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AbStr Act

Background and study aim  Genetic polymorphisms may 
play a role in muscular injury associated with simvastatin, but 
results were inconclusive. This study aimed to summarize evi-
dence from the literature investigating the effects of genetic 
polymorphism on simvastatin-induced myopathy.
Methods  Studies regarding the association between genetic 
polymorphisms and simvastatin-induced myopathy were re-
trieved through electronic databases from February 1, 1990 to 
March 15, 2018. Two authors independently extracted data, 
including PMID, author, publication year, country, race, age, 
population characteristics, drugs, definition of case and con-
trol, gene, allele, SNP position, Hardy-Weinberg equilibrium, 
number of genotypes (case and control), minor allele frequen-
cy of cases and controls, association, study type and the New-
castle-Ottawa scale. Due to high heterogeneity in study design 
and outcome measurements among the included articles, a 
narrative synthesis of the evidence was conducted.
Results  A total of 10 association studies were identified in this 
study, including SLCO1B1, ABCB1, GATM, HTR3B, HTR7, RYR2 
and HLA-DRB1. The evidence linking myopathy to rs4149056 
in SLCO1B1 is of high quality, and this association has been 
reproduced in randomized trials and clinical practice-based 
cohorts. As for other candidate genetic markers, the evidences 
are limited or controversial, and additional well-designed stud-
ies with larger sample sizes, are required to further elucidate 
this association.
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Conclusion  SLCO1B1 genotype is a useful biomarker for predicting 
an increased risk of simvastatin-induced myopathy.

Abbreviation
SLCO1B1  Solute Carrier Organic Anion Transporter Family 

Member 1B1
ABCB1 ATP Binding Cassette Subfamily B Member 1
GATM Glycine Amidinotransferase
HTR3B 5-Hydroxytryptamine Receptor 3B
HTR7 5-Hydroxytryptamine Receptor 7
RYR2 Ryanodine Receptor 2
HLA-DRB1 Major Histocompatibility Complex, Class II, DR Beta 1
ABCG2 ATP Binding Cassette Subfamily G Member 2

Introduction
HMG-CoA reductase inhibitors, known as statins, are a class of lipid-
lowering medications. Until now, a number of statins are on the mar-
ket, including atorvastatin, fluvastatin, lovastatin, pitavastatin, pravas-
tatin, rosuvastatin and simvastatin. They have been found to reduce 
cardiovascular diseases and mortality in those who are at high risk of 
cardiovascular diseases [1]. The adverse effects of statins include mus-
cle problems, an increased risk of diabetes mellitus, and abnormalities 
in liver enzyme tests [2], and the most important one being muscle 
pain [3]. Statin-related muscle problems include myalgias (pain with-
out evidence of muscle degradation), myopathy (pain with evidence 
of muscle degradation), and rhabdomyolysis (severe muscle damage 
with acute kidney injury). The molecular mechanism of statin-induced 
myopathy is still unclear. Although the rate of muscle pain is low, the 
high prevalence of the clinical indication (hypercholesterolemia and 
cardiovascular disease) of its use creates a situation in which the ab-
solute number of muscle pain is substantial.

Simvastatin is one of the most commonly prescribed statin for-
mulation in the world. It has been reported that a single nucleotide 
polymorphism (SNP), rs4149056 T > C in SLCO1B1 increases the 
risk of muscle problem [4–9]. Additionally, published data also 
found that myalgia and rhabdomyolysis occur with greater frequen-
cy among carriers of the rs4363657C alleles in SLCO1B1 when tak-
ing simvastatin [5]. Except for SLCO1B1, other genetic markers 
were also investigated to explore the association, such as ABCB1 
[10, 11], GATM [12, 13], HTR3B [14], HTR7 [14], RYR2 [15–17] and 
HLA-DRB1 * 04:06 [17]. Until now, the simvastatin-related muscle 
problem is unpredictable, and the evidence from literatures re-
mained controversial.

