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Summary: Cons derable effort has been devoted to improv-
ing the pharmacologic characteristics and clinical effects of
statins. Desirable pharmacol ogic propertiesinclude potent in-
hibition of hydroxymethylglutaryl coenzymeA (HMG-CoA)
reductase, selectivity of uptakein hepatocytes, low systemic
bioavailability to reduce systemic adverse effects, prolonged
elimination haf-life, and no or minimal hepatic metabolismto
avoid drug—drug interactions. The desirable effects on lipid
variables would include increased effectiveness in reducing
levelsof low-density lipoprotein cholesterol and other athero-
genic lipoproteins and measurable beneficia effectson high-
density lipoprotein cholesterol levels. Asaproduct of theon-
going efforts regarding statin pharmacology, the new statin
rosuvastatin exhibits significant improvements in several of
thesecharacteritics.

Key words. statins, pharmacology, low-density lipoprotein
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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 differencesin pharmacol ogic attributes that may
contributeto differencesinclinical utility and effectivenessin
modifying lipid risk factorsfor coronary heart disease. Some
of the features desired with statin therapy include potent re-
versible inhibition of hydroxymethylglutaryl coenzyme A
(HMG-CoA) reductase, theability to producelargereductions
inlow-density lipoprotein cholesterol (LDL-C) and non-high-
density lipoprotein cholesterol (non-HDL-C), theahility toin-
creaseHDL cholesterol (HDL-C), tissuesdectivity (whichfo-
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cuses on treatment effects), optimal pharmacokinetics that
limits systemic bioavailability and offers once aday dosing,
and alow potentia for drug—drug interactions.

Inhibition of Hydroxymethylglutaryl
CoenzymeA Reductase

All getinsinterfere with the corversion of HMG-CoA to
the cholesterol precursor mevalonate by HMG-CoA reduc-
tase, an early and rate-limiting step in cholesterol synthesis.
Statinscompetitively inhibit HM G-CoA reductase by binding
to the enzymeand sterically inhibiting substrate binding. The
degreeof inhibition exhibited by statin compoundsmay differ
depending on the strength of their bond to theenzyme.

Recent molecular studies have provided insights into the
binding characteristics of statin molecules with HMG-CoA
reductase.! All of the statin molecules contain an HMG-like
moiety that bindsto the cataytic domain of thetarget enzyme.
I naddition, the base structures of these compounds determine
how well the molecule fitsinto the binding pocket of the en-
zymeand bindswithit. Thesynthetic satins, including ceriva:
statin, fluvastatin, atorvastatin, and rosuvastatin (currently in
development), contain a fluorinated phenol group and other
moietiesin the base structure that provide additional sitesfor
binding within theenzyme pocket.

X-ray crystallography of statin-HM G-CoA reductasecom-
plexes has dlowed visualization of these binding character-
igtics (Fig. 1). Through thiswork, it has been shown that dll
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
viatheir fluorinated phenaol group. Both atorvastetin and rosu-
vastatin form an additional hydrogen bond with the Ser5%5 res-
iduein theenzymeand the carbonyl oxygen of atorvastatin or
the sulfone oxygen of rosuvastatin. Rosuvagtatin exhibits an
additional and unique polar interaction between its sulfone
group and theenzyme Arg®®8 side chainin the enzyme. These
studiesshow that rosuvastatin hasthe greastest number of bind-
inginteractionswith theenzymeactive siteand that both rosu-
vadtatin and atorvastatin have an additiond interaction with
the enzyme that is not seen with the other synthetic statins.
These differencesin the number and types of bonds between
thestatin and enzymemay explaintherel atively greater effica
cy of atorvastatin and rosuvastatinto lower LDL-C.
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Thetheory that greater binding totheenzymetrandatesinto
greater potency of the statin appearsto beconfirmedininvitro
andinvivo studies. Studiesin purified human HM G-CoA re-
ductase catal ytic domain preparations® 2 showed that rosuva
datin’sability toinhibit 50% of HM G-CoA reductase activity
occursat thelowest concentration (ICso = 5.4 nM) among the
statins tested, followed by atorvastatin (8.2 nM) (Fig. 2).
Similar findingswere madein astudy of primary rat hepato-
cytes;34mean | Csp va uesfor inhibition of cholesterol synthe-
sisinthismode were 0.16 nM for rosuvastatin, 1.16 nM for
aorvagtatin, 2.74nM for smvastatin, 3.54 nM for cerivagtatin,
3.78nM for fluvastatin, and 6.93 nM for pravastatin.

