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STATINS (3-HYDROXY-3-METHYL-
glutaryl coenzyme A [HMG-
CoA] reductase inhibitors)
reducecholesterolproductionby

reducing the synthesis of mevalonate, a
critical intermediary in the cholesterol
pathway. The HMG-CoA reductase
inhibitors are the most effective medi-
cations for managing elevated concen-
trations of low-density lipoprotein cho-
lesterol (LDL-C). Furthermore, these
drugs reduce cardiovascular events in
coronaryheartdiseasepatientswithmod-
erate1 and mild2 LDL-C elevations and
in previously healthy patients with high3

and normal4 baseline LDL-C values.
Statins are well tolerated by most pa-

tients but can produce a variety of
muscle-related complaints or myopa-
thies. The most serious risk of these
drugs is myositis with rhabdomyolysis.
This risk has been emphasized by the
withdrawal of cerivastatin in August
2001 after the drug was associated with
approximately 100 rhabdomyolysis-
related deaths.5 Rhabdomyolysis was
also a factor in the withdrawal of the an-
tihypertensive drug mibefradil in June
19986 and in the decision by Merck &
Co to abandon the development of a
160-mg sustained-release simvastatin
formulation in the mid-1990s.7

Clinically important rhabdomyoly-
sis with statins is rare, with an overall
reported incidence of fatal rhabdomy-
olysis of 0.15 deaths per 1 million pre-
scriptions.8 The possibility of statin-
related rhabdomyolysis is generally
appreciated by the medical commu-
nity, but these medications are more fre-
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Statins (3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors) are
associated with skeletal muscle complaints, including clinically important
myositis and rhabdomyolysis, mild serum creatine kinase (CK) elevations,
myalgia with and without elevated CK levels, muscle weakness, muscle
cramps, and persistent myalgia and CK elevations after statin withdrawal.
We performed a literature review to provide a clinical summary of statin-
associated myopathy and discuss possible mediating mechanisms. We
also update the US Food and Drug Administration (FDA) reports on
statin-associated rhabdomyolysis. Articles on statin myopathy were iden-
tified via a PubMed search through November 2002 and articles on statin
clinical trials, case series, and review articles were identified via a
PubMed search through January 2003. Adverse event reports of statin-
associated rhabdomyolysis were also collected from the FDA MEDWATCH

database. The literature review found that reports of muscle problems
during statin clinical trials are extremely rare. The FDA MEDWATCH

Reporting System lists 3339 cases of statin-associated rhabdomyolysis
reported between January 1, 1990, and March 31, 2002. Cerivastatin was
the most commonly implicated statin. Few data are available regarding
the frequency of less-serious events such as muscle pain and weakness,
which may affect 1% to 5% of patients. The risk of rhabdomyolysis and
other adverse effects with statin use can be exacerbated by several fac-
tors, including compromised hepatic and renal function, hypothyroidism,
diabetes, and concomitant medications. Medications such as the fibrate
gemfibrozil alter statin metabolism and increase statin plasma concentra-
tion. How statins injure skeletal muscle is not clear, although recent evi-
dence suggests that statins reduce the production of small regulatory pro-
teins that are important for myocyte maintenance.
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quently associated with a variety of skel-
etal muscle complaints including
myalgia with or without creatinine ki-
nase (CK) elevations.

This review discusses the skeletal
muscle complaints associated with stat-
ins as well as the incidence, possible
causes, and approach to these skeletal
muscle problems. It also presents re-
cent US Food and Drug Administra-
tion (FDA) data on the occurrence of
statin-associated rhabdomyolysis.

METHODS
Literature Review

English-language articles on statin my-
opathy were identified via a PubMed
search through December 2002 and
from reference citations in other ar-
ticles. The PubMed search was per-
formed using the terms myopathy or
rhabdomyolysis and statin, or HMG-
CoA reductase inhibitor(s) and statin, or
HMG-CoA reductase inhibitors and skel-
etal muscle. Abstracts were reviewed by
1 of the authors (either P.D.T. or P.C.)
and all articles addressing statin myopa-
thy were examined in detail. Selected ar-
ticles included clinical trials, reviews,
case series, and clinical guidelines. Ar-
ticles describing possible mechanisms
were also examined and included if they
had clinical relevance or provided novel
information. No attempt was made to in-
clude every publication on the biochem-
istry of statin-associated myopathy. Ar-
ticles on randomized controlled clinical
trials using statins were also identified
via a PubMed search through January
2003. This search was performed using
the terms statin and clinical trial(s) or
statin and randomized clinical trials. Ab-
stracts were reviewed by 1 of the au-
thors (P.C.), and all articles presenting
the results of randomized controlled
clinical trials using statins as the inter-
vention and placebo or usual care as the
control condition were included. The
PubMed search results were checked for
completeness against 2 recent summa-
ries of cardiovascular clinical trials.9,10

Search of FDA Database
Adverse event reports of statin-
associated rhabdomyolysis were col-

lected from the Qscan FDA database us-
ing Qscan FDA software (QED
Solutions, McLean, Va). All reports of
rhabdomyolysis reported to the FDA
MEDWATCH system in which a statin was
listed as either a causative suspect or a
concomitant medication from January
1, 1990, through March 31, 2002, were
included in this analysis. The percent-
age of the reports of statin-associated
rhabdomyolysis was calculated for each
statin. The percentage of adverse events
for each statin due to rhabdomyolysis
was also calculated. Outcomes catego-
ries, including death, significant disabil-
ity, hospitalization, and life-threaten-
ing reaction, were coded as defined by
the FDA MEDWATCH system.

