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HARMACOKINETICS AND DRUG
ISPOSITION

xposure of atorvastatin is unchanged but
actone and acid metabolites are increased
everal-fold in patients with
torvastatin-induced myopathy

Background: The most serious side effect from statin treatment is myopathy, which may proceed to rhabdomy-
olysis. This is the first study to investigate whether the pharmacokinetics of either atorvastatin or its metabolites,
or both, is altered in patients with atorvastatin-related myopathy compared with healthy controls.
Methods: A 24-hour pharmacokinetic investigation was performed in 14 patients with atorvastatin-related
myopathy. Relevant polymorphisms in SLCO1B1 (encoding organic anion transporting polypeptide 1B1),
MDR1/ABCB1 (encoding P-glycoprotein), and CYP3A5 (encoding cytochrome P450 3A5) were deter-
mined. Data from 15 healthy volunteers were used as controls.
Results: No statistically significant difference in systemic exposure of atorvastatin was observed between the
2 groups. However, patients with atorvastatin-related myopathy had 2.4-fold and 3.1-fold higher systemic
exposures of the metabolites atorvastatin lactone (P < .01) and p-hydroxyatorvastatin (P < .01), respectively,
compared with controls. There were no differences in frequencies of SLCO1B1, MDR1, and CYP3A5 poly-
morphisms between the 2 groups.
Conclusions: This study disclosed a distinct difference in the pharmacokinetics of atorvastatin metabolites
between patients with atorvastatin-related myopathy and healthy control subjects. These results are of
importance in the further search for the mechanism of statin-induced myopathy. (Clin Pharmacol Ther
2006;79:532-9.)
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3-Hydroxy-3-methylglutaryl coenzyme A (HMG-
oA) reductase inhibitors (statins) are widely used in

he prevention of cardiovascular events and are gener-
lly well tolerated. However, muscular side effects
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evelop in some patients and may progress to poten-
ially fatal rhabdomyolysis. The occurrence of myop-
thy is estimated to be 0.1% to 0.5% during statin
onotherapy, whereas the incidence of rhabdomyolysis

esulting in hospitalization has been estimated to be
.44 per 10,000 patient-years for atorvastatin, simva-
tatin, and pravastatin.1,2 Cerivastatin was associated
ith an approximately 10-fold higher frequency of fatal

habdomyolysis, which led to its withdrawal from the
arket in 2001.3,4

The reason myopathy develops in some patients as a
esult of treatment with statins is not understood. The
ncreased frequency of rhabdomyolysis in combination

ith drugs interacting pharmacokinetically with statins
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uggests that the risk is associated with systemic statin
xposure, but patient factors such as body size, age,
ex, renal and hepatic function, hypothyroidism, diabe-
es, and debilitation might be of importance as well.1,4,5

he cellular mechanism of statin myotoxicity has been
uggested to be directly linked to reduced mevalonic
cid products in muscles, but this issue also contains
any unanswered questions.5,6 One biochemical indi-

ation of statin-associated myotoxicity has been an
ncrease in creatine kinase (CK) levels; however, re-
orts on statin-associated myotoxicity without increase
n CK have recently been presented.7,8

Worldwide, atorvastatin (atorvastatin acid) is the
ost frequently used statin. It is administered in the

ctive lipid-lowering acid form and is interconverted to
ts corresponding lactone form in vivo (Fig 1).9 Both
-oxidation of the dihydroxy heptanoic acid side chain
nd glucuronidation of atorvastatin by uridine diphos-
hate (UDP)–glucuronosyltransferase 1A1 (UGT1A1)
nd UGT1A3 have been suggested to mediate intercon-
ersion from the acid to the lactone form of atorvasta-
in, and esterases (paraoxonases) appear to be respon-
ible for hydrolysis of the lactone to the open acid
orm.10–12 The 2 hydroxylated metabolites mediated
hrough cytochrome P450 3A (CYP3A) metabolism,

