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Abstract

Statins are the most commonly prescribed drugs in the United States and are extremely effective in

reducing major cardiovascular events in the millions of Americans with hyperlipidemia. However,

many patients (up to 25%) cannot tolerate or discontinue statin therapy due to statin-induced

myopathy (SIM). Patients will continue to experience SIM at unacceptably high rates or

experience unnecessary cardiovascular events (as a result of discontinuing or decreasing their

statin therapy) until strategies for predicting or mitigating SIM are identified. A promising strategy

for predicting or mitigating SIM is pharmacogenetic testing, particularly of pharmacokinetic

genetic variants as SIM is related to statin exposure. Data is emerging on the association between

pharmacokinetic genetic variants and SIM. A current, critical evaluation of the literature on

pharmacokinetic genetic variants and SIM for potential translation to clinical practice is lacking.

This review focuses specifically on pharmacokinetic genetic variants and their association with

SIM clinical outcomes. We also discuss future directions, specific to the research on

pharmacokinetic genetic variants, which could speed the translation into clinical practice. For

simvastatin, we did not find sufficient evidence to support the clinical translation of

pharmacokinetic genetic variants other than SLCO1B1. However, SLCO1B1 may also be clinically

relevant for pravastatin- and pitavastatin-induced myopathy, but additional studies assessing SIM

clinical outcome are needed. CYP2D6*4 may be clinically relevant for atorvastatin-induced

myopathy, but mechanistic studies are needed. Future research efforts need to incorporate statin-

specific analyses, multi-variant analyses, and a standard definition of SIM. As the use of statins is

extremely common and SIM continues to occur in a significant number of patients, future research

investments in pharmacokinetic genetic variants have the potential to make a profound impact on

public health.
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Background

Cardiovascular disease is the leading cause of morbidity and mortality in the United States.

An estimated 83.6 million American adults (>1 in 3) have cardiovascular disease [1].

Statins, or 3-hydroxy-3-methylglutaryl-coenzyme A (HMG CoA) reductase inhibitors, are

highly effective in reducing the risk for major cardiovascular events by lowering low-

density lipoprotein cholesterol (LDL-C). Specifically, statins reduce the risk of major

cardiovascular events by approximately 20% per mmol/L (38 mg/dL) reduction in LDL-C

[2]. Statins are the most commonly prescribed class of drugs in the United States; greater

than 25% of Americans over the age of 45 use a statin [3]. Moreover, the number of

Americans treated with statins is expected to increase as a result of the new cholesterol

treatment guidelines [4]. However, many patients treated with statins experience adverse

effects, often leading to dose-lowering, non-compliance, and even discontinuation of

therapy. The most common adverse effect of the statins is statin-induced myopathy (SIM).

Clinical symptoms of SIM can include muscle pain, soreness, and/or weakness and are often

accompanied by increases in creatine kinase (CK) levels. The true frequency of SIM has

been widely debated. Clinical trial data suggest the frequency of SIM to be lower than 5%

[5], but frequencies of 60% and 25% have been reported in an observational study of former

and current statin users, respectively [6]. As clinical trials are implemented in select patient

populations and typically utilize a run-in period that likely excludes participants who are

intolerant to statins, the SIM frequency suggested by clinical trial data may be largely

underestimated. Rhabdomyolysis is the rarest (≤ 0.1% frequency) form of SIM, but it is the

most severe and sometimes fatal. Patients will continue to experience SIM at unacceptably

high rates or will continue to experience unnecessary cardiovascular events (as a result of

discontinuing or decreasing their statin therapy) [7–9] until strategies for predicting or

mitigating SIM are identified.

Numerous clinical factors have been associated with SIM including age, gender, body-mass-

index, exercise, comorbidities, duration of statin use, statin dose, type of statin, and the use

of concomitant medications [6,10,11]. One of the most important risk factors for SIM, which

could be the result of the aforementioned clinical factors, is increased exposure (systemic or

intra-organ concentrations) to the statin and its metabolites [12]. Variants in the genes

involved in statin pharmacokinetics (i.e., statin metabolizing enzymes and transporters)

affect statin exposure in vivo and have been further linked to SIM clinical outcome.

Therefore, pharmacogenetic testing of pharmacokinetic genetic variants is one possible

strategy for predicting or mitigating SIM. Indeed, the data supporting the association

between a variant (rs4149056; T521C; Val174Ala) in SLCO1B1 (the gene encoding the

solute carrier organic anion transporter family member 1B1) and simvastatin-induced

myopathy was so strong that the Clinical Pharmacogenetics Implementation Consortium

(CPIC) wrote guidelines for simvastatin therapy based on SLCO1B1 T521C genotype [13].

However, a current, critical evaluation of the literature on other pharmacokinetic genetic

variants for translation to clinical practice is lacking. Other recent articles have reviewed

genetic variants associated with SIM [14–16], but they did not focus specifically on

pharmacokinetic genetic variants, the caveats specific to research on pharmacokinetic
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genetic variants, or the potential for pharmacokinetic genetic variants to be translated into

clinical practice. Our review intends to address those specific foci.

Methods

Pharmacogenetic studies of SIM clinical outcome and pharmacokinetic genetic variants

were identified in the PubMed database through March 11, 2014 by combining the

following search terms: statin, gene, genetic, myopathy, and myalgia. These search terms

were also used in the Cochrane Library and Centre for Reviews and Dissemination

electronic databases, but no additional articles on this topic were identified in those

databases. Studies were also identified from the reference lists of articles. Studies were

included in this review if they analyzed genes involved in the pharmacokinetics of statins

(Figure 1 [17]; Table 1) and SIM clinical outcome. Pharmacokinetic genetic variants were

the focus of this review because SIM is related to statin exposure [12,18], and one

pharmacokinetic genetic variant (SLCO1B1 T521C) has CPIC guidelines for clinical

translation [13]. For a more general review of other potential mechanisms of SIM (e.g.,

muscle pathology), the reader is referred elsewhere [14]. Because our focus is on the clinical

translation of pharmacokinetic genetic variants, SIM clinical outcomes (as opposed to

pharmacokinetic endpoints) were chosen for this review. Pharmacokinetic genetic variants

associated with SIM clinical outcome are more likely to be translated into clinical practice

than pharmacokinetic endpoints. SIM clinical outcome has various definitions [19], but

studies were included if they include muscle symptoms and/or elevations in plasma levels of

creatine kinase (CK). Studies with pharmacokinetic endpoints (e.g., the association between

pharmacokinetic genetic variants and statin concentrations) were only searched and

reviewed in the context and absence of SIM clinical outcome data. Other types of studies