Effectson Non-High-Density Lipoprotein Cholesterol
and High-Density Lipoprotein Cholesteral

The reduction in cholesterol synthesiswith statin therapy
causesareduction inintracellular cholesterol concentrations
and a subsequent upregul ation of hepatocyte L DL receptors.
These receptors recognize and bind with apolipoproteins B
and E onthe surface of circulating very-low-density lipopro-
tein(VLDL) and LDL particles, resultingin uptakeand degra:
dation by the cells. Some statins, especialy thosewith greater
potency, also lower circulating VLDL and LDL levelshy re-
ducing the secretion of VLDL and VLDL-like lipoproteins
fromtheliver, thusreducing the quantitiesof lipoprotein avail-
able to serve as subgtrate for conversion to atherogenic rem-
nant particles(Fig. 3).

Common forms of dyslipidemiaencountered in the clini-
ca setting include hypercholesterolemia characterized by
marked eevation of LDL-C (with or without decreased
HDL -C) and mixed dydlipidemiathat ischaracterized by ele-
vated triglyceride and LDL-C levels. In the case of mixed
dydlipidemia, large quantities of cholesterol may be carried
by triglyceride-rich VLDL, intermediate-density lipoproteins
(IDL), and LDL particles. A grestly increased number of
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Fic.2 Inhibition of purified human hydroxymethylglutaryl coen-
zyme A reductase catalytic domain by statins. Among the statins
tested, rosuvastatin had thelowest 50% inhibitory concentration, fol-
lowed by atorvastatin. Reproduced from Ref. No. 2 with permission.

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

To focus attention on the need to reduce levels of athero-
genic remnant particlesin these cases, the National Choles-
terol Education Program (NCEP) Adult Treatment Panel 11
(ATPI1) hasintroduced the measure of non-HDL-C asasec-
ondary trestment target in patients with elevated triglyceride
levels after achieving recommended LDL-C targets.® Since
non-HDL-CincludesLDL-C (whichincludesIDL and small,
dense LDL particles) aswell as VLDL remnant particles, it
serves as a measure of al atherogenic lipoproteins. It has
therefore becomeimportant to assessthe effectsof lipid-ater-
ing drugsin reducing non-HDL-C.

Inmost cases, non-HDL-C goadsareachievedwhen LDL-
C goasare achieved. In caseswhere non-HDL-C levelsre-
main high after LDL-C goas are achieved, one option isto
use statins in doses beyond those required to achieve the
LDL-Cgoal. A recent anaysisof datafrom the Atorvastatin
Comparative Cholesterol Efficacy and Safety Study (AC-
CESS), performed in patientswith elevated LDL-C, exam-
ined the effects of atorvastatin, fluvastatin, lovastatin, prave-
statin, and simvastatin on non-HDL -C level swhen doses of
thesedrugsweretitrated to achieve NCEP LDL -C goals. The
reductionsin non-HDL-C levelswere very similar to there-
ductionsin LDL-C levels, with the percentage reductionsin
non-HDL-C being just afew percent (i.e., 2-4%) lessthanre-
ductions achieved in LDL-C for each treatment group. The
most potent L DL -C-lowering statin was al so 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 lovagtatin, 28 and 26% for pravastatin, and 36 and 32% for
simvadtatin, respectively).
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Fic.3 Schematic representation of statin mechanism of action.
Statinsreduce hepatic cholesterol synthesis, lower levelsof intracel-
lular cholesteral, stimulate upregul ation of thelow-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 cholesteral, VLDL = very-low-density lipoprotein.
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Rosuvastatin hasbeen showntoreduce LDL-C levelssig-
nificantly more than atorvastatin and other statins at starting
dosesand when dosesweretitrated to achieve NCEP god lev-
els.”10 Comparison of theeffect of dosesof rosuvastatin 5mg
and 10 mg with atorvastatin 10 mg in hypercholesterolemic
patientsat 12 weeksreveded that both groupstrested withro-
suvastatin achieved significantly greater reductions in both
LDL-C and non-HDL-C than did the atorvastatin group.8
After anadditional 40 weeksinwhich doses could be sequen-
tially doubled if necessary to meet NCEP ATPII goals, treat-
ment with rosuvastatin remained significantly superior to
atorvastetin at 52 weeksin terms of change from basdlinein
LDL-C and non-HDL-C (Fig. 4). Moreover, rosuvagtatin en-
abled more patientsto achieve NCEPATPI1 goalsfor LDL-C
lowering, compared with atorvastatin.

