
P
&
P
P

D
d

F

R
R

CLINICAL
HARMACOLOGY
THERAPEUTICS

VOLUME 80 NUMBER 6 DECEMBER 2006

ERSPECTIVES IN CLINICAL
HARMACOLOGY

rug interactions with lipid-lowering
rugs: Mechanisms and clinical relevance

Lipid-lowering drugs, especially 3-hydroxy-3-methylglutaryl–coenzyme A inhibitors (statins), are widely
used in the treatment and prevention of atherosclerotic disease. The benefits of statins are well documented.
However, lipid-lowering drugs may cause myopathy, even rhabdomyolysis, the risk of which is increased by
certain interactions. Simvastatin, lovastatin, and atorvastatin are metabolized by cytochrome P450 (CYP)
3A4 (simvastatin acid is also metabolized by CYP2C8); their plasma concentrations and risk of myotoxicity
are greatly increased by strong inhibitors of CYP3A4 (eg, itraconazole and ritonavir). Weak or moderately
potent CYP3A4 inhibitors (eg, verapamil and diltiazem) can be used cautiously with small doses of CYP3A4-
dependent statins. Cerivastatin is metabolized by CYP2C8 and CYP3A4, and fluvastatin is metabolized by
CYP2C9. The exposure to fluvastatin is increased by less than 2-fold by inhibitors of CYP2C9. Pravastatin,
rosuvastatin, and pitavastatin are excreted mainly unchanged, and their plasma concentrations are not
significantly increased by pure CYP3A4 inhibitors. Cyclosporine (INN, ciclosporin) inhibits CYP3A4,
P-glycoprotein (multidrug resistance protein 1), organic anion transporting polypeptide 1B1 (OATP1B1),
and some other hepatic uptake transporters. Gemfibrozil and its glucuronide inhibit CYP2C8 and
OATP1B1. These effects of cyclosporine and gemfibrozil explain the increased plasma statin concentrations
and, together with pharmacodynamic factors, the increased risk of myotoxicity when coadministered with
statins. Inhibitors of OATP1B1 may decrease the benefit/risk ratio of statins by interfering with their entry
into hepatocytes, the site of action. Lipid-lowering drugs can be involved also in other interactions, including
those between enzyme inducers and CYP3A4 substrate statins, as well as those between gemfibrozil and
CYP2C8 substrate antidiabetics. Knowledge of the pharmacokinetic and pharmacodynamic properties of
lipid-lowering drugs and their interaction mechanisms helps to avoid adverse interactions, without compro-
mising therapeutic benefits. (Clin Pharmacol Ther 2006;80:565-81.)
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Lipid-lowering drugs, particularly inhibitors of 3-
ydroxy-3-methylglutaryl–coenzyme A (HMG-CoA)
eductase (statins), are widely used to reduce the risk of
ardiovascular events and death. In general, the cur-
ently used statins are well tolerated and have a good
afety profile.1,2 In addition, fibrates, cholesterol ab-
orption inhibitors such as ezetimibe, and bile acid
equestrants are used as lipid-lowering therapeutics in
ertain clinical conditions.

It was noted already nearly 20 years ago that phar-
acologically different drugs—for example, cyclo-

porine (INN, ciclosporin), erythromycin, and gemfi-
rozil—increase the risk of rhabdomyolysis when
dministered with lovastatin.3-5 However, the mecha-
isms of statin interactions remained largely obscure
ntil the roles of various cytochrome P450 (CYP) en-
ymes, above all, that of CYP3A4,6-8 and of membrane
ransporters in the pharmacokinetics and interactions of
ifferent statins were recognized.8-10

Cerivastatin caused hundreds of cases of rhabdomy-
lysis before its withdrawal from the market in August
001. Many of these cases occurred in patients using
emfibrozil and cerivastatin concomitantly.11 Recogni-
ion of the pharmacokinetic component in the
emfibrozil-cerivastatin interaction has helped to re-
uce the risk of myotoxicity in lipid-lowering therapy.

able I. Pharmacokinetic properties of statins

Simvasta

Lactone prodrug Yes
Lipophilicity of lactone or acid forms* ����
Absorption (%) 60-85
Bioavailability (%) �5
Hepatic extraction (%) �80
Protein binding (%) �95
Half-life (h) 2-5
Metabolism† ���
Metabolizing CYP enzymes (of lactone

or acid form)
3A4 2C

Substrate of OATP1B1‡ �
Substrate of BCRP‡ ?
Substrate of MDR1‡ �, acid
Inhibitor of CYP3A4‡§ �
Inhibitor of CYP2C9‡ �
Inhibitor of MDR1‡§ �
Inhibitor of BCRP‡ �

A question mark indicates not known or uncertain, and parentheses indicate
OATP, Organic anion transporting polypeptide; BCRP, breast cancer resista
*Five plus signs indicate most lipophilic, and 1 plus sign indicates most hy
†Three plus signs indicate extensively metabolized, and 1 plus sign indicate
‡A plus sign indicates yes, and a minus sign indicates no.
§The lactone forms of statins have much lower 50% inhibitory concentratio
uscle toxicity (myopathy) is a potential adverse effect l
f all statins and fibrates, but the most severe form of
yotoxicity, rhabdomyolysis, is very rare with cur-

ently used statins.2,12 High statin doses, as well as
ertain pharmacodynamic and pharmacokinetic drug
nteractions, particularly those leading to high statin
oncentrations in the peripheral blood and muscle cells,
ncrease the risk of muscle toxicity. Although the ef-
ects of interacting drugs on the metabolism and trans-
ort of different statins have been studied extensively
uring recent years, the significance of some potential
nteraction mechanisms is still unclear.