STATIN-RELATED MUSCLE
COMPLAINTS
The literature on skeletal muscle com-
plaints with statins is confusing, in part
because of a lack of clear definitions.
The recent American College of Car-
diology/American Heart Association
clinical advisory on the use and safety
of statins11 defined 4 syndromes: statin
myopathy (any muscle complaints re-
lated to these drugs); myalgia (muscle
complaints without serum CK eleva-
tions); myositis (muscle symptoms with
CK elevations); and rhabdomyolysis
(markedly elevated CK levels, usually
�10 times the upper limit of normal
[ULN], with an elevated creatinine level
consistent with pigment-induced ne-
phropathy).

These definitions have several limi-
tations. They do not address increased
CK levels in the absence of symptoms.
Also, some degree of myositis with
rhabdomyolysis or skeletal muscle
breakdown exists whenever skeletal
muscle CK levels exceed normal or pre-
treatment values. Clinically important
myositis or rhabdomyolysis is defined
in most studies as muscle pain with CK
levels greater than 10 times the ULN.12

This magnitude of CK elevation may be
associated with myoglobinuria, but
greater degrees of muscle damage and
CK elevations are usually required to
cause myoglobin pigment–induced re-
nal dysfunction, and some patients ex-

perience great increases in CK levels
without renal problems.13 The occur-
rence of renal failure with rhabdomy-
olysis is related to the magnitude of
muscle injury, the patient’s hydration
status, and possibly other factors, such
as concomitant medications or ge-
netic predisposition; it is not related to
the degree of muscle injury alone. An
alternative approach separates statin-
associated muscle problems into the fol-
lowing syndromes.

Clinically Important Myositis
and Rhabdomyolysis
This is defined as muscle pain with
CK levels greater than 10 times the
ULN.12 Skeletal muscle biopsies in
patients with statin-associated myosi-
tis demonstrate polymyositis14 and
myolysis.15 Clinically important rhab-
domyolysis can be associated with
azotemia as well as multiple metabolic
abnormalities, including elevated
potassium and phosphate levels due
to their release from injured myo-
cytes, as well as low calcium levels
produced by calcium precipitation
with phosphate.13 Death can result
from hyperkalemia and cardiac
arrhythmia, renal failure, and dissemi-
nated intravascular coagulation.

Mild CK Elevations
Statins more frequently produce CK el-
evations that do not exceed 10 times the
ULN. Patients with mild CK eleva-
tions may not be symptomatic; CK el-
evations in asymptomatic patients are
detected by routine testing or during the
evaluation of other conditions. The in-
cidence of CK elevations that do not ex-
ceed 10 times the ULN is not known
because this information is rarely re-
ported in clinical studies. Statin-
induced CK elevations could be erro-
neously attributed to myocardial
infarction, but the myocardial CK frac-
tion is rarely elevated.16,17 Statins mag-
nify the increase in CK levels that can
occur following exercise,18 and there are
multiple case reports19-21 of both mild
and clinically significant CK eleva-
tions after vigorous exertion in pa-
tients taking statins.
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Myalgia
Myalgia is defined as muscle pain and af-
fects patients’ quality of life and compli-
ance with these medications. Myalgia is
a common complaint and significant
problem for patients taking statins.22,23

Review of 2 databases showed that my-
algia contributed to 19% to 25%22 and 6%
to 14%23 of all adverse events associ-
ated with statin use. Myalgia was also
noted in 45 (8.9%) of 508 patients with
familial hypercholesterolemia treated for
2 years with simvastatin, 80 mg/d, and
musculoskeletal complaints prompted 9
(1.8%) of these patients to discontinue
treatment.24 In contrast, myalgia was
rarely reported in clinical trials and in-
frequently led to statin discontinuation
in these studies. In the Medical Re-
search Council/British Heart Founda-
tion Heart Protection Study,25 there was
no difference in muscle pain or weak-
ness between patients treated with sim-
vastatin, 40 mg/d, or placebo for 5 years,
nor were there differences in the num-
ber of patients who discontinued treat-
ment for musculoskeletal complaints.
Furthermore, labeling information from
controlled studies shows rates of myal-
gia of 1% to 5%26 (TABLE 1), which is not
significantly different from placebo.

Consequently, there is no consen-
sus that statins are responsible for these
myalgic complaints, although many cli-
nicians believe that statins can induce
myalgia without CK elevations. Pa-
tients may respond to statin with-
drawal, further implicating these medi-
cations. A recent report supports the
concept of statin myopathy without CK
elevations.27 Four of 20 patients ran-
domized in a double-blind crossover
clinical trial developed muscle com-
plaints during statin therapy that re-
solved during the placebo phase.
Muscle biopsies in 3 of these patients
demonstrated evidence of mitochon-
drial dysfunction, including increased
lipid storage and ragged red muscle fi-
bers. Symptoms occurred despite nor-
mal serum statin levels in the patients.