We aimed to summarize the evidence from the literature about 
the association of genetic polymorphisms and simvastatin-induced 
myopathy, and to clarify which genetic markers can be useful for 
predicting an increased risk of simvastatin-induced myopathy.

Methods

Search strategy
The databases of PubMed, Web of Sciences, Embase, and Cochrane 
Library were searched. The search strategy of the following key-
words or medical subject heading terms were used (“genetics” OR 
“pharmacogenetics” OR “polymorphism” OR “single nucleotide 

polymorphisms” OR “SNP” OR “variants” OR “variant”) AND  
(“myopathy” OR “myalgia” OR “myositis” OR “muscular diseases” 
OR “rhabdomyolysis” OR “creatine kinase” OR “CK”) AND (“statin” 
OR “simvastatin” OR “simvastatin acid” OR “hydroxymethylglutar-
yl-CoA reductase Inhibitors” OR “HMG-CoA reductase inhibitors”). 
The language was limited to English. We further searched the ref-
erences cited in the included articles to identify other pertinent 
studies. Abstracts and unpublished studies were not considered. 
Because all analyses were based on previous published data, pa-
tient consent and ethical approval were not required.

Study Selection
Studies were included if they met the following criteria: 1) investiga-
tion of the association between genetic polymorphisms and risk of 
simvastatin-induced myopathy; 2) either a case-control or cohort 
study; 3) cases were defined according to the following criteria: a CK 
value < 3-fold of the upper limit of normal (ULN) values with muscle 
symptoms (myalgia), or a CK value between  ≥ 3 and < 10-fold of the 
ULN with muscle symptoms (myositis); or a CK value  ≥ 10-fold of the 
ULN with muscle symptoms (rhabdomyolysis); and 4) genetic tests 
were performed in all case and control patients. The following stud-
ies were excluded 1) patients without simvastatin treatment; 2) stud-
ies with patients < 3; 3) case report; and 4) patients with CK eleva-
tions that occurred in the setting of an acute coronary syndrome or 
myocardial infarction. The title and abstract of each study was eval-
uated by two reviewers (Xingang Li and Shusen Sun) independently. 
The final inclusion decision was made based on the consensus be-
tween the reviewers or consultation with a third reviewer (Wei Li).

Data extraction and quality assessment
Two reviewers (Xingang Li and Wei Li) independently extracted rel-
evant information from each study. Any disagreements were re-
solved by discussion. A standard form was used for data collection, 
including PMID, author, publication year, country, race, age, popu-
lation characteristics, drugs, definition of case and control, gene, 
allele, SNP position, Hardy-Weinberg equilibrium (HWE), number 
of genotypes (case and control), minor allele frequency of cases 
and controls, association, study type and Newcastle-Ottawa scale 
(NOS). NOS is used to assess methodological quality of cohort and 
case-control studies [18].

Statistical analysis
Only a few polymorphisms were reported by more than one study. 
Due to high heterogeneity in study design and outcome measure-
ments among the included articles, an accurate and reliable meta-
analysis could not be performed. Instead, we conducted a narra-
tive synthesis of the evidence.

Results

Study characteristics
A total of 10 studies were identified in this study [5, 7, 8, 10–
14, 16, 17]. The study selection process was shown in ▶ Fig. 1. 
▶table 1 lists the main characteristics of included studies. Detailed 
information (PMID, author, publication year, country, race, age, 
population characteristics, drugs, case definition, control defini-
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tion, gene, alleles, SNP position, HWE, number of genotypes (case 
and control), minor allele frequency (MAF, case and control), asso-
ciation, study type and NOS) could be found in the Supplementary 
material 1. In most of the included studies, the genotype frequen-
cies in the controls were consistent with the HWE. Results of the 
NOS showed that the methodological quality of the included stud-
ies were good (6-8 stars).

