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ORIGINAL ARTICLE

Transgenic mouse model reveals an unsuspected role of the
acetylcholine receptor in statin-induced neuromuscular adverse
drug reactions
GE Grajales-Reyes1, CA Báez-Pagán1, H Zhu2, JG Grajales-Reyes1, M Delgado-Vélez1, WF Garcı́a-Beltrán3, CA Luciano4,
O Quesada5, R Ramı́rez1, CM Gómez2 and JA Lasalde-Dominicci1,3
High cholesterol levels are an established risk factor for cardiovascular disease (CVD), the world’s leading cause of death.
Inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (statins) are prescribed to lower serum cholesterol levels and
reduce the risk of CVD. Despite the success of statins, many patients abandon treatment owing to neuromuscular adverse drug
reactions (ADRs). Genome-wide association studies have identiﬁed the single-nucleotide polymorphism (SNP) rs4149056 in the
SLCO1B1 gene as being associated with an increased risk for statin-induced ADRs. By studying slow-channel syndrome
transgenic mouse models, we determined that statins trigger ADRs in mice expressing the mutant allele of the rs137852808
SNP in the nicotinic acetylcholine receptor (nAChR) a-subunit gene CHRNA1. Mice expressing this allele show a remarkable
contamination of end-plates with caveolin-1 and develop early signs of neuromuscular degeneration upon statin treatment.
This study demonstrates that genes coding for nAChR subunits may contain variants associated with statin-induced ADRs.
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INTRODUCTION
According to the World Health Organization (WHO), cardiovascular
disease (CVD) is the world’s leading cause of death. It has been
estimated that 17.3 million people died from CVD in 2008 alone,
representing 30% of all global deaths. High levels of cholesterol
carried by low-density lipoprotein, colloquially known as ‘bad
cholesterol’, is a ﬁrmly established independent risk factor for
CVD.1--3 Naturally, as CVD claims so many lives, cholesterollowering medications represent an essential strategy to reduce
CVD mortality rates.4 Inhibitors of 3-hydroxy-3-methylglutarylcoenzyme A reductase---collectively named statins---inhibit the
rate-limiting step in the biosynthesis of cholesterol, thus reducing
its availability and effectively lowering plasma low-density
lipoprotein levels. Despite its demonstrated safety, a fraction of
those treated with statins suffer adverse drug reactions (ADRs),
mostly neuromuscular symptoms, which eventually force patients
to discontinue treatment. Because the number of patients on
statins is so high (more than 17 million people are prescribed
Lipitort), the actual number of patients that abandon treatment
due to ADRs can be substantial. Many are left with an increased risk
for CVD as there is a linear dose--response relationship between
increasing adherence to statin treatment and decreasing coronary
mortality.5
The most common statin ADRs are neuromuscular problems
involving muscle pain or weakness, and range in severity from
myalgia to rhabdomyolysis. Myalgia is deﬁned as muscle
weakness or pain without an elevation in serum creatine kinase

(CK) levels. In clinical trials, the incidence of myalgia is 1--5%,
although observational studies reveal that myalgia is more
frequent (9--20%) than expected.6 Very rare muscle-related ADRs
include myositis, which refers to muscular symptoms with serum
creatine kinase elevation, and the life-threatening rhabdomyolysis,
which is characterized by a marked creatine kinase elevation and
can cause severe muscle pain, renal failure, disseminated
intravascular coagulation, and death.7,8 Genetic factors have been
suspected to have a role in the etiology of ADRs, thus prompting
genome-wide association studies (GWAS), and candidate gene
studies looking for genes associated with increased risk for
ADRs.9,10 The SLCO1B1 gene has been shown in several studies to
be associated with statin ADRs, exceeding even the stringent
P-value thresholds of GWAS.11 Candidate genes have been
selected on the basis of their hypothesized role in the etiology
of statin-induced ADRs, such as genes coding for proteins
involved in pain perception,12 vascular homeostasis,13 statin
transport into hepatocytes,14 and drug metabolism,15 among
others. However, while neuromuscular problems are among
the most common ADRs, genes coding for proteins expressed in
the neuromuscular junction (NMJ) are absent in candidate gene
studies.