Muscle Weakness
Skeletal muscle weakness is frequent in
association with clinically important

myositis and rhabdomyolysis but can
also occur in patients with no or little
CK elevation. The frequency of symp-
tomatic weakness has not been re-
ported, and the only study to examine
muscle strength in patients treated with
statins reported on only 4 subjects.27 In
that study, hip abduction strength de-
creased 47%, 10%, 30%, and 13%
among the 4 patients when taking stat-
ins; hip flexion strength decreased 47%,
5%, 12%, and 11%.27

Muscle Cramps
Muscle cramps are anecdotally related
to statin use, although there are few data
linking these drugs to this complaint26

(Table 1).

Persistent Myalgia/CK Elevations
After Statin Withdrawal
There are rare clinical anecdotes that
patients complain of persistent muscle
discomfort while taking statins, occa-
sionally associated with CK eleva-
tions, both of which persist after with-
drawal of the medication.28 Such
patients should be evaluated for other
conditions, such as polymyalgia rheu-
matica and temporal arteritis, which
may have been unmasked by statin
therapy, as well as hypothyroidism,
which can elevate CK concentrations.

INCIDENCE OF CLINICALLY
IMPORTANT STATIN-INDUCED
MUSCLE INJURY
Historically, rhabdomyolysis was most
commonly produced by crushing inju-
ries of the muscle and extreme exer-
tion. Medications were an unusual cause
of this syndrome prior to statin therapy.
The FDA Adverse Event Reporting Sys-
tem database contains 601 cases of stat-
in-associated rhabdomyolysis from No-
vember 1997 through March 2000.29 The
percentage of total cases associated with
each drug were as follows: for simva-
statin, 36%; cerivastatin, 32%; atorva-
statin, 12%; pravastatin, 12%; lova-
statin, 7%; and fluvastatin, 2%,
demonstrating that rhabdomyolysis had
been associated with each of the then-
available statins.29 We identified 3339
cases of statin-associated rhabdomyoly-

sis in our review of the Qscan FDA da-
tabase from January 1, 1990, through
March 31, 2002 (TABLE 2).

To ensure comparability with prior
searches,29 we repeated the search from
November 1997 through March 2000
and identified 612 cases, suggesting that
both search techniques provide com-
parable data. In our expanded search,
cerivastatin (57%) was the most com-
monly implicated statin, followed by
simvastatin (18%) and atorvastatin
(12%). Approximately half of the cases
occurred in patients 51 to 75 years old,
with an additional 17% occurring in pa-
tients older than 75 years. The reac-
tions were relatively severe, with a total
of 64% of patients either requiring hos-
pitalization or having a life-threaten-
ing reaction. Death occurred in 7.8% of
patients. These data rely on voluntary
physician reporting and do not use a
uniform definition of rhabdomyoly-
sis. The effect of these vagaries on the
results is unknown, but these data pro-
vide some insight into the magnitude
of the problem.

The incidence of fatal rhabdomyoly-
sis through May 2001 has been esti-

Table 1. Reported Rates of
Statin-Associated Muscle Complaints
in Controlled Studies*

Symptoms Placebo Statin

Lovastatin, 40 mg
twice per day

Sample size 1663 1649

Cramps, % 0.5 1.0

Myalgia, % 1.7 3.0

Pravastatin, dose
not specified

Sample size 411 900

Myalgia, % 1.0 2.7

Simvastatin, 20-40 mg/d
Sample size 2223 2221

Myalgia, % 1.3 1.2

Fluvastatin, dose
not specified

Sample size 960 2326

Myalgia, % 4.5 5.0

Atorvastatin, 10 mg/d
Sample size 270 863

Myalgia, % 1.1 3.2

Cerivastatin, dose
not specified

Sample size 702 2231

Myalgia, % 2.3 2.5

*Data are adapted from the Physicians’ Desk Reference.26
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mated using databases from the FDA
and National Prescription Audit Plus
(IMS Health, Fairfield, Conn) and is low
at only 0.15 deaths per 1 million pre-
scriptions.8 The estimated incidence
rates (per 1 million prescriptions) for
the various statins are as follows: lo-
vastatin, 0.19; pravastatin, 0.04; sim-
vastatin, 0.12; fluvastatin, 0; atorva-
statin, 0.04; and cerivastatin, 3.16. The
death rate for cerivastatin was 16 to 80
times greater than the other statins, but
there were no apparent differences
among the other agents.8 These inci-
dence figures are also likely to under-
estimate the risk because they are also
based on voluntary reporting by health
care professionals and use as the de-
nominator the number of prescrip-
tions, not the number of individuals us-
ing the medication.