(with limited potential for clinical translation) that were excluded were case reports, animal

studies, in vitro studies, and those focused on cerivastatin as it is no longer on the market in

the U.S. Only studies published in English were reviewed. Research studies published only

in abstract form were not reviewed because the methodological details could not be

evaluated. As this is a focused review on SIM, we did not review data on other statin-

induced toxicities (e.g. abnormal liver function tests) or statin efficacy (e.g. LDL-C

lowering). We have reviewed the data by statin because each statin has a unique

pharmacokinetic profile (i.e., each statin has different substrate specificities for metabolizing

enzymes and transporters).

Simvastatin

Eighteen studies met the inclusion and exclusion criteria described above (Table 2), and 13

of those studies included patients receiving simvastatin. Because clinical guidelines have

already been written for SLCO1B1 T521C [13], our goal was to evaluate the data for other

pharmacokinetic genetic variants that may have potential for clinical translation related to

simvastatin-induced myopathy.

In two studies, CYP2D6 genotype was marginally associated with simvastatin-induced

myopathy, and in two more studies there was no association. Mulder et al. [20] performed a

prospective trial of 88 patients with primary or secondary hypercholesterolemia that were
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started on 10 mg of simvastatin and titrated up to a dose of 40 mg over several weeks.

Although not statistically significant, the proportion of patients that discontinued simvastatin

due to intolerability increased as their number of mutated CYP2D6 alleles increased.

Frudakis et al. [21] found that the frequency of the CYP2D6*4 allele was slightly higher in

simvastatin-treated cases of SIM (49%; n=61) than in controls (36%; n=108; p=0.067).

However, a study by Zuccaro et al. [22] that included 24 simvastatin-treated patients and a

study by Voora et al. [23] that included 162 simvastatin-treated patients did not find a

significant association between CYP2D6 genotype and SIM. Notably, Zuccaro et al. [22] did

not perform a simvastatin-specific analysis, and the power to detect an association may have

been diluted because statins not metabolized by CYP2D6 (e.g. pravastatin) were included.

We did not find any studies that demonstrated an association between CYP2D6 genotype

and simvastatin exposure, but in vitro data suggests that simvastatin acid (the active

metabolite of the parent form, simvastatin lactone) has a similar affinity for CYP2D6 as

CYP3A4 [24]. However CYP2D6 is not involved in the metabolism of the parent drug,

simvastatin lactone [25]. It is unknown whether the parent drug, simvastatin lactone, and/or

its major metabolite, simvastatin acid, cause simvastatin-induced myopathy. Data suggests

that atorvastatin lactone, not atorvastatin acid, contributes to atorvastatin-induced myopathy

[12]. Like atorvastatin, simvastatin is present in vivo in both acid and lactone forms. If the

lactone form of simvastatin is the causative agent for simvastatin-induced myopathy,

CYP2D6 genotype is not likely to associate with SIM. This hypothesis is supported by the

lack of association between CYP2D6 and SIM reported by Zuccaro et al. [22] and Voora et

al. [23]. Because the findings by Mulder et al. [20] and Frudakis et al. [21] were not

statistically significant, or supported by the studies reported by Zuccaro et al. [22] or Voora

et al. [23] or by pharmacokinetic data, CYP2D6 variation is unlikely to be translated for

clinical use of simvastatin.

Two studies found a significant association, albeit with discordant results, between ABCB1

variants and SIM clinical outcome in simvastatin-treated patients. Fiegenbaum et al. [26]

performed a prospective trial of 146 patients treated with 20 mg simvastatin for 6 months.

They found a reduced frequency of the ABCB1 T-non-G-T haplotype (C1236T-G2677T/A-

C3435T) in patients having experienced myalgia compared to patients who did not

experience myalgia (20% vs. 41%; p=0.03). However, a case-control study reported by

Ferrari et al. [27] of 66 patients (23 treated with simvastatin) found increased frequencies of

the ABCB1 1236T and 3435T alleles in the patients that experienced CK elevations. Both

Keskitalo et al. [28] and Zhou et al. [29] reported no association of ABCB1 C1236T-

G2677T/A-C3435T haplotype with the pharmacokinetics of simvastatin lactone, but

Keskitalo et al. [28] reported increased simvastatin acid exposure with the TTT/TTT

diplotype. Moreover, in vitro data on the function of ABCB1 C1236T-G2677T/A-C3435T

haplotype is inconclusive. Because the SIM clinical outcome and ABCB1 data by

Fiegenbaum et al. [26] and Ferrari et al. [27] are discordant, and the pharmacokinetic and in

vitro data are inconclusive, the clinical translation of ABCB1 genotyping for simvastatin-

induced myopathy currently seems unlikely.

The SEARCH Collaborative Group and Voora et al. [23] evaluated other pharmacokinetic

genetic variants when evaluating SLCO1B1 genotypes for simvastatin-induced myopathy
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[18]. The SEARCH Collaborative Group performed a genome-wide association study

(GWAS) (n=175 in discovery cohort and n=16,664 in the replication cohort), and Voora et

al. [23] performed a candidate gene association study (n=162 treated with simvastatin) of

SLCO1B1 and common variants in cytochrome P450 enzymes. In both of these studies, only

SLCO1B1 genotype was statistically significant. The power of the study by the SEARCH

Collaborative Group was limited because of the correction for multiple comparisons in the

discovery cohort. Therefore, other potentially important pharmacokinetic genes may have

gone undetected. The SEARCH Collaborative Group states that the existence of other

genetic variants that carry a relative risk of myopathy of 2 to 4 cannot be ruled out by their

analysis. Voora et al., [23] however, did not find associations with SIM for pharmacokinetic

genes other than SLCO1B1 even though their analysis had greater power (relative risk of 2

or greater) secondary to the candidate gene design. This suggests SLCO1B1 may be the only

pharmacokinetic gene significantly important in simvastatin-induced myopathy.

