets.5 Since
non-HDL-C includes LDL-C (which includes IDL and small,
dense LDL particles) as well as VLDL remnant particles, it
serves as a measure of all atherogenic lipoproteins. It has
therefore become important to assess the effects of lipid-alter-
ing drugs in reducing non-HDL-C.

In most cases, non-HDL-C goals are achieved when LDL-
C goals are achieved. In cases where non-HDL-C levels re-
main high after LDL-C goals are achieved, one option is to
use statins in doses beyond those required to achieve the
LDL-C goal. A recent analysis of data from the Atorvastatin
Comparative Cholesterol Efficacy and Safety Study (AC-
CESS),6 performed in patients with elevated LDL-C, exam-
ined the effects of atorvastatin, fluvastatin, lovastatin, prava-
statin, and simvastatin on non-HDL-C levels when doses of
these drugs were titrated to achieve NCEP LDL-C goals. The
reductions in non-HDL-C levels were very similar to the re-
ductions in LDL-C levels, with the percentage reductions in
non-HDL-C being just a few percent (i.e., 2–4%) less than re-
ductions achieved in LDL-C for each treatment group. The
most potent LDL-C-lowering statin was also the most potent
non-HDL-C-lowering statin. Atorvastatin lowered LDL-C
and non-HDL-C more (42 and 38%, respectively) than the
other statins studied (29 and 26% for fluvastatin, 36 and 32%
for lovastatin, 28 and 26% for pravastatin, and 36 and 32% for
simvastatin, respectively).
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FIG. 2 Inhibition of purified human hydroxymethylglutaryl coen-
zyme A reductase catalytic domain by statins. Among the statins
tested, rosuvastatin had the lowest 50% inhibitory concentration, fol-
lowed by atorvastatin. Reproduced from Ref. No. 2 with permission.
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FIG. 3 Schematic representation of statin mechanism of action.
Statins reduce hepatic cholesterol synthesis, lower levels of intracel-
lular cholesterol, stimulate upregulation of the low-density lipopro-
tein (LDL) receptor, and increase uptake of non-high-density lipo-
protein particles from the systemic circulation. Apo = apolipopro-
tein, IDL = intermediate-density lipoprotein, LDL-C = low-density
lipoprotein cholesterol, VLDL = very-low-density lipoprotein.
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Rosuvastatin has been shown to reduce LDL-C levels sig-
nificantly more than atorvastatin and other statins at starting
doses and when doses were titrated to achieve NCEP goal lev-
els.7–10 Comparison of the effect of doses of rosuvastatin 5 mg
and 10 mg with atorvastatin 10 mg in hypercholesterolemic
patients at 12 weeks revealed that both groups treated with ro-
suvastatin achieved significantly greater reductions in both
LDL-C and non-HDL-C than did the atorvastatin group.8

After an additional 40 weeks in which doses could be sequen-
tially doubled if necessary to meet NCEP ATP II goals, treat-
ment with rosuvastatin remained significantly superior to
atorvastatin at 52 weeks in terms of change from baseline in
LDL-C and non-HDL-C (Fig. 4). Moreover, rosuvastatin en-
abled more patients to achieve NCEP ATP II goals for LDL-C
lowering, compared with atorvastatin.

As for the best way to manage patients with increased levels
of small, dense LDL, the traditional approach has been to uti-
lize niacin because it appears to lower these levels and shifts
patients from the more atherogenic pattern B to the less athero-
genic pattern A phenotype. Recent research with statins calls
this approach into question. One study assessed the effects of
atorvastatin and niacin on LDL subfractions in patients with
elevated levels of total cholesterol, triglycerides (200 to 800
mg/dl), and apolipoprotein B.11 Atorvastatin 10 mg reduced
LDL-C overall by 28%, compared with a 7% reduction with
niacin 3 g (patients actually took an average of 2,116 mg daily
in this study) (Fig. 5). The predominant effect of niacin was a
shift in subfractions from small, dense LDL to large LDL
(from LDL phenotype B to phenotype A). The primary effect
of atorvastatin was a substantial reduction in small, dense LDL
particles, small reductions in other LDL subfractions, and a su-
perior overall reduction in LDL-C.

Another study that assessed the effects of rosuvastatin 40
mg on lipoprotein subfractions in patients with elevated
triglyceride levels (> 2.0 mmol/l, > 180 mg/dl) also showed
significant reductions in small, dense LDL (LDL III) concen-
trations (from 165 to 62 mg/dl) and in remnant lipoprotein
cholesterol (from 10.6 to 6.3 mg/dl).12 These findings have
now been confirmed by others.13–15 Based on these results,
many authorities now advocate the use of potent statins in pa-
tients with mixed dyslipidemia (i.e., the metabolic syndrome)
to achieve a substantial reduction in small, dense LDL parti-
cles as well as in the overall LDL-C and non-HDL-C levels
and the total number of atherogenic particles.

