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Abstract

Purpose of Review Today, statins are the first choice to lower LDL cholesterol and concomitantly the risk of atherosclerotic
cardiovascular disease. There is a significant minority of statin-treated patients who are more susceptible to occasionally serious
side effects that may increase morbidity and lead to compliance problems or the discontinuation of therapy. This review addresses
the question of whether genetics can provide meaningful insights into the risk of statin side effects or therapy success.

Recent Findings The use of genome-wide association studies has significantly reduced the number of predictive genetic markers
for statin effects, and the isolated effect of the surviving markers is low; more promising are approaches to stratify patients with
genetic risk scores.
Summary Patients reveal a pronounced individual response to the administration of statins. The idea of being able to adequately
describe this variability with single genetic markers has failed, genetic risk scores will be the method of choice.
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Introduction

When I began my research in a lipid laboratory nearly a
quarter-century ago, patients were usually classified by their
phenotype according to Fredrickson [1]. LDL-C levels of
> 160 mg/dL were classified as high-risk LDL-C, those of
130 to 159 mg/dL as borderline-high-risk LDL-C, and those
of < 130 mg/dL as desirable LDL-C [2]. Since then, we have
entered the time of genomics with the option to sequence
entire genomes; statins are first-line medication to lower
LDL-C, with additional options like ezetimibe or PCSK9 in-
hibitors. Relying on LDL-C, the target is now heterogeneous:
(a) the ACC/AHA guidelines abandoned the idea of absolute
target levels and recommend high-intensity statin treatment to
reduce LDL-C levels by > 50% in patients with manifest ath-
erosclerotic disease or high estimated risk, and to reduce LDL-
C levels by 30-50% in patients with moderate risk [3], (b) the
ESC/EAS task force recommends a target <70 mg/dL for
secondary prevention [4], (c) whereas the first organization
in the USA has gone down to <55 mg/dL for patients at
extreme risk (e.g., progressive atherosclerotic cardiovascular
disease including unstable angina in patients after achieving
an LDL-C <70 mg/dL) [5]. After the success of IMPROVE-
IT [6] and FOURIER [7], the recommendation is inclining
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towards “the lower the better”, meaning that more patients
will undergo high-intensity statin treatment.

Not only have scientific background, methodology, and
treatment options changed in recent decades, the communica-
tion between patients, doctors, and interest groups also differs.
The development of social media has opened channels for
everyone to express her/his opinions that are frequently not
based on scientific evidence but rather driven by fear or self-
interest. Statins’ side effects are exaggerated, causing insecure
patients to discontinue their medication. Lethal effects of the
influence of disinformation are impressively demonstrated in
a publication from Denmark [8]. Sune Nielsen and Borge
Nordestgaard studied all individuals initiated on statin therapy
from 1995 through 2010 in the entire Danish population
(674,900), and followed them until 31 December 2011 for
myocardial infarction and death from cardiovascular disease.
Statin-related disinformation was associated with a significant
increase in statin discontinuation. In line with strong evidence
[9], the early discontinuation of statin therapy was associated
with increased risk of myocardial infarction and death from
cardiovascular disease [8].

The main adverse reactions to statin treatment include my-
algia, myotoxicity, and new onset of diabetes (NOD). Statin-
associated muscle symptoms (SAMS) are by far the most
common adverse effects and one of the key reasons for
discontinuing statin therapy. The management of statin intol-
erance is not the focus of this review, but it has been addressed
in a very recent review by Peter Toth and colleagues [10¢].

SAMS and Statin Drug-Drug Interactions

Before starting statin therapy, what can we do to identify those
patients most likely to suffer from these considerable side
effects? First, we must consider potential drug interactions.
Thompson et al. [11] reported that approximately 60% of
cases of rhabdomyolysis under a statin are associated with
drug-drug interactions involving statin metabolism modifica-
tion. A prominent example in the recent past is cerivastatin’s
withdrawal from the world market due to a high rate of fatal
rhabdomyolysis in patients who had been taking the full dose
of cerivastatin (0.8 mg/day) and gemfibrozil concomitantly
[12]. Two years ago, the American Heart Association pub-
lished a comprehensive scientific statement listing the most
important statin-drug interactions [13¢¢]. In addition to de-
scribing the effects of combination therapies on the drug levels
of common statins, the article also includes dosage recom-
mendations for planned combinations, focusing on cardiovas-
cular disease.