NH C N
COO-

OH OH

F

O

Atorvastatin*
(administered form)

p-hydroxyatorvastatin*

o-hydroxyatorvastatin*

CYP 3A4

CYP 3A4

NH C N
COO-

OH OH

F

O

NH C N
COO-

OH OH

F

OO

Atorvastatin*
(administered form)

p-hydroxyatorvastatin*

o-hydroxyatorvastatin*

CYP 3A4

CYP 3A4

Fig 1. Chemical structure and metabolic
indicates active forms).
-hydroxyatorvastatin and p-hydroxyatorvastatin, are s
lso present in both an active acid and a corresponding
actone form in vivo (Fig 1).13–15 It is mainly the lactone
orm of the drug that undergoes metabolism by CYP3A,
ecause of a significantly higher affinity for CYP3A com-
ared with that of the acid form.14 Atorvastatin has also
een shown to be a substrate for the efflux transporter
-glycoprotein, as well as the organic anion transporting
olypeptide OATP1B1.16–18 OATP1B1 has been indi-
ated to be involved in hepatic uptake of atorvastatin, and
-glycoprotein limits the intestinal absorption and medi-
tes the excretion of atorvastatin into bile.17,18

The aim of this study was to investigate whether the
harmacokinetics of either atorvastatin or its metabo-
ites, or both, is altered in patients with atorvastatin-
nduced myopathy in the absence of interacting drugs
nd the possible link to polymorphism in genes relevant
o the pharmacokinetics of atorvastatin.

ETHODS
Subjects. Patients older than 18 years were recruited

rom the Lipid Clinic at the National Hospital in Nor-
ay where they had been referred because of problems
ith muscular side effects related to statin therapy.
iagnosis of muscular side effects from atorvastatin

reatment was based on the patients’ subjective sense of

F
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s of atorvastatin and metabolites (asterisk
pathway
evere muscular pain on treatment with atorvastatin,
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apid improvement of muscular pain on withdrawal,
nd repeated symptoms on rechallenge with atorvasta-
in. Exclusion criteria were current treatment with
rugs or herbal remedies with known pharmacokinetic
nteraction potential with atorvastatin, previous CK lev-
ls greater than 10 times the upper limit of normal
ange, pregnancy, and persistent muscular complaints
fter a 4-week washout period of statin treatment. Data
rom a recent study in which healthy volunteers were
dministered 10 mg atorvastatin for 1 week were used
s controls.19 All participants in this study gave their
ritten informed consent according to the Declaration
f Helsinki. The study was recommended by The Na-
ional Committees for Research Ethics and approved by
he Norwegian Medicines Agency, Oslo, Norway.

Study design. Included patients who were receiving
tatin treatment underwent a 4-week washout period.
fter the washout period, 10 mg atorvastatin was ad-
inistered daily for 1 week. The study subjects were

nstructed not to use drugs or dietary products with a
nown potential to affect the pharmacokinetics of ator-
astatin during the study period. A 24-hour pharmaco-
inetic analysis was performed at the end of the treat-
ent period, during which samples were taken before

ose administration (0 hours) and at 0.5, 1, 1.5, 2, 3, 5,
, 9, 12, 22, and 24 hours after the dose. In addition,
lood samples for determination of relevant polymor-
hisms in MDR1 (encoding P-glycoprotein), SLCO1B1
encoding OATP1B1), and CYP3A5 were obtained. On
he study day the patients fasted overnight. Two hours

able I. Demographics and clinical chemistry data of
f atorvastatin treatment

Patients

Day 0

Sex (M/F) 7/6
Age (y) 58 (41-72)
Plasma creatinine (�mol/L) 80 (54-100)
CK (U/L) 136 (56-486)*
AST (U/L) 31 (21-52)†
ALT (U/L) 32 (11-54)†
Total cholesterol (mg/dL) 297.2 (204.6-416.9)‡ 2
LDL cholesterol (mg/dL) 220.0 (142.8-335.8)‡ 1
HDL cholesterol (mg/dL) 61.8 (27.0-88.8)‡
Triglycerides (mmg/dL) 123.9 (44.3-336.3)‡ 1

Data are presented as median and range. Normal laboratory ranges (values
ess than 270 (150) U/L; and plasma creatinine, 60-105 (50-90) �mol/L.

CK, Creatine kinase; LDL, low-density lipoprotein; HDL, high-density lipo
*Statistically significant difference between patient and control group at inc
†Statistically significant difference between patient and control group at inc
‡To convert the values to millimoles per liter, multiply by 0.0259 for chole
fter the dose was taken, they received a light, stan- a
ardized breakfast. The rest of the day there were no
ietary restrictions, except for avoiding grapefruit and
rapefruit-containing products. Plasma lipid levels and
asic blood and urine biochemical findings were re-
orded on inclusion, after the 4-week washout period,
nd at the end of the treatment period.

