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Objective: To estimate the effect of rs4149056 (SLCO1B1*5) genotype (decreases
statin transport) on cholesterol control and treatment duration in male and female
primary care patients prescribed common statin medications.

Methods and Analysis: This study comprised 69 185 European-ancestry UK Biobank
cohort participants prescribed simvastatin or atorvastatin (aged 40-79 years at first
prescription, treatment duration 1 month to 29 years, mean 5.7 years). Principal out-
comes were clinically high total cholesterol (>5 mmol/L) at baseline, plus treatment
discontinuation.

Results: A total of 48.4% of 591 females homozygous for SLCO1B1*5 decreased
function genotype had raised cholesterol vs 41.7% of those with functioning
SLCO1B1 (odds ratio 1.31, 95% confidence interval [CI] 1.1-1.55, P = .001). Fewer
males had high cholesterol and the genotype effect was attenuated. In primary care
prescribing, females homozygous for SLCO1B1*5 were more likely to stop receiving
these statins (29.5%) than women with normal SLCO1B1 (25.7%) (hazard ratio
[HR] 1.19, 95% ClI 1.03-1.37, P = .01), amounting to five discontinuations per
100 statin-years in the SLCO1B1*5 group vs four in the normal SLCO1B1 function
group. This remained significant after the first year of treatment (HR for dis-
continuing >1 year after first prescription 1.3, 95% Cl 1.08-1.56, P = .006). In men
SLCO1B1*5 was only associated with treatment discontinuation in the first year.
Conclusions: In this large community sample of patients on commonly prescribed sta-
tins, the SLCO1B1*5 decreased function variant had much larger effects on choles-
terol control and treatment duration in women than in men. Efforts to improve the
effectiveness of statin therapy in women may need to include SLCO1B1*5 genotype-

guided statin selection.
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1 | INTRODUCTION

Elevated low-density lipoprotein cholesterol (LDL-C) level is a major
risk factor for myocardial infarction and stroke.! Statins are the most
commonly prescribed cholesterol-lowering drugs and reduce cardio-
vascular morbidity and mortality in higher risk patients.>® However, a
major barrier to effectiveness is medication nonadherence, often due
to reported side effects, including muscle pain.* The STRENGTH
study included 509 hypercholesterolaemic patients who were ran-
domised to simvastatin, atorvastatin or pravastatin; discontinuation of
treatment due to adverse effects was significant for both simvastatin
(odds ratio [OR] 2.8, 95% confidence interval [CI] 1.3-6.0) and atorva-
statin (OR 1.6, 95% ClI 0.7-3.7) at 16 weeks follow-up.”> However, a
systematic review of randomised controlled trials (n = 74 102) found
no differences between placebo and statin groups for developing
muscle symptoms and discontinuation of treatment,® perhaps because
trial participants are generally healthier than many older people pre-
scribed statins.

Genetic polymorphisms in the solute carrier organic anion trans-
porter 1B1 (SLCO1B1) gene, which encodes organic anion transporter
polypeptide 1b1 (OATP1B1) and transports statins into tissues, may
influence the effectiveness of lipid-lowering therapy.” ! Decreased
hepatocellular concentrations of statins result in lower efficacy for
reducing LDL-C, and increased systemic exposure to statins increases
the risk of developing muscle weakness and muscle pain.!?
SLCO1B1*5 is a single nucleotide polymorphism (SNP, rs4149056
T > C) resulting in an amino acid substitution in OATP1B1 (p.Val174-
Ala), increasing plasma levels of simvastatin by 221% and atorvastatin
by 144%.*° SLCO1B1*5 is the only variant in the Pharmacogenetics
Knowledgebase (PharmGKB) with high levels of supporting evidence
for affecting simvastatin or atorvastatin effectiveness or toxicity.2* A
meta-analysis of 13 atorvastatin studies found SLCO1B1*5 was asso-
ciated with atorvastatin-related adverse drug reactions (OR 1.57,
P =.01),' yet literature linking SLCO1B1*5>7° to statin's evidence
is mixed and mostly focussed on shorter term outcomes (statin-
related myotoxicity is predominantly reported in the first year of
treatment, with median onset of 1 month after treatment initiation).*
A 2013 study of UK primary care recruited 77 patients with statin-
induced myopathy and found SLCO1B1*5 significantly increased risk
of myopathy compared to controls (OR per *5 allele 2.1, 95% CI
1.3-3.2),* but more research is needed linking genotype and general
practice (GP) data.

Though sex differences in cholesterol levels are known, with LDL
generally lower in men?” and higher total cholesterol levels in women
whilst treated with statins,'® previous studies have mainly focused on
men and effects in women are understudied.*”~2* In addition, women
have greater risk of adverse drug reactions, yet many cardiovascular
risk models do not take into account female-specific factors.?? Histori-
cally, UK guidelines for prescription of statins for cardiovascular dis-
ease (CVD) prevention used the same clinical cut-off for high
cholesterol (>5 mmol/L) and LDL (>3 mmol/L) for men and women.?®
Current UK clinical recommendations are to begin atorvastatin treat-

ment when 10-year CVD risk is >10% and to assess statin

What is already known about this subject

e Genetic variants affecting SLCO1B1 (statin transporter)
gene function increase concentrations of statin molecules
due to less uptake of the drug (mostly simvastatin and
atorvastatin). Previous studies of statin-treated patients
have reported reduced likelihood of achieving target cho-
lesterol levels plus increased adverse effects and medica-
tion nonadherence, mainly in the first year of treatment.

o Little data have been available on key outcomes over lon-
ger follow-ups or on outcomes by sex, despite large dif-
ferences in statin treatment patterns between men and

women.

What this study adds

e In 69 185 UK Biobank participants reporting simvastatin
or atorvastatin use at baseline assessment, substantially
more women had clinically high total cholesterol
(>5 mmol/L) compared to men (42% vs 25%). Female car-
riers of the SLCO1B1*5 (decreased SLCO1B1 function)
genetic variant were especially likely to have high choles-
terol, despite being on statin treatment.

e In primary care records of atorvastatin and simvastatin
prescribing (>10 years follow-up), female carriers of
SLCO1B1*5 were more likely to stop statins. In men,
SLCO1B1*5 was only associated with discontinuing statin

treatment in the first year after starting treatment.

effectiveness if 40% reduction in non-HDL cholesterol is achieved
3 months after treatment initiation.?* Women have lower body
weight and a higher percentage of body fat compared to men, which
might lead to higher concentrations of lipophilic drugs such as simva-
statin and atorvastatin,?> and increased risk of adverse events, which
may be exacerbated by the SLCO1B1*5 decreased function genotype,
which increases concentrations of drugs due to less uptake of the
drug.'?

We therefore aimed to determine whether women prescribed
simvastatin or atorvastatin were as likely as men to achieve choles-
terol levels below clinically high cut-off points using data from the UK
Biobank, a large cohort of community volunteers followed in primary
care and hospital electronic medical records for over 10 years. We
also tested whether the SLCO1B1*5 (rs4149056) decreased function
genotype was associated with discontinuing statin treatment (in the
first year and the longer term) in males and females separately. Statins
are known to impact inflammation?® and diabetes risk,® so we also
assessed C-reactive protein (CRP), alanine aminotransferase (ALT) and

HbA1c at baseline. We investigated effects on self-reported side
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effects (including nausea and fatigue) and muscle symptoms. Consid-
ering the strong evidence for SLCO1B1*5 affecting patients on simva-
statin or atorvastatin - and that GPs prescribe them interchangeably

- we examined both together.