The importance of considering statins’ interactions with
other drugs is impressively demonstrated by very recent work
by Deljehier et al. [14]. They report on a 51-year-old patient
with a severe case of rhabdomyolysis. He was on 80 mg of
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atorvastatin once a day when admitted to their care, having
previously taken systemic fusidic acid (500 mg three times a
day) and ofloxacin for osteitis. A comprehensive literature
review added 29 case reports of rhabdomyolysis after combi-
nation therapies involving statins and systemic fusidic acid:
28% of those patients did not survive. Seeking another source,
namely the WHO ViGiBASE, Deljehier et al. identified an-
other 182 cases, revealing a 24% mortality rate. Their obser-
vations led the authors to conclude that there is substantial risk
of developing rhabdomyolysis after a relatively long duration
of combined statin and fusidic acid treatment, with a high
mortality rate between 24 and 28%. If there is no alternative
to fusidic acid, the authors suggest discontinuing the use of
statins for the duration of the fusidic acid treatment and re-
starting them 1 week after the end of fusidic acid therapy.

SAMS and Pharmacogenetics of Statins

Initial candidate genes for statin pharmacogenetics and SAMS
were genes involved in the transport, metabolism, and clear-
ance of statins. The most prominent example for this group is
the solute carrier organic anion transporter family member
1B1 (SLCOI1BI1 or OATPIB1), which is expressed on the
sinusoidal membrane of human hepatocytes and facilitates
the hepatic uptake of many endogenous compounds such as
bile acids, bilirubin, steroid hormone conjugates, and of drugs
like rifampicin, cyclosporine, and most statins. Several poly-
morphisms in the gene encoding SLCO1B1, SLCO1B1, have
been identified. Some of them, in particular ¢.521C>T
(Vall74Ala; rs4149056), are associated with reduced
SLCOI1BI activity in vitro and markedly increased plasma
concentrations of statins. Whereas the SLCOIB1 521C variant
has only a minor effect on the lipid-lowering potency of statins
in vivo, it is associated with an increased risk to develop statin
myopathy. Heterozygous carriers of the genetic variant exhibit
a 4.5-fold and homozygous carriers a 17-fold higher risk of
myopathy taking 80 mg of simvastatin daily (for review see
Reference [15]). In 2011, the U.S. Food and Drug
Administration added warnings to the simvastatin product la-
bel to recommend against initiating simvastatin at 80 mg/day
due to the risk of myopathy. As a consequence, prescribing
recommendations for simvastatin have been established that
are based on myopathy-risk categories (low, intermediate, or
high) defined by SLCOIBI genotype [16]. An ongoing trial
(NCT02871934) enrolling 400 statin-naive primary care pa-
tients will determine whether a genetic test for this genotype
can help patients and providers choose the right type and dose
of cholesterol-lowering statin medications to lower the risk of
cardiovascular disease, while minimizing the muscle pain side
effects that sometimes occur with statins. In the meantime, the
possibility to switch to other generic statins possessing higher

potency diminishes the need to screen patients for this poly-
morphism prior to treatment.

Other candidate genes involved in the pharmacokinetics of
statins that might promote the development of SMAS are
ABCBI (rs1128503, rs2032582, rs1045642), encoding a
transport protein responsible for hepato-biliary and renal—uri-
nary transport of statins and their metabolites, and several
cytochrome P450 genes like CYP3A (CYP3A4%*22,
1s35599367; CYP3A5*3, 1s776746) [15]. Candidate genes as-
sociated with SAMS, which might be directly involved in the
pathophysiology of SAMS are COQ2 (rs4693075 and
rs4693570) encoding an enzyme involved in the biosynthesis
of coenzyme Q10 and GATM (variant rs9806699) which en-
codes the rate-limiting enzyme glycine amidinotransferase in
the creatine biosynthesis pathway [15]. In contrast to the
SLCOIBI genotype, the data on all these genes are inconsis-
tent and require further evaluation. Last year, a new gene
appeared as following a classical candidate-gene approach,
namely the leukocyte immunoglobulin-like receptor
subfamily-B (LILRB5) [17]. The missense variant
Asp247Gly (rs12975366) is associated with lower creatine
phosphokinase and lactate dehydrogenase levels, both bio-
markers for muscle injury. The authors analyzed the impact
of the variant on statin intolerance defined by two phenotypes
in the GoODARTS cohort, and replicated their results in three
independent studies looking for statin-induced myopathy
(SIM) and myalgia (CPRD-STAGE SIM, PREDICTION-
ADR SIM, JUPITER myalgia). Homozygous carriers of the
Asp247 genotype carry a higher risk for all analyzed out-
comes (OR1.34; 95% CI: 1.16-1.54). Of course, those find-
ings will need to be confirmed by further investigations. The
direct involvement of LILRBS in the development of muscle
pathology is unclear, but there might be a link to the immune
system. It would come as no surprise if other genes from the
immune system were revealed in our search for the cause of
SAMS.