In this review we summarize the mechanisms and
linical relevance of drug interactions involving lipid-
owering drugs, highlighting recent advances in under-
tanding the pharmacokinetic mechanisms. In particu-
ar, the emerging status of membrane transporters in
hese drug-drug interactions is discussed. Beneficial
nteractions between different lipid-lowering agents are
eyond the scope of this report.

HARMACOKINETICS OF STATINS
Many interactions involving statins are based on a

harmacokinetic mechanism, and therefore knowledge
bout their pharmacokinetic characteristics is essential
or understanding their interactions. The passive mem-
rane permeability of statins increases along with their

Lovastatin Atorvastatin Fluvastatin

Yes No No
���� ��� ���
30 30 98
5 12 30
�70 70 �70
�98 �98 �98
2-5 7-20 1-3
��� ��� ���
3A4 2C8? 3A4 (2C8) 2C9

� � �
? � �
� � ?
� � �
� � �
� � �
? � �

nificance.
n; MDR, multidrug resistance protein (P-glycoprotein).

metabolism, eliminated mainly unchanged.

ition constant values than their acid forms.10,137
tin

8

minor sig
nce protei
drophilic.
s limited
ipophilicity.13,14 Thus lipophilic statin forms are more
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eadily distributed into peripheral tissues than hydro-
hilic statins, such as pravastatin.15 Simvastatin and
ovastatin are administered as very lipophilic lactone
rodrugs, whereas other statins are given as active acid
orms (Table I). However, in the body significant
mounts of most statins are converted to their lactone
orm,16-19 which is more lipophilic than the correspond-
ng acid form. Both acid and lactone forms can be
mportant in statin interactions.18-21

The oral bioavailability of simvastatin and lovastatin
s low (�5%), largely as a result of their CYP3A-
ediated first-pass metabolism in the intestinal wall

nd liver. The interplay of CYP3A4 and P-glycoprotein
ie, multidrug resistance protein 1 [MDR1], ABCB1) in
he intestinal wall may contribute to the high presys-
emic extraction of these statins. The bioavailability of
ther statins ranges from 12% (atorvastatin) to more
han 60% (pitavastatin) (Table I). The interindividual
ariation of the area under the plasma concentration–
ime curve (AUC) of different statins varies consider-
bly; for example, the AUC of pravastatin ranges by
ore than 10-fold, even when studied in young healthy

dults. At least simvastatin acid, lovastatin acid, ceri-
astatin, atorvastatin, and pitavastatin are substrates of
DR1.10,21-23 Statins can also be substrates of other

fflux or uptake transporters expressed in the intes-

Cerivastatin Pravastatin Rosuvas

No No No
����� � ��
�98 35 50
60 18 20
? 45 63
�99 50 90
1-3 1-3 20
��� � �
2C8 3A4 (3A4) 2C9 (2C

� � �
� � �
� � �
� � �
� � (�)
� � �
� � �
ine.24 Accordingly, variable activity of CYP3A4 and w
ransporter proteins, as well as the contents and pH of
he gastrointestinal tract, can cause variability in the
ioavailability of statins.13,25

Plasma protein binding (Table I) of the lipophilic
tatins is high (�95%) compared with that of rosuva-
tatin (90%) or pravastatin (50%).13,25 However, dis-
lacement of statins from plasma proteins is not known
o mediate clinically significant drug interactions.

The lipophilic statins are extensively metabolized, prin-
ipally by CYP enzymes, whereas pravastatin, rosuvastat-
n, and pitavastatin are excreted mainly unchanged.25 The
limination half-life of pravastatin, cerivastatin, fluva-
tatin, lovastatin, and simvastatin is short, which explains
heir better cholesterol-lowering efficacy when taken in
he evening, because steroid synthesis is more active dur-
ng the night. Atorvastatin and rosuvastatin have longer
alf-lives, about 10 and 20 hours, respectively. As a result
f active metabolites of atorvastatin, its clinically relevant
alf-life (of HMG-CoA reductase inhibition) is similar to
hat of rosuvastatin.16,25

Hepatic transport mechanisms. The hydrophilic
ravastatin and rosuvastatin have only a limited access
o nonhepatic cells because of the slow passive diffu-
ion of these statins across cell membranes. However,
hey also are avidly taken into hepatocytes, the site of
tatin action, by active uptake transporters, among

Pitavastatin Reference

No
���� 10, 20, 137
80 13, 25, 47, 48, 77
60 13, 25, 47, 48, 77
? 13, 25, 47, 48, 77
96 13, 25, 47, 48, 77
10-13 13, 25, 47, 48, 77
�� 13, 25, 47, 48, 77
(2C9) 25, 43, 44, 47, 48, 77

� 19, 22, 26
� 84
� 10, 21-24
� 20, 137
� 20, 139
� 10, 20, 138
� 84
tatin

19)
hich organic anion transporting polypeptide (OATP)
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B1 (also known as OATP-C, OATP2, and LST-1)
eems to be the most important (Table I).9,22,26 Other
epatic uptake transporters that can transport rosuva-
tatin, for example, are OATP1B3, OATP2B1,
ATP1A2, and sodium-dependent taurocholate co-

ransporting polypeptide (NTCP).26 Accordingly, for
ravastatin and rosuvastatin, the concentrations to
ause a 50% reduction (IC50 values) in HMG-CoA
eductase activity in nonhepatic cells are more than 100
imes higher than in hepatocyte assays, whereas the
C50 values of lipophilic statins are of the same mag-
itude in both nonhepatic and hepatic cell-based
ssays.27,28

