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Abstract

SLCO1B1 gene variants are associated with severe statin-induced myopathy. We examined
whether these variants are also associated with general statin intolerance in a large population of
patients with type 2 diabetes prescribed statins as part of routine clinical care.

4196 individuals were genotyped for rs4149056 (Vall74Ala) and rs2306283 (Asp130Asn).
Intolerance was defined by serum biochemistry and statin discontinuation, switching or dose
reduction. Alal74 was associated with higher intolerance (OR=2.05, p=0.043), while Asp130 was
associated with lower intolerance (OR=0.71, p= 0.026). Alal74 was associated with a reduced
LDLc response (p=0.01) and 130D was associated with a greater LDLc response to statins
(p=0.048) as previously reported, however this association was not present when intolerant
individuals were removed.

This study suggests that common genetic variants, selected for an extreme phenotype of statin-
induced myopathy also predispose to more common milder statin intolerance and may, for this
reason, impact on lipid-lowering efficacy.

Introduction

The HMG-CoA Reductase Inhibitors, or statins, are very widely prescribed for the primary
and secondary prevention of cardiovascular disease (1). Statins are generally well tolerated
being associated with very few serious side effects, the most important of these being
myopathy which occurs only rarely (2). Early studies have however indicated that around
12% of individuals develop symptoms relating to statin use with small but significant
accompanying changes in serum creatinine kinase (CK) and liver enzymes (3). It is well
known that for many drugs that are taken chronically only about 50% of patients will remain
on the drug after a year, and this is also true of statins (4-6). While for antihypertensive
drugs side effects can play a role in adherence (7), the reasons for discontinuation of statins
appears to have been less researched, although 7% of discontinuation of statins may be due
to side effects (4). A common non-synonymous coding variant in the solute carrier organic
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anion transporter gene SLCO1B1 has been demonstrated to associate strongly with the risk
of development of simvastatin induced myopathy in a whole genome association analysis of
the SEARCH study (8). This variant involves a valine to alanine substitution at position 174
in the protein (V174A, rs4149056), organic anion transporting polypeptide OATP1B1. The
alanine allele gives rise to a less functional form of OATP1B1 (9), with reduced maximal
transport activity (10-12), possibly as a result of intracellular sequestration and reduced
surface activity. This may give rise to higher blood concentrations of statin (13), driving the
higher risk of stain-induced myopathy.

Another common variant in SLCO1B1 involving the substitution of asparagine to aspartic
acid at amino acid 130 (N130D, rs2306283) may also have functional consequences (12).
This variant has been associated with a reduced area under the curve for plasma pravastatin
concentration, suggesting a gain of function effect of this allele, however this has not been
confirmed at the biochemical level (14).

As these variants appear to influence plasma concentrations and hepatic uptake of statins
through the OAT1BL1 transporter, we hypothesized that they may be having an impact upon
general side effects experienced by patients being prescribed statins, which may in turn
influence how these drugs are taken. We therefore sought to investigate the impact of the
V174A and N130D variants of the SLCO1B1 gene on statin tolerance and lipid-lowering
response in a large population of statin taking individuals with type 2 diabetes in Tayside.

There were a total of 4196 patients genotyped for V174A and N130D. The 174A allele
frequency was 0.162 (SE 0.004) and for 130D it was 0.382 (SE 0.005).

Characteristics of study population prior to commencement of statin treatment

The baseline characteristics of the study population according to genotype are shown in
supplementary table 1. There was no difference by 174A genotype in mean age, gender ratio
or BMI. Individuals homozygous for 130D allele were on average 1.2 years older than other
individuals (p=0.0085, recessive model). The 130D allele was associated with a slightly
lower mean baseline total cholesterol (mean difference 0.1mmol/l p=0.034, recessive
model). The 174A allele was associated with a higher HDLc (mean difference 0.1 mmol/l
p=0.0295, recessive model). There was no difference by 174A genotype in initial statin
dose, however there was a significant linear trend by 130D genotype with homozygous
individuals more likely to start on a lower dose (p=0.0025, additive model). There was no
difference in prior CK or ALT tests by genotype. In addition, there was no difference in
frequency of fibrate prescribing at baseline.