Analysis of atorvastatin and metabolites. Blood
amples were drawn on ice, and plasma was separated
y centrifugation at 4°C within minutes and immedi-
tely frozen and stored at �80°C until analysis. Sample
nalysis was performed by a validated liquid chroma-
ography (LC)�tandem mass spectrometry (MS) meth-
d.20 The detection limits were 0.06 ng/ml for atorva-
tatin and p-hydroxyatorvastatin and 0.15 ng/ml for
-hydroxyatorvastatin. Quality control samples consist-
ng of duplicate spiked plasma samples at 1 and 3 ng/ml
ere included in each run. The run was accepted when
or more QC samples deviated less than 20% from the

ominal concentration. Unfortunately, we were unable
o obtain reference compounds of the lactone metabo-
ites from Pfizer, but detection of the lactone metabo-
ites in plasma samples could still be performed with
reat certainty in the tandem MS mode. Because of the
ack of reference compounds, the measured lactone
etabolite concentrations are arbitrary.
Pharmacokinetic analysis. The area under the

lasma concentration versus time curve (AUC) was cal-
ulated by using the trapezoidal method in the dosing
nterval (0-24 hours) [AUC(0-24)]. Peak concentration
Cmax) and time to Cmax (Tmax) were determined from the

s and controls at inclusion (day 0) and after 1 week

Controls

y 7 Day 0 Day 7

7/8
47 (30-60)
93 (70-113)

-502) 54 (51-265) 79 (46-289)
-49) 11 (5-39) 14 (5-29)
-66) 20 (6-33) 20 (11-53)
4.4-355.2) 193.0 (169.8-250.9) 162.2 (112.0-204.6)
.2-297.3) 123.5 (84.9-169.8) 84.9 (57.9-131.3)
.0-88.8) 65.6 (30.9-84.9) 61.8 (30.9-92.7)
.2-345.1) 62.0 (26.6-141.6) 57.5 (26.5-185.8)

are in parentheses): AST, 15-45 (15-35) U/L; ALT, 10-70 (10-45) U/L; CK,

y 0) (P � .05).
y 0) (P � .01).
0.0113 for triglycerides.
patient

Da

152 (52
29 (14
34 (11

31.7 (15
62.2 (77
56.0 (27
06.2 (44

for women

protein.
lusion (da
ctual measured values. The elimination half life (t½) was
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stimated by linear regression analysis of the log-linear
hase of the terminal plasma concentration curve.

Genotyping. Venous blood for genotyping was ob-
ained from all subjects of the patient and control
roups (all white). Deoxyribonucleic acid (DNA) was
xtracted with QIAamp (Qiagen, Valencia, Calif). Both
roups were screened for relevant polymorphisms in
DR1 (G1199A, C1236T, G2677A/T, and C3435T),

LCO1B1 (*1b [A388G, Asn130Asp], *4 [C463A,
ro155Thr], *5 [T521C, Val174Ala], and *15 [haplo-

ype consisting of *1b and *5]), and CYP3A5 (*2
C27289A, Thr398Asn] and *3 (A6986G, splicing de-
ect]). Mutations were determined by polymerase chain
eaction–restriction fragment length polymorphism as-
ays based on previously reported methods and nucle-
tide sequences of primers.21–24 The DNA fragment
atterns generated after restriction enzyme digestion
ere analyzed by electrophoresis on a 3% agarose gel.
ositive controls were kindly supplied by Dr D. Katz,
bbott Laboratories, Abbott Park, Ill (MDR1), Dr M.
akajima, Division of Drug Metabolism, Kanazawa
niversity, Kanazawa, Japan (SLCO1B1), and Dr R.
an Schaik, Department of Clinical Chemistry, Eras-
us MC, The Netherlands (CYP3A5).
Statistical analysis. A sample size of 5 subjects was

eeded to provide an 80% power of detecting a 100%
ifference in the AUC(0-24) of atorvastatin (� � .05).
he SD was expected to be approximately 50% on the
asis of previously published data.19 For Cmax, the SD
as expected to be approximately 75%, which required
sample size of 9 to evaluate a 100% difference in

max. A total of 14 patients were included to account
or possible withdrawals. The Mann-Whitney test was
sed for statistical analysis, and P � .05 was consid-
red to show statistical significance. StatView (Cary,
C) software was used for all statistical analysis.