2 | METHODS

21 | UK Biobank cohort

The UK Biobank recruited 503 325 community-based volunteers aged
40-70 years who visited one of 22 assessment centres in Wales, Scot-
land or England in 2006-2010.2 Comprehensive questionnaires on
demographic, lifestyle and health information data were collected at
the baseline assessment. Blood samples for genetic and biochemical
analyses, and anthropometric measures were taken. This study of
atorvastatin and simvastatin comprises two distinct analysis sections.
First, using the data from baseline assessment only, and second using
the linked GP (primary care) data available in 230 096 (45.7%) partici-
pants (Figure 1).

2.2 | Baseline assessment
The UK Biobank baseline assessment included self-reported medica-
tions; we analysed simvastatin and atorvastatin.

Lipid levels were measured at the UK Biobank baseline and were
categorized based on NHS reference levels at the time of assess-
ment?328: high total cholesterol (>5 mmol/L), high LDL-C (>3 mmol/

(A)
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L), high triglycerides (>2.3 mmol/L). We used pre-diabetic Hbalc level
(>47 mmol/mol),? high CRP (>10 mg/L)* and high ALT (>25 IU/L for
females, >33 IU/L for males)®! as statin use may worsen these
variables.

We also analysed self-reported symptoms associated with statin
use which may cause discontinuation of the treatment.®? We used
“Headaches for 3+ months” (data field 3799), “Frequency of
tiredness/lethargy in last 2 weeks” (data field 2080) and any reported
pain for 3+ months (combining data fields 3404, 3571, 3741, 3414,
3773, 2956).

23 | GPdata
More than 57million prescriptions for 230 096 (45.7%) participants in
the primary care data were available. The GP data was up to August
2016 (England TPP system supplier) and September 2017 (Wales
EMIS/Vision system). Drug name, quantity, date of prescription, drug
code (in clinical Read v2, British National Formulary [BNF] or dm+d
[Dictionary of Medicines and Devices] format, depending on supplier)
are available. We identified prescribing records for simvastatin (Zocor,
Simvastatin, Simvador) 10, 20, 40 and 80 mg and for atorvastatin
(Atorvastatin, Lipitor) 10, 20, 40, 60 and 80 mg to analyse the date
first prescribed, date last prescribed, number of total prescriptions and
average number of prescriptions over the treatment span. We
included all available prescriptions irrespective of dose.

Participants with a date of last prescription at least 3 months prior
to the censoring date were defined as having discontinued treatment.

The censoring date was either the date of deduction (removal from

(8)

(dataset ID ukb41205 — excludes withdrawn participants)
502,506

UK Biobank participants in dataset downloaded March 2020

UK Biobank cohort

v
Genotype data
488,238
v
European genetic ancestry
451,331

Primary care
prescriptions

Self-reported
prescriptions

[ T

Analysis of LDL-C and other biological
measures at UK Biobank assessment

Reported simvastatin or atorvastatin at assessment
67,630

Female
26,185

Male
41,445

FIGURE 1

Analysis of discontinuation of statin
therapy in primary care data

With primary care data available
209,882
v
Ever prescribed simvastatin or atorvastatin by GP
69,185
¥ ¥
Female Male
29,574 39,611

Cohort flowchart. (A) A flowchart illustrating the number of UK Biobank participants eligible for analysis (ie, with sufficient genetic

and medication data). (B) The two subsets of UK Biobank used in analyses: the baseline analysis of self-reported prescriptions (available in all
participants) and the primary care prescribing data available in ~45% of the whole sample (up to 2017)
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GP list, where available) or 28 February 2016 where no deduction
date was present (ie, still registered at an available practice). Data
after 28 February 2016 were incomplete, depending on GP provider
(see UK Biobank documentation).®> We also evaluated prescriptions
for other statins (cerivastatin, fluvastatin, pravastatin and rosuvastatin)
to identify patients switching treatments from simvastatin or
atorvastatin.

Muscle symptoms were ascertained from ICD-10 codes®* and
converted to Read codes used in UK primary care records (using UK
Biobank-provided diagnostic code maps), available for up to 11 years
follow-up after baseline assessment. We included ICD-10 codes for
myopathy, myositis or myalgia (G72.0, G72.8, G72.9, M60.8, M60.9,
M79.1).

24 | SLCO1B1*5 (rs4149056) genotype

Directly genotyped genetic variants (n = 805 426) were obtained by
UK Biobank using two near-identical microarray platforms: the
Affymetrix Axiom UKB array (in 438 427 participants) and the
Affymetrix UKBILEVE array (in 49 950 participants). The central UK
Biobank team performed imputation in 487 442 participants and the
number of genetic variants reached ~96 million.>> Different ancestral
groups when analysed together can cause bias in genetic studies,3
thus we included 451 367 (93%) genetically European ancestry
participants.

We analysed the SLCO1B1*5 genetic variant rs4149056 (C allele,
directly genotyped) with well-documented effects on simvastatin- and
atorvastatin-related side effects in the literature, particularly on mus-
cle symptoms.3” Genotype data was not returned to participants as
part of the study.

2.5 | Statistical analyses

Associations between genotype and biochemical variables at the
baseline were tested by logistic regression, adjusting for age and the
first 10 principal components of genetic ancestry to control for popu-
lation substructure.

The association between genotype and discontinuation was
tested using Cox's proportional hazards regression models. We also
created Kaplan-Meier plots. Participants entered the model at the
date of first prescription of statins and exited on the date of first inci-
dent outcome or end of records, thus providing an “intention to treat”
analysis reducing any effect of genetically associated discontinuation
of treatment. We tested the associations between GP-diagnosed
muscle symptoms that occurred in the first 3 months and 3 months or
longer after the first prescription date using time-to-event models.
STATA (v16) was used for analysis.

To estimate the genetically moderated treatment effect (GMTE)
we used “TWIST” (Triangulation with a Study),®® a novel pharmaco-
genetic causal inference approach to estimate population average

effect on total cholesterol if all SLCO1B1*5 homozygotes could

experience the same treatment effect as noncarriers. In brief, several
assumptions common to pharmacogenetic analysis are tested (primar-
ily that genetic variant SLCO1B1*5 does not predict whether an indi-
vidual receives statin treatment, is not associated with any
confounders predicting statin use or cholesterol and only affects cho-
lesterol through the interaction with statins). From this analysis the
most efficient and robust estimate of the GMTE is derived. R (v4.0.1)
was used for TWIST analysis with package “twistR” (https://github.
com/lukepilling/twistR).

2.6 | Sensitivity analysis

a. We conducted competing risk regression models for discontinua-
tion or death to check whether the estimate is drastically changed
when accounting for the competing risk of mortality.

b. We also tested for interactions between SLCO1B1 genotype and
sex with discontinuation of treatment within year 1 and discontin-
uation after 1 year of treatment.

2.7 | Patient and public involvement
Patients and participants are extensively involved in the UK Biobank
study itself. No patients were involved in developing the research

question or the outcomes tested in this analysis.

3 | RESULTS
3.1 | Characteristics and associations at UK
baseline assessment

There were 26 185 female and 41 445 male European-ancestry UK
Biobank participants who reported atorvastatin or simvastatin treat-
ment at baseline assessment. The mean age was 61.6 years (SD 5.7)
for females and 61.4 (SD 6.1) for males (Table 1) (see Supporting
Information Table S1 for details, including heterozygotes).

A total of 42.1% (10485/24907) of women and 25.3%
(9995/39527) of men had clinically high total cholesterol levels
(>5 mmol/L), significant in logistic regression models adjusted for age
(OR2.2,95% Cl12.11-2.26,P = 5 x 10~**°). The association was signif-
icant and the effect consistent after further adjustment for assessment
centre, highest education level attained, weight, waist circumference
and smoking status (OR 1.94, 95%Cl 1.86-2.01, P = 8 x 1072%¢).