Asfor thebest way to manage patientswithincreased levels
of small, dense LDL, thetraditional approach hasbeento uti-
lize niacin because it appearsto lower these levels and shifts
patientsfrom the more atherogenic pattern B tothelessathero-
genic pattern A phenotype. Recent research with statinscalls
thisapproach into question. One study assessed the effects of
atorvagtatin and niacin on LDL subfractionsin patientswith
elevated levels of total cholesteral, triglycerides (200 to 800
mg/dl), and apolipoprotein B.11 Atorvastatin 10 mg reduced
LDL-C overal by 28%, compared with a 7% reduction with
niacin 3 g (patientsactualy took an averageof 2,116 mg daily
inthisstudy) (Fig. 5). The predominant effect of niacinwasa
shift in subfractions from small, dense LDL to large LDL
(from LDL phenotype B to phenotype A). Theprimary effect
of atorvastatin wasasubstantia reductioninsmall, denseLDL
particles, small reductionsin other LDL subfractions, and asu-
perior overal reductioninLDL-C.
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Fic.4 Effectsof rosuvastatin and atorvastatin at 52 weeks. Inthese
hypercholesterolemic patients, starting doses of rosuvastatin 5 mg
and 10 mg and atorvastatin 10 mg remained fixed for 12 weeks, after
which doses could betitrated to achievethe Second National Chol-
esterol Education Project Adult Treatment Panel (ATPII) goasfor
reducinglow-dendity lipoprotein cholesterol (LDL-C). Bothrosuva-
statin groups demonstrated significantly superior reductions in
LDL-C compared withtheatorvastatin group. HDL-C = high-densi-
ty lipoprotein cholesterol, TC =totd cholesterol, TG =triglycerides.
0 =LDL-C,m =non-HDL-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) aso showed
significant reductionsinsmal, denseLDL (LDL I11) concen-
trations (from 165 to 62 mg/dl) and in remnant lipoprotein
cholesteral (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 statinsin pa-
tientswith mixed dydipidemia(i.e., the metabolic syndrome)
to achieve asubstantial reduction in small, dense LDL parti-
clesaswell asin the overall LDL-C and non-HDL-C levels
and thetotal number of atherogenic particles.

High-Density Lipoprotein Cholesterol

Statinsgenerally producemodest increasesinHDL-C. One
mechanism whereby statins may increase HDL-C isthrough
increasing production of gpolipoprotein A-1 (the major apo-
lipoproteinin HDL ) and thus nascent HDL.. The HMG-CoA
reductaseinhibitionmay leadto anincreasein HDL-C by pro-
ducing a reduction of downstream farnesyl pyrophosphate
production, inducing upregulation of PPAR« receptorsinthe
periphery and consequently increasing gpolipoprotein A-1 pro-
duction. A second potential mechanismforincreesngHDL-C
isareduction in transfer of cholesteryl esters from HDL to
VLDL and LDL particles viainhibition of cholesteryl ester
transfer protein.