Statins and NOD

The increased risk of contracting diabetes while on statin treat-
ment has long been overlooked. The JUPITER trial, a double-
blind randomized primary prevention study of 17,802 subjects
assigned to rosuvastatin 20 mg or placebo, was the first to
report the increased incidence of diabetes (27%) with statins
[18]. Various meta-analyses of randomized control trials sup-
ported this observation, demonstrating a greater risk of NOD
associated with statins ranging from 9 to 13%, suggesting a
dose-related effect. Patients at increased risk tended to be
older, had higher BMI, higher fasting blood-glucose levels,
higher triglycerides, and metabolic syndrome at baseline—
all established diabetes risk factors [19]. A very recent meta-
analysis focusing on observational studies instead of RCTs
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reported an even higher risk of 44%, varying from 38% in
simvastatin users up to 61% in rosuvastatin users [20].
Pitavastatin, which this meta-analysis did not analyze, seems
to be the only statin without a diabetogenic effect [21]. On the
other hand, the follow-up in most pitavastatin studies was
short. To close this gap, the LESS-DM trial will investigate
the impact of 4 mg pitavastatin in comparison to 20 mg ator-
vastatin on the development of NOD in patients with meta-
bolic syndrome with a 2-year follow-up [22].

Although the underlying cellular mechanisms have not
been thoroughly evaluated, they range from effects on calcium
channels in pancreatic B-cells that control insulin secretion to
the involvement of glucose transporter 4 (GLUT4) transloca-
tion and changes in intracellular signaling [23].

Over the last 3 years, several Mendelian randomization
studies have demonstrated a direct connection between vari-
ous genes involved in cholesterol metabolism and the risk of
type 2 diabetes. In their cohort of over 220.000 individuals,
Swerdlow et al. studied variants of the gene coding for the 3-
hydroxy-methylglutaryl-CoA reductase (HMGCR), the target
of the statins [24¢]. They found that a common variant
(rs17238484-G) responsible for lower LDL-C levels
(2.3 mg/dL per allele) is associated with greater body weight
and an approximately 5% higher risk for type 2 diabetes,
mimicking the aforementioned association between statin us-
age and diabetes. Their results were confirmed by Ference
et al. [25], who analyzed over 110,000 individuals. Instead
of single SNP, they applied a genetic score that included six
variants; they also analyzed the gene coding for PCSK9,
thereby creating a score based on seven variants. Both variants
in PCSK9 and HMGCR were associated with very similar
effects on the increased risk of diabetes per unit decrease in
LDL-C. They also found that these effects were independent
and additive. The increased risk for diabetes appeared con-
fined to persons with pathological fasting glucose levels
[25]. Another study with more than 550,000 individuals and
51,623 cases of type 2 diabetes concentrated on variants in
PCSK9[26]. Schmidt et al. analyzed four independent PCSK9
variants (rs11583680, rs11591147, rs2479409, and
rs11206510), and found an association between decreased
LDL-C and increased fasting glucose, bodyweight, waist-to-
hip ratio, and risk for type 2 diabetes. However, their results
were dominated by the rarest variant, rs11591147 (minor al-
lele frequency 0.01), which has the strongest influence on
LDL-C. The genetic data on PCSK9 stands in contrast to the
clinical trial data on PCSK9 inhibitors. The FOURIER trial
investigators detected no differences between evolocumab
and placebo in either NOD development or glycemic control
[27]. Alirocumab delivered similar results in a pooled analysis
of ten phase-III trials [28]. The PCSKO inhibitor trials’ follow-
ups were brief in comparison to the experiences with statins;
therefore, it is too early to absolve the PCSK9 inhibitors. To
close the circle of LDL-C lowering drugs, Lotta et al.
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analyzed variants in the gene NPCILI in >300,000 indi-
viduals, coding for the molecular target of ezetimibe, NPC1
like intracellular cholesterol transporter 1 [29]. They con-
firmed previous findings concerning the increased diabetes
risk for carriers of specific HMGCR and PCSK9 variants.
For NPCILI they showed that LDL-C-lowering variants
are associated with an odds ratio of 2.42 for type 2 diabetes
per a genetically-predicted reduction of 1 mmol/L
(38.7 mg/dL) in LDL-C. In contrast to the HMGCR locus
and PCSK9 locus, they observed no significant association
with glycemic or anthropometric parameters. Interestingly,
when adjusted for a similar reduction in LDL-C, the asso-
ciation with type 2 diabetes differed by gene, implying dif-
ferent biochemical mechanisms. In contrast to LDL-C-
lowering variants in HMGCR, PCSK9, and NPCILI, pa-
tients with familial hypercholesterolemia carrying muta-
tions in the genes for low density lipoprotein receptor
(LDLR) or apolipoprotein B (APOB) reveal a significantly
lower prevalence of type 2 diabetes than in their unaffected
relatives (1.75 versus 2.93%) [30]. The authors also ob-
served an inverse dose-response relationship between the
severity of the mutation and prevalence of type 2 diabetes,
being the lowest in LDLR-negative patients.