The SLCO1B1*5 impaired statin intracellular transport genotype
(rs4149056 CC homozygous) was present in 2.26% of female study
participants (n = 591). This group was more likely to have clinically
raised total cholesterol compared to females with normal function
(rs4149056 TT homozygous) genotype (OR 1.31, 95% Cl 1.10-1.55,
P =.001) in logistic regression models adjusted for age and genetic
principal components of ancestry 1 to 10 (Table 2; see Supporting

Information Table S2 for details, including for rs4149056
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TABLE 1 Characteristics of UK Biobank participants on simvastatin or atorvastatin therapy
SLCO1B1*5 status®
Female Male
Normal function Reduced function Normal function Reduced function
(*1/*1) (*5/*5) (*1/*1) (*5/*5)
Baseline assessment (self-reported)
n (% of 26 185 females or 41 445 males) 18 925(72.27) 591(2.26) 29 996(72.38) 927(2.24)
Age, years Min-max 40-70 41-70 40-70 40-70
Mean (SD) 61.7(5.7) 61.6(5.8) 61.4(6.1) 61.6(6.1)
Weight, kg Mean (SD) 76.3 (15.4) 76.3 (15.7) 89.3(15.2) 89.8(14.9)
BMI Mean (SD) 29.5(5.6) 29.5(5.6) 29.31(4.5) 29.4(4.3)
LDL, n > 3 mmol/L (% of genotype group) 6492(36.17) 250(44.8) 7743(27.1) 267(30.2))
Triglycerides, n > 2.3 mmol/L (%) 5040(26.63) 178(30.12) 9841(32.81) 345(37.22)
Total cholesterol, n > 5 mmol/L (%) 7485(41.65) 270(48.39) 7069(24.7) 258(29.05)
HbA1c, n > 47 mmol/mol (%) 2526(13.99) 105(18.52) 4558(15.94) 124(13.98)
Primary care data
n (% of 29 574 females or 39 611 males) 21 345(72.17) 691(2.34) 28 608(72.22) 947(2.39)
Age at first statin prescription Min-max 40-78.9 40.3-77.31 40-79.2 41.1-78.2
Mean (SD) 61,9 (7.1) 61.9(7.3) 60.9 (7.2) 61.1(6.9)
Years between first and last statin® Min-max 0.002-28.2 0.01-24.7 0.002-27.2 0.01-29.3
Mean (SD) 5.7(4.8) 5.4(4.5) 6.6 (4.8) 6.6(4.9)
Muscle diagnoses® prior to statin® n (%) 560(2.62) 19(2.75) 499(1.74) 19(2.01)
Ml/angina diagnoses® prior to statin® n (%) 1078(5.05) 36(5.21) 3151(11.01) 107(11.3)
Muscle diagnoses after first statin® n (%) 776(3.64) 26(3.76) 880(3.08) 34(3.59)
Ml/angina after first statin® n (%) 2875(13.47) 98(14.18) 6978(24.39) 211(22.28)
Discontinuation ever, n (%) n (%) 5476(25.65) 204(29.52) 6119(21.39) 212(22.39)
Discontinuation in 1 year, n (%) n (%) 2489(11.66) 86(12.45) 2333(8.15) 95(10.03)
Discontinuation in year 1+, n (%) n (%) 2987(17.62) 118(21.77) 3786(15.49) 117(14.53)

Note: See Supporting Information Table S1 for full table, including heterozygotes (*1/*5 group).
Abbreviations: BMI, body mass index; LDL, low-density lipoprotein cholesterol; MI, myocardial infarction.
?rs4149056 genotype: reduced function, CC homozygotes; normal function, TT homozygotes.

bPrimary care-diagnosed muscle symptoms (myopathy, myositis or myalgia).
“simvastatin or atorvastatin prescription.
9Hospital inpatient diagnosis of Ml or angina.

heterozygotes). A total of 48.4% of female SLCO1B1*5 homozygotes
had raised cholesterol, compared to 41.7% of the SLCO1B1 normal
function group (excess 6.7%, 95% Cl 2.6-10.9, P =.001). Female
SLCO1B1*5 homozygotes were also more likely to have raised LDL
(OR 1.42, 95% Cl 1.2-1.69, P = 4.4*107°) (44.8% vs 36.2%, excess
8.6%, 95% Cl 4.3-12.6, P = 4*107°).

In our TWIST causal analysis®® of high/low total cholesterol we
estimated that if all female SLCO1B1*5 (rs4149056) homozygotes
could experience the same treatment effect as noncarriers their risk
of high cholesterol would reduce by 6.34% (95% Cl 3.33-9.35,
P = 3.7°107°), ie, from 48.4% (the number of female SLCO1B1*5
homozygotes with high cholesterol) to 42.1%. This equates to
37 women (6.34% of 591 female SLCO1B1*5 homozygotes in analy-
sis). In a complimentary analysis treating total cholesterol as a continu-

ous outcome we estimated that SLCO1B1*5 homozygous females

would have 0.147 mmol/L lower total cholesterol if they could be
treated with a lipid-lowering medication unaffected by the genotype.
This suggested a reduction in the number of *5 homozygotes with
high total cholesterol from 48.4% to 40.7%, corresponding to
46 SLCO1B1*5 homozygous women with cholesterol <5 mmol/L
where currently their cholesterol is >5 mmol/L. We used the “robust™
GMTE estimate, which estimates the GMTE in treated individuals and
subtracts the GMTE estimate in untreated (but eligible) individuals.
This guards against off-target genetic effects that could directly influ-
ence the likelihood of being treated with a statin and/or an individ-
ual's cholesterol level.

Males homozygous for the SLCO1B1*5 decreased function vari-
ant (n = 927, 2.24% of 41 445 males in study) were also more likely
to have raised total cholesterol than SLCO1B1 normal function homo-
zygotes (29.1% vs 24.7%, OR 1.27, 95% ClI 1.09-1.47, P = .001), with
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TABLE 2 SLCO1B1 genotype associations with baseline analyses in patients who reported statin treatment

e Female Male
Outcomes *5status® N cases (%°) OR 95% Cl P N cases (%) OR 95% Cl P
Total Normal 7485 (41.65) ° 7069 (24.7) b
Cholesterol Reduced 270(48.39) 131 1.1 1.55  0.001 258(29.05) 127 109 147 0001
LDL Normal 6492(36.17) ° 7743 (27.1) b

Reduced 250 (44.8) 142 12 1.69  47107° 267 (30.2) 118 102 137 0025
TG Normal 5040 (26.63)  ° 9841 (32.81) °

Reduced 178(30.12) 119 098 144  0.078 345(37.22) 126 1.1 146  0.001
Headache Normal 1807 (9.58) b 1523 (5.09) b

Reduced 75(12.71) 138 108 177 001 56 (6.04) 122 092 161 016
Fatigue/tiredness ~ Normal 3017 (16.56) ° 3676 (12.64) °

Reduced 93(1626) 096 076 121 0737 111(12.35) 098 08 1.2 0.872
Pain Normal 9741 (51.47) ° 13184 (4395 °

Reduced 289 (48.9) 0.9 076 105  0.203 409 (44.12) 1 088 115 0918
HbA1c Normal 2526 (13.99) 4558 (15.94) °

Reduced 105 (1852) 1.4 113 175  0.002 124(1398) 086 071 104 012
CRP level Normal 1937 (10.24) ° 2542 (8.47) b

Reduced 80(13.54) 145  1.05 0.022 76 (8.20) 094 066 135 0757
ALT level Normal 5867 (32.64) ° 7747 (27.07) °

Reduced 207 (37.10) 121 101 144 0033 249 (28.10) 107 092 125 0.358

Note: See Supporting Information Table S2 for full results.