Tissue Sdlectivity

Differences among statins in relative lipophilicity or hy-
drophilicity may influencedrug kineticsand 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 apolar methane
sulfonamide group on the drug molecule. In astudy ng
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Fic.5 Effectof atorvagtatin 10mgand niacinonlow-dengty lipopro-
teincholesteral (LDL-C) subfractionsin patientswith atherogenic dys-
lipidemia. Abbreviationsasin Figure4. O = Basdline, m =treatment.
DataarefromRef. No. 11.
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lipophilic/hydrophilic characteristics of a number of statins,
the statin octanol-water coefficientswere —0.841og 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,
smvastatin, and cerivastatin, indicating greater lipophilicity
on the part of these latter drugs (Fig. 6).2 16 Lipophilic drugs
exhibit greater diffusioninto most cell lines, whether hepatic
cellsor periphera cdls. Reatively hydrophilic drugsmay ex-
hibit reduced accessto nonhepatic cellsasaresult of low pas-
sive diffusion and increased relative hepatic cdl uptake
through selective organiciontransport. Inaddition, therelative
water solubility of adrug may reduce the need for extensive
cytochrome P450 (CY P) enzyme metabolism (see below).
Compared with cultured fibroblasts, study of tissue selectivity
with rosuvastatin showed a1,000-fold increasein HM G-CoA
reductaseinhibitory effect in primary rat hepatocytes.24When
expressed asalog ratio of 1Csp valuesinthetwo cell types, ro-
suvastatin and pravastatin exhibited ratios of 3.3, indicating di-
vergent effectson HMG-CoA reductaseinhibitionin thetwo
cell lines. By comparison, thelog ratio of 1Csp val ueswith the
two gtatins with the greatest lipophilicity, smvastatin and
cerivadtetin, were significantly lower values of 0.54 and
—0.14, respectively (Fig. 6); values for fluvastatin and ator-
vastatinwere —0.04 and 2.2, respectively. Additiona studies!’
showed that the rate of active uptake clearancein rat hepato-
cyteswassignificantly grester for rosuvastatin than for prava:
statin; both rosuvastatin and pravastatin exhibited liver-sel ec-
tive uptake after administration of intravenous drug in rats,
whereassimvadtatin exhibited high rates of uptakein bothliv-
er and such other tissues asthe adrend sand spleen. Theclini-
ca sgnificance of thesefindings remainsto be demonstrated.

Phar macokinetic Characteristics
Two of the moreimportant pharmacokinetic variablesfor

gtatins are bioavailability and elimination half-life. The im-
plications of differencesin systemic bioavailability of statins
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arenot completely clear. Perhaps, intheideal scenario, Satin
effectswould be confined to the liver, with limited systemic
availability and consequently a reduced risk of systemic ad-
verseeffects. However, somesystemic avail ability may bere-
quired so that the pleiotropic effects can be observed in the
vascul ature with statin treatment. However, on balance, keep-
ingthesystemic availability of the statinto aminimumwould
appear to bedesirable, particularly for more potent inhibitors,
sinceareduced systemic drug exposurewould be expected to
trandateinto areduced inhibition of HMG-CoA reductasein
nonhepatic cells and fewer associated adverse events. Inthis
respect, it is of interest that cerivastatin, which has been re-
moved from the market because of an unacceptablefrequency
of severemuscletoxicity, exhibits 60% systemic bioavail abil -
ity, the greatest among the statins; in comparison, bioavail-
ability is24%for fluvastatin, ~ 20%for rosuvastatin, 17%for
pravastatin, ~ 14% for atorvagtatin, and < 5% for smvastatin
(Teblel).

Elimination haf-life may be an important determinant of
the relative LDL-C-lowering effectiveness of the statins to-
gether with the specificinhibitory effect on HM G-CoA reduc-
tase. Some authorities have posited that thelonger the statinis
available in suitable concentrations, the longer it inhibits
HMG-CoA reductase and thus the greater it lowers LDL-C.
Supporting thisisthe observation that atorvastatin (14 h) and
rosuvastatin (20 h)18 exhibit amarkedly prolonged dimination
half-lifecompared with other satins(2to 3hfor cerivagtatin, 1
to 2 h for smvastatin, pravastatin, and fluvastatin), and also
havethe most substantial L DL-C-lowering efficacy (Tablel).