ESULTS
Subjects. All 14 patients included in the study were

iven a diagnosis of atorvastatin-induced myopathy at
he Lipid Clinic at the National Hospital in Norway
etween 0 and 48 months (median, 30 months) before
nclusion in this study. One patient violated an inclu-
ion criterion because of concurrent treatment with
yclosporine (INN, ciclosporin), a drug known to cause
substantial pharmacokinetic interaction with atorva-

tatin.19 This patient was therefore excluded from the
ata analysis. All of the remaining 13 patients reported
ither severe muscular pain or weakness, or both, dur-
ng atorvastatin treatment, which rapidly improved on
ithdrawal of atorvastatin. Eleven of 13 patients un-

erwent rechallenge with atorvastatin, during which t
ymptoms of muscular side effects recurred in all 11
atients. In addition, 5 of the patients had CK eleva-
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ig 2. Average � SEM steady-state plasma concentration
ersus time curves of atorvastatin, atorvastatin lactone, and
-hydroxyatorvastatin in patients with atorvastatin-induced
yopathy (open symbols) (n � 13) and healthy volunteers

solid symbols) (n � 15) receiving a daily dosage of 10 mg
torvastatin for 1 week.
ions of more than 3 times the upper level of normal
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myositis). With the exception of 1 patient (in whom
torvastatin-associated myopathy had recently been di-
gnosed), all patients had had muscular side effects
ith other statins as well. Three of the patients were

eceiving treatment for hypothyroidism, a known risk
actor for statin-associated myopathy.5

Three of the subjects in the control group had mus-
ular complaints during the 1-week treatment and were
herefore not included in the current data analysis.
emographic data of patients and controls on inclusion

re shown in Table I.
Pharmacokinetics. No significant difference in sys-

emic exposure of atorvastatin was observed between
he patient group and the control group (Fig 2, Table
I). However, the AUC(0-24) of atorvastatin lactone
as 2.4-fold higher (P � .01) and Cmax was 3.5-fold
igher (P � .01) in the patient group compared with the
ontrols (Table II). The terminal half-life of atorvasta-
in was significantly longer in patients versus controls
median, 15.8 hours; range, 7.1-65.0 hours and median,
.9 hours; range, 5.1-10.9 hours, respectively (P � .01)
Table II). No statistically significant difference in ter-
inal t½ of atorvastatin lactone was observed.
Systemic exposure of the 2 hydroxyacid metabolites

f atorvastatin was also significantly higher in patients
ompared with controls (Table II). The largest differ-
nce between the 2 groups was observed for
-hydroxyatorvastatin, which showed a 3.1-fold higher
UC(0-24) and a 5.0-fold higher Cmax in patients com-
ared with controls (P � .01) (Fig 2, Table II).
Genotyping. Observed frequencies of polymor-

hisms in SLCO1B1, MDR1, and CYP3A5 for patients
nd controls are presented in Table III. In comparing

Table II. Pharmacokinetic variables of atorvastatin an
side effects and in healthy controls

AUC(0-24

Patients

Atorvastatin 28 (13-52)
Atorvastatin lactone† 186* (90-289)
o-Hydroxyatorvastatin 24‡ (14-73)
o-Hydroxyatorvastatin lactone† 652 (207-2988)
p-Hydroxyatorvastatin 10.7* (7-23)
p-Hydroxyatorvastatin lactone† 80‡ (18-184)

Values are median and range.
AUC(0-24), Area under the plasma concentration versus time curve in the

t½, terminal half-life; NA, not applicable
*Statistically significant difference between patient and control group (P �
†Plasma measurements are arbitrary.
‡Statistically significant difference between patient and control group (P �
he 95% confidence intervals for each group no statis- a
ical significant differences were found in polymor-
hism frequencies.
Clinical chemistry. There were no statistically sig-

ificant differences in the changes in clinical chemistry
arameters between the patients and the controls during
he week of atorvastatin treatment (Table I). However,
aseline CK, AST, ALT, total cholesterol, low-density
ipoprotein cholesterol, and triglyceride levels were
igher in the patient group than in the control group
Table I).