The nicotinic acetylcholine receptor (nAChR) is a transmembrane glycoprotein highly expressed in skeletal muscle NMJs that
transduces the chemical signal of acetylcholine released by nerve
endings into an electrical signal and subsequent muscle contraction.16--18 Owing to its fundamental role in the transmission of
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nerve impulses across the NMJ, mutation-induced structural
changes in nAChRs can substantially alter its function and affect
nerve transmission across the synapse, resulting in muscle
weakness and pain. For instance, slow-channel congenital
myasthenic syndromes (SCS), characterized by generalized muscle
weakness and fatigability, result from point mutations in nAChRs
that extend channel open time.19,20 Previous experiments showed
that nAChR mutations can also dramatically modify cholesteroldependent regulation of receptor function.21--23 Therefore, it is
hypothesized that statin sensitivity is merely a manifestation of
the cholesterol sensitivity of nAChR genetic variants.
Using transgenic mouse models expressing different SCS
mutations, we demonstrated that the aC418W mutation produced
a myopathy-like picture upon statin treatment resembling statininduced ADRs. The nonsynonymous single-nucleotide polymorphism (SNP) rs137852808 (aC418W), responsible for a mild SCS, was
found to be cholesterol-sensitive, as its macroscopic response to
agonist stimulus increased signiﬁcantly upon cholesterol depletion.24 The results presented herein demonstrate that genetic
variants of genes coding for nAChR subunits could be related to
an increased risk for statin-induced ADRs, and suggest that
detailed, statistically powered candidate gene studies, including
the nAChR genes and perhaps other genes coding for proteins
expressed in the NMJ, are likely to result in the identiﬁcation of
variants related to statin-induced ADRs and are therefore
warranted.
MATERIALS AND METHODS
See Supplementary Information for details. All ﬂuorescence microscopy
experiments were carried out as described in the SI Materials and Methods;
NMJs were stained using a-BuTx Alexa Fluor 488 conjugate and size
measurements done on z-stacks collected with a confocal microscope using
a  40 objective. The Cav-1 immunohistochemistry was also imaged using a
confocal microscope with a  63 oil immersion objective.

RESULTS
aC418W neuromuscular transmission is signiﬁcantly impaired after
3 days of statin treatment
To screen for statin ADRs, we studied three different transgenic
lines expressing SCS mutations (aC418W, dS262T, and aV249F) for
impairment in neuromuscular transmission using repetitive
stimulation electromyograms. This technique compares the
amplitude of a series of compound muscle action potentials
(CMAP) repetitively evoked by sciatic nerve stimulation for
evidence of decrement in the CMAP, given that the decremental
response is a typical pattern of myasthenic disorders.25 After
3 days of statin treatment, which signiﬁcantly lowered total

cholesterol levels (see Supplementary Figure S1), the aC418W
compound muscle action potential amplitude decrement increased signiﬁcantly (1.497±0.136 fold, Po0.01, n ¼ 4). In
contrast, the statin treatment had no signiﬁcant effect on the
wild type (WT), dS262 T, and aV249F mice (Figure 1a).
