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Abstract

Although statins are generally well tolerated, the most common
adverse drug reaction from statin therapy is myopathy. This
article reviews the current pharmacogenomic knowledge of
statin-induced myopathy. Furthermore, we will discuss the
importance of recent pharmacogenetic advances for the treat-
ment and management of statin-induced myopathy. Variation in
the SLCO1B1 gene is associated with increased incidence of
statin-induced myopathy, particularly with simvastatin and less
so with other statins. If different pharmacokinetic enzymes and
transporters are responsible for susceptibility to myopathy, this
may explain differences in the occurrence of statin-induced
myopathy in individual patients. Genotyping in patients suffering
from statin-induced myopathy may help to personalize the
choice of statin for the lowest chance of developing myopathy.

Introduction

To reduce the morbidity and mortality associated with
heart disease, 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) inhibitors (statins) are used by millions of
patients worldwide. The primary mechanism by which
statins reduce the risk of coronary artery disease (CAD)
involves lowering low-density lipoprotein cholesterol
(LDLc) in plasma. Although generally well tolerated, the
most common adverse drug reaction (ADR) from statin
therapy is myopathy, symptoms of which can range from
myalgia (mild fatigue and muscle pain without raised
creatine kinase (CK) [1]) to life-threatening rhabdomyolysis
(muscle symptoms associated with marked CK elevations,
typically substantially more than ten times the upper limit
of normal [1]). Among 20 randomized trials, the incidence
of minor muscle pains was 190 per 100,000 person years,
whereas rhabdomyolysis incidence was reported to be 1.6
per 100,000 person years [2]. In the ambulatory setting,
the incidence of hospitalized rhabdomyolysis per 100,000
person years for monotherapy with atorvastatin, prava-
statin, or simvastatin was shown to be 4.4 [3]. In contrast
to the incidence of minor muscle pains in clinical trials,

observational studies have reported considerably higher
numbers of statin-associated myalgia cases [4,5].

Currently, there is no consensus of the exact definition of
statin-induced myopathy (SIM) [6]. The mechanism behind
SIM is poorly understood, but a number of (arguable)
underlying mechanisms have been proposed, including
isoprenoid and coenzyme Q10 depletion, low cholesterol
content, myocyte skeletal membrane-related instability, and
mitochondrial dysfunction. SIM is of great clinical
importance because (i) mild ADRs in patients on lifelong
statin treatment lower the quality of life, and (ii) patients
may discontinue statin therapy because of intolerance.

Numerous factors have been proposed that may increase the
risk of SIM, including older age, female sex, low body mass
index, excessive alcohol use, and drug interactions (for
example, concomitant use of fibrates, ciclosporin, protease
inhibitors, macrolide antibiotics, and amiodarone) [6].
Recent advances in pharmacogenomic research have
revealed important genetic factors that contribute to the risk
of ADRs. Clinically important examples of gene-drug
interactions are (i) coumarins, genetic variation in VKORC1,
CYP2Cg, and the risk of bleeding, (ii) abacavir, HLA-B*5701,
and hypersensitivity, and (iii) irinotecan, UGT1A1*28 and
neutropenia. This article reviews the current pharmaco-
genomic knowledge of SIM. Furthermore, we will discuss
the importance of recent pharmacogenetic advances for the
treatment and management of SIM.

Genetic predisposition to statin-induced
myopathy

Several studies have been conducted to investigate the
contribution of genetic variability to the risk of SIM.
Pharmacokinetically related genes are obvious candidates,
since the exposure to a particular statin is much higher for
a patient who is a poor metabolizer for a certain