Alternatively, SLCO1B1 may be the only pharmacokinetic gene with a clinically significant

effect size. The CYP2D6 associations reviewed above were not statistically significant, and

the ABCB1 SIM clinical outcome associations were inconclusive. Moreover, a GWAS by

Isackson et al. [30] of 229 patients with severe SIM, in which 20% were treated with

simvastatin, did not find a significant association with any pharmacokinetic genetic variants.

Therefore, the likelihood of translation into clinical practice for pharmacokinetic genes other

than SLCO1B1 for simvastatin is minimal.

Atorvastatin

Fourteen of the 18 studies investigating pharmacokinetic genetic variants and SIM clinical

outcome (Table 2) included patients receiving atorvastatin. Although more studies included

patients receiving atorvastatin than simvastatin, the currently available data for atorvastatin

has not been strong enough to prompt the writing of any clinical guidelines by CPIC or to

prompt the FDA to require the inclusion of pharmacokinetic genetic information into drug

labeling of atorvastatin. Notably, other genetic information, regarding the genetic disorder

familial hypercholesterolemia, has been incorporated into the FDA labeling for atorvastatin

[31].

The evidence supporting SLCO1B1 T521C in simvastatin-induced myopathy was very

strong, and because atorvastatin is also a substrate for SLCO1B1, this gene has been widely

studied for an association with atorvastatin-induced myopathy. The data supporting an

association of SLCO1B1 variation with atorvastatin-induced myopathy, however, is not

nearly as strong as it is for simvastatin. Ten studies have tested the association between

SLCO1B1 variants and atorvastatin-induced SIM clinical outcome. Three found a significant

association, but only one study performed an atorvastatin-specific analysis. Donnelly et al.

[32] and Ferrari et al. [27] reported a significant association between SLCO1B1 variants and

SIM clinical outcome, but they did not perform an atorvastatin-specific analysis. Their

studies included simvastatin and atorvastatin. Therefore, it cannot be determined whether the

associations were driven solely by the simvastatin-treated patients. Puccetti et al. [33]

reported a significant association between SLCO1B1 variants and atorvastatin intolerance

(OR=2.7; 95% CI=1.3–4.9; p < 0.001), but this data is preliminary and published only as an

editorial letter. Acknowledging the strength of this association, this data is preliminary and
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the association may not remain statistically significant when the final study analysis is

completed. Hermann et al. [12], Carr et al. [34], Voora et al. [23] and Brunham et al. [35]

performed atorvastatin-specific analyses but did not find a significant association between

SLCO1B1 variation and atorvastatin-induced myopathy. A meta-analysis performed by Carr

et al. [34], also reported no association. SLCO1B1 variation does affect atorvastatin

pharmacokinetics [36], but the effect size for atorvastatin is not as large as it is for

simvastatin. The difference in exposure in atorvastatin-treated subjects homozygous for

SLCO1B1 T521C was 144%, and the difference for simvastatin 221% [37]. This difference

in the pharmacokinetic effects of SLCO1B1 on atorvastatin and simvastatin may explain the

differences in SIM clinical outcome between SLCO1B1 variation and those statins.

Currently, the clinical outcome data as a whole does not support the influence of SLCO1B1

variation on atorvastatin-induced myopathy for clinical translation.

Other pharmacokinetic genes that have been associated with atorvastatin-induced myopathy

include CYP3A5, CYP2D6, and ABCB1. In a case-only analysis, Wilke et al. [38] found a

significant association between CYP3A5*3 and the degree of CK elevation in 68 patients

with atorvastatin-induced myopathy that were not treated with gemfibrozil or niacin. The

clinical significance of this finding is limited, as the difference in CK between CYP3A5*3

homozygous and heterozygous patients was only 25% when including patients treated with

gemfibrozil or niacin. The difference was larger when analyzing only the patients not treated

with gemfibrozil or niacin (71%), but excluding those patients limits the generalizability of

the results. Moreover, CK levels do not correlate well with myopathy symptoms. In their

case-control analysis, Wilke et al. [13] did not find a significant difference in the frequency

of CYP3A5*3 between the cases and controls, which is consistent with three other studies

[12,21,22]. These other studies did not perform a case-only analysis like Wilke et al. [13],

but the preponderance of negative case-control findings makes it seem unlikely that

CYP3A5*3 is clinically meaningful for atorvastatin. These negative results for atorvastatin

and SIM clinical outcome are supported by the pharmacokinetic data from Shin et al. [39].

They found a statistically significant association between CYP3A5*3 and atorvastatin

exposure, but the difference between genotypes was small (36%). DeGorter et al. [36]

demonstrate that atorvastatin plasma concentrations were significantly associated with

CYP3A activity, as assessed by a CYP3A activity marker but not by genotype. Therefore,

factors affecting CYP3A activity other than genotype (e.g., concomitant use of CYP3A

inhibitors) may prove to be clinically important for predicting atorvastatin-induced

myopathy.

Frudakis et al. [21] reported a significant association between atorvastatin-induced muscle

effects and CYP2D6*4 in discovery (n=106) and blind validation (n=157) cohorts. This

finding was unexpected as atorvastatin is not known to be metabolized by CYP2D6.

Interestingly, CYP2D6 poor metabolizer/intermediate metabolizer classification was not

associated. The mechanism of CYP2D6*4, therefore, may not be related to atorvastatin

metabolism. Zuccaro et al. [22] and Voora et al. [23] studied CYP2D6*4 and atorvastatin-

induced adverse effects but did not find a significant association. Although we could not

find any data to support an association of CYP2D6*4 with atorvastatin pharmacokinetics, in

vitro data suggests that atorvastatin can inhibit CYP2D6 activity [40]. Because of the
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inconsistent results in the clinical outcome studies and the lack of pharmacokinetic data, the

mechanism by which CYP2D6*4 affects atorvastatin-induced myopathy must be

investigated before clinical translation should be pursued.