OATP1B1 facilitates the hepatic uptake of most sta-
ins, but its significance seems to be greatest for hydro-
hilic statins, such as pravastatin and rosuvastat-
n.21,26,29 Given that all statins are cleared mainly by
he liver, their active hepatic uptake, metabolism, and
iliary excretion can be important mechanisms regulat-
ng their total clearance.26,29 Efflux transporters local-
zed on the canalicular membrane of the hepatocyte,
uch as MDR1, multidrug resistance associated protein

(MRP 2), breast cancer resistance protein (BCRP),
nd bile acid export pump (BSEP, ABCB11), are the
nal step in the transport of many drugs from the portal
irculation into bile. Interference with the function of
hese hepatic uptake and efflux transporters could be a
echanism decreasing statin elimination.21,29-31

Pharmacogenetic factors—for example, polymor-
hisms of SLCO1B1 (encoding OATP1B1) and ABCC2
encoding MRP2)—can cause intersubject variability in
lasma statin levels.32-40 Transporter polymorphisms may
lso explain interindividual differences in susceptibility to
rug interactions. OATP1B1 is important not only in the
limination of many statins but also in their entry to the
ntracellular site of action in hepatocytes. Accordingly,
ow activity of OATP1B1 may decrease the cholesterol-
owering effect of statins (eg, pravastatin),41,42 despite
ncreased statin plasma concentrations and risk of muscle

Fig 1. Metabolism of simvasta
oxicity. C
Metabolism of statins. CYP3A4 is important to the
limination of lovastatin, simvastatin, and atorvastatin.
ovastatin and simvastatin lactones are oxidized by
YP3A4 (and less by CYP3A5) in the intestinal wall
nd liver to several metabolites, or alternatively, the
actones are hydrolyzed by esterases and paraoxonases
o their active open acids (lovastatin acid and simva-
tatin acid).6,43 Simvastatin acid and, presumably, also
ovastatin acid are further metabolized by CYP3A4 and
YP2C8 (Fig 1).44 CYP3A4 is also important to the
iotransformation of atorvastatin and its lac-
one.16,19,45,46 The presystemic metabolism of atorva-
tatin is less significant than that of simvastatin or
ovastatin. Cerivastatin is extensively metabolized by
oth CYP2C8 and CYP3A4.47

Fluvastatin, pravastatin, rosuvastatin, and pitavastatin
re not significantly metabolized by CYP3A4.25,48 Fluva-
tatin is biotransformed extensively by CYP2C9, whereas
ravastatin, rosuvastatin, and pitavastatin are excreted,
argely as parent compounds, into the feces via bile and
nto the urine. Pravastatin is partially degraded in the
tomach and metabolized by non-CYP enzymes. About
0% of rosuvastatin is metabolized, mainly by CYP2C9.

The lactone forms of all statins are metabolized by
YP enzymes more rapidly than their acid forms.21,49

n addition to oxidation by CYPs, statin acids can be
onverted to their lactone forms by a coenzyme A–de-
endent mechanism. In humans, unlike in rats and
ogs, uridine diphosphate–glucuronosyltransferase
UGT)–mediated lactonization of statin acids seems to
ave only a minor contribution to their total clearance.
n human liver microsomes the intrinsic clearance
Clint) of, for example, simvastatin acid by UGT-
ediated metabolism (0.4 �L · min�1 · mg�1 pro-

ein)50 is much smaller than that by CYP-mediated
etabolism (28 �L · min�1 · mg�1 protein)49 or the
lint of simvastatin lactone by CYP-mediated metabo-

ism (1959 �L · min�1 · mg�1 protein, mainly by

ne and acid by CYP enzymes.
YP3A4).49
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TATIN INTERACTIONS MEDIATED BY CYP
NZYMES
Effect of CYP3A4 inhibitors. CYP3A4 inhibitors

educe the presystemic metabolism of simvastatin and
ovastatin more than the systemic metabolism of these
rugs, increasing plasma concentrations (peak concen-
ration and AUC � half-life) of both their lactone and
cid forms but decreasing the formation of CYP3A4-
ependent inactive (or less active) metabolites (Fig 1).
lasma HMG-CoA reductase inhibition increases
omewhat less than the plasma concentration of simva-
tatin acid or lovastatin acid.51,52 In addition, the fur-
her metabolism of these statin acids is reduced by
YP3A4 inhibitors.
Concomitant use of any potent inhibitor of CYP3A4

ith simvastatin, lovastatin, or atorvastatin increases the
xposure to these statins (Table II). The strong CYP3A4
nhibitors ritonavir, itraconazole, and ketoconazole can
reatly increase, by up to about 20-fold, the AUC of
ovastatin7,53 and simvastatin,45,51,54 as well as their active
cid forms. Itraconazole, which probably has no signifi-
ant effect on other drug-metabolizing CYP forms, has
ncreased the AUC of atorvastatin by about 3-fold,16,45,55

hereas the AUC values of cerivastatin,17,55 fluvastatin,53

ravastatin,45,51,55 and rosuvastatin56 are increased not at
ll, or by less than 1.5-fold, by itraconazole (Table II).