ADR, adverse drug reaction; CK, creatine kinase; CPT, carnitine palmitoyltransferase; CYP, cytochrome P-450; HMG-CoA, 3-hydroxy-3-
methylglutaryl coenzyme A; SIM, statin-induced myopathy; SNP, single nucleotide polymorphism.
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cytochrome P-450 (CYP) enzyme, compared to an inter-
mediate, extensive or rapid metabolizer. For example, the
pharmacokinetics of fluvastatin depend on the CYP2C9
genotype, with a three-fold difference in the active enantiomer
and an even greater difference in the inactive enantiomer [7].
A case report in 2004/2005 suggested genetic variability
within the CYP2C8 gene to be causative of a case of
rhabdomyolysis associated with cerivastatin (withdrawn from
market) [8,9]. The relationship between CYP3A4 and
CYP3A5 gene polymorphisms and atorvastatin-induced
muscle damage was investigated in a case-control study with
68 cases and 69 controls [10]. Muscle damage (measured as
degree of serum CK elevation) was greatest in patients on
atorvastatin treatment and homozygous for the CYP3A5%3
allele. Another study, including 136 patients with SIM (taking
either atorvastatin or simvastatin) and 296 controls,
investigated the relationship between 388 common single
nucleotide polymorphisms (SNPs; most of them within CYP-
coding genes) and elevated CK or myalgia, and reported an
association between the CYP2D6%4 allele and atorvastatin-
induced myopathy [11]. Interestingly, the results extended to
muscle events induced by simvastatin, which is not known to
be metabolized by CYP2D6.

Drug transporters that mediate the uptake and elimination
of statins have recently gained interest. The hepatocellular
influx transporter OATP1B1 (encoded by the SLCO1B1
gene) and intestinal and hepatocellular efflux transporter
ABCB1 (ABCB1 gene) have been shown to affect the
pharmacokinetics of statins [12-14].

The pharmacokinetically different profile of statins
between SLCO1B1 genotypes has also been shown to affect
the risk of myopathy. The SEARCH Collaborative Group
study conducted a genome-wide association study in 85
myopathy cases and 90 controls who were all taking 80 mg
of simvastatin once daily [15]. Only a non-coding SNP
(rs4363657) within the SLCO1B1 gene showed a strong
association with myopathy. This SNP is in strong linkage
disequilibrium with the non-synonymous rs4149056 SNP,
which had previously been associated with altered statin
pharmacokinetics [13,14]. For each copy of the variant
allele, there was approximately a four times higher risk of
myopathy. Importantly, this finding was replicated in a
trial with subjects treated with 40 mg simvastatin once
daily [15]. The STRENGTH study investigated the genetics
of four CYP genes and the SLCO1B1 gene in relation to SIM
(use of simvastatin, atorvastatin and pravastatin was
included). Not only did the study confirm the findings from
the SEARCH study, it also reported an association between
the SLCO1B1 risk allele and myalgia symptoms without CK
elevation for simvastatin and atorvastatin (weaker), but
not for pravastatin treatment [16].

An additional potentially important, but very rare, SNP in
the SLCO1B1 gene is 1628T>G. This novel mutation was
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discovered by a Japanese group in a patient with
pravastatin-induced myopathy [17], and was shown to
reduce transporter activity of OATP1B1 [18]. In another
study, the TTT (or TAT) haplotype of the ABCB1 1236C>T,
2677G>A/T, or 3435C>T polymorphisms was more
frequently seen in the simvastatin-treated group without
myalgia [19]. This observation may seem surprising, as
simvastatin (acid) area under the plasma-concentration-
time curve has been shown to be 60% higher among
homozygous haplotype ABCB1 TTT carriers [12].

Underlying disease in statin-induced myopathy

Several underlying diseases may increase the risk of
developing myopathy during statin therapy. These diseases
include exercise intolerance disorders (such as McArdle
disease or carnitine palmitoyltransferase (CPT) II defici-
ency), malignant hyperthermia, coenzyme Q10 deficiency,
and gene-expression abnormalities (such as overexpression
of major histocompatibility complex class I (MHC-I)) [20].
The evidence that these diseases lead to an increased risk
of myopathy in combination with statin use is not always
clear. However, for example, McArdle disease and CPT II
deficiency have been shown to be more common in statin
myopathy patients [21]. Both disorders are very rare
(prevalence of McArdle 1:100,000 individuals [22], and
CPT II deficiency 1:300,000 individuals [21]). These
genetic or acquired diseases might be asymptomatic in
patients starting statin therapy, and statins may then act as
unmasking agents [23]. These underlying diseases might
therefore be one reason why certain patients develop
myopathy during statin use. However, because of the rarity
of the diseases, it does not seem appropriate to test
patients for these diseases before initiating statin use. If
serum CK is still high after discontinuation of statins, the
physician should pursue further diagnostic evaluations for
the detection of neuromuscular disorders [23].