Abbreviations: ALT, alanine aminotransferase; CRP, C-reactive protein; LDL, low-density lipoprotein cholesterol; TG, triglycerides.
#Normal function, no copies of SLCO1B1*5 genotype (rs4149056 TT homozygotes); reduced function, two copies of SLCO1B1*5 genotype (rs4149056 CC

homozygotes).
b% of genotype group with phenotype.

similar trends for raised LDL (30.2% vs 27.1%, OR 1.18, 95% Cl 1.02-
1.37, P = .025) (Table 2).

At UK Biobank baseline, female SLCO1B1*5 homozygotes were
more likely to report having headaches for 23 months than women
homozygous for the SLCO1B1 normal function genotype (OR 1.58,
95% Cl 1.1-2.29, P =.01), but there was no association with
frequency of tiredness/lethargy in last 2 weeks and chronic pain for
>3 months (Table 2). High CRP level, ALT level, Hb1Ac and total cho-
lesterol were associated with SLCO1B1*5 homozygous genotype in
females (Table 2). Males homozygous for SLCO1B1*5 were not more
likely to report headaches, fatigue or pain compared to normal func-
tion homozygotes.

3.2 | GP prescribing data on simvastatin and
atorvastatin

There were 29 574 female and 39 611 male UK Biobank participants
of European ancestry who received at least one prescription of simva-
statin or atorvastatin (irrespective of dose) in the available GP data
(from 1990 to 2017, see Methods and Figure 1). The length of simva-
statin or atorvastatin treatment spanned from a single prescription to
607 prescriptions over 28.2 years (mean 5.7 years, SD 4.7 in females).

Female SLCO1B1*5 homozygotes (n = 691) ranged from a single
prescription to 24.7 years (mean 5.4, SD 4.5) whereas in males
(n = 947) prescriptions were up to 29.3 years (mean 6.6, SD 4.9). See
Table 1 for details.

3.3 | SLCO1B1*5 association with discontinuing
simvastatin or atorvastatin treatment

We identified patients who discontinued atorvastatin or simvastatin
treatment as those where their last prescription date was >3 months
prior to the censoring date of the GP data (or death). Participants with
prescriptions on or after the censoring date are assumed to have not
discontinued. The overall rate of discontinuation was 23.3% (16 139
of 69 185 participants included in the analysis), ie, of 69 185 partici-
pants who received at least one prescription of simvastatin or atorva-
statin in the available GP data 53 046 (76.7%) were still on treatment.

A total of 29.5% of female SLCO1B1*5 (rs4149056) homozygotes
discontinued vs 25.6% of normal function (Table 1). The association
was significant in time-to-event analysis adjusted for age and genetic
principal component of ancestry (hazard ratio [HR] 1.19, 95% Cl 1.03-
1.37, P = .015). Yet male SLCO1B1*5 homozygotes were not more
likely to discontinue (HR 1.05, 95% Cl 0.92-1.2, P = .44). See
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Figure 2A for detailed estimates and Figure 2B for cumulative inci-
dence plots of SLCO1B1*5 homozygotes association with dis-
continuing treatment (plots are truncated to 15 years for clarity, full
plot Supporting Information Figure S1; see Supporting Information
Table S3 for details). There was a significant interaction between sex
and SLCO1B1*5 with discontinuation of treatment (P = .02). The asso-
ciation between genotype and discontinuation in females was consis-
tent in Fine and Gray's competing risks models accounting for the
competing risk of mortality (sub-HR 1.19, 95% Cl 1.04-1.37,
P =.012).

In analysis stratified by whether discontinuation occurred within
12 months of beginning treatment or greater than 12 months, male
decreased function homozygotes were more likely to discontinue in
the first 12 months (HR 1.25, 95% Cl 1.02-1.53, P = .03), whereas
female decreased function homozygotes were more likely to discon-
tinue treatment in the long term (1 4 years) (HR 1.3, 95% Cl 1.08-
1.56, P = .006) (Figure 2A).

A total of 2160 women who discontinued treatment of simva-
statin or atorvastatin switched to another statin within 12 months of

discontinuation (1208 to pravastatin, 895 to rosuvatatin, 56 to
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fluvastatin and one to cerivastatin). In addition, 24.5% of female
SLCO1B1*5 homozygotes who discontinued simvastatin or atorva-
statin switched treatment compared to 24.3% of normal function car-
riers (OR 1.04, 95% Cl 0.75-1.44, P =.81). See Supporting
Information Table S4 for all the details.

There was insufficient data to analyse dose of atorvastatin or sim-
vastatin in SLCO1B1*5 homozygotes at the time of discontinuation.
This analysis is limited by the low number of homozygotes in different
dose groups and lack of data on instructions from GPs (eg, number of
tablets per day), data which is not available in the UK Biobank-linked
GP records. See Supporting Information Table S5 for tabulation of
available data.

3.4 | SLCO1B1*5 associations with GP-diagnosed
muscle symptoms

A total of 110 female and 96 male participants had GP-recorded mus-
cle symptoms in the 3 months after their first prescription of atorva-

statin or simvastatin. In addition, 848 female and 1026 male

(A) SLCO1B1 Normal Reduced (*5) Hazard Ratio —=— Females
function N % PY N % PY [95% Cls] —o— Males
55 : 21,347 257 44 691 295 54  1.19[1.03t0 1.37] S
E- All time 28609 214 32 947 224 3.4 1.05[0.92to1.20] —_——
®
> 3
> 21,347 117 136 691 124 14.6 06 [0.86 to 1.32] »
g <1year 28609 82 91 947 10 112  1.25[1.02to 1.53] °
< o
o 16,950 17.6 2.8 542 218 37  1.30[1.08 to 1.56] -
g Overiyear 5,440 155 23 805 145 21 0.94[0.78t01.12] .
Reduced (*5) = SLCO1B1 *5 homozygous (rs4149056 CC genotype) ! ' ' ' : ' ' '
% = % discontinued 0.8 _1 1.2 1.4
PY =N discontinued per 100 person years Hazard Ratio [95% Cls] for CC vs. TT
(B) 50%1
Females Males
40%
©
Q
S
c
S 30%1
c
8 -
B 0% H =
(a] SLCO1B1 (rs4149056) SLCO1B1 (rs4149056)
B genotype genotype
10%- *1 homozygote (TT) *1 homozygote (TT)
*5 heterozygote (TC) -=|*5 heterozygote (TC)
. *5 homozygote (CC) *5 homozygote (CC)

0 2 4 6 8 10 12

14 0 2 4 6 8 10 12 14

Years since first prescription of simvastatin or atorvastatin

FIGURE 2 SLCO1B1*5 genotype association with discontinuing GP-prescribed simvastatin and atorvastatin treatment. Associations between
SLCO1B1*5 genotype (reduced function compared to normal genotype, ie, rs4149056 CC homozygotes vs TT homozygotes) and discontinuing
GP-prescribed simvastatin or atorvastatin treatment in males and females separately. (A) The number of “cases” (discontinuing treatment) and
“controls” (remained on treatment) for the normal and reduced-function homozygous groups, the number of discontinuations per 100 person-
years on treatment in the two groups, and the hazard ratio from Cox's proportional hazards regression models. Also shown are the associations
from stratified analyses of short term (stopped less than 1 year after beginning treatment) and longer term (stopped more than 1 year after
beginning treatment). See Supporting Information Table S3 for details, including for the normal/reduced (*1/*5) heterozygous group. (B) The
cumulative incidence over time of discontinuing treatment in males and females, stratified by SLCO1B1*5 genotype. The x axis is censored at

15 years for figure clarity. See Supporting Information Figure S1 for complete plots
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participants had GP-recorded muscle symptoms more than 3 months
after the first prescription of atorvastatin or simvastatin (ie, the stable
treatment period). This was lower than expected based on previous

literature,>>?

with similar rates in the different genotype groups. In
the first 3 months, there was no significant association between mus-
cle symptoms and genotype. After 3 months, female SLCO1B1*5 het-
erozygotes were more likely to experience muscle symptoms
compared to female normal function homozygotes (OR 1.19, 95% ClI
1.03-1.4, P = .02). However, there was no significant association with
muscle symptoms in males in any group of SLCO1B1*5 genotype (see

Supporting Information Table Sé).