Statin treatment induces decreased locomotor activity in aC418W
mice after 18 days of atorvastatin treatment
To determine whether the impairment in neuromuscular transmission in aC418W mice is associated with a change in physical
activity levels, we measured voluntary locomotor activity during a
24-h period in aC418W and WT mice. We assessed the ability of
mice to run for prolonged periods of time in a cage containing an
activity wheel that recorded the instantaneous velocity at a
frequency of 1 Hz over a 24-h period (see Supplementary Figure
S3). To understand the progression of ADR as a function of time,
the activity measurements were obtained over a 36-day period at
3, 7, 18 and 36 days and the results plotted in heat maps
(Figure 2). The most frequent activity is seen at low values of both
velocity (X-axis) and duration (Y-axis), because this represents the
periods when the mice ran for short intervals of time at low
velocities. A second peak of activity occurs when the values of
both velocity and duration are high. Because the high velocity- or
long-duration peak represents periods when the mice are
engaged in considerable physical activity, it is of particular
interest. The initial differences between the WT and aC418W
strains are negligible, but over the course of the statin treatment,
the high velocity or long duration peak in aC418W is observed to
progressively decrease in frequency, particularly at 18 and 36 days,
in aC418W mice. These results suggest that aC418W mice are
engaging in some physical activity, but it is being abandoned after
short periods of time, causing a decrease in the frequency of
higher-activity periods. WT animals treated over the same period
with atorvastatin (Figure 2) as well as placebo-treated aC418W
and WT mice remained unchanged (see Supplementary Figure S2).
This is consistent with a higher predisposition to suffer from statininduced ADRs.
Statin-induced NMJ calcium overload and caspase activation
To further explore the effects of cholesterol sensitivity associated
with the rs137852808 SNP, we performed histochemical studies to
look for an effect on calcium overload of end-plates. Unlike other
SCS mice and SCS patients, motor end-plates in aC418W mice had
a low level of calcium overload. Serial cryosections of tibialis
anterior muscle from statin-treated aC418W and WT mice were
stained for calcium deposits (via GBHA) and also for cholinesterase
to localize end-plates. Looking at these in adjacent sections, we
were able to measure the percent of calcium-positive NMJs as

Figure 1. Statin treatment impairs neuromuscular transmission in aC418W mice. (a) The decrement in CMAP in aC418W mice, as a response to
train like stimuli, increased upon 3 days of statin treatment (**Po0.01), whereas aV249F, dS262T, and WT had no response to the treatment
(n ¼ 5, 3, 5, 4 and 4, 3, 5, 4 for aC418W, aV249F, dS262T, and WT mice in PBS and statin treatment, respectively). (b) Representative recordings
of aC418W CMAP recorded over the flexor digitorum brevis and evoked by repetitive stimulation of the sciatic nerve showed the decrement
after 3 days of statin treatment.
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Figure 2. Statin treatment reduces the capacity of aC418W transgenic mice to run at high velocities for long periods of time. The locomotor
activity was assessed by means of detailed measurement of time spent running (non-stop) in the activity wheel, and the corresponding
velocity in a 24-h period. WT and aC418W mice were treated with statin daily, and on days 0, 3, 7, 18, and 36, mice were placed in cages with
activity wheels (n ¼ 5, 5, 5, 4, 5 for WT and n ¼ 4, 4, 3, 3, 4 for aC418W in 0, 3, 7, 18, and 36 days of treatment, respectively). Time running and
corresponding velocities were recorded and plotted in heat maps. The Y-axis corresponds to log10 time spent running (non-stop) and the Xaxis is the corresponding velocity. Color corresponds to number of occasions the mice ran for a particular period of time and velocity. The heat
maps reveal that after 18 days of statin treatment, the aC418W transgenic mice ran less frequently at high velocities for long periods of time
when compared with WT mice.

Figure 3. Statin treatment results in NMJ Ca2 þ overload and caspase-3 activation in NMJ transgenic but not WT mice. (a) The tibialis anterior
muscles of WT and aC418W mice were serially sectioned (10 mm thick), so that end-plates could be visualized in at least two consecutive slides.