Hoenig et al. [41] reported a significant association between the ABCB1 C3435T variant and

atorvastatin-induced myalgia in 98 patients, but the clinical significance of this finding is

limited because of the small number of events, the limited clinical discrimination, and the

lack of replication. The ABCB1 3435T allele was more frequent in patients with

atorvastatin-induced myalgia (80% vs 62%; p=0.043), but only 10 genotyped patients

reported myalgia. Clinical discrimination was limited because 86% of 3435TT patients did

not have myalgia. The findings by Ferrari et al. [27] are consistent with those by Hoenig et

al. [41] in that the frequency of the ABCB1 3435T allele increased in the patients with CK

elevations (p=0.013). Hermann et al. [12] also studied ABCB1 C3435T but did not find a

difference in allele frequencies between atorvastatin-treated cases and controls. DeGorter et

al. [36] did not find an association between ABCB1 G2677T/A (which is in linkage

disequilibrium with C3435T) and atorvastatin levels in a cohort study representative of real-

world clinical practice, but pharmacokinetic data supports the associations found by Hoenig

et al. [42] and Ferrari et al. [27]. However the clinical translation of ABCB1 genotyping for

predicting atorvastatin-induced myopathy is unlikely, because although the findings by

Hoenig et al. [41] and Ferrari et al. [27] are statistically significant, they offer little clinical

discrimination.

Pravastatin

Eight SIM clinical outcome studies included pravastatin. None of the SIM clinical outcome

studies, however, included only pravastatin. In addition, the number of patients treated with

pravastatin in the available studies was low. Therefore, attempts to teasing out the specific

effects of pharmacokinetic genetic variants on pravastatin-induced myopathy are futile. The

study by Donnelly et al. [32] found a significant association of SLCO1B1 T521C with

clinical outcome overall but did not perform pravastatin-specific analyses. The majority of

patients in the Donnelly et al. [32] study were treated with simvastatin; therefore, the

association may have been driven by simvastatin alone. Studies by Linde et al. [42],

Brunham et al. [35], and Ruano et al. [43] included pravastatin, but they did not find a

significant association for SLCO1B1 variation overall or perform pravastatin-specific

analyses. Voora et al. [23] published the only study that performed pravastatin-specific

analyses, but they did not find a significant association with SLCO1B1. This negative

clinical outcome data is surprising since pharmacokinetic studies have shown very large

differences in pravastatin exposure by SLCO1B1 T521C genotypes (232% difference in

exposure between homozygotes) [44]. Because only one clinical outcome study performed a

pravastatin-specific analysis, and the pharmacokinetic effect of SLCO1B1 variation is large,

SLCO1B1 has the potential to be clinically important in pravastatin-induced myopathy. This

is unlike atorvastatin, in which there is enough clinical outcome data currently available to

rule out the clinical importance of SLCO1B1 variation and atorvastatin-induced myopathy.
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Rosuvastatin

Nine SIM clinical outcome studies included rosuvastatin. SLCO1B1 T521C is the only

pharmacokinetic genetic variant reported to be associated with rosuvastatin-induced

myopathy. This association was only found in the studies by Donnelly et al. [32] and Ferrari

et al. [27], but the proportion and number of patients treated with rosuvastatin in these

studies were very small (0.6%-3% of 4,196 patients in Donnelly et al. [32] and 22 in Ferrari

et al. [27]). Simvastatin-treated patients were present in both studies; therefore the results

could have been driven by the simvastatin-treated patients, but this cannot be determined

because rosuvastatin-specific analyses were not performed. Danik et al. [45] performed the

only study that focused specifically on rosuvastatin (n=8,872), and they did not confirm an

association with SLCO1B1 T521C. Notably, the patients studied by Danik et al. [45] were a

highly selective patient population from the JUPITER trial [46], including only apparently

healthy men aged 50 and older and women aged 60 and older with LDL-C levels of less than

130 mg/dL (3.4 mmol/L) and high-sensitivity C-reactive protein levels of 2.0 mg/L or

higher. Eighty percent of patients that were screened for the JUPITER trial were ineligible.

The rates of myopathy were similar in the rosuvastatin- and placebo-treated groups, bringing

into question the generalizability of this finding to real-world clinical practice. The

observational study by Puccetti et al. [33] included 30 patients treated with rosuvastatin, and

in their rosuvastatin-specific analysis, SLCO1B1 T521C was not associated. The studies by

Linde et al. [42], Brunham et al. [35], and Ruano et al. [43] included patients on

rosuvastatin, but they did not find a significant association for SLCO1B1 variation overall

and they did not perform rosuvastatin-specific analyses. Based on the currently available

data, it seems that SLCO1B1 variation is not important for predicting rosuvastatin-induced

myopathy. This is in concordance with pharmacokinetic data. SLCO1B1 T521C is

associated with much larger increases in exposure for simvastatin (221% between

homozygotes) than rosuvastatin (65% between homozygotes) [37].

Other Statins

Of the 18 studies that we identified assessing pharmacokinetic genetic variants and SIM

clinical outcome (Table 2), no evidence exists to support a specific association with the

remaining statins: fluvastatin, lovastatin, or pitavastatin. The number of patients treated with

fluvastatin or lovastatin in the SIM clinical outcomes studies was less than 10 in all studies,

except for the study by Donnelly et al. [32] which had approximately 210 treated with

fluvastatin. No studies performed specific analyses of these other statins, and none of the

SIM clinical outcome studies included any patients treated with pitavastatin. Studies

demonstrated an association between pharmacokinetic genetic variants and the

pharmacokinetics of fluvastatin, lovastatin, and pitavastatin [47–49], but whether these

differences in pharmacokinetics translate to differences in SIM clinical outcomes will need

to be determined.

Discussion

Statins are already the number one prescribed class of drugs in the US, and with the new

guidelines on the treatment of cholesterol [4], the number of Americans treated with statins

is expected to increase. Statins can be extremely effective, but many patients cannot tolerate
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statin therapy due to SIM. Therefore strategies to predict or mitigate SIM are critically

needed. SIM is related to statin concentrations [12], and variants in pharmacokinetic genes

affecting statin concentrations have been linked to SIM clinical outcome. The data to

support SLCO1B1 variation and simvastatin-induced myopathy was sufficiently strong to

incite CPIC to write guidelines on the translation of SLCO1B1 genotype into the clinical use

of simvastatin [13]. These CPIC guidelines demonstrate an example of how

pharmacokinetic genetic variants can be used in clinical practice. Specifically, these

guidelines recommend that patients needing treatment with 40mg of simvastatin and

carrying at least one copy of the decreased activity allele of SLCO1B1 rs4149056 should be

treated with a lower dose plus serial CK monitoring or an alternative statin. Our review

evaluated the literature on other variants and statins, assessing their potential for clinical

translation to predict SIM. Notably, other strategies for reducing SIM show promise, such as

supplementation with coenzyme Q10 [50].