New insights into treatment and management
With the increasing number of patients being treated with
(high-dose) statins to meet the stringent cholesterol levels
as advocated in (inter)national guidelines, SIM becomes
more common in absolute numbers. Clinically, mild
myopathic symptoms may lead to poor adherence to statin
treatment and lower clinical benefit, and extreme myopathy
manifests as the rare but life-threatening event
rhabdomyolysis. Therefore, it is also important to evaluate
the role of pharmacogenetic interactions in the prediction
of the more common myalgia. This is a scientific challenge
because of the difficulty of defining the phenotype, but is
very valuable because the incidence of myalgia complaints
is relatively high among statin users.

Besides genetics, other considerations should be taken into
account when prescribing statins. For example, female sex
was shown to be a risk factor for developing adverse effects
during statin therapy [16]. This may be due to the fact that

Peters et al.: Genome Medicine 2009, 1:120

120.2



the body weight of females is lower than that of males, and
therefore lower doses for females should be considered
[16]. It is also of utmost importance that the use of other
drugs by the patient is considered. Patients that use
CYP3A4 inhibitors (such as fibrates, protease inhibitors,
amiodarone, and ciclosporin) should not use simvastatin,
but should preferably be treated with a statin that is
metabolized by other enzymes (such as fluvastatin or
atorvastatin) [24].

Methodological issues in pharmacogenomics

In this review, we have given an overview of the studies
that aimed to unravel the contribution of genetic variability
to the risk of SIM. Before addressing the -clinical
implications of these findings, it is important to note that
there seems to be a common pattern of (pharmaco)
genomic associations that cannot be confirmed by others
[25]. Reasons for inconsistent findings between studies
include differences in study population, different outcome
definitions, statistical power issues, and chance findings
due to testing many genetic variables. Many studies have
been published that examine genetic markers for the
prediction of statin efficacy [26]. However, very few genetic
interactions have been confirmed, and the clinical utility of
the interactions is very low, because the differential efficacy
caused by genes is small [26]. With this in mind, the
current evidence is most compelling for the SLCO1B1 gene
since this association has been confirmed in different
studies [15,16] and the findings are corroborated by
previously conducted genetic pharmacokinetic studies [14].
However, variation in other pharmacokinetic enzymes/drug
transporters might also be of importance for one or more
statins, and therefore statin-specific studies should be
conducted to confirm these findings as well. It would be
helpful for this process if the complete metabolic route for
all statins were elucidated, but unfortunately this is not the
case; the pathway is very complex and involves numerous
transporters, CYP450 enzymes, and phase II enzymes.

Implications for clinical practice

The robust association between the SLCO1B1 gene and
SIM may warrant genetic testing in clinical practice, since
it is increasingly clear that there might be an important
genetic component in the prediction of the development of
SIM during statin treatment. However, it is important to
realize that there are significant differences between the
statins concerning their route of hepatic uptake. Lipophilic
statins such as fluvastatin can enter the liver via passive
diffusion, while hydrophilic statins need active transpor-
tation. Importantly, fluvastatin has been shown to have a
pharmacokinetic profile independent of SLCO1B1 genotype
[27]. In studies investigating the pharmacogenetics of SIM,
simvastatin (and to a lesser extent atorvastatin) seems to
be an important substrate for the OATP1B1 transporter.
Patients with the rs4149056 polymorphism in the SLCO1B1
gene should therefore preferably be treated with another
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statin (such as fluvastatin). Because there are differences
in pharmacokinetics and in susceptibility for drug trans-
porters between statins, the genetic variation predicting
the side-effects of these drugs might be different for each
type of statin. Genotyping all patients before initiating
therapy is not cost-effective at present because the risk of
developing severe side-effects such as myopathy and
rhabdomyolysis is low, but genotyping costs will probably
decrease with time, changing the situation. In the future,
genotyping before the start of therapy could be helpful in
choosing the right statin for the individual patient, in
such a way that the patient has a very low chance of
developing SIM.