ISCUSSION
The main finding of our study is that patients with

torvastatin-related myopathy show an altered meta-
olic profile with significantly higher levels of atorva-
tatin lactone, o- and p-hydroxyatorvastatin, and no
hange in the parent compound compared with con-
rols. The myotoxicity could therefore be related to
ither atorvastatin lactone or hydroxylated metabolites,
r both. However, during concurrent treatment with
torvastatin and CYP3A4 inhibitors, which is associ-
ted with an increased risk of muscular side effects, the
torvastatin lactone level increases whereas hydroxy-
ated metabolite levels decrease.4,13 Thus an increased
evel of lactone is a common feature of patients with
torvastatin-induced myotoxicity in the absence of in-
eracting drugs and patients receiving concomitant
reatment with CYP3A4 inhibitors.

Although atorvastatin lactone is inactive with respect
o a lipid-lowering effect, it may still mediate muscular
ide effects, either through a direct toxic effect or
hrough intracellular interconversion to the HMG-CoA
eductase–inhibiting acid form. Atorvastatin lactone is

bolites in patients with atorvastatin-related muscular

h/ml) Cmax (ng/ml)

Controls Patients Controls

2 (8.5-64) 3.1 (1.3-7.9) 2.5 (1.0-12.8)
7 (10-243) 13.5* (6.0-20,1) 3.9 (0.4-9.7)
9 (4.6-41) 1.7* (1.3-8.6) 0.8 (0.2-2.4)
7 (159-2979) 49 (15-232) 47 (9-217)
5 (1.2-8.6) 0.5* (0.4-1.1) 0.1 (0.1-0.6)
0 (10-95) 4.8 (0.9-17.2) 2.4 (0.6-5.9)

rval (0-24 hours); Cmax, maximum plasma concentration; Tmax, time to Cmax;
d meta

) (ng ·

2
7
1

64
3.
4

dosing inte

.01).
bout 1000-fold more lipophilic than the acid form on
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he basis of estimated log D values at pH 7.4 (Ad-
anced Chemistry Development/Chem Sketch, To-
onto, Ontario, Canada), and is therefore expected to
ave a higher tissue penetration than the parent drug.
atients with increased levels of atorvastatin lactone,
ither inherently or as a result of CYP3A4 inhibition,
ould therefore be subjected to an increased tissue
xposure, which might explain the increased risk of
uscular side effects.
Because systemic exposure of atorvastatin was unchanged

n the population with side effects, reduced elimination of
torvastatin lactone seems more likely than an increased
ormation of this metabolite. Renal function was not signif-
cantly different between the 2 groups, and the increased
evels of atorvastatin lactone in the patient group probably
eflect either diminished metabolism or excretion capacity, or
oth. The difference between the patient and the control
roups observed in this study could not be explained by
ifferences in polymorphism frequencies in the genes encod-
ng CYP3A5, OATP1B1, or P-glycoprotein, all which have
een suggested to be involved in atorvastatin disposition.14,16

he lack of association between genetic polymorphism in
ATP1B1 and atorvastatin-induced myopathy was in con-

rast to a previous finding by Morimoto et al25 in a study in
0 Japanese patients. However, the lack of association ob-
erved in our study is not conclusive because of the restricted
umber of subjects. In addition, the increased exposure of
oth atorvastatin lactone and hydroxyacid metabolites could
e a result of reduced capacity of alternative eliminating
athways not investigated in this study, such as CYP2C8,
ultidrug resistance protein 2 (MRP2), and UGT1A1 and

A3.11,14,16,26,27 Decreased CYP3A4 activity in these pa-

Tmax (h)

Patients Controls

30 (30-120) 60 (30-300)
120 (60-300) 180 (30-300)
120 (60-540) 300 (30-720)
180 (120-720) 300 (120-720)
720 (120-1440) 540 (30-1440)
120 (60-1320) 420 (90-720)
ients is not likely because reduced, rather than increased, m
lasma levels of the CYP3A4-mediated hydroxyacid metab-
lites would have been expected.13

The several-fold increase in systemic exposure of
torvastatin lactone did not produce any significant
hange in plasma levels of atorvastatin. The only phar-
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ig 3. Ratio of p-hydroxyatorvastatin and atorvastatin 3
ours after the dose in patients with atorvastatin-induced
yopathy and controls after a daily dosage of 10 mg atorva-

tatin for 1 week. Dotted line represents median.