Consecutive sections of WT mice muscle display acetylcholinesterase staining (counterstained with eosin), yet no GBHA staining (counterstained with methylene blue) is seen. Conversely, consecutive sections of aC418W muscle reveal GBHA staining on end-plates, indicating the
presence of Ca2 þ overloading in the transgenic end-plate upon statin treatment. (b) GBHA staining in the transgenic end-plate is most
frequent upon 36 days of statin treatment (***Po0.001) (n ¼ 5 for all aC418W mice treated with statins, n ¼ 5, 5, 5, 3 for aC418W mice treated
with PBS in 0, 3, 7, 18, and 36 days of treatment, respectively). End-plates in WT mice showed no GBHA labeling regardless of the treatment
type. Using an enzyme-based activity kit in which a proluminescent substrate for caspase-3 is cleaved to produce aminoluciferin, a substrate
of luciferase, the activity of caspase-3 was assayed in aC418W and WT mice as a function of statin treatment. (c and d) Caspase-3 activity
significantly increased with the duration of statin treatment in aC418W mice after 18 days of treatment, whereas not in the WT mice
(***Po0.001, n ¼ 5 in WT and aC418W mice in 0, 3, 7, 18, and 36 days of PBS and statin treatment, respectively).
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Figure 4. The distribution of end-plate size is altered in transgenic mice after 36 days of statin treatment. (a) The end-plate size distribution of
statin-treated WT mice remained similar to the PBS-treated group (n ¼ 3 for PBS and statin treatment). (b) Conversely, the aC418W mice NMJ
size distribution is altered upon statin treatment (n ¼ 3 for PBS and statin treatment). 345, 418, 348, and 502 aC418W and WT end-plates in
statin- and PBS-treated mice were analyzed, respectively.

previously described.26 In statin-treated aC418W mice, this
calcium overload was observed to increase as a function of time,
reaching nearly a 3-fold increase over control levels at 36 days
(Figure 3b). The statin treatment did not cause NMJ calcium
overload in WT mice (Figure 3a). We previously showed that
increased end-plate calcium in the muscle of SCS patients and
mice is associated with increased levels of activated caspases,
proteases known to mediate apoptosis.27,28 To test for similar
increases resulting from statin-induced end-plate calcium overload, we analyzed muscle homogenates using a luminometric
assay for caspase-3, the downstream mediator of apoptosis, after
3, 7, 18, and 36 days of statin treatment. In aC418W mice, after 18
and 36 days of treatment, caspase-3 activity was increased 1.475and 1.986-fold, respectively, as compared to controls (Figure 3c)
(Po0.001, n ¼ 5). As expected, in statin-treated WT mice, caspase3 activity remained unchanged when compared with the placebotreated control group. These ﬁndings of increased caspase-3
activity in statin-treated aC418W mice are consistent with
the previous electrophysiological, behavioral, and histological
ﬁndings.
The distribution of end-plate size is altered in transgenic mice
after 36 days of statin treatment
SCS is associated with distinct changes in end-plate morphology
including simpliﬁcation and shrinkage of end-plates, a ﬁnding that
has proven to be reproducible in SCS mice.29 To investigate the
effect of statin treatment on NMJ structure in the aC418W mice,
we measured NMJ size using confocal ﬂuorescence microscopy
after labeling nAChRs with Alexa Fluor 488-conjugated abungarotoxin. This was done at day 36 of treatment, the time at
which a maximum effect on locomotor-activity loss, calcium
overload, and increased caspase activity was seen. After 36 days of
statin treatment, WT NMJ size distribution remained unchanged
(Figure 4a). PBS treatment had no effect on either WT or aC418W
end-plates. However, statin treatment caused an appreciable
change in the size distribution of aC418W NMJs (Figure 4b); it
should be noted that the resulting distribution of statin-treated
aC418W NMJs was not dissimilar from that seen in PBS-treated WT
mice (see Supplementary Figure S4).