4 | DISCUSSION

We aimed to assess the success of cholesterol control in men and
women taking simvastatin or atorvastatin, including examining the con-
tribution of the SLCO1B1*5 (rs4149056) genetic variant that impairs
intracellular transport of these statins. In UK Biobank participants who
self-reported taking simvastatin or atorvastatin at baseline assessment,
42% of females and 25% of males had clinically high total cholesterol
(>5 mmol/L), despite receiving treatment (OR 2.2, 95% Cl 2.11-2.26,
P = 5 x 10~**), with consistent results for LDL also observed. We
found that females homozygous for SLCO1B1*5 (ie, with reduced pro-
tein function) were more likely to have high cholesterol compared to
common “normal function” homozygotes. In the linked GP electronic
clinical records data, female SLCO1B1*5 reduced-function homozy-
gotes were more likely to discontinue simvastatin or atorvastatin treat-
ment: five discontinuations per 100 patient-years on statins compared
to four per 100 in the normal function genotype group.

The difference between males and females could be due in part
to males being more likely to adhere to statin therapy,® and is consis-
tent with previous reports of females having higher total cholesterol
levels whilst treated with statins.*® UK guidelines for prescription of
statins for prevention of CVD at the time of UK Biobank baseline
assessment (2006-2010) used the same clinical cut-off point for high
total cholesterol (>5 mmol/L) in males and females.?® The current UK
clinical recommendations are to assess statin effectiveness by mea-
suring percentage reduction in non-HDL cholesterol after 3 months of
treatment,?* in part acknowledging the sex difference (this analysis
was not possible in the cross-sectional UK Biobank cholesterol data).
We included patients treated for up to 29 years because likelihood of
discontinuation of statin treatment is impacted by adverse events, in
addition to whether the patient meets the target cholesterol reduc-
tion. A systematic review of randomised controlled trials (RCTs) with
74 102 subjects found that statin therapy was not associated with
discontinuation of treatment compared with placebo,*° yet our analy-
sis shows that for a subset of patients - especially females carrying
the SLCO1B1*5 genotype - discontinuation is more likely.

As the studied statins are mainstays of CVD prevention, and non-
adherence is a major barrier to treatment effectiveness, prescribing an
appropriate statin without high risk of adverse events and with higher

efficacy at first intervention could reduce discontinuation and improve

control of cholesterol, especially in women. We used a novel pharma-
cogenetic causal inference framework (TWIST®®) to estimate the
GMTE on total cholesterol if all SLCO1B1*5 homozygotes could expe-
rience the same treatment effect as noncarriers. Treating total choles-
terol as a binary outcome (>5 vs <5 mmol/L) we estimated the risk of
high total cholesterol in female SLCO1B1*5 homozygotes would
reduce by 6.34% from 48.4% to 42.1%. Of the 591 female SLCO1B1*5
homozygotes in the study, this corresponds to 37 additional women
meeting the cholesterol target if they could be prescribed a lipid-
lowering medication not affected by SLCO1B1*5. Next, we repeated
the analysis treating total cholesterol as a continuous outcome. From
this we estimated that female *5 homozygotes would have
0.147 mmol/L lower total cholesterol if they could be treated with a
lipid-lowering medication unaffected by the genotype. This suggested
a reduction in the number of *5 homozygotes with high total choles-
terol from 48.4% to 40.7%, corresponding to 46 SLCO1B1*5 homozy-
gous women who currently have high total cholesterol (>5 mmol/L)
gaining control if prescribed an alternative lipid-lowering medication
not affected by SLCO1B1*5. The associations in SLCO1B1*5 heterozy-
gotes were either greatly diminished or nonsignificant, suggesting that
the pharmacogenetic effects are restricted to the homozygotes.

In males we found no excess discontinuation in SLCO1B1*5
homozygotes when analysing the whole prescribing period (three dis-
continuations per 100 statin-years in both *5 homozygotes and “nor-
mal” functioners). Previous analyses have specifically investigated the

4041 and in analysis

first 12 months after beginning statin therapy,
restricted to this period male *5 homozygotes were more likely to dis-
continue than the normal function homozygote group, whereas
females were more likely to discontinue in the longer term. The differ-
ence between males and females in both cholesterol control whilst on
simvastatin or atorvastatin treatment, and in likelihood of dis-
continuing treatment, may have implications for interventions (specific
statin prescribed and dose) and subsequent cardiovascular outcomes.
This significant interaction between SLCO1B1*5 genotype and sex
could be due to females having lower mean muscle mass and body
weight, and higher percentage of body fat compared to males, leading
to higher concentrations of simvastatin and atorvastatin,?® with
SLCO1B1*5 therefore causing increased discontinuation of treatment
due to side effects.!?

Although we observe raised cholesterol levels in SLCO1B1*5
homozygotes at the UK Biobank baseline assessment, and increased
likelihood of discontinuing GP-prescribed simvastatin and atorvastatin
therapy, we found limited evidence of SLCO1B1*5 associations with
GP-diagnosed muscle symptoms. This could be due to underreporting
of statin-associated pain (by the patients themselves or under-
recording by GPs in the clinical record; 3.4% of participants prescribed
simvastatin or atorvastatin received a relevant GP diagnosis, including
myalgia and myositis) compared to previous studies with systematic
ascertainment of muscle effects that reported up to 25% of patients
with muscle symptoms.>®4? A recent systematic review of RCTs
reported that statins were not associated with clinically confirmed
muscle disorders, consistent with our results (patients may report

muscle symptoms, but these are not clinically confirmed).*®
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Additionally, our ability to analyse dose was limited due to data avail-
ability (numbers of homozygotes stratified by dose were low and GP
instructions on number of tablets to be taken was missing) and
SLCO1B1*5 has been linked to muscular complaints (and atorvastatin
intolerance), especially in patients receiving high doses of atorva-
statin.** However, statins are known to impact inflammation?® and
diabetes risk®: we found that female SLCO1B1*5 homozygotes (but
not male) treated with atorvastatin or simvastatin at baseline assess-
ment had higher CRP, ALT and HbAlc, further emphasising the
increased importance of appropriate prescribing in females.

Additionally, it is thought that a “nocebo” effect is common,
where patients treated with statins report more statin related symp-
toms.* Yet we find genotype (which the participants and GPs were
not told about) to be associated with both high cholesterol level and
discontinuation. Because genotypes are inherited at conception and
are not altered by later factors, associations with genotypes provide
less confounded evidence than conventional observational associa-
tions™: it is therefore likely that statin pharmacokinetics and pharma-
codynamics are being affected and causing adverse effects. This is
supported by our findings that female UK Biobank SLCO1B1*5 homo-
zygotes who self-reported statin therapy at baseline were significantly
more likely to report headaches than normal function homozygotes
(12.7% of *5 group reported chronic headache for 3+ months com-
pared to 9.6% of normal group). However, we did not find a difference
in reports of chronic pain at the UK Biobank baseline assessment (pain
in any site for 3+ months), perhaps because the questions put to UK
Biobank participants did not ask about muscle pain specifically.