Clinical trial results support a low in-
cidence of severe muscle problems with
statin therapy (TABLE 3). A compila-
tion of all randomized controlled statin
trials identified by our search revealed
that among 83858 patients randomly
assigned to receive either statin treat-
ment or placebo, there were only 49
cases of myositis and 7 cases of rhab-
domyolysis in the statin treatment
groups vs 44 cases of myositis and 5
cases of rhabdomyolysis among pla-
cebo controls (Table 3). The Heart Pro-
tection Study randomized 20536 pa-
tients to simvastatin, 40 mg/d, or
placebo.25 Creatine kinase levels were
measured in patients with unex-
plained muscle complaints and in those
using a nonstudy statin during the 3
first-year visits. Over the mean 5 years

of the study, 32.9% of the simvastatin
and 33.2% of the placebo participants
complained of unexplained muscle pain
or weakness during at least 1 of the 3
first-year or subsequent biannual vis-
its. Nevertheless, only 49 (0.48%) of
10 269 statin patients and 50 (0.49%)
of 10 267 control patients discontin-
ued treatment because of muscle symp-
toms. Rhabdomyolysis, defined as CK
values greater than 40 times the ULN,
occurred in 5 statin and 3 placebo par-
ticipants, although 1 of the latter was
taking a nonstudy statin. Study drug
was stopped when CK levels were
greater than 10 times the ULN but con-
tinued with lower CK levels and the CK
value was remeasured approximately 1
week later. Persistent CK elevations of
greater than 4 times the ULN oc-
curred in 7 (0.07%) statin patients and
1 (0.01%) placebo patient (P= .07).
These controlled study results docu-
ment the low incidence of important
muscle complaints with statin therapy.
However, these results in volunteer
study participants who were followed
by lipid researchers may underesti-
mate the incidence when statins are
used in unselected populations fol-
lowed with less precision.

The risk of rhabdomyolysis with stat-
ins increases with serum concentra-
tions of the medications.58 Factors af-
fecting the volume of distribution, such
as body size and sex, as well as factors
reducing drug metabolism, such as re-
nal and hepatic function, age, hypothy-
roidism, debilitation, and diabetes,
alter the risk of rhabdomyolysis.59 Con-
comitant medications also affect the

rhabdomyolysis risk, primarily by alter-
ing statin catabolism (BOX). Of the 601
cases of statin-induced rhabdomyoly-
sis submitted to the FDA between No-
vember 1997 and March 2000, approxi-
mately 55% were associated with drugs
affecting statin metabolism, including
mibefradil (16%), fibrates (13%), cyclo-
sporine (8%), macrolide antibiotics
(7%), warfarin (5%), digoxin (4%), and
azole antifungals (2%).29 In our review
of the Qscan FDA database from Janu-
ary 1, 1990, through March 31, 2002,
approximately 58% of cases were asso-
ciated with concomitant medications af-
fecting statin metabolism, including
mibefradil (2%), fibrates (38%), cyclo-
sporine (4%), macrolide antibiotics
(3%), warfarin (4%), digoxin (5%), and
azole antifungals (1%).

Such drug interactions are gener-
ally attributed to effects on the cyto-
chrome P-450 (CYP) 3A4 system.58 Lo-
vastatin, simvastatin, and atorvastatin
are primarily metabolized by CYP
3A4,58 with nearly complete metabo-
lism for lovastatin and simvastatin on
the first hepatic pass. Pravastatin has
minimal metabolism by CYP 3A4 and
is primarily cleared by the kidneys. Flu-
vastatin is metabolized by CYP 2C9 and
cerivastatin is metabolized by both the
CYP 3A4 and CYP 2C8 systems.58 Medi-
cations that inhibit CYP 3A4, such as
macrolide antibiotics, azole antifun-
gals, and cyclosporine, increase se-
rum concentrations of selected statins
and risk of rhabdomyolysis. Indi-
vidual variation is important because
CYP 3A4 activity can vary 10-fold
among patients,60 and this large varia-

Table 2. FDA Reports of Rhabdomyolysis, January 1, 1990−March 31, 2002

Drugs
No. of

Reports

Reports of
Rhabdomyolysis
Due to Drug, %

Adverse Event
Reports With
Drug Due to

Rhabdomyolysis, %

Age, %, y*
Outcomes, %*

�30 31-50 51-75 �75 Death Disability Hospitalization
Life

Threatening Other

Cerivastatin 1899 56.9 27.7 0.3 5.5 48.4 19.9 7.2 3.4 56.7 8.2 17.3

Simvastatin 612 18.3 16.8 0.6 9.3 59.5 18.3 8.0 7.4 51.5 13.9 10.6

Atorvastatin 383 11.5 18.0 1.0 11.7 53.0 10.4 9.5 2.6 45.1 9.7 25.9

Pravastatin 243 7.3 15.7 0.4 8.2 48.6 14.4 7.9 5.9 58.5 10.1 11.8

Lovastatin 147 4.4 20.4 1.4 6.1 61.2 6.1 10.9 7.1 50.3 14.2 8.7

Fluvastatin 55 1.6 19.6 0 1.8 54.5 20.0 4.6 6.9 49.4 13.8 13.7

Total 3339 100 0.5 7.2 51.0 17.4 7.8 4.5 53.6 10.4 16.0

*Percentages for age distribution and outcomes do not sum to 100% because of unreported data.
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tion may result from genetic polymor-
phisms of these enzymes.61