Cav-1-positive NMJs are more numerous and sensitive to statins in
aC418W mice
As previously reported, the aC418W mutation creates a caveolinbinding motif in nAChRs expressed in vitro.30 Immunohistochemistry was used to test the effect of the aC418W-caveolin binding
motif on the distribution of Cav-1 by comparing the percentage
of Cav-1-positive end-plates along the tibialis anterior muscle
sections of aC418W and WT mice. After measuring the percentage of Cav-1-positive NMJs, we found increased immunolabeling
of NMJs with anti-Cav-1 antibody in aC418W mice relative to
The Pharmacogenomics Journal (2012), 1 -- 7

WT mice (16.14±1.41% versus 2.90±0.83%, Po0.01, n ¼ 3)
(Figure 5a), suggesting that this mutation increases the presence
of Cav-1 within the aC418W NMJ. Finally, we explored the effect of
36 days of statin treatment on Cav-1 localization in aC418W mice.
We found that the percentage of Cav-1 positive NMJs in aC418W
mice was signiﬁcantly reduced in statin-treated aC418W mice
(from 16.14±1.41% to 10.84±1.21%, Po0.05, n ¼ 3), whereas the
WT mice remained unchanged (from 2.90±0.83% to 2.69±0.66%)
(Figure 5b), suggesting that retention of Cav-1 in aC418W endplates is sensitive to cholesterol concentration.
DISCUSSION
CVD is the leading cause of death and a major cause of disability.
High cholesterol levels are a major risk factor in the development
of CVD.1--3 Medications that reduce cholesterol levels, such as
statins, have been shown to decrease the incidence of cardiovascular events by 20--30% per mmol l1 reduction in low-density
lipoprotein.4 However, although proper use of statins may
substantially decrease the likelihood of suffering from CVD, many
at risk choose not to continue treatment. Indeed, nonadherence
can be as high as 75% after 5 years of treatment.31 A signiﬁcant
reason for nonadherence to statins is the fear of suffering
ADRs.31,32 Despite great efforts, the causes of statin-induced ADRs
have remained elusive and unpredictable, causing excessive
concerns among patients and leading to nonadherence. Unfortunately, nonadherence may be more dangerous than ADRs. For
instance, nonadherence is associated with an 85% increase in
mortality.31 In this study, we provide evidence that some ADRs
may be related to genetic variants of membrane proteins, such as
the nAChR, that result in an abnormal level of cholesterol
sensitivity that affects the NMJ.
Genetic factors have been suspected to have a role in the
etiology of ADRs, prompting GWAS and candidate gene studies to
look for genes associated with increased risk for ADRs.9,10 GWAS,
which seek to ﬁnd common genetic variants statistically more
prevalent in patients affected by disease or ADRs, have been
demonstrated to work.33 However, because GWAS examine the
whole genome, true signals can be overshadowed with statistical
noise from variants not associated with ADRs. The P-value
threshold to reach ‘genome-wide signiﬁcance’ is therefore very
low (5  108) to avoid false positives, and sample sizes are often
in the thousands in order to have adequate power to detect
associations.34 GWAS necessary stringent P-values also mean that
potentially important genetic variants may not reach genomewide signiﬁcance if the sample size is not large enough.33 By
focusing on a small number of genes rather than examining the
whole genome, the candidate gene approach may have a higher
statistical power, identifying genes as associated with risk for ADRs
in studies with smaller sample sizes.35,36 In addition, rare variants
of individually large effect can be identiﬁed in candidate gene& 2012 Macmillan Publishers Limited
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Figure 5. aC418W mice display a higher percentage of Cav-1 positive end-plates, which is in turn reduced by statin treatment. Tibialis anterior
muscle cryo-sections were obtained from aC418W and WT mice. These were stained for nAChRs, Cav-1 and nuclei with a-bungarotoxin,
immunohistochemistry using anti-Cav-1 antibodies and DAPI, respectively. (a) aC418W mice showed a significant amount of Cav-1 colocalizing with end-plates, as identified by nAChR staining, whereas WT mice displayed a significant lower amount (**Po0.01, n ¼ 3 for aC418W
and WT mice on PBS treatment) (scale bars represent 36 mm). (b) After 36 days of treatment, aC418W mice showed a significant reduction in
the percentage of Cav-1-positive end-plates, whereas the WT percentages remained unchanged (*Po0.05, n ¼ 3 for aC418W and WT mice on
PBS and statin treatment).