Characteristics of study population after commencement of statin treatment

The characteristics of the population during the statin exposed period according to genotype
are shown in table 1. There was no difference in study duration, maximum statin dose
prescribed, adherence to statins, statin switching or discontinuation rate by genotype. There
was also no genotypic differences in the type of statin used at the beginning or at the end of
treatment period (supplementary table 2). However, there was a difference in percentage of
patients who switched to a lower dose observed in both genotypes, with the 174A
homozgotes more likely to drop dose (p=0.05, recessive model) and the 130D homozygotes
less likely (p=0.0333, recessive model). There was no difference in CK or ALT tests by
genotype.
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Table 2 shows the frequencies of combined genotypes and their categorical coding
(genotype scores) based on predicted functional status. A174 was predominantly found in
association with 130D as the *15 haplotype (D’=0.83).

Statin intolerance

Only 55 individuals had evidence of significant CK rise of over 3 times the normal range
and these were removed from the analysis (supplementary table 3, supplementary figure 1).
Based on our definition of tolerance, we were able to classify 1275 (30.4%) as tolerant and
816 (19.4%) as intolerant which gave a total of 2091 in the study. The remaining 2050
individuals were coded as missing as they were not classifiable as tolerant or intolerant. This
may have been due to the occurrence of a prescribing change without a relevant biochemical
measure or vice versa, or due to no indication of intolerance while being exposed to only a
very low dose of statin.

Table 3 shows the breakdown of intolerance by genotype and genotype score. There was an
insignificant association of the 174A allele with intolerance (p=0.0645, recessive model)
whereas the 130D allele was associated with tolerance (p=0.0446, recessive model). These
associations gave rise to a significant trend (p=0.0093) by genotype score.

In a logistic regression model accounting for both genotypes, statin adherence, study
duration, maximum dose, prescription for other lipid-regulating drugs, CYP3A4 inhibiting
drugs and age, the association of 174A with intolerance to statins (2.05, Cl 1.02-4.09,
p=0.0427) and 130D with tolerance (0.71, 0.52-0.96, p=0.0257) (table 4) was confirmed.
This was also observed by genotype score, with an odds ratio of 1.14 (CI 1.02-1.28,
p=0.0200) for each genotypic step. Similar results were seen when using only CK or ALT
results to determine intolerance (supplementary tables 4 and 5 respectively).

When stratified by statin dose we found a significant linear trend (p=0.0023) for an
increased frequency of intolerant individuals by genotype category in the individuals
prescribed statins at higher equivalent doses (=40mg) with no evidence for this trend at
lower doses (table 5). Furthermore, when the frequency of intolerant individuals was
determined as a proportion of the total population (rather than just compared to the
definitely tolerant group, total n=4141), this association remained (p for trend across
groups=0.0434), with 36% of patients with the *15/*15 or *15/*5 genotypes (group 4) on a
statin equivalent dose of >40mg classifiable as intolerant compared with only 21% in group
0 (figure 1). This suggests an overall number needed to harm in the entire population on
>40mg statin equivalent for this genotype of approximately nine (15). As a large fraction of
the population displayed some aspect of intolerance, but were not classed as intolerant by
our criteria, this number needed to harm may represent an underestimate.

Lipid-Lowering Efficacy

Previous studies have suggested a difference in statin efficacy in lipid-lowering may be
modulated by these gene variants (8). We investigated the impact of these variants on
maximum LDLc response. Individuals recessive for 174A (*5/*15) had a lower response
(p=0.01) and individuals recessive for 130D variant had a greater response (p=0.0483)
(Table 6). After accounting for variables that are affected by intolerance (statin adherence,
study duration, maximum dose) in a multiple regression model, the association with LDLc
response was attenuated (p=0.0534 and p=0.0850 for 174A and N130D respectively)(table
6). Furthermore, once we removed the group of patients defined as intolerant from the
analysis, to see how the genotypic effect on lipid-lowering efficacy may be confounded by
the effect of intolerance, the trend was completely eliminated (p=0.4962, 0.1758 for 174A
and N130D respectively).
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Discussion

We have demonstrated that the two functional variants, V174A and N130D of the
SLCO1B1 gene encoding OATP-C/OATP1B1 are associated with intolerance of statins in
this large observational study of statin prescribing in patients with type 2 diabetes. The
direction of effect across haplotypes observed in our study is consistent with previous
observations regarding the biochemistry and/or pharmacokinetics of these variants (16).
These results suggest that these variants not only modulate susceptibility to the rare event of
severe muscle toxicity during statin treatment (8), but are also responsible for more common
and mild manifestations of intolerance. Our definition of intolerance was derived from statin
discontinuation, switching or dose reduction as a surrogate indicator of intolerance, and as
such may incorporate a range of more subtle side effects (not necessarily related to
myopathy or myalgia).