Mechanisms other than CYP 3A4 in-
hibition also contribute to drug inter-
actions with statins. There has been con-
siderable marketing emphasis placed on
the lipophilicity vs hydrophilicity of the
various statins. Passage across the cell
membrane requires either a high de-

gree of lipid solubility or active trans-
port. Transmembrane transport for stat-
ins is mediated by the organic anion
transporter polypeptide 2.62 This pro-
tein is present on hepatic cells but ab-
sent on human myocytes.62 Passage into
the muscle cell is therefore dependent
on passive diffusion and may increase
with the lipophilicity of the statin. Hy-

drophilic statins such as pravastatin are
less likely to enter the muscle, theoreti-
cally reducing the risk of muscle in-
jury. However, egress from cells also de-
pends on statin solubility and can affect
drug interactions. Hydrophilic agents re-
quire transport out of the cell via such
proteins as the multidrug resistance pro-
tein 2 (MRP2), also known as the cana-

Table 3. Myopathy in Randomized Controlled Trials of Statin Therapy

Studies*
Type of

Patients† Duration, y

Statin
Dosage,

mg/d

No. of
Patients

No. With
Rhabdomyolysis

No. With
Myositis‡

% With
CK Elevation

% With
Myalgia

Statin Control Statin Control Statin Control Statin Control Statin Control

Lovastatin
AFCAPS/

TexCAPS4
No CAD 5.2 (Mean) 20-40 3304 3301 1 2 21 21 NR NR

FATS30 CAD (men) 2.5 20 (�2)§ 38 46 NR NR NR NR

CCAIT31 CAD 2 40-80 165 166 NR NR NR NR

Post-CABG32 CAD 4.3 (Mean) 76 (Mean)§ 628 628 0 0 NR 0.64 0.15 NR

Pravastatin
CARE2,37 CAD 5 (Median) 40 2078 2081 0 0 0 4 0.57 0.33 NR

WOSCOPS3 No CAD (men) 4.9 (Mean) 40 3302 3293 0 0 NR 0.09 0.03 3.5 3.7

PLAC-I33 CAD 3 40 206 202 0 0 0 0 NR NR

PLAC-II34 CAD 3 10-40 75 76 NR NR NR NR

REGRESS35,36 CAD 2 40 323 330 0 0 0 0 NR 0.3 0

PREDICT38 CAD 0.5 40 347 348 NR NR NR NR

LIPID39 CAD 6.1 (Median) 40 4512 4502 0 0 8 10 NR

L-CAD40 CAD 2 NR§ 70 56 NR NR NR NR

GISSI-P41 CAD 0.4 (Median) 20-40 2138 2133 0 0 NR NR NR

PRINCE42 No CAD 0.5 40 666 673 NR NR NR NR

ALLHAT-LLT43 Both 4.8 (Median) 40 5170 5185 NR NR NR NR

PROSPER44 Both, aged
70-82 y

3.2 (Mean) 40 2891 2913 0 0 0 0 NR 1.2 1

FAST45 No CAD 2 10 83 81 NR NR NR NR

Simvastatin
4S1 CAD 5.4 (Median) 10-40 2221 2223 1 0 6 1 NR NR

CIS46 CAD 2.3 (Mean) 40 129 125 NR NR NR NR

Wenke et al47 Heart
transplantation

4 10 (Mean) 35 37 0 0 0 0 0 0 NR

Heart Protection
Study25

Both 5 (Median) 40 10 269 10 267 5 3 11 6 0.19 0.13 32.9 33.2

Fluvastatin
LCAS48 CAD 2.5 20 (�2)§ 214 215 0 0 1 2 NR NR

LISA49 CAD 1 40-80 187 178 0 0 0 0 0 0.56 NR

FLARE50 CAD 0.8 40 409 427 0 0 0 0 NR NR

Holdaas et al51 Renal
transplantation

0.2 40 182 182 0 0 0 0 4.9 3.8 NR

Atorvastatin
AVERT52,53 CAD 1.5 80 164 177 0 0 0 0 0 0 1.2 1.2

MIRACL54 CAD 0.3 80 1538 1548 0 0 0 0 NR NR

GAIN55 CAD 1 33 (Mean) 65 66 0 0 0 0 NR NR

GREACE56 CAD 3 (Median) 10-80 800 800 0 0 0 0 NR NR

Cerivastatin
ENCORE57 CAD 0.5 0.4 114 119 NR 2 0 0.61 0.58 NR

Total 42 323 41 535 7 5 49 44

Abbreviations: CAD, coronary artery disease; CK, creatine kinase; NR, not reported.
*See references for explanations of study abbreviations.
†“Both” indicates both patients with and without CAD.
‡Myositis was defined by study investigators or as a CK elevation of greater than 10 times the upper limit of normal.
§Plus another medication.
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licular multispecific organic anion trans-
porter.63 Pravastatin is not metabolized
by CYP 3A4, but its serum levels in-
crease with cyclosporine,64 a CYP 3A4
inhibitor, possibly because cyclospor-
ine also inhibits MRP2 activity65 and may
reduce hepatic excretion. Little is known
about egress of statins from skeletal
muscle, but MRP is detectable in muscle
cells66 and its inhibition by other agents
may contribute to myopathy with the
more water-soluble statins.