Association between SLCO1B1 gene polymorphisms 
and simvastatin-induced myopathy
SLCO1B1 gene encodes a liver-specific member of the organic anion 
transporter family. The encoded protein is a transmembrane re-
ceptor that mediates the sodium-independent uptake of endoge-
nous compounds and drug compounds [19], including statins, from 
the blood into the hepatocytes [20]. SLCO1B1-dependent trans-
port could well be important for the acid (active) form of simvas-

▶Fig. 1 Flowchart of the study selection for inclusion in the systematic review of the association between genetic polymorphisms and  
simvastatin-induced myopathy.
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tatin. Polymorphisms in this gene encoding-protein are associated 
with an impaired transporter function.

A total of 4 studies reported the association of SLCO1B1 gene 
polymorphisms and simvastatin-induced myopathy, including 
rs4149056 and rs4363657. The Study of the Effectiveness of Addi-
tional Reductions in Cholesterol and Homocysteine (SEARCH) Col-
laborative Group conducted a case-control study of simvastatin-
induced myopathy using archived DNA from a randomized trial in-
cluding more than 12,000 subjects who had received simvastatin 
post-myocardial infarction. This genome-wide study first identified 
common variants (rs4149056 and rs4363657) in SLCO1B1 that 
were strongly associated with an increased risk of simvastatin-in-
duced myopathy [5]. The noncoding rs4363657 SNP was in nearly 
complete linkage disequilibrium with the nonsynonymous 
rs4149056 SNP (r2 = 0.97), which was linked to statin metabolism. 
The following study reported that the carriers of the SLCO1B1 * 5 
allele (rs4149056) were at a two-fold relative risk of mild statin in-
duced side effects-the majority of which had normal CK levels [7]. 
This association was also replicated in a cohort of patients with se-
vere statin-associated myopathy. The rs4149056 variant in SL-
CO1B1 was not significantly associated with myopathy in that group 
as a whole. The SLCO1B1 rs4149056 genotype was not significant-
ly associated with myopathy in patients who received atorvastatin 
[8]. However, another pharmacogenetic research in the Asian pop-
ulation found that no significant association of SLCO1B1 variants 
with statin-related myopathy were observed in the Japanese pa-
tients [17]. Since simvastatin was not the major drug used by their 
statin-related myopathy cohort (5/52) and the commonly used 
dosages of statins were lower in Japan, usually half, than those ad-
ministered in the USA, these might have influenced the results. 
Considering the significant impact of this single coding single nu-
cleotide polymorphism, rs4149056T > C, in SLCO1B1 on the in-
creased risk of muscle toxicity, the Clinical Pharmacogenetics Im-
plementation Consortium (CPIC) summarized evidence from the 
literature supporting this association and provide therapeutic rec-
ommendations for simvastatin based on SLCO1B1 genotype [6].

Association between ABCB1 gene polymorphisms 
and simvastatin-induced myopathy
The membrane-associated protein P-glycoprotein (P-gp) encoded 
by ABCB1 gene is a member of the superfamily of ATP-binding cas-
sette (ABC) transporters, and it is an ATP-dependent drug efflux 
pump for xenobiotic compounds with broad substrate specificity 
[21]. ABCB1 is expressed in the wall of intestine and in the liver, and 
transports simvastatin out of the intestine wall into the lumen, and 
out of the hepatocytes into the bile. After transportation into the 
lumen or into the bile, the simvastatin is still available for re-ab-
sorption and uptake in the circulation.

Two studies investigated the interactions between common pol-
ymorphisms in ABCB1 genes and the safety of simvastatin. The 
1236 T, 2677non-G, and 3435 T alleles were less frequent in ad-
verse drug reaction (ADR) cases than in the non-ADR group (P-val-
ue < 0.05 for all SNP). Haplotype analyses also demonstrated a re-
duction of the T-non-G-T haplotype frequency (20 %) in patients in 
whom myalgia developed during simvastatin treatment, as com-
pared with the non-ADR group (41.4 %) (P-value = 0.03) [10]. This 
result was not supported by the following study, and the ABCB1 

C1236T, G2677A/T, and C3435T polymorphisms did not affect the 
risk [11]. Therefore, additional studies will be needed to confirm 
the association.