t½ (h)

Patients Controls

15.8* (7.1-65) 6.9 (5.1-10.9)
10.1 (4.5-20.6) 7.1 (5.2-14.5)

NA NA
NA NA
NA NA
NA NA
acokinetic variable of atorvastatin that was signifi-
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antly different between the 2 groups was the terminal
alf-life. Because the increased terminal half-life was
ot associated with an increased systemic exposure, the
ncrease must be related to an increased volume of
istribution rather than a reduced clearance. The rele-
ance of this finding and the potential link to metabolite
levations are uncertain.

The control and the patient group differed in median
ge, lipid values, and CK, AST, and ALT levels (Table
). The difference in CK, AST, and ALT was probably
aused by the patients’ previous use of statins and the
act that the 4-week washout period was too short to
each the true baseline. In addition, the frequency of use
f other drugs was greater in the patient group com-
ared with the control group, a difference that could
ossibly influence the baseline ALT and ALT values as
ell. However, the differences were not suspected to

nfluence the pharmacokinetics of atorvastatin.28,29

The need for an alternative or supplement to CK in
he diagnosis of statin-induced myotoxicity has re-
ently been proclaimed.30,31 The observed pharmaco-
inetic differences between the 2 groups in our study
pen a possible clinical use of metabolite/parent drug
atio as a potential new marker in the diagnosis and risk
valuation of atorvastatin-induced myopathy. The best
esolution between the patient group and the control
roup in our study was observed for the ratio of
-hydroxyatorvastatin and atorvastatin 3 hours after the
ose (Fig 3). For the ratio of atorvastatin lactone and
torvastatin the best resolution was obtained 5 hours
fter the dose, but this ratio gave a poorer separation
etween the groups compared with the ratio of

able III. Polymorphism frequencies in MDR1, SLCO
uscular side effects (n � 13) and healthy controls (n

Patients (prop

CYP3A5
*2 2/26 (�
*3

SLCO1B1 (OATP1B1)
*1b 10/26 (0
*4 7/26 (0
*5
*15

MDR1 (ABCB1, P-glycoprotein)
1236C�T 10/26 (0
1199G�A 2/26 (�
3435C�T 16/26 (0
2677G�A 1/26 (�
2677G�T 15/26 (0
-hydroxyatorvastatin and atorvastatin. However, the
hoice of ratio and sampling time needs to be evaluated
n larger prospective studies. It also remains uncertain
hether the atypical metabolic profile in patients with

torvastatin-induced myopathy observed in this study is
imilar for other statins.

This is the first study to investigate whether the phar-
acokinetics of either atorvastatin or its metabolites, or

oth, is altered in patients with atorvastatin-related myop-
thy. A distinct difference in the pharmacokinetics of
torvastatin metabolites between patients with
torvastatin-related myopathy and healthy controls was
isclosed. These findings are important in the further
earch for the mechanism of statin-induced myopathy and
ay aid in understanding why some patients experience
uscular side effects from statin therapy.

We are grateful to Dr D. Katz, Abbott Laboratories, Abbott Park,
ll; Dr M. Nakajima, Division of Drug Metabolism, Kanazawa Uni-
ersity, Kanazawa, Japan; and Dr R. van Schaik, Department of
linical Chemistry, Erasmus MC, The Netherlands, for providing
ositive controls for the genotyping. We also acknowledge Dr Kjell-
rik Arnesen, Dr Gisle Langslet, Siri Johannesen, Hilde Nilsen, and
ll personnel at the Laboratory for Renal Physiology at the National
ospital for assistance during the study.

We have no conflict of interest.

eferences
1. Graham DJ, Staffa JA, Shatin D, Andrade SE, Schech

SD, La Grenade L, et al. Incidence of hospitalized rhab-
domyolysis in patients treated with lipid-lowering drugs.
JAMA 2004;292:2585-90.