Gemfibrozil is known to increase the
risk of rhabdomyolysis with statin
therapy,59,67 but it does not inhibit the
P-450 system and probably affects
statin concentrations via the recently
described glucuronidation pathway.68

All statins except simvastatin and lovas-
tatin are administered as their active
hydroxy acid forms. Simvastatin and
lovastatin are administered as the delta
lactone and are converted to the active
acid metabolite.68 The active statin form
has previously been thought to undergo
metabolism primarily by the P-450 sys-
tem. Recent in vivo evidence demon-
strates that the active acid forms of sim-
vastatin, atorvastatin, and cerivastatin
can be metabolized to an unstable gluc-
uronide that rapidly and spontane-
ously converts to the inactive statin lac-
tone.68 The glucuronidation pathway
thus appears to provide an additional
mechanism for eliminating active statin.

The glucuronidation process was not
previously detected and, therefore, not
considered a major pathway of statin
clearance because of the instability of
the glucuronide. Recent data indicate
that gemfibrozil inhibits this glucuroni-
dation of statins, thereby increasing the
concentration of the active statin acid
forms of simvastatin, atorvastatin, and
cerivastatin.69 This inhibition by gem-
fibrozil is most marked for cerivas-
tatin, which is also the statin with the
greatest risk of muscle injury alone or
with gemfibrozil. In contrast, pub-
lished70 and preliminary71 data suggest
that fenofibrate has little effect on the
glucuronidation of cerivastatin, simva-
statin, atorvastatin, and rosuvastatin, a
statin not yet available for clinical use.

MECHANISMS OF
STATIN-INDUCED
MUSCLE INJURY
Little is known regarding how statins
produce muscle injury, but several
theories have been proposed based on
the biosynthetic pathways inhibited by
statins, as discussed elsewhere.72 One
theory maintains that blocking choles-
terol synthesis reduces the cholesterol
content of skeletal muscle cell mem-
branes, making them unstable. This
concept is supported by observations
of muscle injury with clofibrate73,74 and
niacin.12,75 Blocking cholesterol syn-
thesis with squalene synthase inhibi-
tors, however, does not produce myo-
toxicity in in vitro models, suggesting
that other compounds produced by
HMG-CoA reductase activity are re-
sponsible.76

Two other theories maintain that re-
duced levels of isoprenoids, such as ubi-
quinone, or regulatory proteins are re-
sponsible for the muscle injury. Statins
and HMG-CoA reductase inhibition
block production of farnesyl pyrophos-
phate76 (FIGURE), an intermediary for the
production of ubiquinone that is re-
quired for the activation of small gua-
nosine triphosphate (GTP)–binding
regulatory proteins. Ubiquinone, or co-
enzyme Q10, is a steroid isoprenoid that
participates in electron transport dur-
ing oxidative phosphorylation in mam-

malian mitochondria. Ubiquinone is fat
soluble, and approximately 50% of the
body’s ubiquinone is thought to be ob-
tained through fat ingestion, whereas
50% is derived from endogenous syn-
thesis.77 Serum ubiquinone levels de-
crease with statin treatment. For ex-
ample, hypercholesterolemic patients
treated with a low-fat diet plus 20 mg/d
of simvastatin, pravastatin, or placebo ex-
perienced reductions in serum ubiqui-
none levels of 54%, 50%, and 17%, re-
spectively.77 Levels of LDL-C decreased
29%, 21%, and 11% with simvastatin,
pravastatin, and placebo treatment, re-
spectively,77 and this probably ac-
counts for some of the decrease in ubi-
quinone since ubiquinone is transported
in the LDL particle. In contrast with se-
rum ubiquinone concentrations, intra-
muscular levels of ubiquinone are not re-
duced by statin treatment.78-80 Such
observations make it unlikely that de-
creases in ubiquinone metabolism cause
muscle complaints with statin therapy,
but tissue levels were not determined in
symptomatic patients.

There is other evidence that sup-
ports a role for ubiquinone depletion
in producing statin myopathy. The ra-
tio of lactate to pyruvate is higher in
statin-treated patients, suggesting a shift
toward anaerobic metabolism and pos-
sible mitochondrial dysfunction.81 Mi-
tochondrial dysfunction has recently
been demonstrated by biopsy studies of
individuals with muscle complaints
without CK elevations, but intramus-
cular ubiquinone levels were not re-
ported.27 Ubiquinone deficiency has
been documented in some forms of con-
genital mitochondrial encephalopa-
thy, which responded to quinone
therapy,82 and there is at least 1 case re-
port of the mitochondrial encephalopa-
thy, lactic acidosis, and strokelike epi-
sodes syndrome induced by statin
treatment that responded to ubiqui-
none replacement.83 Finally, there are
2 US patents, 1 of which is registered
by a Nobel Prize–winning lipid ex-
pert, for using ubiquinone to manage
statin-induced myopathy.84,85