Association between GATM gene polymorphisms 
and simvastatin-induced myopathy
GATM encodes glycine amidinotransferase, a rate-limiting enzyme 
in creatine synthesis [22]. Creatine plays a vital role in the energy 
metabolism in muscle tissues. GATM knockdown in hepatocyte-
derived cell lines attenuated transcriptional response to sterol de-
pletion, demonstrating that GATM may act as a functional link be-
tween statin-mediated cholesterol lowering and susceptibility to 
statin-induced myopathy [12].

The locus rs9806699 is an expression quantitative trait locus 
(eQTLs) for the gene GATM. The association of the GATM eQTL locus 
with statin-induced myopathy was investigated in a population-
based cohort comprised of 72 cases of myopathy and 220 matched 
controls (Marshfield cohort)[23]. In that cohort, the minor allele at 
the GATM eQTL locus was associated with a reduced incidence of 
statin-induced myopathy (odds ratio, OR, = 0.61, 95 % Confidence 
Interval (CI) = 0.39-0.95, P-value = 0.032) [12]. Three SNPs 
rs9806699, rs1719247 and rs1346268 were in linkage disequilib-
rium (r2 = 0.70-0.80). This association was also observed in a cohort 
consisting of 100 cases of myopathy identified within the SEARCH 
[5]. But GATM gene polymorphism (rs9806699) associated with 
the risk for statin-induced myopathy was not replicated in the case-
control analysis of 715 dyslipidemia individuals [13]. No significant 
association of GATM variants (rs9806699) with statin-induced my-
opathy were observed in the Japanese patients [17].

Association between RYR2 gene polymorphisms and 
statin-induced myopathy
RYR2 gene encodes a ryanodine receptor, and the encoded protein 
is one of the components of a calcium channel. Calcium channel 
that mediates the release of Ca2 +  from the sarcoplasmic reticulum 
into the cytoplasm [24], and thereby plays a key role in triggering 
muscle contraction. Two studies reported the association between 
PYR2 rs2819742 (G > A) and statin-induced myopathy. Hubacek    
et al. reported a study in Czech 288 adult patients with statin-in-
duced myopathy (on simvastatin or atorvastatin with doses of 10 
or 20 mg per day) and compared the allele frequencies of the SNP 
between this group and a group of 2,492 healthy adult controls not 
on statins [16]. Allele A is associated with an increased likelihood 
of muscular diseases and myalgia unspecified when exposed to 
atorvastatin or simvastatin in patients as compared to allele G (P-
value = 0.048). However, this association was not replicated in the 
Asian patients, and no significant association of RYR2 variants with 
statin-related myopathy was observed in Japanese patients (P-val-
ue = 0.777) [17].

Association between HTR3B and HTR7 gene 
polymorphisms and statin-induced myopathy
The product of HTR3B belongs to the ligand-gated ion channel re-
ceptor superfamily GO annotations related to this gene including 
ion channel activity and G-protein coupled serotonin receptor ac-
tivity [25]. The serotonin receptor encoded by HTR7 belongs to the 
superfamily of G protein-coupled receptors [26]. Until now, only 
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one study investigated the association between HTR3B and HTR7 
gene polymorphisms and statin-induced myopathy [14]. Patients 
receiving either atorvastatin (n = 107), simvastatin (n = 69), or 
pravastatin (n = 19) (for all, various doses) were scored as having 
no myalgia (score 0), probable myalgia (score 0.5), or definite my-
algia (score 1). SNPs in the HTR3B and HTR7 genes, rs2276307 and 
rs1935349, respectively, were significantly associated with the my-
algia score. For rs2276307 (A > G), the G allele was associated with 
a higher myalgia score, with allele frequencies the highest in those 
with definite myalgia and the lowest in those with no reported my-
algia (P-value = 0.007). For rs1935349 (C > T), the T allele was asso-
ciated with a higher myalgia score (P-value = 0.026). Individual dif-
ferences in pain perception and nociception related to HTR3B and 
HTR7 gene variants may affect the development of myalgia in sta-
tin-treated patients.