This study has several strengths: it is a large cohort study with
longitudinal electronic primary care and hospital medical records
follow-up of patients, with a follow-up period considerably longer than
in most previous studies, combined with genotype and self-report
data. Yet there are several limitations, first that the UK Biobank partic-
ipants are somewhat healthier than the general population.*® The
magnitude of poor control of cholesterol in women in this relatively
healthy cohort is therefore particularly disappointing. Second, only
45% of participants have available primary care data at the time of
analysis; when more data becomes available, further investigation of
prescriptions and diagnoses will be possible. As noted, questions about
pain at UK Biobank baseline were nonspecific, and recording of statin
adverse effect-related symptoms in medical records may not be com-
plete. However, given that study participants were not informed about
their genotypes, the associations observed for metabolizer status are
likely robust. Future work could improve ascertainment of adverse
effects with systematic measurements, including of biochemical evi-
dence of muscle damage or myopathy, in particular creatine kinase. A
further limitation is that we have no direct data on why the studied
women were not moved onto different statins or prescribed sufficient
doses to achieve target cholesterol levels. Additionally, accounting for
other SLCO1B1 genetic variants that impact statin uptake may
improve the GMTE estimate and should be considered in future work.

Trials are showing that genotype-guided treatment for anti-
platelet therapy reduces adverse events.*” Although a recent system-

atic review reported that safety concerns were limited in statin
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therapy,* this was in the general population; in subpopulations carry-
ing the SLCO1B1*5 decreased function variant, especially women, tai-
loring the specific statin or dose may improve outcomes and could
highlight patients to target with novel agents for cholesterol lower-
ing.*® In a recent cost-consequence analysis patients with pre-emptive
SLCO1B1 testing prior to statin initiation experienced lower rates of
statin-associated muscle symptoms and were less likely to discon-
tinue, although the strategy was US$96 more costly per patient com-
pared to usual care.®’ It is noted elsewhere that cost-effectiveness
increases in multigene pharmacogenetic testing.>°

In conclusion, in the large UK Biobank community volunteer
study, women prescribed atorvastatin or simvastatin were more likely
to still have clinically raised cholesterol levels than men. In women,
the SLCO1B1*5 (rs4149056) decreased function variant was associ-
ated with raised cholesterol levels and discontinuation of treatment
during a follow-up of >10 years. Efforts are needed to improve the
effectiveness of statin therapy in women, including establishing
whether SLCO1B1*5 genotype-guided statin selection could reduce
discontinuation rates.

ACKNOWLEDGEMENTS

Access to the UK Biobank resource was granted under Application
Number 14631. We would like to thank UK Biobank participants and
coordinators for this dataset. The authors would like to acknowledge
the use of the University of Exeter High-Performance Computing
facility in carrying out this work.

D.T. is funded by the Ministry of National Education (Milli Egitim
Bakanligi), Republic of Turkey. J.B. is funded by an Expanding Excel-
lence in England (E3) research grant awarded to the University of Exe-
ter. JM. is funded by a National Institute for Health Research
Fellowship (NIHR301445). This publication presents independent
research funded by the National Institute for Health Research (NIHR).
The views expressed are those of the author(s) and not necessarily
those of the NHS, the NIHR or the Department of Health and Social
Care. D.M. and L.P. were funded by the University of Exeter Medical
School. The funders had no input in the study design, in the collection,
analysis and interpretation of data, in the writing of the report or in
the decision to submit the article for publication. The researchers
acted independently from the study sponsors in all aspects of this

study.

COMPETING INTERESTS

All authors declare no support from any organisation for the submit-
ted work, no financial relationships with any organisations that might
have an interest in the submitted work in the previous 3 years and no
other relationships or activities that could appear to have influenced

the submitted work.

CONTRIBUTORS

D.T. performed analyses, interpreted results, created the figures,
searched the literature and co-wrote the manuscript. J.M. provided
expert clinical interpretation of the data and contributed to the manu-

script. C.K. and J.B. contributed to data analysis and interpretation,



TURKMEN ET AL.

BRITISH
PHARMACOLOGICAL
] SOCIETY
A

and contributed to the manuscript. D.M. oversaw interpretation and

literature searching, and co-wrote the manuscript. L.P. generated data,

performed analyses, interpreted results, created the figures, searched

the literature and co-wrote the manuscript. L.P. is the guarantor. The

corresponding author attests that all listed authors meet authorship

criteria and that no others meeting the criteria have been omitted.

DATA AVAILABILITY STATEMENT
The genetic and phenotypic UK Biobank data are available upon

application to the UK Biobank (www.ukbiobank.ac.uk/register-apply).

The derived data fields used in our analysis will be available via the

UK Biobank, search for application number 14631. We are not able to

share these directly.

ORCID

Deniz Tiirkmen
Luke C. Pilling

https://orcid.org/0000-0002-9584-5625
https://orcid.org/0000-0002-3332-8454

REFERENCES

1.

10.

11.

Stroes ES, Thompson PD, Corsini A, et al. Statin-associated muscle
symptoms: impact on statin therapy—European Atherosclerosis Soci-
ety Consensus Panel Statement on Assessment, Aetiology
and Management. Eur Heart J [Internet]. 2015;36(17):1012-1022.
https://academic.oup.com/eurheartj/article/36/17/1012/2465952
Bruckert E, Hayem G, Dejager S, Yau C, Bégaud B. Mild to moderate
muscular symptoms with high-dosage statin therapy in hyperlipidemic
patients - The PRIMO study. Cardiovasc Drugs Ther. 2005;19(6):403-
414. doi:10.1007/510557-005-5686-z

Collins R, Reith C, Emberson J, et al. Interpretation of the evidence
for the efficacy and safety of statin therapy. Lancet [Internet]. 2016;
388(10059):2532-2561. https://linkinghub.elsevier.com/retrieve/pii/
S0140673616313575

Robinson JG. New insights into managing symptoms during statin
therapy. Prog Cardiovasc Dis [Internet]. 2019;62(5):390-394. doi:
10.1016/j.pcad.2019.10.005

Voora D, Shah SH, Spasojevic |, et al. The SLCO1B1*5 genetic variant
is associated with statin-induced side effects. J Am Coll Cardiol. 2009;
54(17):1609-1616. doi:10.1016/j.jacc.2009.04.053

Kashani A, Phillips CO, Foody JM, et al. Risks associated with statin
therapy. Circulation [Internet]. 2006;114(25):2788-2797. doi:
10.1161/CIRCULATIONAHA.106.624890

Lee HH, Ho RH. Interindividual and interethnic variability in drug dis-
position: polymorphisms in organic anion transporting polypeptide
1B1 (OATP1B1; SLCO1B1). Br J Clin Pharmacol [Internet]. 2017;83(6):
1176-1184. doi:10.1111/bcp.13207

Keskitalo JE, Zolk O, Fromm MF, Kurkinen KJ, Neuvonen PJ,
Niemi M. ABCG2 polymorphism markedly affects the pharmacokinet-
ics of atorvastatin and rosuvastatin. Clin Pharmacol Ther [Internet].
2009;86(2):197-203. doi:10.1038/clpt.2009.79

SEARCH Collaborative Group, Link E, Parish S, et al. SLCO1B1 vari-
ants and statin-induced myopathy - a genomewide study. N Engl J
Med [Internet]. 2008;359(8):789-799. doi:10.1056/NEJM0a0801936
Brunham LR, Lansberg PJ, Zhang L, et al. Differential effect of the
rs4149056 variant in SLCO1B1 on myopathy associated with simva-
statin and atorvastatin. Pharmacogenomics J. 2012;12(3):233-237.
doi:10.1038/tpj.2010.92

Turner RM, Pirmohamed M. Statin-related myotoxicity: A compre-
hensive review of pharmacokinetic, pharmacogenomic and muscle
components. J Clin Med [Internet]. 2019;9(1):22. http://www.ncbi.
nlm.nih.gov/pubmed/31861911

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

Lam YWEF. Principles of pharmacogenomics. In: Pharmacogenomics
[Internet].  Elsevier; 2019:1-53. https://linkinghub.elsevier.com/
retrieve/pii/B9780128126264000012