Eighteen studies of SIM clinical outcome and pharmacokinetic genetic variants were

identified. For simvastatin, based on the currently available data, it seems unlikely that

pharmacokinetic genes other than SLCO1B1 will be clinically important for predicting risk

of simvastatin-induced myopathy. Atorvastatin and rosuvastatin are also substrates for

SLCO1B1, but the currently available data does not support the clinical translation of

SLCO1B1 for prediction of atorvastatin- or rosuvastatin-induced myopathy. It is currently

unknown whether SLCO1B1 could have utility for predicting lovastatin-induced myopathy

because, to our knowledge, SLCO1B1 variation has not been studied for an association with

lovastatin-induced myopathy or pharmacokinetics. It is not likely that SLCO1B1 genotype

will be associated with fluvastatin-induced myopathy clinical outcome because SLCO1B1

variation was not associated with variation in fluvastatin pharmacokinetics [44]. However,

SLCO1B1 may have potential to be clinically important in pravastatin and pitavastatin-

induced myopathy. The pharmacokinetic differences for pravastatin and pitavastatin

between SLCO1B1 genotypes are very large and of the same magnitude as those for

simvastatin [44,49]. Therefore, further studies of SLCO1B1 and pravastatin and pitavastatin

SIM clinical outcome are needed. The currently available literature does not support genes

other than SLCO1B1 and SIM clinical outcome, except for possibly CYP2D6 and

atorvastatin-induced myopathy. The association between CYP2D6 and atorvastatin-induced

myopathy was significant in both discovery and validation cohorts [21], but since it is

unclear whether CYP2D6 contributes to atorvastatin metabolism, mechanistic studies will be

necessary before clinical translation could be considered.

Upon completion of our analysis and review of the current literature, we made three

generalized observations that are noteworthy and may expedite investigators’ effort to

translate SIM pharmacokinetic genetic research findings into clinical practice. The first

major observation is that any study of pharmacokinetic genetic variants and SIM should

perform statin-specific analyses. This is because the pharmacokinetic profiles for each

individual statin are unique. For example, Zuccaro et al. [22] did not find a significant

association between cytochrome P450 variants and SIM clinical outcome, but they included

patients on pravastatin, which is not metabolized by cytochrome P450s. Even if statins are

substrates for the same metabolizing enzymes or transporters, their specificities vary. For
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example, Ruano et al. [43] did not find a significant association of SLCO1B1 variation with

SIM clinical outcome, and the majority of patients were treated with simvastatin,

atorvastatin, or rosuvastatin. All three drugs are transported by SLCO1B1 but to varying

degrees. The difference in exposure between SLCO1B1 T521C homozygotes is 221% 144%,

and only 65% for simvastatin, atorvastatin, and rosuvastatin, respectively [37]. The inclusion

of statins other than simvastatin could be diluting the power to detect an association. Of

note, this effect could happen in the opposite direction: the association with simvastatin

could drive the association for other statins. For example, Donnelly et al. [32] found a

significant association of SLCO1B1 variation and SIM clinical outcome in patients on a

variety of statins. The majority of patients were treated with simvastatin, but only

simvastatin-specific analyses were performed. Therefore, it cannot be determined whether

the association is present for other statins.

The second major observation is the lack of multi-variant analyses. Multi-variant analyses

are necessary because multiple genes are involved in the pharmacokinetics of statins. For

example, simvastatin is not only a substrate for SLCO1B1, but also CYP3A4 and CYP3A5,

which also have genetic variants that can affect their function. Because functional variants in

these genes are common, it is possible that a given patient possesses decreased function

alleles for all three of those genes. The clinical implications of that situation are currently

unknown, and the additive effects of multiple variants and gene-gene interactions need to be

assessed. Many of the published studies tested multiple pharmacokinetic genetic variants,

but the variants were assessed only on an individual basis. Mechanistic data supports the

potential for gene-gene interactions. The expression of CYP3A4 and CYP3A5, for example,

may be co-regulated [51]. Further research will also be necessary to assess the incorporation

of multiple non-pharmacokinetic genes (such as the gene for the LDL receptor) into multi-

variant analyses. The power of traditional statistical methods to detect genetic associations

and gene-gene interactions declines rapidly as the number of variants tested is increased.

Therefore, novel analytical approaches (e.g., machine learning) may be necessary for large

multivariant analyses.

Our final observation on this body of research is the definition of SIM widely varied across

studies. The spectrum of SIM clinical outcome definitions ranged from a purely biochemical

definition (e.g., Brunham et al. [35] defined SIM as plasma CK values > 10× the upper limit

of normal without regard to symptoms) to a purely symptomatic definition (e.g., Hoenig et

al. [41] defined SIM as muscle pain, tenderness, or weakness during the treatment period).

Some studies used a composite endpoint that included both biochemical and symptomatic

definitions (e.g., Voora et al. [23] defined a composite adverse event including

discontinuation for any side effect, myalgia/muscle cramps, or CK >3× the upper limit of

normal during follow-up). These varying definitions of SIM may have contributed to

inconsistent results across SIM clinical outcome studies and make comparisons across

studies extremely difficult. Because symptoms of SIM do not correlate well with

biochemical definitions, developing a standard definition of SIM for future research may be

the most difficult task to achieve going forward. However, any adverse effect contributing to

patient intolerance or prescribing changes should be considered clinically relevant.
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Conclusion

In conclusion, no other pharmacokinetic genes (besides SLCO1B1 for simvastatin-induced

myopathy) are currently ready for clinical translation. With additional data, however,

SLCO1B1 variation may have potential to be clinically relevant for pravastatin- and

pitavastatin-induced myopathy and CYP2D6 variation may be clinically relevant for

atorvastatin-induced myopathy. The following should be considered in future research

efforts aiming to advance our understanding of variants in pharmacokinetic genes and SIM:

statin-specific analyses, multi-variant analyses, and standardizing a definition for SIM

clinical outcome. Notably, this review is a single snapshot in a continuum of ongoing

research, and the translation of pharmacokinetic genetic variants into clinical practice is an

immensely complicated task that will require significant additional investments of resources

to achieve. This research endeavor should remain a high priority as cardiovascular disease,

statin use, and SIM are pervasive in our health care system. If pharmacokinetic genetic

variants could be used to aid clinical decision-making and improve SIM clinical outcomes,

the impact on public health could be substantial.