Association of HLA-DRB1 * 04:06 and statin-induced 
myopathy
HLA-DRB1 plays a central role in the immune system by present-
ing peptides derived from extracellular proteins [27]. Only one 
study reported the association of HLA-B1 * 04:06 and statin-in-
duced myopathy [17]. A significantly (OR [95 % CI] = 3.19 [1.53-
6.66], P-value = 0.003) higher carrier frequency of HLA-
DRB1 * 04:06 was detected in statin-related myopathy patients 
[0.173 (9/52)] compared with that in the controls [0.062 
(177/2878)], even after adjustment for multiple comparisons (cor-
rected P-value = 0.045). HLA-DRB1 * 04:06 play a role in an in-
creased risk of muscular diseases when treated with atorvastatin, 
fluvastatin, pitavastatin, pravastatin, rosuvastatin or simvastatin as 
compared to HLA-DRB1 * 01:01. This study demonstrated for the 
first time a possible association of HLA-DRB1 * 04:06 with statin-
related myopathy in the Asian population. However, simvastatin 
was not the major drug used by their statin-related myopathy co-
horts. Although a validation study is clearly needed, these findings 
may provide further insight into understanding the importance of 
immune-mediated mechanisms of statin-related myopathy, and 
into investigating appropriate ethnicity-related genetic markers.

Discussion
The SLCO1B1 gene spans fifteen exons and 190 common variants 
with a minor allele frequency > 5 % have been identified. Of these, 
two common nonsynonymous SLCO1B1 variant have been well char-
acterized: rs2306283 (SLCO1B1: 492 A > G on NM_006446.4, 
N130D) and rs4149056 (SLCO1B1: 625 T > C on NM_006446.4, 
V174A). The common c.521 T > C variant, rs4149056, produces a 
p.V174A substitution. The minor C allele at this locus has been asso-
ciated with a decreased transport function in vitro[28, 29] and a de-
creased clearance for a number of drugs in vivo4, 30]. The FDA rec-
ommends against 80 mg daily simvastatin dosage. In patients with 
the C allele at SLCO1B1 rs4149056, there are modest increases in 
myopathy risk even at lower simvastatin doses (40 mg daily); if opti-
mal efficacy is not achieved with a lower dose, alternate agents 
should be considered. The 2014 update of CPIC guideline regarding 
SLCO1B1 and simvastatin-induced myopathy, has been published in 
Clinical Pharmacology and Therapeutics [6]. In case group, the MAF 
was much lower in Asian population (0.212) compared to White pop-

ulation (0.330-0.453) (Supplemental material 1). For simvastatin, 
the evidence linking myopathy to rs4149056 in SLCO1B1 is of high 
quality, and this association has been reproduced in randomized tri-
als and clinical practice-based cohorts. Conversely, the association 
of rs4149056 with myopathy has been less compelling for other 
statins [31]. The impact of rs2306283 polymorphism on the efficacy 
of statins has been reported, such as pravastatin [31, 32], atorvasta-
tin [33–36], and pitavastatin [37]. However, no report regarding the 
correlation of rs2306283 polymorphism and simvastatin-induced 
adverse reaction was published until now. The SNP of rs4363657 is 
located in the intron (g.T89595C, intron 11) of SLCO1B1. This non-
coding rs4363657 SNP was in nearly complete linkage disequilibri-
um with the nonsynonymous rs4149056 SNP (r2 = 0.97), which has 
been linked to statin metabolism [5].

Mutations in ABCB1 may play a role in statin-induced myopa-
thy. The three most common SNPs in the protein coding region are 
rs1128503 (1236 T > C, Gly412Gly), rs2032582 (2677 T > G/A, 
Ser893Ala/Thr), and rs1045642 (3435 T > C, Ile1145Ile) [38]. These 
three SNPs have been the focus of many pharmacokinetic and dis-
ease association studies with controversial results [39]. Kajinami K 
et al. found the polymorphisms in ABCB1 gene influence the re-
sponse to atorvastatin treatment [40]. The association of ABCB1 
gene polymorphisms, and efficacy and safety of simvastatin and 
atorvastatin were identified later [10, 11].