Potential for Drug-Drug I nteractions

Many drugs, including severa statins, are metabolized via
the CY P 3A4 enzyme system, presenting asignificant poten-
tia for drug—druginteractionswhen statinsare used to reduce
therisk of coronary heart disease. All statins except praves-
tatin are metabolized to some degree by CY P systems 19 20
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Fic.6 (A)Reativelipophilicity/hydrophilicity of statins given as statin octanol-water coefficients (log D at pH 7.4).2 16 (B) Log ratios of hy-
droxymethylglutaryl coenzyme A reductaseinhibition for hepatocytes:fibroblastsamong statins.2 4 Adapted from Ref. No. 2.
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TaBLE | Summary: Pharmacol ogic propertiesof statins.
1Cs0 (NM) for Cdll sdectivity log
HMG-CoA ratio (hepatocyte: Bioavailability Elimination CYP3A4
reductaseinhibition fibroblast) (%) haf-life(h) metabolism
Rosuvadtatin 54 33 ~20 20 No
Atorvastatin 82 22 ~14 14 Yes
Cerivadtatin 10.0 -0.14 60 2-3 Yes
Simvagtatin 112 054 <5 12 Yes
Fluvastatin 276 -0.04 24 12 No
Pravastatin 441 33 17 12 No

Datafrom Refs. No. 2, 3, and 20.
Abbreviation: HMG-CoA = hydromethylglutaryl coenzymeA.

Lovadtatin, s mvastatin, atorvastatin, and cerivastatin undergo
CYP 3A4 metabolism. Cerivastatin is aso metabolized via
the CY P2C8 system, whereasfluvastatinis metabolized only
viathe CYP 2C9 enzymes, and a small amount of rosuva
statin undergoes metabolism (at most 10%) viathe CY P2C9
system.?! Pravastatin is metabolized by sulfation or other
mechanisms.

Drugsthat inhibit CY P 3A4 may increase systemic statin
concentrations, which increases the risk of drug toxicity,
whereas substrates for the enzyme system may also increase
systemic statin concentrationsby competing withthestatin for
the samemetabolic pathway. A partial listing of inhibitorsand
substratesfor the CY P 3A4 systemisshownin Table|1.19.20
Among the CY P3A4 inhibitorsaretheantifungal agentsitra-
conazole and ketoconazole, cyclosporine, macrolide antibi-
otics, HIV-proteaseinhibitors, and grapefruit juice. Inhibitors
of CYP2C9dsoinclude azoleantifungals, aswell ascimeti-
dine. In the case of itraconazole, for example, coadministra-
tion with statinsresultsinincreasesinthe statin areaunder the
concentration-time curve of 15-fold for lovastatin, 2 19-fold
for smvastatin,23 3-fold for atorvastatin,?* 1.7-fold for prava-
tatin,2 but only 1.3-fold for fluvastatin® and rosuvastatin.

Product information for lovastatin, pravastatin, and smva-
gatinindicatethat areaunder the curve (AUC) vauesfor these
drugsare significantly increased (3- to 20-fold) whenthey are

TaBLE Il Partid listing of CYP3A4inhibitorsand substrates

« Inhibitors  Substrates
Nefazodone Quinidine
Fluvoxamine Carbamazepine
Ketoconazole Nefazodone
Itraconazole Benzodiazepines
Cyclosporine Calcium-channel blockers
Erythromycin Cyclosporine
Clarithromycin Nonsedating antihistamines
Sertraine Sertrdine
HIV-proteaseinhibitors Lovastatin, Smvastatin,
Grapefruit juice atorvagtatin

Datafrom Refs. No. 19 and 20.

used in combination with gemfibrozil 2526 The mechanism of
thisinteractionisunknown. Thepackageinsert for fluvastatin
indicates the absence of aninteraction with gemfibrozil. Itis
unknown whether such an interaction occurs with atorva-
statin, and no dataon such apotentid 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
gatin'sAUC.

Conclusion

Desirable pharmacol ogic properties of astatin include po-
tency ininhibiting HMG-CoA, sdlectivity of effect or uptake
in hepatic cdlstoincreaseinhibitory activity and reduce ac-
tivity in nonhepatic cdls, lower systemic bioavailability to
minimize systemic adverse effects, prolonged dimination
half-life, and absence of or minimal metabolismviathe CYP
3A4 system. The characteristics of statinsin these aress are
summarizedin Tablel. Among the statins, rosuvastatin would
appesar to havethemost favorable overdl profile, at least with
regard to the features considered in this paper. In terms of
modifying lipid profiles, rosuvastatin produces the greatest
reductionsin LDL-C and non-HDL-C, asmight be predicted
from the drug’s pharmacologic profile, and the greatest in-
creasesin HDL -C compared with other marketed statins.
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