Acknowledgments

Source of funding: NIH L32 MD006365 (PI: Kitzmiller), NIH K23 GM100372-03 (PI: Kitzmiller) and NIH U01
GM092655 (PI: Sadee).

References

1. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, et al. Heart disease and stroke
statistics--2013 update: a report from the American Heart Association. Circulation. 2013; 127:e6–6.
e245. [PubMed: 23239837]

2. Baigent C, Keech A, Kearney PM, Blackwell L, Buck G, et al. Efficacy and safety of cholesterol-
lowering treatment: prospective meta-analysis of data from 90,056 participants in 14 randomised
trials of statins. Lancet. 2005; 366:1267–1278. [PubMed: 16214597]

3. National Health and Nutrition Examination Survey. Statin drug use in the past 30 days among adults
45 years of age and over, by sex and age: United States, 1988–1994, 1999–2002, and 2005–2008.
Centers for Disease Control; 2013.

4. Stone NJ, Robinson J, Lichtenstein AH, Bairey Merz CN, Lloyd-Jones DM, et al. 2013 ACC/AHA
Guideline on the Treatment of Blood Cholesterol to Reduce Atherosclerotic Cardiovascular Risk in
Adults: A Report of the American College of Cardiology/American Heart Association Task Force
on Practice Guidelines. J Am Coll Cardiol. 2013

5. Thompson PD, Clarkson P, Karas RH. Statin-associated myopathy. JAMA. 2003; 289:1681–1690.
[PubMed: 12672737]

6. Cohen JD, Brinton EA, Ito MK, Jacobson TA. Understanding Statin Use in America and Gaps in
Patient Education (USAGE): an internet-based survey of 10,138 current and former statin users. J
Clin Lipidol. 2012; 6:208–215. [PubMed: 22658145]

7. Simpson RJ Jr, Mendys P. The effects of adherence and persistence on clinical outcomes in patients
treated with statins: a systematic review. J Clin Lipidol. 2010; 4:462–471. [PubMed: 21122692]

8. The West of Scotland Coronary Prevention Group. Compliance and adverse event withdrawal: their
impact on the West of Scotland Coronary Prevention Study. Eur Heart J. 1997; 18:1718–1724.
[PubMed: 9402445]

9. McGinnis BD, Olson KL, Delate TM, Stolcpart RS. Statin adherence and mortality in patients
enrolled in a secondary prevention program. Am J Manag Care. 2009; 15:689–695. [PubMed:
19845421]

Talameh and Kitzmiller Page 11

J Pharmacogenomics Pharmacoproteomics. Author manuscript; available in PMC 2014 September 11.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



10. Armitage J. The safety of statins in clinical practice. Lancet. 2007; 370:1781–1790. [PubMed:
17559928]

11. El-Salem K, Ababneh B, Rudnicki S, Malkawi A, Alrefai A, et al. Prevalence and risk factors of
muscle complications secondary to statins. Muscle Nerve. 2011; 44:877–881. [PubMed:
22102457]

12. Hermann M, Bogsrud MP, Molden E, Asberg A, Mohebi BU, et al. Exposure of atorvastatin is
unchanged but lactone and acid metabolites are increased several-fold in patients with atorvastatin-
induced myopathy. Clin Pharmacol Ther. 2006; 79:532–539. [PubMed: 16765141]

13. Wilke RA, Ramsey LB, Johnson SG, Maxwell WD, McLeod HL, et al. The clinical
pharmacogenomics implementation consortium: CPIC guideline for SLCO1B1 and simvastatin-
induced myopathy. Clin Pharmacol Ther. 2012; 92:112–117. [PubMed: 22617227]

14. Needham M, Mastaglia FL2. Statin myotoxicity: a review of genetic susceptibility factors.
Neuromuscul Disord. 2014; 24:4–15. [PubMed: 24176465]

15. Daly AK. Pharmacogenomics of adverse drug reactions. Genome Med. 2013; 5:5. [PubMed:
23360680]

16. Yip VL, Pirmohamed M. Expanding role of pharmacogenomics in the management of
cardiovascular disorders. Am J Cardiovasc Drugs. 2013; 13:151–162. [PubMed: 23579966]

17. Whirl-Carrillo M, McDonagh EM, Hebert JM, Gong L, Sangkuhl K, et al. Pharmacogenomics
knowledge for personalized medicine. Clin Pharmacol Ther. 2012; 92:414–417. [PubMed:
22992668]

18. Link E, Parish S, Armitage J, Bowman L, et al. SEARCH Collaborative Group. SLCO1B1 variants
and statin-induced myopathy--a genomewide study. N Engl J Med. 2008; 359:789–799. [PubMed:
18650507]

19. Stewart A. SLCO1B1 Polymorphisms and Statin-Induced Myopathy. PLoS Curr. 2013; 5

20. Mulder AB, van Lijf HJ, Bon MA, van den Bergh FA, Touw DJ, et al. Association of
polymorphism in the cytochrome CYP2D6 and the efficacy and tolerability of simvastatin. Clin
Pharmacol Ther. 2001; 70:546–551. [PubMed: 11753271]

21. Frudakis TN, Thomas MJ, Ginjupalli SN, Handelin B, Gabriel R, et al. CYP2D6*4 polymorphism
is associated with statin-induced muscle effects. Pharmacogenet Genomics. 2007; 17:695–707.
[PubMed: 17700359]

22. Zuccaro P, Mombelli G, Calabresi L, Baldassarre D, Palmi I, et al. Tolerability of statins is not
linked to CYP450 polymorphisms, but reduced CYP2D6 metabolism improves cholesteraemic
response to simvastatin and fluvastatin. Pharmacol Res. 2007; 55:310–317. [PubMed: 17289397]