It was first reported that a variant within the RYR2 gene plays an 
important role in life-threatening rhabdomyolysis after cerivasta-
tin (withdrawn from the market due to its serious side effect) ad-
ministration [15]. This association was identified in Caucasian pa-
tients on low doses of simvastatin or atorvastatin.

HTR3B receptor causes fast, depolarizing responses in neurons 
after activation. Among HTR7’s related pathways are calcium sign-
aling pathway and G alpha(s) signaling events. Serotonin 5-HT7 re-
ceptors are located primarily in the thalamus, hypothalamus and 
hippocampus. The function of these receptors includes the regu-
lation of circadian rhythms, thermoregulation, learning and mem-
ory, and smooth muscle relaxation. The results indicate that gene 
polymorphisms producing individual differences in pain percep-
tion, and this may have an important role in the statin-induced 
muscle pain.

Hundreds of DRB1 alleles have been described. A significant as-
sociation was detected for HLA-DRB1 * 04:06 with statin-related 
myopathy in the Japanese patients. This result provided an addi-
tional insight regarding the importance of immune-mediated 
mechanisms of statin-related myopathy. However, the allele fre-
quency of HLA-DRB1 * 04:06 is relatively higher in Asians (1-5 %) 
compared with that in Caucasians (0-0.3 %) and African Americans 
(about 0.06 %) (http://www.allelefrequencies.net/default.asp), this 
marker may only be useful for Asian populations.

In addition, different effects of the ABCG2 c.421 C > A SNP on 
the pharmacokinetics of simvastatin were reported by Keskitalo 
Jenni E et al. [41]. An association with simvastatin lactone pharma-
cokinetics was observed, but not with simvastatin acid. Alleles have 
been complemented to the plus chromosomal strand. Genotype 
TT is associated with increased exposure (area under the curve, 
AUC, reflecting the actual body exposure to drug after administra-
tion [42]) to drug when treated with simvastatin in healthy individ-
uals as compared to genotypes GG + GT. Participants were selected 
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that did not carry the CYP2C9 * 3 allele or CYP3A5 g.6986 A allele, 
and did not have the SLCO1B1 521CC genotype. Genotyping for 
ABCG2 polymorphisms could help in predicting simvastatin phar-
macokinetics and its dose for an individual patient. However, ad-
verse drug reaction was not investigated in that study, and if this 
biomarker could predict an increased risk of simvastatin-induced 
myopathy is still unclear.

Adverse drug reactions occur almost daily in hospitals and can 
adversely affect a patient’s quality of life [43]. Focusing on the as-
sociation between genetic polymorphisms and simvastatin-relat-
ed myopathy, a narrative synthesis of evidence was conducted. The 
current evidence does not allow to perform a meta-analysis, al-
though this would have been the best approach to investigate the 
study question. The single SNP, rs4149056T > C, within SLCO1B1 
increases the risk of muscle toxicity, and the evidence of this asso-
ciation is of high quality. The association has been reproduced in 
randomized trials and clinical practice-based cohorts. Modest in-
creases in myopathy risk exist in patients with the C allele at SL-
CO1B1 rs4149056, even at lower simvastatin doses (40 mg daily). 
Therefore, alternate statin drugs should be considered if optimal 
efficacy is not achieved with a lower dose of simvastatin. We be-
lieve that patients should be prospectively genotyped for 
rs4149056 prior to simvastatin therapy or an alternative solution 
(e.g. pravastatin or rosuvastatin) prescribed. As for other candidate 
genetic markers, such as ABCB1, GATM, HTB3B, HTR7, R2R, HLA-
B1 * 04:06, additional studies will be needed to confirm this asso-
ciation.
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