More recent work, however, sug-
gests that a reduction in small GTP-

Box. Concomitant
Medications That Increase
Risk of Statin-Associated
Myopathy*

Fibric acid derivatives, especially
gemfibrozil

Niacin
Cyclosporine
Azole antifungals
Macrolide antibiotics
Human immunodeficiency

virus protease inhibitors
Nefazodone
Verapamil and diltiazem
Amiodarone
Grapefruit juice, �1 qt/d

*Data are adapted from Pasternak et al.11
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binding proteins participates in the myo-
toxicity of statins. Both pravastatin and
lovastatin reduce protein synthesis in
neonatal rat myocytes.76 This effect is re-
versed by adding farnesol and geranyl-
geraniol to the cultures, whereas reduc-
ing cholesterol levels with squalene
synthase inhibitors produces only mini-
mal cytotoxicity. Such results suggest
that depletion of the mevalonate me-
tabolites (farnesol and geranylgeraniol),
not cholesterol, participates in statin-
induced myotoxicity.

Farnesyl and geranylgeranyl pyro-
phosphate activate certain regulatory
proteins via prenylation, the addition
of a specific carbon structure to a pro-
tein.86 Important regulatory proteins
that are activated by prenylation are
small GTP-binding proteins, such as
Ras, Rac, and Rho, which promote cell
maintenance and growth and attenu-
ate apoptosis.87-89 Blocking produc-
tion of farnesyl pyrophosphate would
prevent the prenylation of the small
GTP-binding regulatory proteins, thus
inhibiting their action. Apoptosis, or
programmed cell death, is a critical
mechanism designed to assist in the re-
modeling and maintenance of tissue
structure. When inappropriately acti-
vated, however, apoptosis can pro-
duce pathological conditions.

Atorvastatin, lovastatin, and simva-
statin produce a dose-dependent in-
crease in apoptosis in vascular smooth
muscle cells (VSMCs).90 This effect is re-
versed by mevalonate, farnesyl pyro-
phosphate, and geranylgeranyl pyro-
phosphate, but not by ubiquinone or
squalene. Pretreatment of VSMCs treated
with statins sensitizes the myocytes to
apoptotic agents, an effect that is also
prevented by treatment with mevalon-
ate or geranylgeranyl pyrophosphate.91

These results document that statins en-
hance apoptosis, at least in VSMCs.

Apoptosis produced by statins could
reduce the enlargement of atheroscle-
rotic plaques by reducing VSMC pro-
liferation, but apoptosis in skeletal
muscle cells with HMG-CoA reduc-
tase inhibitors could produce the
muscle damage observed with statins.
Simvastatin but not squalene epoxi-

dase inhibitors reduced actin fiber for-
mation in L6 myoblasts and produced
apoptotic cell death in differentiated L6
muscle fibers.92 Nevertheless, addi-
tional work is required to demon-
strate whether reduced production of
GTP-binding proteins and an increase
in apoptosis produces the myotoxic-
ity of statin therapy.

That statin-induced skeletal muscle
injury involves inhibition of pathways
that activate GTP may explain why ex-
ercise appears to unmask the negative
effects of statins on muscle in some pa-
tients. Exercise has been shown to ac-
tivate signaling pathways, particularly
the mitogen-activated protein kinase
pathways that are important in the skel-
etal muscle cellular response to exer-
cise stress.93,94 These pathways are regu-
lated by the GTP-binding proteins.
Thus, statins may impair the muscle’s
ability to appropriately respond and re-
cover from physical exertion, result-
ing in skeletal muscle damage.

MANAGEMENT OF
STATIN-RELATED MUSCLE
COMPLAINTS
Expert consensus guidelines for the
management of statin-related muscle
complaints have been presented.11 Pre-
vention is the best approach to man-
aging statin-related myopathy. This in-
cludes using the lowest statin dose
required to achieve therapeutic goals
and avoiding, when possible, concomi-
tant therapy with drugs known to in-
crease the risk of myopathy.11 Patients
should be instructed on the impor-
tance of discontinuing the medication
and promptly reporting unexpected
muscle pain or weakness or discolora-
tion of urine. Many patients who pre-
sented with rhabdomyolysis and renal
failure ignored such early signs of my-
opathy. Health care professionals
should also not ignore such com-
plaints, especially if accompanied by in-
creased CK levels. Consideration should
be given to discontinuation of statins
before events that may exacerbate
muscle injury, such as surgical proce-
dures,95 or prodigious amounts of physi-
cal exertion, like marathon running.18

Much has been made of the risk of
myopathy among the statins based on
their water solubility or potency in re-
ducing LDL-C. There is no clinical or
epidemiological evidence that permits
differentiation among the statins as to
their myotoxicity potential.11 For ex-
ample, the estimated incidence of fatal
rhabdomyolysis in the FDA database is
low at 0.04 cases per 1 million prescrip-
tions for both pravastatin and atorvas-
tatin,8 despite that pravastatin is the most
hydrophilic and atorvastatin is the most
powerful of the available statins. This
suggests that factors other than hydro-
philicity or potency in reducing LDL-C
affect the myopathic process.