The sum of the genetic studies suggests that, regardless of
the chosen means of reducing LDL-C by drugs, a slight in-
crease in the diabetes risk is probable. Whether carriers of the
above-mentioned variants carry a higher risk for NOD than
non-carriers when taking LDL-C lowering drugs needs to be
confirmed.

The risk for each individual must be carefully assessed so
as to prevent whenever possible NOD, given that the risk of
developing diabetes under a high-dose statin is minor, and
their benefit so profound by reducing dramatically the number
of cardiovascular events. The JUPITER trial showed that in
patients with no major diabetes risk, > 84 events were
prevented without their having contracted NOD following
statin therapy, whereas in patients with diabetes risk factors,
one will contract NOD while 2.5 cardiac events have been
avoided [31]. Diabetic patients are not only characterized by
their increased cardiovascular risk—they can also suffer other
complications such as the need for additional drugs that can
complicate drug adherence (a major problem in secondary
prevention) and worse quality of life. Especially in high-risk
patients, special attention is required to diet and lifestyle mea-
sures to reduce the NOD risk.

Pharmacogenetics of Statins: Effects on Lipid
Lowering

As recently impressively demonstrated by an exome-wide as-
sociation study in over 300,000 individuals, plasma lipids are
affected by at least 250 loci [32¢]. This is a broad field
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Table 1 Recent genome-wide association studies looking for gene variants associated with LDL-C response to statins

Study Participants (1) Statin Gene locus

JUPITER [34] 6989 Rosuvastatin 20 mg ABCG2, APOE, LPA, PCSK9

HPS [35] First stage 3895 Simvastatin 40 mg ABCC2, APOE, LPA, SLCO1BI1, SORT1/CELSR2/PSRC1
Second stage additional 14,810

GIST consortium [36°¢] First stage 18,596 Various APOE, LPA, SLCO1BI1, SORT1/CELSR2/PSRC1

Second stage additional 22,318

reflected in the numerous candidate genes for statin pharma-
cogenetics studied in the last 20 years, namely over 300. Most
of those studies focused on genes related to lipid or drug
metabolism, and the majority of the reported associations were
not confirmed in independent investigations [33¢]. Our review
focuses on the most prominent candidates, confirmed by the
latest genome-wide association studies, summarized in
Table 1 [34, 35, 36¢°].

Apolipoprotein E is a ligand for several lipoprotein re-
ceptors and appears in three major phenotypes: apoE2,
apoE3, and apoE4. These phenotypes are produced by
APOE gene variants 157412 (c.472C > T, Cys158Arg) and
rs429358 (¢.334 T>C, Cysl12Arg). In comparison to the
other phenotypes, apoE2 exhibits very weak binding affin-
ity for the LDL receptor. This leads to greater hepatic cho-
lesterol synthesis, which may predispose to more strongly
inhibited cholesterol synthesis via statin treatment. In fact,
the rare apoE2 allele (Cys112, Cys158) is associated with
4-6% greater LDL-C lowering than is the case in non-
carriers [34, 35, 36+°]. However, the apoE2 allele is associ-
ated with a lower off-statin LDL-C level, so the absolute
reduction is smaller. LPA encodes for high polymorphic
apolipoprotein (a), eponymous component of the LDL-
like particle Lp(a). Lp(a) is an independent risk factor for
cardiovascular disease and despite its similarity to LDL,
cannot be lowered by statin therapy [37]. Nevertheless,
SNP in LPA (rs10455872 and rs3798220) are associated
with a lower statin-caused LDL-C reduction. This does
not indicate a direct effect on LDL-C, but it does highlight
weaknesses in the measurement of LDL-C. Both SNPs are
closely associated with the plasma Lp(a) level, and because
most LDL-C assays are incapable of sufficiently discrimi-
nating cholesterol residing in Lp(a) from that in LDL, the
presence of higher Lp(a) levels attenuates the measured
LDL-C response to statins. Two studies added loci at
SORTI1/CELSR2/PSRCI (rs646776 and rs12740374) to
the list [35, 36¢¢]. SORTI encodes the intracellularly-
trafficking protein sortilin, which is involved in the metab-
olism of apoB-containing lipoproteins. The minor allele of
rs646776 is preferentially associated with lower levels of
small and very small LDL leading to approximately 1.5%
greater LDL-C lowering in response to statins than non-
carriers [36¢°°].