23. Voora D, Shah SH, Spasojevic I, Ali S, Reed CR, et al. The SLCO1B1*5 genetic variant is
associated with statin-induced side effects. J Am Coll Cardiol. 2009; 54:1609–1616. [PubMed:
19833260]

24. Transon C, Leemann T, Dayer P. In vitro comparative inhibition profiles of major human drug
metabolising cytochrome P450 isozymes (CYP2C9, CYP2D6 and CYP3A4) by HMG-CoA
reductase inhibitors. Eur J Clin Pharmacol. 1996; 50:209–215. [PubMed: 8737761]

25. Prueksaritanont T, Gorham LM, Ma B, Liu L, Yu X, et al. In vitro metabolism of simvastatin in
humans [SBT]identification of metabolizing enzymes and effect of the drug on hepatic P450s.
Drug Metab Dispos. 1997; 25:1191–1199. [PubMed: 9321523]

26. Fiegenbaum M, da Silveira FR, Van der Sand CR, Van der Sand LC, Ferreira ME, et al. The role
of common variants of ABCB, CYP3A4, and CYP3A5 genes in lipid-lowering efficacy and safety
of simvastatin treatment. Clin Pharmacol Ther. 2005; 78:551–558. [PubMed: 16321621]

27. Ferrari M, Guasti L, Maresca A, Mirabile M, Contini S, et al. Association between statin-induced
creatine kinase elevation and genetic polymorphisms in SLCO1B, ABCB1 and ABCG2. Eur J
Clin Pharmacol. 2014; 70:539–547. [PubMed: 24595600]

28. 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. [PubMed: 19238649]

29. Zhou Q, Ruan ZR, Jiang B, Yuan H, Zeng S. Simvastatin pharmacokinetics in healthy Chinese
subjects and its relations with CYP2C9, CYP3A5, ABCB, ABCG2 and SLCO1B1
polymorphisms. Pharmazie. 2013; 68:124–128. [PubMed: 23469684]

Talameh and Kitzmiller Page 12

J Pharmacogenomics Pharmacoproteomics. Author manuscript; available in PMC 2014 September 11.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



30. Isackson PJ, Ochs-Balcom HM, Ma C, Harley JB, Peltier W, et al. Association of common variants
in the human eyes shut ortholog (EYS) with statin-induced myopathy: evidence for additional
functions of EYS. Muscle Nerve. 2011; 44:531–538. [PubMed: 21826682]

31. United States Food and Drug Administration. Table of Pharmacogenomic Biomarkers in Drug
Labels.

32. Donnelly LA, Doney AS, Tavendale R, Lang CC, Pearson ER, et al. Common nonsynonymous
substitutions in SLCO1B1 predispose to statin intolerance in routinely treated individuals with
type 2 diabetes: a go-DARTS study. Clin Pharmacol Ther. 2011; 89:210–216. [PubMed:
21178985]

33. Puccetti L, Ciani F, Auteri A. Genetic involvement in statins induced myopathy. Preliminary data
from an observational case-control study. Atherosclerosis. 2010; 211:28–29. [PubMed: 20347093]

34. Carr DF, O’Meara H, Jorgensen AL, Campbell J, Hobbs M, et al. SLCO1B1 genetic variant
associated with statin-induced myopathy: a proof-of-concept study using the clinical practice
research data link. Clin Pharmacol Ther. 2013; 94:695–701. [PubMed: 23942138]

35. Brunham LR, Lansberg PJ, Zhang L, Miao F, Carter C, et al. Differential effect of the rs4149056
variant in SLCO1B1 on myopathy associated with simvastatin and atorvastatin.
Pharmacogenomics J. 2012; 12:233–237. [PubMed: 21243006]

36. DeGorter MK, Tirona RG, Schwarz UI, Choi YH, Dresser GK, et al. Clinical and pharmacogenetic
predictors of circulating atorvastatin and rosuvastatin concentrations in routine clinical care. Circ
Cardiovasc Genet. 2013; 6:400–408. [PubMed: 23876492]

37. Pasanen MK, Fredrikson H, Neuvonen PJ, Niemi M. Different effects of SLCO1B1 polymorphism
on the pharmacokinetics of atorvastatin and rosuvastatin. Clin Pharmacol Ther. 2007; 82:726–733.
[PubMed: 17473846]

38. 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. [PubMed: 15900215]

39. Shin J, Pauly DF, Pacanowski MA, Langaee T, Frye RF, et al. Effect of cytochrome P450 3A5
genotype on atorvastatin pharmacokinetics and its interaction with clarithromycin.
Pharmacotherapy. 2011; 31:942–950. [PubMed: 21950641]

40. Cohen LH, van Leeuwen RE, van Thiel GC, van Pelt JF, Yap SH. Equally potent inhibitors of
cholesterol synthesis in human hepatocytes have distinguishable effects on different cytochrome
P450 enzymes. Biopharm Drug Dispos. 2000; 21:353–364. [PubMed: 11523064]

41. Hoenig MR, Walker PJ, Gurnsey C, Beadle K, Johnson L. The C3435T polymorphism in ABCB1
influences atorvastatin efficacy and muscle symptoms in a high-risk vascular cohort. J Clin
Lipidol. 2011; 5:91–96. [PubMed: 21392722]

42. Linde R, Peng L, Desai M, Feldman D. The role of vitamin D and SLCO1B1*5 gene
polymorphism in statin-associated myalgias. Dermatoendocrinol. 2010; 2:77–84. [PubMed:
21547103]

43. Ruano G, Windemuth A, Wu AH, Kane JP, Malloy MJ, et al. Mechanisms of statin-induced
myalgia assessed by physiogenomic associations. Atherosclerosis. 2011; 218:451–456. [PubMed:
21868014]

44. Niemi M, Pasanen MK, Neuvonen PJ. SLCO1B1 polymorphism and sex affect the
pharmacokinetics of pravastatin but not fluvastatin. Clin Pharmacol Ther. 2006; 80:356–366.
[PubMed: 17015053]

45. Danik JS, Chasman DI, MacFadyen JG, Nyberg F, Barratt BJ, et al. Lack of association between
SLCO1B1 polymorphisms and clinical myalgia following rosuvastatin therapy. Am Heart J. 2013;
165:1008–1014. [PubMed: 23708174]