There is no absolute contraindica-
tion to combining a statin with an agent
known to increase the risk of myopa-

Figure. Products of the Mevalonate
Pathway Possibly Affected by HMG-CoA
Reductase Inhibitors (Statins)

HMG-CoA

Mevalonate

HMG-CoA
Reductase
Inhibitors
(Statins)

Isopentenyl
Pyrophosphate

Farnesyl
Pyrophosphate

Geranylgeranyl
Pyrophosphate

UbiquinoneIsoprenylated
Proteins

Squalene

Cholesterol

Prenylation Prenylation

HMG-CoA
Reductase

3-Hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase inhibitors (statins) prevent the con-
version of HMG-CoA to mevalonate.49
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thy if the benefits of combined therapy
are likely to outweigh the risks.11 Such
combination therapy with a statin and
a fibrate or niacin is often required in
patients with high serum levels of both
LDL-C and triglycerides. Similarly,
transplant recipients and patients with
HIV infection frequently develop hy-
perlipidemia from immunosuppres-
sive96 or antiviral therapy,97 respec-
tively. These patients may require statin
therapy and even therapy with a statin
and a fibrate or niacin, despite the fact
that cyclosporine and protease inhibi-
tors increase the risk of rhabdomyoly-
sis.11 In such cases, the patient must un-
derstand the risks of the therapy and
be willing to promptly report any un-
toward reactions. We generally select
atorvastatin or pravastatin for such
combined therapy because these agents
appear to have a low incidence of rhab-
domyolysis,8,29 although the available
data do not permit firm conclusions.8

Also, Merck & Co has recently altered
its labeling to state that simvastatin
doses should not exceed 10 mg/d when
combined with cyclosporine, fibrates,
or more than 1 g/d of niacin, or 20 mg/d
with concomitant verapamil or amio-
darone therapy.98

Ezetimibe is a recently approved in-
hibitor of intestinal cholesterol absorp-
tion that can be used in combination
with statins without increasing the risk
of myopathy. Ezetimibe produces an av-
erage additional 14% reduction in
LDL-C when combined with simvasta-
tin in various doses.99

Management of rare cases of frank
rhabdomyolysis requires stopping the
drug and initiating appropriate medi-
cal maneuvers to support the patient
during this crisis. There are reports of
restarting a lower dose of the offend-
ing statin or switching to a different
statin after an episode of rhabdomy-
olysis,58 although this should be avoided
if at all possible and strong consider-
ation given to using other lipid-
lowering agents.

Routine measurement of CK levels in
asymptomatic patients before or during
statin treatment is not required,11 al-
though some experts recommend base-

line CK measurement to facilitate evalu-
ation of subsequent muscle complaints,11

and many physicians do monitor CK lev-
els. There is also no need to discon-
tinue statin therapy in asymptomatic pa-
tients whose CK levels are elevated but
not more than 10 times the ULN.11 These
patients should be warned to stop the
drug promptly and to contact their phy-
sician if they do become symptomatic or
notice dark discoloration of their urine.
Thyroid function should be evaluated to
exclude hypothyroidism as a contribut-
ing factor.11,23 Even though we do not
routinely monitor CK levels, we do ini-
tiate CK monitoring in asymptomatic pa-
tients if the CK is somehow detected to
be more than 5 times the ULN. We also
reevaluate the individual’s benefits of
statin therapy and are more likely to con-
tinue these medications in patients with
established vascular disease or an esti-
mated cardiovascular risk equivalent to
that of patients with established dis-
ease.100 We also stop the statin treat-
ment if CK is elevated to more than 10
times the ULN, although some experts
recommend only “strong consider-
ation” to stopping the medication in this
instance in asymptomatic patients.11

Patients complainingofmyalgiaswith-
out elevated CK levels can continue the
medication if their symptoms are toler-
able.11 If the symptoms are not toler-
able or are progressive, the offending
agent should be stopped. We advise wait-
ing until the patient is totally asymptom-
atic and then trying another statin, since
some patients will not have a recur-
rence of their complaints with a differ-
ent drug. However, many patients do re-
develop muscle complaints, often
considerably earlier with the second
drug, suggesting that the statins have de-
pleted some metabolite in skeletal
muscle. Additional different statins can
be tried,23 but this is often not well tol-
erated, and some other class of lipid-
lowering medication, such as bile se-
questrant resins, niacin, or ezetimibe,
should be used instead of a statin.

CONCLUSION
Statins are the most effective therapeu-
tic agents for reducing LDL-C and have

been documented to reduce the inci-
dence of cardiac events in diverse pa-
tient groups. The major clinical com-
plication to their use is a variety of
muscle complaints ranging from my-
algia to rhabdomyolysis. The inci-
dence of fatal rhabdomyolysis with
these agents is low, but the frequency
of less-severe muscle complaints is not
well defined. Impaired hepatic and re-
nal function, hypothyroidism, diabe-
tes, and certain concomitant medica-
tions increase the risk of clinically
important myositis. The mechanism of
statin-induced myopathy has not been
determined but may relate to reduced
levels of small proteins involved in myo-
cyte maintenance. Prevention and early
recognition of statin myopathy is criti-
cal to preventing serious sequelae.
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