Competing interests

The division of Pharmacoepidemiology & Pharmacotherapy
employing authors Bas Peters, Anthonius de Boer, Olaf
Klungel, and Anke-Hilse Maitland-van der Zee, has
received unrestricted funding for pharmacoepidemiological
research from GlaxoSmithKline, Novo Nordisk, the
private-public funded Top Institute Pharma (http://www.
tipharma.nl, includes co-funding from universities,
government, and industry), the Dutch Medicines
Evaluation Board, and the Dutch Ministry of Health. Frank
Visseren has no conflict of interest.

Authors' contributions

Bas Peters and Anke-Hilse Maitland-van der Zee drafted
the article. Anthonius de Boer, Olaf Klungel, and Frank
Visseren reviewed and approved it for submission.

References

1. Pasternak RC, Smith SC Jr, Bairey-Merz CN, Grundy SM,
Cleeman JI, Lenfant C: ACC/AHA/NHLBI Clinical Advisory
on the Use and Safety of Statins. Stroke 2002, 33:2337-
2341.

2. Law M, Rudnicka AR: Statin safety: a systematic review. Am
J Cardiol 2006, 97:52C-60C.

3. Graham DJ, Staffa JA, Shatin D, Andrade SE, Schech SD, La
Grenade L, Gurwitz JH, Chan KA, Goodman MJ, Platt R:
Incidence of hospitalized rhabdomyolysis in patients
treated with lipid-lowering drugs. JAMA 2004, 292:2585-
2590.

4. Bruckert E, Hayem G, Dejager S, Yau C, Begaud B: Mild to
moderate muscular symptoms with high-dosage statin
therapy in hyperlipidemic patients - the PRIMO study.
Cardiovasc Drugs Ther 2005, 19:403-414.

5. Nichols GA, Koro CE: Does statin therapy initiation increase
the risk for myopathy? An observational study of 32,225
diabetic and nondiabetic patients. Clin Ther 2007, 29:1761-
1770.

6. Joy TR, Hegele RA: Narrative review: statin-related myopa-
thy. Ann Intern Med 2009, 150:858-868.

7. Kirchheiner J, Kudlicz D, Meisel C, Bauer S, Meineke I, Roots I,
Brockmoller J: Influence of CYP2C9 polymorphisms on the
pharmacokinetics and cholesterol-lowering activity of
(-)-3S,5R-fluvastatin and (+)-3R,5S-fluvastatin in healthy
volunteers. Clin Pharmacol Ther 2003, 74:186-194.

8. Ishikawa C, Ozaki H, Nakajima T, Ishii T, Kanai S, Anjo S,
Shirai K, Inoue |: A frameshift variant of CYP2C8 was iden-
tified in a patient who suffered from rhabdomyolysis
after administration of cerivastatin. J Hum Genet 2004,
49:582-585.

Peters et al.: Genome Medicine 2009, 1:120

120.3



10.

1.

12.

13.

14.

15.

16.

17.

18.

Ozaki H, Ishikawa CT, Ishii T, Toyoda A, Murano T, Miyashita Y,
Shirai K: Clearance rates of cerivastatin metabolites in a
patient with cerivastatin-induced rhabdomyolysis. J Clin
Pharm Ther 2005, 30:189-192.

Wilke RA, Moore JH, Burmester JK: Relative impact of
CYP3A genotype and concomitant medication on the
severity of atorvastatin-induced muscle damage.
Pharmacogenet Genomics 2005, 15:415-421.

Frudakis TN, Thomas MJ, Ginjupalli SN, Handelin B, Gabriel R,
Gomez HJ: CYP2D6*4 polymorphism is associated with
statin-induced muscle effects. Pharmacogenet Genomics
2007, 17:695-707.

Keskitalo JE, Kurkinen KJ, Neuvoneni PJ, Niemi M: ABCB1
haplotypes differentially affect the pharmacokinetics of the
acid and lactone forms of simvastatin and atorvastatin.
Clin Pharmacol Ther 2008, 84:457-461.