Certain macrolide antibiotics and calcium channel
lockers are relatively potent CYP3A4 inhibitors at
linically relevant doses. Erythromycin, clarithromy-
in, and telithromycin have increased the AUC of sim-
astatin acid by about 4- to 12-fold, with the effect of
larithromycin and telithromycin being stronger than
hat of erythromycin.45,57,58 Erythromycin and clar-
thromycin have increased the exposure to atorvastatin
y about 1.5- to 4-fold,59,60 whereas erythromycin has
ncreased the AUC of cerivastatin somewhat less (Ta-
le II).61 Clarithromycin has doubled the AUC of prav-
statin, possibly by inhibiting membrane transporters
nvolved in its pharmacokinetics,45 but erythromycin
as slightly decreased, if anything, the AUC of rosuva-
tatin.62 Of the calcium channel–blocking agents, ve-
apamil and diltiazem have increased, depending on
heir doses, the AUC of simvastatin acid and lovastatin
cid by about 3- to 8-fold.57,63-65 Mibefradil, which in
ombination with simvastatin caused several cases of
habdomyolysis before its withdrawal from clinical use,
ncreased the AUC of simvastatin acid by 5- to 10-
old66 and that of atorvastatin by 3- to 4-fold,45 without

significant effect on pravastatin AUC. It should be
oted, however, that most of the currently used calcium

hannel blockers, except for diltiazem and verapamil, s
re not significant inhibitors of CYP3A in vivo in
umans.
Considerable interindividual differences exist in the

xtent of CYP3A4 inhibitor–statin interactions, for ex-
mple, as a result of the doses of inhibitors and statins
sed, as well as pharmacogenetic factors. Therefore
ome individuals may be particularly susceptible to the
linical consequences of these interactions. Inhibitors
f CYP3A4 can also increase the cholesterol-lowering
fficacy of the CYP3A4-dependent statins; for exam-
le, diltiazem increases the efficacy of simvastatin.65,67

owever, systemic use of any potent CYP3A4 inhibitor
ith simvastatin, lovastatin, or atorvastatin carries an

ncreased risk of muscle toxicity, particularly if high
tatin doses are used. Cases of rhabdomyolysis have
een reported with the combined use of simvastatin,
ovastatin, or atorvastatin with inhibitors of CYP3A,
uch as mibefradil, ritonavir, cyclosporine, itraconazole,
uconazole, clarithromycin, erythromycin, nefazodone,
anazol, amiodarone, diltiazem, and verapamil.2,68-76

In clinical trial participants receiving 20 to 80 mg of
imvastatin daily, the incidence of myopathy was 10
imes higher in those who also received verapamil
0.63% [4/635 patients]) than in those who did not
eceive verapamil (0.061% [13/21,224 patients]).77

yopathy occurs in about 1% of patients taking 40 or
0 mg simvastatin with verapamil or taking 80 mg
imvastatin with diltiazem. In a trial with 80 mg sim-
astatin and amiodarone the incidence of myopathy
as 6%.77 The incidence of myopathy could be even
igher if lovastatin or simvastatin is used (at usual
oses) concomitantly with the most potent CYP3A4
nhibitors, such as itraconazole. Therefore their con-
omitant use should be avoided. On the other hand,
eak or moderately potent CYP3A inhibitors, such as
erapamil and diltiazem, can probably be used rather
afely with lovastatin, simvastatin, and atorvastatin if
he statin doses are low and the patients are carefully
onitored.
It is reasonable to assume that the interaction of

ifferent CYP3A4-inhibiting drugs and chemicals with
tatins can be additive. Thus, for example, clarithromy-
in may increase the effect of verapamil and diltiazem
n simvastatin or lovastatin. The interaction risk also
ncreases if inhibitors of both CYP3A4 and OATP1B1
re coadministered with their joint substrates (eg, sim-
astatin).78

Selective inhibitors of CYP3A4 do not have a signifi-
ant pharmacokinetic interaction with pravastatin, fluva-
tatin, rosuvastatin, or pitavastatin, because CYP3A4 has
o appreciable role in their elimination.25,45,51,53 Cyclo-

porine increases the plasma concentrations of pravastatin,
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osuvastatin, and pitavastatin, but these interactions are
ediated by inhibition of OATP1B1 or other transporters

nd do not involve CYP3A4.79-84 Of note is that many
ther drugs (eg, some human immunodeficiency virus
rotease inhibitors and clarithromycin) can inhibit, in ad-
ition to CYP enzymes, membrane transporters as well.84

Grapefruit juice can greatly increase the AUC of
ovastatin and simvastatin, as well as their active acid
orms,52,85,86 by inhibiting their CYP3A4-mediated
etabolism in the intestinal wall (Table II). Grapefruit

uice can also markedly increase the AUC of atorva-
tatin and its lactone, unlike that of pravastatin or
itavastatin.87-89 The extent of these interactions de-
ends on the amount of grapefruit juice and on the time
nterval between grapefruit juice and statin intake. A
lassful (200 mL) of grapefruit juice taken daily to-
ether with simvastatin increased the AUC of simva-
tatin acid by 3- to 4-fold and even by 6-fold in some
ubjects.85 Daily consumption of large amounts of
rapefruit juice can increase the AUC of simvastatin
cid and lovastatin acid by even more than 10-fold.52,86

n the other hand, a single glassful of grapefruit juice
aken in the morning seems to have only minor effects
n the pharmacokinetics of lovastatin or simvastatin
aken in the evening.90,91 However, because consump-
ion of grapefruit juice with high doses of simvastatin
r lovastatin may even cause rhabdomyolysis in some
are cases, care is recommended, particularly in the use
f large amounts of grapefruit juice with the CYP3A4-
ependent statins.92,93