Ramsey LB, Johnson SG, Caudle KE, et al. The Clinical
Pharmacogenetics Implementation Consortium  Guideline for
SLCO1B1 and Simvastatin-Induced Myopathy: 2014 Update. Clin
Pharmacol Ther [Internet]. 2014;96(4):423-428. doi:
10.1038/clpt.2014.125

Whirl-Carrillo M, Huddart R, Gong L, et al. An evidence-based frame-
work for evaluating pharmacogenomics knowledge for personalized
medicine. Clin Pharmacol Ther [Internet]. 2021;110(3):563-572. doi:
10.1002/cpt.2350

Du Y, Wang S, Chen Z, Sun S, Zhao Z, Li X. Association of SLCO1B1
polymorphisms and atorvastatin safety and efficacy: A meta-analysis.
Curr Pharm Des [Internet]. 2019;24(34):4044-4050. https://www.
eurekaselect.com/168468/article

Carr DF, O'Meara H, Jorgensen AL, et al. SLCO1B1 genetic variant
associated with statin-induced myopathy: a proof-of-concept study
using the clinical practice research datalink. Clin Pharmacol Ther [Inter-
net]. 2013;(6):695-701. http://www.ncbi.nlm.nih.gov/pubmed/
23942138

Bell JA, Santos Ferreira DL, Fraser A, et al. Sex differences in systemic
metabolites at four life stages: cohort study with repeated
metabolomics. BMC  Med [internet]. 2021;19(1):58. doi:
10.1186/512916-021-01929-2

Batal HA, Krantz MJ, Dale RA, Mehler PS, Steiner JF. Impact of pre-
scription size on statin adherence and cholesterol levels. BMC Health
Serv Res [Internet]. 2007;25(7):175. http://www.ncbi.nlm.nih.gov/
pubmed/17961256

Holdcroft A. Gender bias in research: how does it affect evidence
based medicine? J R Soc Med [Internet]. 2007;100(1):2-3. doi:
10.1258/jrsm.100.1.2

Kim ESH, Menon V. Status of women in cardiovascular clinical trials.
Arterioscler Thromb Vasc Biol [Internet]. 2009;29(3):279-283. doi:
10.1161/ATVBAHA.108.179796

Mosca L, Navar AM, Wenger NK. Reducing cardiovascular disease
risk in women beyond statin therapy: New insights 2020. J Women's
Heal [Internet]. 2020;29(8):1091-1100. doi:10.1089/jwh.2019.8189
Bartz D, Chitnis T, Kaiser UB, et al. Clinical advances in sex- and
gender-informed medicine to improve the health of all. JAMA Intern
Med [Internet]. 2020;180(4):574. https://jamanetwork.com/journals/
jamainternalmedicine/fullarticle/2760346

Wood D, Wray R, Poulter N, et al. JBS 2: Joint British societies' guide-
lines on prevention of cardiovascular disease in clinical practice. Heart
[Internet]. 2005;91(SUPPL. 5):v1-v52. doi:10.1136/hrt.2005.079988
NICE (National Institute for Health and Care Excellence). Cardiovas-
cular disease: risk assessment and reduction, including lipid modifica-
tion [Internet]. 2016 [cited 2021 Jul 15]. https://www.nice.org.uk/
guidance/CG181

Chen M, Bertino JS, Berg MJ, Nafziger AN. Pharmacological differ-
ences between men and women. In: Principles of Clinical Pharmacology
[Internet]. Elsevier; 2007:325-338. https://linkinghub.elsevier.com/
retrieve/pii/B9780123694171500614

Cannon CP, Braunwald E, McCabe CH, et al. Intensive versus moder-
ate lipid lowering with statins after acute coronary syndromes. N Engl
J Med [Internet]. 2004;350(15):1495-1504. http://www.ncbi.nlm.nih.
gov/pubmed/15007110

Sudlow C, Gallacher J, Allen N, et al. UK Biobank: An open access
resource for identifying the causes of a wide range of complex dis-
eases of middle and old age. PLoS Med. 2015;12(3):e1001779. doi:
10.1371/journal.pmed.1001779

NHS. Cholesterol levels. https://www.nhs.uk/conditions/high-
cholesterol/cholesterol-levels/

Guideline Public Health Type 2 diabetes: prevention in people at high
risk. https://www.nice.org.uk/guidance/ph38


http://www.ukbiobank.ac.uk/register-apply
https://orcid.org/0000-0002-9584-5625
https://orcid.org/0000-0002-9584-5625
https://orcid.org/0000-0002-3332-8454
https://orcid.org/0000-0002-3332-8454
https://academic.oup.com/eurheartj/article/36/17/1012/2465952
info:doi/10.1007/s10557-005-5686-z
https://linkinghub.elsevier.com/retrieve/pii/S0140673616313575
https://linkinghub.elsevier.com/retrieve/pii/S0140673616313575
info:doi/10.1016/j.pcad.2019.10.005
info:doi/10.1016/j.jacc.2009.04.053
info:doi/10.1161/CIRCULATIONAHA.106.624890
info:doi/10.1111/bcp.13207
info:doi/10.1038/clpt.2009.79
info:doi/10.1056/NEJMoa0801936
info:doi/10.1038/tpj.2010.92
http://www.ncbi.nlm.nih.gov/pubmed/31861911
http://www.ncbi.nlm.nih.gov/pubmed/31861911
https://linkinghub.elsevier.com/retrieve/pii/B9780128126264000012
https://linkinghub.elsevier.com/retrieve/pii/B9780128126264000012
info:doi/10.1038/clpt.2014.125
info:doi/10.1002/cpt.2350
https://www.eurekaselect.com/168468/article
https://www.eurekaselect.com/168468/article
http://www.ncbi.nlm.nih.gov/pubmed/23942138
http://www.ncbi.nlm.nih.gov/pubmed/23942138
info:doi/10.1186/s12916-021-01929-2
http://www.ncbi.nlm.nih.gov/pubmed/17961256
http://www.ncbi.nlm.nih.gov/pubmed/17961256
info:doi/10.1258/jrsm.100.1.2
info:doi/10.1161/ATVBAHA.108.179796
info:doi/10.1089/jwh.2019.8189
https://jamanetwork.com/journals/jamainternalmedicine/fullarticle/2760346
https://jamanetwork.com/journals/jamainternalmedicine/fullarticle/2760346
info:doi/10.1136/hrt.2005.079988
https://www.nice.org.uk/guidance/CG181
https://www.nice.org.uk/guidance/CG181
https://linkinghub.elsevier.com/retrieve/pii/B9780123694171500614
https://linkinghub.elsevier.com/retrieve/pii/B9780123694171500614
http://www.ncbi.nlm.nih.gov/pubmed/15007110
http://www.ncbi.nlm.nih.gov/pubmed/15007110
info:doi/10.1371/journal.pmed.1001779
https://www.nhs.uk/conditions/high-cholesterol/cholesterol-levels/
https://www.nhs.uk/conditions/high-cholesterol/cholesterol-levels/
https://www.nice.org.uk/guidance/ph38

TURKMEN ET AL.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Pepys MB, Hirschfield GM. C-reactive protein: a critical update. J Clin
Invest [Internet]. 2003;111(12):1805-1812. http://www.jci.org/
articles/view/18921

Kwo PY, Cohen SM, Lim JK. ACG clinical guideline: Evaluation
of abnormal liver chemistries. Am J Gastroenterol [Internet]. 2017
Jan;112(1):18-35. https://journals.lww.com/00000434-201701000-
00013

Robinson JG, Nedergaard BS, Rogers WJ, et al. Effect of evolocumab
or ezetimibe added to moderate- or high-intensity statin therapy on
LDL-C lowering in patients with hypercholesterolemia, the
LAPLACE-2 randomized clinical trial. J Am Med Assoc. 2014;311(18):
1870-1883. doi:10.1001/jama.2014.4030