It has been estimated that around 12% of individuals taking statins experience symptoms
related to their use, resulting in 7% discontinuation due to these side effects (3, 4). Recently
a large observational study, which only considered myopathic symptoms (17), found that in
patients with diabetes statins were associated with a doubling of the risk of myopathy with
7.9% of statin users developing myopathy compared to 5.5% in the non statin users.
However, this singular approach is likely to have underestimated the actual overall burden
of side effects related to statins in this population, when compared to our, more general,
approach.

The validity of the Go-DARTS study database for examining the role of pharmacogenetic
variants that have been discovered in clinical trials is underscored by previous studies of
genes such as APOE and HMGCR that influence lipid lowering efficacy in this population
(18, 19), and further confirms the utility of this population-based approach to assess the
external validity and generalisability of observations made in a clinical trial setting.

Real world validation of statin intolerance is of vital importance as trials can underestimate
the true incidence of such problems due to their study design (20). Trial subjects are seldom
representative of the subsequent target population, and often exclude groups of individuals
who may be at particular risk. For example, the Heart Protection Study (21), screened a total
of 63,603 individuals of whom only approximately 50% (32,145) went forward into the pre-
randomisation phase of statin therapy. Of these, 9% reported a problem with the run in
medication, with 65% choosing not to continue for unspecified reasons. As the major
expressed role for the run in phase was to ensure compliance and minimal drop out it is not
surprising therefore that in the final 20,000 randomised the side effect rates between placebo
and treatment groups were very similar.

Clearly one of the weaknesses of our study is the derivation of a necessarily imprecise
surrogate index of statin intolerance based on statin prescribing changes and routinely-
measured biochemical assays. We have included discontinuation as a component of our
definition of intolerance and it is clear that individuals may stop statins in a real life setting
for reasons that are unrelated to statin intolerance. It is also clear that individuals may
present with abnormal CK levels for reasons unrelated to the statin treatment, therefore we
derived our definition using the co-existence of both CK testing and a relevant prescribing
change. Regression modelling confirmed that this combined definition is highly related to
the dose of statin used and indicates that this is a suitably statin-related measure.
Furthermore, it is clear that our approach has been successful in revealing a genetic signal of
the impact of these variants on statin tolerability regardless of the nature of this intolerance
definition. The vast majority of our subjects were treated with simvastatin (supplementary
table 2) and it is likely that this genotype may be selective for certain statins, indeed our data
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shows that the signal obtained with the SLCO1B1 genotypes is stronger when limited to
those initially treated with simvastatin (supplementary table 6). A recent clinical trial with
pravastatin and simvastatin reported that SL CO1B1 genotypes may predict intolerance to
simvastatin but not pravastatin consistent with a lack of correlation between genotype and
serum pravastatin statin levels in this study (22). Previous work has however demonstrated a
robust role for these SLCO1B1 variants in pravastatin disposition. Our data are not powered
to confirm or refute the role of pravastatin in this context, but it does appear that the effect of
the genotype is consistent in the case of simvastatin, with the original myopathy findings
being made in two simvastatin trials (8). It is therefore possible that individuals with the
susceptible genotypes of SLCO1B1 may find other forms of statin more tolerable, and
further research should be undertaken to examine this hypothesis.