Effect of CYP2C9 and CYP2C8 inhibitors. Potent

able II. Effect of some CYP or membrane transport
eduction) on AUC

Simvastatin

Fold increase of statin AUC by
CYP3A4 inhibitors

Itraconazole 5-20
Erythromycin, clarithromycin 4-12
Verapamil, diltiazem 3-8

Fold increase of statin AUC by
Cyclosporine 6-8
Gemfibrozil 2-3
Grapefruit juice 2-10

Percentage decrease of statin AUC
by potent inducers

Rifampin, carbamazepine 70-95

Magnitude of effects is expressed as fold increase of the statin AUC by vario
nhibitors and inducers, as well as the pharmacogenetic factors, can affect the
ractically unchanged, parentheses indicate estimation based on the pharmaco
AUC, Area under plasma statin concentration–time curve.
*Inhibitors of CYP2C9 increase the AUC of fluvastatin and rosuvastatin by
nhibitors of CYP2C9 can increase plasma concentra- b
ions of fluvastatin. However, even high doses of flu-
onazole (400 mg on the first day, followed by 200
g/d) increased the AUC of fluvastatin by less than

00%.94 The AUC of rosuvastatin is only marginally
ncreased by fluconazole.95 The pharmacokinetics of
ther statins is not known to be affected by CYP2C9
nhibition.

CYP2C8 is crucial to the metabolism of ceriva-
tatin,96 and it can also contribute to the elimination of
imvastatin acid and lovastatin acid.44 Gemfibrozil and
articularly its glucuronide metabolite inhibit CYP2C8
ut not CYP3A4.18,96-99 Gemfibrozil glucuronide is a
otent, metabolism-based inhibitor and inactivator of
YP2C8.98 Gemfibrozil considerably increases the
UC of cerivastatin (by about 6-fold) and its lactone,

s well as the metabolite (M-1) formed by CYP3A4,
ut greatly decreases the AUC of the metabolite (M-23)
ormed by CYP2C8.18 Gemfibrozil also markedly in-
reases the AUC of active simvastatin acid99 and lova-
tatin acid100 but not of their parent lactones. These
ndings indicate a different interaction mechanism
ompared with that caused by the CYP3A4 inhibitors.
nhibition of OATP1B1-mediated hepatic uptake of
tatins can also be involved in the gemfibrozil-statin
nteractions (as discussed later in the “Effect of fi-
rates” section).
Effect of inducers. Rifampin (INN, rifampicin) and

ther potent inducers of CYP enzymes can greatly
ecrease the AUC of statins that are metabolized by
YP3A4. The mean AUC of simvastatin acid was

educed by 94% by rifampin101 and by 82% by car-

itors (fold increase) and inducers (percentage

Lovastatin Atorvastatin Fluvastatin*

5-20 2-4 �
(4-12) 1.5-5 �
3-8 ? (�)

5-20 6-15 2-4
2-3 �1.5 �
2-10 1-4 (�)

(70-95) 60-90 50

rs or as percentage reduction of the statin AUC by inducers. The doses of the
teraction in an individual patient. An “approximately equal to” sign indicates
perties of the statin, and a question mark indicates not known or estimated.

2-fold.94,95
er inhib

us inhibito
extent of in
kinetic pro
amazepine.102 Because the pharmacokinetic profiles
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f simvastatin and lovastatin are similar, the effects of
otent inducers on the AUC of lovastatin acid are likely
o be of the same magnitude. Rifampin also markedly
educed the AUC of atorvastatin (by 80%) and its
ctive metabolites.103 However, rifampin has reduced
he AUC of fluvastatin and pravastatin by about 50%48

nd 30%104 only. In subjects taking potent enzyme
nducers such as rifampin, the half-life of atorvastatin
nd its metabolites can be shortened by 60% to 90%.103

herefore in induced subjects taking atorvastatin in the
vening instead of the morning may increase its
holesterol-lowering efficacy. Rifampin and carbamaz-
pine also induce, in addition to CYP enzymes, many
ransporters, such as OATP1B1, MDR1, and MRP2.
ncreased activity of transporters is likely to explain the
ffect of inducers on pravastatin pharmacokinetics. Ac-
ordingly, potent inducers could also decrease the
lasma concentrations of rosuvastatin and pitavastatin
o some extent, although their metabolic clearance is
inor.
The dose-response curve of statins is flat. Approxi-
ately two thirds of the maximum response can gen-

rally be expected with only one quarter of the highest
ose.105 Thus the clinical significance of enzyme in-
uction can be limited, unless intensive lipid lowering
s required. However, a case report suggests that the
fficacy of simvastatin and atorvastatin may be reduced
n some patients taking potent inducing drugs such as

tatin Pravastatin Rosuvastatin*
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TATIN INTERACTIONS MEDIATED BY
EMBRANE TRANSPORTERS
OATP1B1 seems to be one of the most important
embrane transporters that mediate the uptake of statins

nto the liver,9,10,24,29 and certain drugs can affect its
ctivity (Fig 2). In addition, many statins are substrates of
ther efflux or uptake transporters, expressed in the intes-
ine, liver, or kidneys—for example, MDR1, MRP2,
CRP, OATP1B3, OATP2B1, and OAT3.21,22,24,26,29

hese transporters also may mediate drug interactions, but
heir significance as mediators of statin interactions needs
urther studies. Many inhibitors of CYP3A4, such as
itonavir, indinavir, saquinavir, clarithromycin, and cyclo-
porine, are also inhibitors of MDR1 or OATP1B1 (or
oth).84,107 Of note, the combination of ritonavir and
aquinavir greatly increases (by 30-fold) the AUC of
imvastatin acid and moderately increases that of atorva-
tatin (by 3-fold).54