Niemi M: Role of OATP transporters in the disposition of
drugs. Pharmacogenomics 2007, 8:787-802.

Pasanen MK, Neuvonen M, Neuvonen PJ, Niemi M: SLCO1B1
polymorphism markedly affects the pharmacokinetics of
simvastatin acid. Pharmacogenet Genomics 2006, 16:873-
879.

Link E, Parish S, Armitage J, Bowman L, Heath S, Matsuda F,
Gut |, Lathrop M, Collins R: SLCO1B1 variants and statin-
induced myopathy - a genomewide study. N Engl J Med
2008, 359:789-799.

Voora D, Shah SH, Spasojevic I, Ali S, Reed CR, Salisbury BA,
Ginsburg GS: The SLCO1B1*5 genetic variant is associated
with statin-induced side effects. J Am Coll Cardiol 2009, 54:
1609-1616.

Morimoto K, Oishi T, Ueda S, Ueda M, Hosokawa M, Chiba K:
A novel variant allele of OATP-C (SLCO1B1) found in a
Japanese patient with pravastatin-induced myopathy. Drug
Metab Pharmacokinet 2004, 19:453-455.

Furihata T, Satoh N, Ohishi T, Ugajin M, Kameyama Y,
Morimoto K, Matsumoto S, Yamashita K, Kobayashi K, Chiba
K: Functional analysis of a mutation in the SLCO1B1
gene (c.1628T>G) identified in a Japanese patient with

http://genomemedicine.com/content/1/12/120

19.

20.

21.

22.

23.

24.

25.

26.

27.

pravastatin-induced myopathy. Pharmacogenomics J 2009,
9:185-193.

Fiegenbaum M, da Silveira FR, Van der Sand CR, Van der
Sand LC, Ferreira ME, Pires RC, Hutz MH: The role of
common variants of ABCB1, CYP3A4, and CYP3A5 genes
in lipid-lowering efficacy and safety of simvastatin treat-
ment. Clin Pharmacol Ther 2005, 78:551-558.

Vladutiu GD: Genetic predisposition to statin myopathy.
Curr Opin Rheumatol 2008, 20:648-655.

Vladutiu GD, Simmons Z, Isackson PJ, Tarnopolsky M, Peltier
WL, Barboi AC, Sripathi N, Wortmann RL, Phillips PS: Genetic
risk factors associated with lipid-lowering drug-induced
myopathies. Muscle Nerve 2006, 34:153-162.

Haller RG: Treatment of McArdle disease. Arch Neurol 2000,
57:923-924.

Tsivgoulis G, Spengos K, Karandreas N, Panas M, Kladi A,
Manta P: Presymptomatic neuromuscular disorders dis-
closed following statin treatment. Arch Intern Med 2006,
166:1519-1524.

Mantel-Teeuwisse AK, Klungel OH, Schalekamp T, Verschuren
WM, Porsius AJ, de Boer A: Suboptimal choices and dosing
of statins at start of therapy. Br J Clin Pharmacol 2005, 60:
83-89.

Hirschhorn JN, Lohmueller K, Byrne E, Hirschhorn K: A com-
prehensive review of genetic association studies. Genet
Med 2002, 4:45-61.

Peters BJ, Klungel OH, de Boer A, Maitland-van der Zee AH:
Genetic determinants of response to statins. Expert Rev
Cardiovasc Ther 2009, 7:977-983.

Niemi M, Pasanen MK, Neuvonen PJ: SLCO1B1 polymor-
phism and sex affect the pharmacokinetics of pravastatin
but not fluvastatin. Clin Pharmacol Ther 2006, 80:356-366.

Published: 29 December 2009
doi:10.1186/gm120
© 2009 BioMed Central Ltd

Peters et al.: Genome Medicine 2009, 1:120

120.4



	Abstract
	Introduction
	Genetic predisposition to statin-induced myopathy
	Underlying disease in statin-induced myopathy
	New insights into treatment and management
	Methodological issues in pharmacogenomics
	Implications for clinical practice
	Competing interests
	Authors' contributions
	References