High-Density Lipoprotein Cholesterol

Statins generally produce modest increases in HDL-C. One
mechanism whereby statins may increase HDL-C is through
increasing production of apolipoprotein A-I (the major apo-
lipoprotein in HDL) and thus nascent HDL. The HMG-CoA
reductase inhibition may lead to an increase in HDL-C by pro-
ducing a reduction of downstream farnesyl pyrophosphate
production, inducing upregulation of PPAR� receptors in the
periphery and consequently increasing apolipoprotein A-I pro-
duction. A second potential mechanism for increasing HDL-C
is a reduction in transfer of cholesteryl esters from HDL to
VLDL and LDL particles via inhibition of cholesteryl ester
transfer protein. 

Tissue Selectivity

Differences among statins in relative lipophilicity or hy-
drophilicity may influence drug kinetics and tissue selectivity.
Compared with other statins, pravastatin and rosuvastatin ex-
hibit relatively low lipophilicity. In the case of rosuvastatin,
this property is conferred by the presence of a polar methane
sulfonamide group on the drug molecule. In a study assessing

FIG. 4 Effects of rosuvastatin and atorvastatin at 52 weeks. In these
hypercholesterolemic patients, starting doses of rosuvastatin 5 mg
and 10 mg and atorvastatin 10 mg remained fixed for 12 weeks, after
which doses could be titrated to achieve the Second National Chol-
esterol Education Project Adult Treatment Panel (ATP II) goals for
reducing low-density lipoprotein cholesterol (LDL-C). Both rosuva-
statin groups demonstrated significantly superior reductions in
LDL-C compared with the atorvastatin group. HDL-C = high-densi-
ty lipoprotein cholesterol, TC = total cholesterol, TG = triglycerides.
■■ = LDL-C, ■ = non-HDL-C.
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FIG. 5 Effect of atorvastatin 10 mg and niacin on low-density lipopro-
tein cholesterol (LDL-C) subfractions in patients with atherogenic dys-
lipidemia. Abbreviations as in Figure 4. ■■ = Baseline, ■ = treatment.
Data are from Ref. No. 11.
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lipophilic/hydrophilic characteristics of a number of statins,
the statin octanol-water coefficients were �0.84 log D at pH
7.4 for pravastatin and �0.33 log D for rosuvastatin, com-
pared with values of 1.0 to 2.0 for atorvastatin, fluvastatin,
simvastatin, and cerivastatin, indicating greater lipophilicity
on the part of these latter drugs (Fig. 6).2, 16 Lipophilic drugs
exhibit greater diffusion into most cell lines, whether hepatic
cells or peripheral cells. Relatively hydrophilic drugs may ex-
hibit reduced access to nonhepatic cells as a result of low pas-
sive diffusion and increased relative hepatic cell uptake
through selective organic ion transport. In addition, the relative
water solubility of a drug may reduce the need for extensive
cytochrome P450 (CYP) enzyme metabolism (see below).
Compared with cultured fibroblasts, study of tissue selectivity
with rosuvastatin showed a 1,000-fold increase in HMG-CoA
reductase inhibitory effect in primary rat hepatocytes.2, 4 When
expressed as a log ratio of IC50 values in the two cell types, ro-
suvastatin and pravastatin exhibited ratios of 3.3, indicating di-
vergent effects on HMG-CoA reductase inhibition in the two
cell lines. By comparison, the log ratio of IC50 values with the
two statins with the greatest lipophilicity, simvastatin and
cerivastatin, were significantly lower values of 0.54 and
�0.14, respectively (Fig. 6); values for fluvastatin and ator-
vastatin were �0.04 and 2.2, respectively. Additional studies17

showed that the rate of active uptake clearance in rat hepato-
cytes was significantly greater for rosuvastatin than for prava-
statin; both rosuvastatin and pravastatin exhibited liver-selec-
tive uptake after administration of intravenous drug in rats,
whereas simvastatin exhibited high rates of uptake in both liv-
er and such other tissues as the adrenals and spleen. The clini-
cal significance of these findings remains to be demonstrated.