Effect of fibrates. In addition to inhibiting CYP2C8,
emfibrozil and its glucuronide can inhibit the
ATP1B1-mediated hepatic uptake of statin acids (Fig
).18,96,97 According to a recent study, parent gemfibro-
il can also inhibit OATP2B1 and NTCP.26 Thus some
f the gemfibrozil-statin interactions may be based on a
ual mechanism: inhibition of hepatic uptake and
YP2C8-mediated metabolism. Daily use of gemfibro-
il (1200 mg/d) increases the AUC of active simva-
tatin and lovastatin acids by 2- to 3-fold99,100 and by

Pitavastatin References
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ven more in some subjects. Gemfibrozil does not



i
o
l
g
c
d
G
A
o
s
t
g
s
u
w
p
T
t
i
g
i
u
n
n
A
i

p
e
i
g
s
g
c
s

m
o
r
t
g
e
d
c
f
t
s
c
f
m
c
i

CLINICAL PHARMACOLOGY & THERAPEUTICS
572 Neuvonen, Niemi, and Backman DECEMBER 2006
nhibit CYP3A4 enzyme,18 and in contrast to the effect
f CYP3A4 inhibitors, the AUC of the simvastatin or
ovastatin lactones remains practically unchanged by
emfibrozil. Gemfibrozil greatly increases the AUC of
erivastatin (by about 6-fold) and its lactone but re-
uces the AUC of the CYP2C8-mediated metabolite.18

emfibrozil also moderately or modestly increases the
UC values of atorvastatin and its active acid metab-
lites,103 pravastatin,108 rosuvastatin,109 and pitava-
tatin110 (Table II), suggesting a role for OATP1B1 in
hese interactions. However, according to one report,
emfibrozil does not affect the concentrations of fluva-
tatin.111 The pharmacokinetics of fluvastatin is also
naffected by the SLCO1B1 c.521T�C polymorphism,
hich is associated with a markedly increased AUC of
ravastatin, rosuvastatin, and simvastatin acid.36-38

hese findings suggest a limited role of OATP1B1 in
he pharmacokinetics of fluvastatin in vivo, although it
s a substrate for OATP1B1 in vitro.112 The extent of
emfibrozil-statin interaction can depend on the relative
mportance of OATP1B1 (or other rate-limiting hepatic
ptake transporters) and CYP2C8 in the pharmacoki-
etics of the statin in question. On the other hand,
either fenofibrate nor bezafibrate has increased the
UC of simvastatin, lovastatin, pravastatin, rosuvastat-

Fig 2. Sites of interactions affecting pharmac
can also change the activity of CYP enzymes
polypeptide; MDR1, multidrug resistance pro
associated protein 2. The question marks indi
gut wall and OATP1B3, OATP2B1, and sodiu
in the hepatocyte).
n, or pitavastatin,100,110,113-115 which indicates that a m
harmacokinetic interaction with statins is not a group
ffect of the fibrates. In humans the significance of
nhibition of UGT-mediated lactonization of statins by
emfibrozil,116,117 though theoretically interesting,
eems to be of limited quantitative importance in the
emfibrozil-statin interactions, because of the small
ontribution of glucuronidation to the total clearance of
tatins.49,50

The rate of rhabdomyolysis during cerivastatin
onotherapy was 10 to 100 times higher than with the

ther statins, and gemfibrozil greatly increased the
isk.11,12 The number of rhabdomyolysis cases reported
o the US Food and Drug Administration with the
emfibrozil-cerivastatin combination was 533, for an
stimated rate of 4600 cases per 1 million prescriptions
ispensed.118 With the combination of fenofibrate and
erivastatin, 14 cases of rhabdomyolysis were reported,
or an estimated 140 cases per 1 million prescrip-
ions.118 A higher incidence was also seen with other
tatins combined with gemfibrozil (57 cases, or 8.6
ases per 1 million prescriptions) than with statin-
enofibrate combinations (2 cases, or 0.58 cases per 1
illion prescriptions). Gemfibrozil has a greater sus-

eptibility than other fibrates to cause myotoxicity also
n monotherapy.12,119 Thus, on the basis of both phar-

of statins. In addition to inhibitors, inducers
sporters. OATP, Organic anion transporting
-glycoprotein); MRP2, multidrug resistance

er uptake transporters, (eg, OATP2B1 in the
dent taurocholate cotransporting polypeptide
okinetics
and tran
tein 1 (P
cate oth
m-depen
acokinetic and epidemiologic data, the adverse inter-
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ction potential of statins with gemfibrozil is consider-
bly greater than that with other fibrates studied. The
isks involved in the concomitant use of gemfibrozil
ith fluvastatin and pravastatin may be lower than

hose with simvastatin.
Effect of cyclosporine. The risk of lipid disorders

nd cardiovascular disease is high in transplant pa-
ients, and therefore patients receiving cyclosporine
mmunosuppression often require lipid-lowering drugs.
yclosporine is a potent inhibitor of several membrane

ransporters, including OATP1B1, NTCP, OATP2B1,
ATP1B3, MRP2, and MDR1, as well as of
YP3A4.26,84,107,120-124 These properties of cyclospor-

ne can probably explain its effects on various statins,
lthough the exact role of individual transporters in the
harmacokinetics of different statins is not yet clear.
yclosporine has increased the AUC of statins by 2- to
5-fold (Table II).19,79-83,124-130 The plasma concentra-
ions of pravastatin and rosuvastatin also are much
igher (about 10-fold) in transplant patients taking cy-
losporine than in control patients. Of the statins, flu-
astatin seems to be the least sensitive to the effects of
yclosporine; cyclosporine increased fluvastatin con-
entrations by only 2- to 4-fold.81 However, there are
onsiderable interindividual differences in the extent of
yclosporine-statin interactions.