UK Biobank. UK Biobank Primary Care Linked Data Version 1.0
[Internet]. 2019 [cited 2019 Sep 30]. http://biobank.ndph.ox.ac.uk/
ukb/refer.cgi?id=591

lhle P, Dippel F-W, Schubert |, Statin-associated myopathy. Assess-
ment of frequency based on data of all statutory health insurance
funds in Germany. Pharmacol Res Perspect [Internet]. 2018;6(3):
e00404. doi:10.1002/prp2.404

Bycroft C, Freeman C, Petkova D, et al. The UK Biobank resource
with deep phenotyping and genomic data. Nature. 2018;562(7726):
203-209. doi:10.1038/s41586-018-0579-z

Hellwege JN, Keaton JM, Giri A, Gao X, Velez Edwards DR,
Edwards TL. Population stratification in genetic association studies.
Curr Protoc Hum Genet [Internet]. 2017;95(1):1.22.1-1.22.23. doi:
10.1002/cphg.48

Wilke RA, Ramsey LB, Johnson SG, et al. CPIC guideline for SLCO1B1
and simvastatin-induced myopathy. Clin Pharmacol Ther. 2012;92(1):
112-117. doi:10.1038/clpt.2012.57

Bowden J, Pilling LC, Turkmen D, Kuo C-L, Melzer D. The
Triangulation WIthin A STudy (TWIST) framework for causal
inference within Pharmacogenetic research. medRxiv. 2021 Jan;
2021.05.04.21256612.

Hope HF, Binkley GM, Fenton S, Kitas GD, Verstappen SMM,
Symmons DPM. Systematic review of the predictors of statin
adherence for the primary prevention of cardiovascular disease. PLoS
ONE. Public Library of Science. 2019;14(1). doi:10.1371/journal.
pone.0201196

Colivicchi F, Bassi A, Santini M, Caltagirone C. Discontinuation of
statin therapy and clinical outcome after ischemic stroke. Stroke
[Internet].  2007;38(10):2652-2657.  doi:10.1161/STROKEAHA.
107.487017

Halava H, Huupponen R, Pentti J, Kivimaki M, Vahtera J. Predictors
of first-year statin medication discontinuation: A cohort study. J Clin
Lipidol [Internet]. 2016;10(4):987-995. https://linkinghub.elsevier.
com/retrieve/pii/S193328741630191X

Laufs U, Isermann B. Statin intolerance: Myths and facts. Eur Heart J.
2020;41(35):3343-3345. doi:10.1093/eurheartj/ehaa582

43.

44,

45.

46.

47.

48.

49.

50.

BRITISH 11
PHARMACOLOGICAL,
3 SOCIETY
X

Cai T, Abel L, Langford O, et al. Associations between statins and
adverse events in primary prevention of cardiovascular disease: sys-
tematic review with pairwise, network, and dose-response meta-ana-
lyses. BMJ [Internet]. 2021;n1537. doi:10.1136/bm;j.n1537

Turner RM, Fontana V, Zhang JE, et al. A genome-wide association
study of circulating levels of atorvastatin and its major metabolites.
Clin  Pharmacol Ther [Internet]. 2020;108(2):287-297. doi:
10.1002/cpt.1820

Davies NM, Holmes MV, Davey SG. Reading Mendelian randomisa-
tion studies: A guide, glossary, and checklist for clinicians. BMJ. 2018;
362:k601. doi:10.1136/bmj.k601

Fry A, Littlejohns TJ, Sudlow C, et al. Comparison of
sociodemographic and health-related characteristics of UK Biobank
participants with those of the general population. Am J Epidemiol.
2017;186(9):1026-1034. doi:10.1093/aje/kwx246

Claassens DMF, Vos GJA, Bergmeijer TO, et al. A genotype-guided
strategy for oral P2Y 12 inhibitors in primary PCI. N Engl J Med [Inter-
net]. 2019;381(17):1621-1631. doi:10.1056/NEJM0a1907096
lacobucci G. Inclisiran: UK to roll out new cholesterol lowering drug
from next year. BMJ [Internet]. 2020;m139. https://doi.org/10.1136/
bmj.m139

Brunette CA, Dong OM, Vassy JL, et al. A cost-consequence analysis
of preemptive SLCO1B1 testing for statin myopathy risk compared to
usual care. J Pers Med [Internet]. 2021;11(11):1123. https://www.
mdpi.com/2075-4426/11/11/1123

Dong OM, Wheeler SB, Cruden G, et al. Cost-effectiveness of multi-
gene pharmacogenetic testing in patients with acute coronary syn-
drome after percutaneous coronary intervention. Value Heal
[Internet]. 2020 Jan;23(1):61-73. https://linkinghub.elsevier.com/
retrieve/pii/$1098301519323447

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher's website.

How to cite this article: Tirkmen D, Masoli JAH, Kuo C-L,
Bowden J, Melzer D, Pilling LC. Statin treatment effectiveness
and the SLCO1B1*5 reduced function genotype: Long-term
outcomes in women and men. Br J Clin Pharmacol. 2022;1-11.
doi:10.1111/bcp.15245


http://www.jci.org/articles/view/18921
http://www.jci.org/articles/view/18921
https://journals.lww.com/00000434-201701000-00013
https://journals.lww.com/00000434-201701000-00013
info:doi/10.1001/jama.2014.4030
http://biobank.ndph.ox.ac.uk/ukb/refer.cgi?id=591
http://biobank.ndph.ox.ac.uk/ukb/refer.cgi?id=591
info:doi/10.1002/prp2.404
info:doi/10.1038/s41586-018-0579-z
info:doi/10.1002/cphg.48
info:doi/10.1038/clpt.2012.57
info:doi/10.1371/journal.pone.0201196
info:doi/10.1371/journal.pone.0201196
info:doi/10.1161/STROKEAHA.107.487017
info:doi/10.1161/STROKEAHA.107.487017
https://linkinghub.elsevier.com/retrieve/pii/S193328741630191X
https://linkinghub.elsevier.com/retrieve/pii/S193328741630191X
info:doi/10.1093/eurheartj/ehaa582
info:doi/10.1136/bmj.n1537
info:doi/10.1002/cpt.1820
info:doi/10.1136/bmj.k601
info:doi/10.1093/aje/kwx246
info:doi/10.1056/NEJMoa1907096
https://doi.org/10.1136/bmj.m139
https://doi.org/10.1136/bmj.m139
https://www.mdpi.com/2075-4426/11/11/1123
https://www.mdpi.com/2075-4426/11/11/1123
https://linkinghub.elsevier.com/retrieve/pii/S1098301519323447
https://linkinghub.elsevier.com/retrieve/pii/S1098301519323447
info:doi/10.1111/bcp.15245

	Statin treatment effectiveness and the SLCO1B1*5 reduced function genotype: Long-term outcomes in women and men
	1  INTRODUCTION
	  What is already known about this subject
	  What this study adds
	2  METHODS
	2.1  UK Biobank cohort
	2.2  Baseline assessment
	2.3  GP data
	2.4  SLCO1B1*5 (rs4149056) genotype
	2.5  Statistical analyses
	2.6  Sensitivity analysis
	2.7  Patient and public involvement

	3  RESULTS
	3.1  Characteristics and associations at UK baseline assessment
	3.2  GP prescribing data on simvastatin and atorvastatin
	3.3  SLCO1B1*5 association with discontinuing simvastatin or atorvastatin treatment
	3.4  SLCO1B1*5 associations with GP-diagnosed muscle symptoms

	4  DISCUSSION
	ACKNOWLEDGEMENTS
	  COMPETING INTERESTS
	  CONTRIBUTORS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