46. Ridker PM, Danielson E, Fonseca FA, Genest J, Gotto AM, et al. Rosuvastatin to prevent vascular
events in men and women with elevated C-reactive protein. N Engl J Med. 2008; 359:2195–2207.
[PubMed: 18997196]

47. Yin OQ, Mak VW, Hu M, Fok BS, Chow MS, et al. Impact of CYP2D6 polymorphisms on the
pharmacokinetics of lovastatin in Chinese subjects. Eur J Clin Pharmacol. 2012; 68:943–949.
[PubMed: 22281720]

Talameh and Kitzmiller Page 13

J Pharmacogenomics Pharmacoproteomics. Author manuscript; available in PMC 2014 September 11.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



48. Keskitalo JE, Pasanen MK, Neuvonen PJ, Niemi M. Different effects of the ABCG2 c.421C>A
SNP on the pharmacokinetics of fluvastatin, pravastatin and simvastatin. Pharmacogenomics.
2009; 10:1617–1624. [PubMed: 19842935]

49. Ieiri I, Suwannakul S, Maeda K, Uchimaru H, Hashimoto K, et al. SLCO1B1 (OATP1B, an uptake
transporter) and ABCG2 (BCRP, an efflux transporter) variant alleles and pharmacokinetics of
pitavastatin in healthy volunteers. Clin Pharmacol Ther. 2007; 82:541–547. [PubMed: 17460607]

50. Littlefield N, Beckstrand RL, Luthy KE. Statins’ effect on plasma levels of Coenzyme Q10 and
improvement in myopathy with supplementation. J Am Assoc Nurse Pract. 2014; 26:85–90.
[PubMed: 24170646]

51. Lin YS, Dowling AL, Quigley SD, Farin FM, Zhang J, et al. Co-regulation of CYP3A4 and
CYP3A5 and contribution to hepatic and intestinal midazolam metabolism. Mol Pharmacol. 2002;
62:162–172. [PubMed: 12065767]

Talameh and Kitzmiller Page 14

J Pharmacogenomics Pharmacoproteomics. Author manuscript; available in PMC 2014 September 11.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1.
Representation of the superset of all genes involved in the transport, metabolism and

clearance of statin class drugs. ©PharmGKB. (Reproduced with permission from the

Pharmacogenomics Knowledge Base [PharmGKB] and Stanford University.)
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Table 1

Candidate genes involved in statin pharmacokinetics considered for this review.

Gene abbreviation Statin metabolizing enzyme or transporter

ABCB1 ATP-binding cassette, sub-family B, member 1

ABCB11 ATP-binding cassette, sub-family B, member 11

ABCC2 ATP-binding cassette, sub-family C, member 2

ABCG2 ATP-binding cassette, sub-family G, member 2

CYP2C8 cytochrome P450, family 2, subfamily C, polypeptide 8

CYP2C9 cytochrome P450, family 2, subfamily C, polypeptide 9

CYP2C19 cytochrome P450, family 2, subfamily C, polypeptide 19

CYP2D6 cytochrome P450, family 2, subfamily D, polypeptide 6

CYP3A4 cytochrome P450, family 3, subfamily A, polypeptide 4

CYP3A5 cytochrome P450, family 3, subfamily A, polypeptide 5

SLC15A1 solute carrier family 15 (oligopeptide transporter), member 1

SLC22A6 solute carrier family 22 (organic anion transporter), member 6

SLC22A8 solute carrier family 22 (organic anion transporter), member 8

SLCO1A2 solute carrier organic anion transporter family, member 1A2

SLCO1B1 solute carrier organic anion transporter family, member 1B1

SLCO1B3 solute carrier organic anion transporter family, member 1B3

SLCO2B1 solute carrier organic anion transporter family, member 2B1

UGT1A1 UDP glucuronosyltransferase 1 family, polypeptide A1

UGT1A3 UDP glucuronosyltransferase 1 family, polypeptide A3

UGT2B7 UDP glucuronosyltransferase 2 family, polypeptide B7

ATP=Adenosine triphosphate; UDP=Uridine diphosphate
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Table 2

List of reviewed studies meeting inclusion & exclusion criteria by publication year.

Reference N Study design Statins Statin PK genes

[20] 88 Prospective trial simvastatin CYP2D6

[38] 137 Case-control atorvastatin CYP3A4
CYP3A5

[26] 146 Prospective trial simvastatin
ABCB1
CYP3A4
CYP3A5

[12] 28 Case-control atorvastatin
ABCB1

SLCO1B1
CYP3A5

[22] 100 Case-control

simvastatin
fluvastatin
pravastatin
atorvastatin
rosuvastatin

CYP3A5
CYP2C9
CYP2D6

[21] 263 Case-control and longitudinal study atorvastatin
simvastatin

CYP2D6
CYP3A4
CYP3A5
CYP2C9
CYP2C8

[18] 16,839 Case-control simvastatin GWAS

[23] 452 Prospective, randomized trial
atorvastatin
simvastatin
pravastatin

CYP2D6
CYP2C8
CYP2C9
CYP3A4

SLCO1B1

[33] 76 Case-control atorvastatin
rosuvastatin SLCO1B1

[42] 46 Retrospective cohort

atorvastatin
pravastatin
simvastatin
lovastatin

rosuvastatin
fluvastatin

SLCO1B1

[41] 98 Retrospective cohort atorvastatin ABCB1

[43] 793 Cross-sectional

simvastatin
atorvastatin
rosuvastatin
pravastatin
lovastatin
fluvastatin

SLCO1B1

[30] 399 Case-control

atorvastatin
simvastatin
cerivastatin
pravastatin

GWAS

[32] 4,196 Observational cohort

simvastatin
atorvastatin
pravastatin
fluvastatin
cerivastatin
rosuvastatin

SLCO1B1

[35] 109 Case-control

simvastatin
atorvastatin
pravastatin
rosuvastatin

SLCO1B1

[45] 8,782 Sub-study of clinical trial rosuvastatin SLCO1B1
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Reference N Study design Statins Statin PK genes

[34] 488 Case-control

simvastatin
atorvastatin
cerivastatin
pravastatin
rosuvastatin
fluvastatin

SLCO1B1

[27] 66 Case-control
atorvastatin
rosuvastatin
simvastatin

ABCB1
ABCG2

SLCO1B1
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