The observation that the genotype effect is more apparent at higher doses is potentially
clinically relevant as more recent clinical trial evidence has indicated the importance of the
use of higher doses of statins to obtain maximal efficacy, and, as a result, there is an
increasing tendency for patients to receive higher and higher doses with the associated
increased risk of side effects. Our study suggests that at least one third of individuals with
the *5/*15 haplotypes of SLCO1B1 are likely to suffer side effects at such high doses of
statins. While this points to a small group of individuals who are at high risk of intolerance,
our data would suggest that in a population treated with >40mg of simvastatin only nine
people would need to be treated to result in one individual being intolerant due to this
genotype. Indeed it has recently been suggested that doses of statins should be tailored to an
individual’s SLCO1B1 genotype to avoid the risk of side effects (23). Side effects may give
rise to discontinuation which would clearly lead to reduced lipid-lowering response to
statins, which we have shown in our population. This would be predicted to result in turn to
an increased susceptibility to cardiovascular events highlighting the potential importance of
adjusting statin therapy to an individual’s SL CO1B1 genotype.

We performed an observational incident cohort study using data from the Genetics of
Diabetes Audit and Research (Go-DARTS) database. This includes detailed information on
people with diabetes in Tayside Scotland (population 400,000) including all prescriptions
dispensed from Tayside pharmacies, all biochemistry from the region-wide clinical
laboratory database and other clinical data relating to diabetes care from 1990 to present
(24), and this is record-linked to consented genetic information.

Study Population

All patients taking part in Go-DARTS who were resident in Tayside during the study period
15t January 1990 to 30th September 2008, who were genotyped for both SL.CO1B1 variants
and with a record of at least two dispensed prescriptions for a statin were included in the
study. The study period for each individual was defined as time from first to last statin
prescription (encashed before 30th September 2008).

Definition of intolerance

A composite measure of intolerance was defined using both biochemical abnormalities and
relevant prescribing changes within individuals. Biochemical abnormalities were defined as
those exceeding the upper limit of the normal ranges for both alanine aminotransferase
(ALT) and creatinine kinase (CK), as determined for the age and sex of each individual
using routine clinical biochemistry classifications. Relevant prescribing changes were
defined as switching statin to equivalent or lower dose, dose reduction of same statin, or
discontinuation of statin prescribing.

Clin Pharmacol Ther. Author manuscript; available in PMC 2012 May 16.
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Indicators of intolerance were either (i.) abnormal CK measure 1 to 3 times over upper limit
of normal (>3 were excluded from analyses), with no abnormal CK recorded before statin
commencement; or (ii) an abnormal ALT measure, with no abnormal ALT before statin
commencement (=50% increase in ALT from baseline during the study period was also
considered abnormal). These abnormalities had to be accompanied by evidence of a relevant
change in prescribing in order for an individual to be defined as intolerant. In addition,
individuals with normal CK measured directly prior to a prescribing change were also
classified as intolerant. Individuals with abnormal CK or ALT values but no change in
prescribing were defined as neither tolerant nor intolerant, as were individuals with a
prescribing change without a relevant biochemical test. The tolerant group were defined as
individuals with no recorded abnormal CK or ALT measures recorded during the period of
exposure to statin treatment, with no prescribing changes suggestive of intolerance and a
consistent statin dose equivalent to 10mg of simvastatin or greater.

Definition of lipid-lowering response

To measure response to statins we considered maximum response. This was defined as the
lowest LDLc measured while on statins. An LDLc measurement before each individual’s
first statin prescription was determined (baseline measurement). Where this was not
available values were estimated using multiple imputation methods as previously described
(18, 19, 25). Patients were required to have at least one post-treatment LDLc for their lipid-
lowering response to be measured. All lipid measurements recorded between first, and last
prescription of statins were considered, and the maximum response observed. Any
measurements taken after patients reached a simvastatin (or equivalent) dose of 80mg, or
started on another lipid-regulating drug (BNF chapter 2.12) were not included.

Drug adherence and dose

Genotyping

Detailed drug dispensing records were used to calculate the percentage maximum possible
adherence to statins for each patient using previously validated methods (25, 26).

Dose was calculated as the maximum dose prescribed during the study period, and where
other statins were prescribed expressed as the equivalent dose of simvastatin (19).

Genotyping for rs4149056 (V174A) and rs2306283 (N130D) was performed using
TAQMAN assays. Both variants were in Hardy-Weinberg equilibrium and were in linkage
disequilibrium (D’=0.83), however the higher frequency of 130D resulted in a low
correlation coefficient (R?=0.2). Genotyping success rate was >98%.