Although the individual SNPs are robustly associated with
the statin response, the small effect size limits their
applicability.

Pharmacogenetics of Statins: Effects
on Cardiovascular Risk Reduction

In many cases, the effects of individual variants are small and
only lead to a phenotype when added up to arrive at a genetic
risk score (GRS). This approach was used by Mega et al. in a
re-analysis of primary (JUPITER/ASCOT) and secondary
(CARE/PROVE IT-TIMI 22) statin prevention trials follow-
ing risk stratification based on a GRS consisting of 27 SNPs
associated with CAD [38e]. The sample size of 48,421 indi-
viduals with 3477 cardiac events was stratified into low, inter-
mediate, and high GRS for CAD. Their study showed that
statins reduced the absolute risk of CAD to a greater extent
in individuals at higher than lower genetic risk.
Correspondingly, the number needed to treat (NNT) to reduce
CHD events via statin therapy differed according to the GRS.
For example in JUPITER, the NNT to prevent one CHD event
over 10 years for those individuals with low, intermediate, and
high GRS was 66, 42, and 25. The interaction between car-
diovascular risk and statin therapy was not because of greater
LDL-C lowering among individuals with greater genetic risk
or other potential clinical characteristics, as demonstrated in
multivariate analysis [38¢¢]. The result that people with a
higher GRS benefit most from statin therapy was confirmed
in another primary prevention study analysis namely, the
WOSCOPS (West of Scotland Coronary Prevention Study),
using an expanded GRS based on 57 SNPs [39¢]. The high
risk group exhibited a 44% risk reduction versus a relative risk
reduction of 24% in others. The NNT to prevent one coronary
event with statin therapy in the high risk group was 13 versus
38 among all others. The authors also analyzed the association
between GRS and coronary artery calcification (Coronary
Artery Risk Development in Young Adults — CARDIA, n =
1.154) and carotid artery plaque burden (Biolmage, n=
4.392), showing an increased burden of atherosclerosis in both
coronary and carotid arteries for those in the high risk group.
They concluded that the association with a subclinical athero-
sclerosis burden may highlight a potential reason why those at
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high genetic risk derive enhanced clinical benefit from prima-
ry preventive statin therapy [39¢]. Thus, stratifying by genetic
risk appears to be a promising approach to identify a subset of
patients who can derive the greatest benefit from statin
therapy.

Conclusion

Reliable genetic markers for SAMS have been sought for
many years, but the yield has been limited and has not really
contributed to the predictive diagnostics of SAMS, perhaps
with SLCOIBI and simvastatin being the only exceptions.
One reason for this is certainly the heterogeneity of the diag-
noses and the low number of patients in the studies. The
search for genetic markers may be the wrong path because it
might be that individual and rare mutations are what charac-
terize these patients, and not common variants [40]; thus,
more focus should be targeted on metabolic markers that
may better reflect anomalies in the muscles. The same applies
to NOD. There is strong evidence that genetically-induced
changes in LDL-C are associated with an increased risk of
diabetes, but no predictive genetic markers exist for NOD.
Here one should rely on the classical markers of glucose me-
tabolism to identify patients at risk. Several genetic associa-
tions of variants in lipid-related genes and LDL-C lowering
effect of statins have been described, but in general the effect
is low in comparison to the LDL-C lowering capacity of
statins, and it is questionable whether the analysis of single
variants will improve clinical decision-making substantially.
On the other hand, there is strong evidence that applying ge-
netic risk scores is a good opportunity to assess a patient’s
individual cardiovascular risk and to select those patients like-
ly to benefit most from statin therapy. In this context, the study
by Kera et al. [41¢] is worth mentioning. Using a GRS of up
to 50 SNPs in > 55,000 individuals to prospectively stratify
them for their cardiovascular risk, the authors showed that a
high risk score is not an unalterable fate. Of course, partici-
pants with a high genetic risk score had a significantly higher
risk of cardiovascular events (91%), but a healthy lifestyle (no
current smoking, no obesity, regular physical activity, and a
healthy diet) in this group resulted in a nearly 50% reduction
in risk compared to participants with a less healthy lifestyle.
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