Pharmacokinetic Characteristics

Two of the more important pharmacokinetic variables for
statins are bioavailability and elimination half-life. The im-
plications of differences in systemic bioavailability of statins

are not completely clear. Perhaps, in the ideal scenario, statin
effects would be confined to the liver, with limited systemic
availability and consequently a reduced risk of systemic ad-
verse effects. However, some systemic availability may be re-
quired so that the pleiotropic effects can be observed in the
vasculature with statin treatment. However, on balance, keep-
ing the systemic availability of the statin to a minimum would
appear to be desirable, particularly for more potent inhibitors,
since a reduced systemic drug exposure would be expected to
translate into a reduced inhibition of HMG-CoA reductase in
nonhepatic cells and fewer associated adverse events. In this
respect, it is of interest that cerivastatin, which has been re-
moved from the market because of an unacceptable frequency
of severe muscle toxicity, exhibits 60% systemic bioavailabil-
ity, the greatest among the statins; in comparison, bioavail-
ability is 24% for fluvastatin, ~ 20% for rosuvastatin, 17% for
pravastatin, ~ 14% for atorvastatin, and < 5% for simvastatin
(Table I).

Elimination half-life may be an important determinant of
the relative LDL-C-lowering effectiveness of the statins to-
gether with the specific inhibitory effect on HMG-CoA reduc-
tase. Some authorities have posited that the longer the statin is
available in suitable concentrations, the longer it inhibits
HMG-CoA reductase and thus the greater it lowers LDL-C.
Supporting this is the observation that atorvastatin (14 h) and
rosuvastatin (20 h)18 exhibit a markedly prolonged elimination
half-life compared with other statins (2 to 3 h for cerivastatin, 1
to 2 h for simvastatin, pravastatin, and fluvastatin), and also
have the most substantial LDL-C-lowering efficacy (Table I).

Potential for Drug–Drug Interactions

Many drugs, including several statins, are metabolized via
the CYP 3A4 enzyme system, presenting a significant poten-
tial for drug–drug interactions when statins are used to reduce
the risk of coronary heart disease. All statins except pravas-
tatin are metabolized to some degree by CYP systems.19, 20
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droxymethylglutaryl coenzyme A reductase inhibition for hepatocytes:fibroblasts among statins.2, 4 Adapted from Ref. No. 2.
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Lovastatin, simvastatin, atorvastatin, and cerivastatin undergo
CYP 3A4 metabolism. Cerivastatin is also metabolized via
the CYP 2C8 system, whereas fluvastatin is metabolized only
via the CYP 2C9 enzymes, and a small amount of rosuva-
statin undergoes metabolism (at most 10%) via the CYP 2C9
system.21 Pravastatin is metabolized by sulfation or other
mechanisms.

Drugs that inhibit CYP 3A4 may increase systemic statin
concentrations, which increases the risk of drug toxicity,
whereas substrates for the enzyme system may also increase
systemic statin concentrations by competing with the statin for
the same metabolic pathway. A partial listing of inhibitors and
substrates for the CYP 3A4 system is shown in Table II.19, 20

Among the CYP 3A4 inhibitors are the antifungal agents itra-
conazole and ketoconazole, cyclosporine, macrolide antibi-
otics, HIV-protease inhibitors, and grapefruit juice. Inhibitors
of CYP 2C9 also include azole antifungals, as well as cimeti-
dine. In the case of itraconazole, for example, coadministra-
tion with statins results in increases in the statin area under the
concentration-time curve of 15-fold for lovastatin,22 19-fold
for simvastatin,23 3-fold for atorvastatin,24 1.7-fold for prava-
statin,23 but only 1.3-fold for fluvastatin22 and rosuvastatin.

Product information for lovastatin, pravastatin, and simva-
statin indicate that area under the curve (AUC) values for these
drugs are significantly increased (3- to 20-fold) when they are

used in combination with gemfibrozil.25, 26 The mechanism of
this interaction is unknown. The package insert for fluvastatin
indicates the absence of an interaction with gemfibrozil. It is
unknown whether such an interaction occurs with atorva-
statin, and no data on such a potential interaction with rosuva-
statin have yet been reported. The combination of any statin
with fenofibrate does not appear to result in a change in the
statin’s AUC.

Conclusion

Desirable pharmacologic properties of a statin include po-
tency in inhibiting HMG-CoA, selectivity of effect or uptake
in hepatic cells to increase inhibitory activity and reduce ac-
tivity in nonhepatic cells, lower systemic bioavailability to
minimize systemic adverse effects, prolonged elimination
half-life, and absence of or minimal metabolism via the CYP
3A4 system. The characteristics of statins in these areas are
summarized in Table I. Among the statins, rosuvastatin would
appear to have the most favorable overall profile, at least with
regard to the features considered in this paper. In terms of
modifying lipid profiles, rosuvastatin produces the greatest
reductions in LDL-C and non-HDL-C, as might be predicted
from the drug’s pharmacologic profile, and the greatest in-
creases in HDL-C compared with other marketed statins.
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