The effects of cyclosporine on many statins are char-
cterized by a great increase in the peak plasma con-
entration and AUC of the statin, without a significant
ffect on its terminal half-life.80,128 This interaction
rofile could indicate an increased bioavailability by
nhibition of intestinal efflux transporters, such as

DR1, by cyclosporine (Fig 2). If the increased AUC
f statins is a result of decreased systemic clearance by
nhibition of hepatic uptake (eg, OATP1B1) or biliary
fflux (or both), a corresponding reduction in the vol-
me of distribution would explain the unchanged half-
ife. An alternative explanation is that cyclosporine
nhibits hepatic uptake mechanisms that are important
nly during the absorption phase of statins when statin
oncentrations in portal blood are high, as well as that
ther uptake mechanisms (not inhibited by cyclospor-
ne) are more important during the elimination phase
hen statin concentrations in systemic circulation are
uch lower. A reduced hepatic uptake of statins would

lso explain their limited lipid-lowering effect, despite
ncreased plasma concentrations, in cyclosporine-
reated patients.80,129,130

Numerous cases of rhabdomyolysis have occurred
uring concomitant use of cyclosporine and different
tatins, with the exception of fluvastatin.81,131-133
ne study reported a 0.15% incidence of myopathy i
ith lovastatin monotherapy, which increased to 2%,
%, and 28% in patients receiving niacin, gemfibro-
il, and gemfibrozil plus cyclosporine, respec-
ively.134 Despite the increased risk of myopathy
ith concomitant use of cyclosporine and regular
oses of statins, their combined use is rather safe
hen small doses of statins are used and the patients

re carefully monitored.7,135,136

Inhibitors of hepatic uptake transporters may in-
rease the plasma concentrations of “transporter-
ependent” statins by decreasing both their plasma
learance and volume of distribution. Furthermore, be-
ause the entry of statins into their intracellular site
f action is reduced, the inhibition of HMG-CoA
eductase in hepatocytes can be limited despite the
levated statin concentrations in plasma. Thus their
holesterol-lowering effect in relation to their (ele-
ated) concentrations in plasma may be smaller
han in monotherapy.80,129,130 Accordingly, the benefit
cholesterol-lowering effect)/risk (myotoxicity) ratio of
ATP1B1-dependent statins can be reduced along with

nhibition of their hepatic uptake. The clinical signifi-
ance of the interactions caused by inhibition of hepatic
ptake may be greater than those mediated by the
nhibition of CYP enzymes only, because in the latter
ase both the therapeutic effect and risk myotoxicity
an be expected to increase along with moderately
levated plasma statin concentrations (Fig 3). However,
urther studies are needed to evaluate the benefit/risk
atio in patients concomitantly taking statins and inhib-

ig 3. Theoretic relationships between benefit/risk ratio of
tatin treatment and extent of inhibition of statin metabolism
r hepatic uptake.
tors of OATP1B1.
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THER INTERACTIONS OF
IPID-LOWERING DRUGS
Effect of statins on other drugs. In vitro, many

tatins (lactone or acid form [or both]) inhibit CYP
nzymes, such as CYP3A4, CYP2C9, and CYP2C8, or
ransporters, such as MDR1 and OATP1B1.10,20,137-140

owever, the significance of these properties in the
bserved or suspected effects of statins on other drugs
s unclear.

Most statins, including rosuvastatin, have been re-
orted to slightly increase the anticoagulant effect of
arfarin, requiring warfarin dosage reduction. The ex-

ct mechanisms of these interactions are un-
nown.141,142 Among statins, only fluvastatin inhibits
YP2C9, the main enzyme mediating the metabolism
f S-warfarin, at concentrations equaling its typical
lasma concentrations.20,139 Accordingly, fluvastatin
ould slightly increase (by about 10%-30%) the plasma
oncentrations of CYP2C9 substrate drugs, such as
henytoin and glyburide (INN, glibenclamide), as sug-
ested by some pharmacokinetic data with CYP2C9
ubstrates.48 Inhibition of the partially CYP3A4-
ediated metabolism of R-warfarin might explain the

ffects of lovastatin, simvastatin, and atorvastatin on
arfarin, but other mechanisms can be more important

o the increased effect of anticoagulants. Close moni-
oring of the international normalized ratio is recom-
ended when any statin is added to or withdrawn from

ral anticoagulant therapy.
In experimental studies in humans, atorvastatin but

ot pravastatin has decreased the inhibitory effect of
lopidogrel on platelet aggregation.143 It has been sug-
ested that atorvastatin reduces the effects of clopi-
ogrel by inhibiting the CYP3A-dependent formation
f its active metabolite, because clopidogrel itself is an
nactive prodrug, metabolized mainly by CYP3A4 and
YP3A5 isozymes.144 However, the clinical impor-

ance of the atorvastatin-clopidogrel interaction is un-
lear, and studies designed to resolve this question are
eeded before final conclusions can be drawn.
The clearance of the CYP3A4 substrate midazolam

dministered intravenously has been 30% smaller in
atients receiving concurrent atorvastatin therapy than
n control patients.145 In another study atorvastatin
lightly increased the AUC of terfenadine (by 35%),
nother well-known CYP3A4 substrate.146