2. Shek A, Ferrill MJ. Statin-fibrate combination therapy.
Ann Pharmacother 2001;35:908-17.

3. Pasternak RC, Smith SC Jr, Bairey-Merz CN, Grundy

nd CYP3A5 in patients with atorvastatin-related

d 95% CI) Controls (proportion and 95% CI)

.181) 0/30
28/30 (0.842-1.024)

75) 11/30 (0.191-0.543)
43) 7/30 (0.079-0.388)

1/30 (�0.032-0.099)
1/30 (�0.032-0.099)

75) 11/30 (0.191-0.543)
.181) 0/30
06) 17/30 (0.386-0.748)
.114) 2/30 (�0.024-0.158)
71) 17/30 (0.386-0.748)
1B1, a
� 15)

ortion an

0.028-0
26/26

.194-0.5

.095-0.4
0/26
0/26

.194-0.5
0.028-0

.425-0.8
0.037-0
SM, Cleeman JI, Lenfant C. ACC/AHA/NHLBI Clinical



1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

CLINICAL PHARMACOLOGY & THERAPEUTICS
2006;79(6):532-9 Atorvastatin-induced myopathy 539
advisory on the use and safety of statins. Stroke
2002;33:2337-41.

4. Omar MA, Wilson JP. FDA adverse event reports on
statin-associated rhabdomyolysis. Ann Pharmacother
2002;36:288-95.

5. Thompson PD, Clarkson P, Karas RH. Statin-associated
myopathy. JAMA 2003;289:1681-90.

6. Nishimoto T, Tozawa R, Amano Y, Wada T, Imura Y,
Sugiyama Y. Comparing myotoxic effects of squalene syn-
thase inhibitor, T-91485, and 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitors in human
myocytes. Biochem Pharmacol 2003;66:2133-9.

7. Bennett WE, Drake AJ 3rd, Shakir KM. Reversible my-
opathy after statin therapy in patients with normal crea-
tine kinase levels. Ann Intern Med 2003;138:436-7.

8. Phillips PS, Haas RH, Bannykh S, Hathaway S, Gray NL,
Kimura BJ, et al. Statin-associated myopathy with normal
creatine kinase levels. Ann Intern Med 2002;137:581-5.

9. Kearney A, Crawford L, Mehta S, Radebaugh G. The
interconversion kinetics, equilibrium, and solubilities of
the lactone and hydroxyacid forms of the HMG-CoA
reductase inhibitor, CI-981. Pharm Res 1993;10:1461-5.

0. Prueksaritanont T, Ma B, Fang X, Subramanian R, Yu J,
Lin JH. Beta-oxidation of simvastatin in mouse liver
preparations. Drug Metab Dispos 2001;29:1251-5.

1. Prueksaritanont T, Subramanian R, Fang X, Ma B, Qiu
Y, Lin JH, et al. Glucuronidation of statins in animals and
humans: a novel mechanism of statin lactonization. Drug
Metab Dispos 2002;30:505-12.

2. Billecke S, Draganov D, Counsell R, Stetson P, Watson
C, Hsu C, et al. Human serum paraoxonase (PON1)
isozymes Q and R hydrolyze lactones and cyclic carbon-
ate esters. Drug Metab Dispos 2000;28:1335-42.

3. Kantola T, Kivisto K, Neuvonen P. Effect of itraconazole
on the pharmacokinetics of atorvastatin. Clin Pharmacol
Ther 1998;64:58-65.

4. Jacobsen W, Kuhn B, Soldner A, Kirchner G, Sewing KF,
Kollman PA, et al. Lactonization is the critical first step in the
disposition of the 3-hydroxy-3-methylglutaryl-CoA reductase
inhibitor atorvastatin. Drug Metab Dispos 2000;28:1369-78.

5. SPC. Summary of product characteristics (Lipitor, Parke-
Davis and Pfizer). Dublin (Ireland): Pfizer Ireland Phar-
maceuticals; 2005 Sept. Available from: URL:www.
fda.gov/medwatch/SAFETY/2005/Sep_PI/Lipitor_PI.pdf.
Accessed May 5, 2006.

6. Chen C, Mireles RJ, Campbell SD, Lin J, Mills JB, Xu JJ,
et al. Differential interaction of 3-hydroxy-3-
methylglutaryl-coa reductase inhibitors with ABCB1,
ABCC2, and OATP1B1. Drug Metab Dispos 2005;33:537-
46.