SLCO1B1 analysis

The V174A and N130D variants were analysed separately as recessive models. In addition,
the genotypes were combined to make genotype scores based on the combinations of the 4
haplotypes and their putative functions based on the body of evidence summarized on the
Pharmacogenomics Knowledge Base, which includes pharmacokinetic and biochemical data
(16), indicating the likely incremental functional implications of the groups. The Alal74
variant was coded as 4 in the homozygote form regardless of N130D genotype, as both the
*5 and the *15 haplotypes are associated with increased serum levels of statins, and the
A174 appears to lead to cytoplasmic retention of the protein. In contrast the D130
homozygote was coded 0 only in the absence of A174 as this haplotype (*1B) has been
shown to be associated with decreased serum levels of statins. The *1a haplotype acted as
the reference (N130,V174).

Clin Pharmacol Ther. Author manuscript; available in PMC 2012 May 16.
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Statistical methods

Quantitative variables are presented as means (xSD) and categorical variables as
percentages. For testing significance of the additive model, comparison between groups of
continuous variables utilized ANOVA test for trend and for categorical data the chi-square
test for trend was used. For the recessive model the #test was used for continuous data and
chi-square for categorical variables.

The primary outcome of intolerance was analysed by logistic regression and maximum
LDLc response to statins by multiple linear regression. Covariates selected for the model
were maximum statin dose, adherence to statins, age at baseline and study duration. For the
intolerance model, whether patients were on concurrent lipid-regulating medication, or on
any medication known to inhibit CYP3A4 (16), were also included as a covariate, and a
baseline LDLc measurement was added to the lipid-lowering response model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Frequency of intolerance in whole population stratified by dose

In order to contextualize the putative risk burden for intolerance in the entire statin treated
population conferred by this variation, we coded the individuals who we could positively
identify as intolerant as 1, and coded all other statin treated individuals as 0 regardless of the
classification for tolerance. The data was then stratified by dose group as those treated with
less than 40mg statin (simvastatin equivalent, Low Dose) and those treated with 40mg statin
or above (simvastatin equivalent, High Dose). P values shown are for Chi squared tests for
trend (1df.) across the SLCO1B1 genotype score.
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Table 2
Cross-tabulation of SLCO1B1 genotypes
V174A genotype
Y, VA AA

NN 1423(33.9)%*  186(4.4)y%**  9(0.2)****
N130D genotype (%) ND  1221(29.1)*  698(16.6)***  35(0.8)****
DD 287(6.8) 284(6.8)**  53(L3)**r

SLCO1B1 Genotype score 0; *1;**2; ***3; ****4 \Where 0 is homozygous for haplotype *1B (DV) predicted to have the lowest AUC for
simvastatin, and 4 is homozygous for *5/*15 (NA or DA) predicted to have the highest AUC for simvastatin. The intermediate scores assume a
dose dependency of D and A separately with A174 being dominant over D130 as shown in previous pharmacokinetic studies.
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Logistic regression results for Intolerance

Table 4

rC? Single genotypes Combined genotype

=

= Odds Ratio (95% Cl) P Odds Ratio (95% CI) P

% V174A Recessive 2.05(1.02-4.09) 0.0427 1.14(1.02-1.28) 0.0200

< N130D Recessive 0.71(0.52-0.96) 0.0257

2 Dose (MG):

% <40 1.00 1.00

% >40 - <80 1.59(1.25-2.01) 0.0001 1.60(1.26-2.03) 0.0001

;; >80 - <160 3.89(2.83-5.34) <.0001 3.90(2.84-5.36) <.0001

% >160 5.21(3.10-8.75) <0001 5.24(3.12-8.82) <.0001

2 Other lipid-regulating drug:

< No 1.00 1.00

% Yes 2.27(1.43-3.60) 0.0005  2.24(1.41-3.56) 0.0006

% CYP3A4 inhibitor drugs:

é ' No 1.00 1.00
Yes 1.58(1.28-1.95) <.0001 1.58(1.28-1.95) <.0001
Statin Adherence (per 10%)  0.85(0.81-0.90) <.0001 0.85(0.81-0.90) <.0001
Statin Duration (per 1 yr) 1.26(1.22-1.31) <0001 1.26(1.22-1.31) <.0001
Age at baseline (per 10 yrs)  1.06(0.96-1.18) 0.2436  1.06(0.96-1.17) 0.2645
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