High doses of some statins (eg, simvastatin and
torvastatin) can slightly increase the plasma concen-
rations of digoxin (up to 20%), possibly by inhibiting
ts MDR1-mediated efflux.77,147 The clinical signifi-
ance of these statin-digoxin interactions is limited.

tatins may slightly reduce the blood concentrations of v
yclosporine, but in general, these changes have been
nconsistent and clinically insignificant.81,130

Effect of gemfibrozil on other drugs. Gemfibrozil
an substantially affect the pharmacokinetics of other
rugs, in addition to statins, by its inhibitory effects on
YP2C8 and OATP1B1. In particular, the interaction
ith the oral antidiabetic repaglinide can be clinically

ignificant. Gemfibrozil, unlike the other fibrates (feno-
brate and bezafibrate), has increased the AUC of
epaglinide by 8-fold, leading to a considerably in-
reased and prolonged blood glucose–lowering ef-
ect.148,149 Of note, simultaneous administration of
emfibrozil and itraconazole caused an almost 20-fold
ncrease in the AUC of repaglinide. Repaglinide, like
erivastatin, is a substrate of CYP2C8, and the same
olymorphism (c.521T�C) of the SLCO1B1 gene (en-
oding OATP1B1) that affects the pharmacokinetics of
any statins32-39 also affects the pharmacokinetics of

epaglinide.150

Gemfibrozil can increase the plasma concentrations
f other CYP2C8 substrate drugs as well. For example,
he AUCs of the antidiabetic agents rosiglitazone
nd pioglitazone were increased by over 2-fold and
-fold, respectively, by gemfibrozil, and the AUC of
operamide was increased by about 4-fold by
emfibrozil.151-153 However, gemfibrozil did not in-
rease the plasma concentrations of zopiclone,154 sug-
esting that CYP2C8 does not significantly contribute
o its metabolism. Moreover, gemfibrozil, which in
itro, unlike in vivo (as a result of gemfibrozil glucuro-
ide), is a more potent inhibitor of CYP2C9 than of
YP2C8,96-98,155 has had only limited effects on the
harmacokinetics of CYP2C9 substrate drugs, in-
luding glimepiride, nateglinide, and warfarin, in
umans.156-158

Ezetimibe, nicotinic acid, and resins. Ezetimibe in-
ibits the intestinal uptake of dietary and biliary cho-
esterol. Cyclosporine can greatly increase the exposure
o ezetimibe (by 3- to 12-fold in patients with reduced
enal function), whereas gemfibrozil and fenofibrate
nly moderately increase the AUC of ezetimibe (by
.5- to 2-fold).159-162 In contrast to these findings, cho-
estyramine (INN, colestiramine) can decrease the bio-
vailability of ezetimibe (by 50%), and therefore these
rugs should be administered several hours apart.159

here seem to be no clinically significant pharmacoki-
etic interactions between ezetimibe and statins. Some
ases of myopathy reported during the combined use of
zetimibe or nicotinic acid and statins are probably of
harmacodynamic origin.163,164 Given that ezetimibe
an increase the blood levels of cyclosporine, and vice

ersa, care is warranted in their combined use.159,165
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Plasma concentrations of the statins and fibrates are
onsiderably reduced by their simultaneous ingestion
ith cholestyramine or colestipol but probably not with

olesevelam.166,167 An interval of 2 to 3 hours between
he ingestion of systemically absorbed drugs and po-
entially interacting resins is recommended.

ONCLUSION
Both pharmacokinetic and pharmacodynamic inter-

ctions can be involved in the increased risk of myo-
oxicity observed with different lipid-lowering drugs. It
s particularly important to avoid concomitant use of
otent inhibitors of CYP3A4 (eg, ritonavir, ketocon-
zole, and itraconazole) and high doses of lovastatin,
imvastatin, and atorvastatin, the metabolism of which
epends on CYP3A4, because high plasma concentra-
ions of lipophilic statins increase the risk of muscle
oxicity. Weak or moderately potent CYP3A4 inhibi-
ors (eg, verapamil and diltiazem) can be used carefully
ith small doses of these statins. Grapefruit juice con-

umption should be avoided or limited when one is
aking simvastatin, lovastatin, or atorvastatin. When
yclosporine is used, careful dosing is recommended
or all statins. Gemfibrozil, but not other fibrates, may
ncrease plasma levels of most statins. Cyclosporine
nd gemfibrozil inhibit membrane transporters (eg,
ATP1B1 by both and MDR1 by cyclosporine) and
YP enzymes (CYP3A4 by cyclosporine and CYP2C8
y gemfibrozil glucuronide). Their pharmacokinetic in-
eraction potential, together with pharmacodynamic ef-
ects of gemfibrozil, explains the increased risk of
yotoxicity with coadministration of statins. Inhibitors

f hepatic uptake transporters may decrease the benefit/
isk ratio of statins by increasing their plasma concen-
rations and interfering with their entry into hepato-
ytes, the site of their therapeutic action. Lipid-
owering drugs can also be involved in other potentially
armful interactions—for example, gemfibrozil with
ome oral antidiabetic drugs, as well as statins and
emfibrozil with oral anticoagulants. However, most of
he clinically significant drug-drug interactions of lipid-
owering drugs can be avoided by correct selection and
osing of the drugs.

The authors have no conflict of interest.
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