7. Hsiang B, Zhu Y, Wang Z, Wu Y, Sasseville V, Yang WP, et
al. A novel human hepatic organic anion transporting polypep-
tide (OATP2). Identification of a liver-specific human organic
anion transporting polypeptide and identification of rat and
human hydroxymethylglutaryl-CoA reductase inhibitor trans-

porters. J Biol Chem 1999;274:37161-8.
8. Wu X, Whitfield LR, Stewart BH. Atorvastatin transport
in the Caco-2 cell model: contributions of P-glycoprotein
and the proton-monocarboxylic acid co-transporter.
Pharm Res 2000;17:209-15.

9. Hermann M, Asberg A, Christensen H, Holdaas H, Hart-
mann A, Reubsaet JL. Substantially elevated levels of ator-
vastatin and metabolites in cyclosporine-treated renal trans-
plant recipients. Clin Pharmacol Ther 2004;76:388-91.

0. Hermann M, Christensen H, Reubsaet JL. Determination
of atorvastatin and metabolites in human plasma with
solid phase extraction followed by LC-tandem MS. Anal
Bioanal Chem 2005;382:1242-9.

1. Katz DA, Grimm DR, Cassar SC, Gentile MC, Ye X,
Rieser MJ, et al. CYP3A5 genotype has a dose-dependent
effect on ABT-773 plasma levels. Clin Pharmacol Ther
2004;75:516-28.

2. Cascorbi I, Gerloff T, Johne A, Meisel C, Hoffmeyer S,
Schwab M, et al. Frequency of single nucleotide polymor-
phisms in the P-glycoprotein drug transporter MDR1 gene
in white subjects. Clin Pharmacol Ther 2001;69:169-74.

3. Nozawa T, Nakajima M, Tamai I, Noda K, Nezu J, Sai Y,
et al. Genetic polymorphisms of human organic anion trans-
porters OATP-C (SLC21A6) and OATP-B (SLC21A9):
allele frequencies in the Japanese population and functional
analysis. J Pharmacol Exp Ther 2002;302:804-13.

4. van Schaik RH, van der Heiden IP, van den Anker JN,
Lindemans J. CYP3A5 variant allele frequencies in
Dutch Caucasians. Clin Chem 2002;48:1668-71.

5. Morimoto K, Ueda S, Seki N, Igawa Y, Kameyama Y,
Shimizu A, et al. OATP-C (OATP1B1)�15 is associated
with statin-induced myopathy in hypercholesterolemic
patients [abstract]. Clin Pharmacol Ther 2005;77:P21.

6. Lau YY, Okochi H, Huang Y, Benet LZ. Multiple trans-
porters affect the disposition of atorvastatin and its two
active hydroxy metabolites: application of in vitro and ex
situ systems. J Pharmacol Exp Ther 2006;316:762-71.
Epub 2005 Oct 28.

7. Tornio A, Pasanen MK, Laitila J, Neuvonen PJ, Backman
JT. Comparison of 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase inhibitors (statins) as
inhibitors of cytochrome P450 2C8. Basic Clin Pharma-
col Toxicol 2005;97:104-8.

8. Gibson DM, Bron NJ, Richens A, Hounslow NJ, Sedman
AJ, Whitfield LR. Effect of age and gender on pharma-
cokinetics of atorvastatin in humans. J Clin Pharmacol
1996;36:242-6.

9. Lins RL, Matthys KE, Verpooten GA, Peeters PC,
Dratwa M, Stolear JC, et al. Pharmacokinetics of atorva-
statin and its metabolites after single and multiple dosing
in hypercholesterolaemic haemodialysis patients. Neph-
rol Dial Transplant 2003;18:967-76.

0. Hyman MH. Statin-associated myopathy with normal
creatine kinase levels. Ann Intern Med 2003;138:1007;
1008-9 [author’s reply].

1. Hyman MH. Issues in statin-associated myopathy.

JAMA 2003;290:888; 889 [author’s reply].


	Exposure of atorvastatin is unchanged but lactone and acid metabolites are increased several-fold in patients with atorvastatin-induced myopathy
	METHODS
	Subjects
	Study design
	Analysis of atorvastatin and metabolites
	Pharmacokinetic analysis
	Genotyping
	Statistical analysis

	RESULTS
	Subjects
	Pharmacokinetics
	Genotyping
	Clinical chemistry

	DISCUSSION
	Acknowledgment
	References