resequencing studies.37 However, the candidate gene approach is
hypothesis-driven, and thus limited by how much is known about
the underlying biology of the disease mechanism.38 The underlying mechanism for statin ADRs is not completely understood,
thus the selection of candidate genes can be challenging. Genes
selected as candidates on the basis of their hypothesized role in
the etiology of statin-induced ADRs include genes encoding
the organic anion-transporter polypeptide member 1B1, which
is expressed in the hepatocyte basolateral membrane and is
responsible for the hepatocellular uptake of endogenous and
foreign substances, including statins;14,39,40 serotonin receptors
and transporters involved in pain perception;12 angiotensin II Type 1
receptors and nitric oxide synthase 3, which are involved in
vascular homeostasis;13 and cytochrome P450 drug metabolizing
enzymes,40 among other proteins. Nevertheless, although neuromuscular problems are among the most common ADRs, candidate
gene studies focusing on genes coding for proteins expressed in
the NMJ are lacking.
The nAChR has a pivotal role in neuromuscular transmission.16--18 Indeed, point mutations in the four subunits making
up the nAChR are responsible for SCS, which are disorders of
neuromuscular transmission characterized by muscle weakness
and fatigability.19,20 To study the potential role of the nAChR in the
etiology of statin-induced ADRs, we screened three different
transgenic animals expressing SCS-causing mutations---including
the cholesterol-sensitive aC418W mouse---for impaired neuromuscular transmission upon atorvastatin treatment by means of EMG
experiments. We hypothesized that, among the SCS transgenic
mice studied, only the aC418W mouse would display impaired
neuromuscular transmission following a drop in membrane
cholesterol concentration achieved through statin treatment,
consistent with previous studies that established the cholesterolsensitive nature of the aC418W nAChR.24,30 As hypothesized, the
transgenic mouse model expressing the cholesterol-sensitive
allele of the nonsynonymous SNP rs137852808 (aC418W) was
the only strain that developed impaired neuromuscular transmission upon atorvastatin treatment (Figure 1a).
To further characterize the atorvastatin sensitivity displayed by
this nAChR genetic variant, we devised a novel technique to study
the voluntary locomotor activity of these mice using a running
wheel. This technique permitted us to measure the frequency
at which the mice ran for a speciﬁc period of time and at a
speciﬁc velocity. Using this method, we demonstrated that
atorvastatin treatment transforms otherwise seemingly normal
mice into weakened mice, as determined by their unwillingness
or inability to run at relatively high velocities for long periods of
time (Figure 2).
& 2012 Macmillan Publishers Limited

Previous studies have shown that SCS mutant mice, including
aC418W mice, develop calcium overload of NMJs.26 Here we
found that upon prolonged atorvastatin treatment, the proportion
of NMJs overloaded with calcium in aC418W transgenic mice
increased when compared with the placebo-treated aC418W mice
(Figure 3b). In contrast, statin treatment did not cause calcium
overload at any NMJ in WT mice (Figure 3a). The activity of mutant
nAChRs and local disturbance of the ionic milieu, such as calcium
overload, have been presumed to result in the eventual activation
of caspases.28 As expected, examination of caspase-3 activity
showed that aC418W mice had increased levels at 18 and 36 days
of statin treatment, whereas WT mice showed no response. This
phenomenon was exclusive to aC418W mice, as dS262 T and
aV249F mice did not show an increase in caspase-3 activity (see
Supplementary Figure S5).
We used confocal microscopy to examine transgenic mice endplates, ﬂuorescently labeled with Alexa Fluor 488-conjugated abungarotoxin, to gain insight into the effects of atorvastatin
treatment on end-plate integrity. Our results demonstrate that
the distribution of end-plate size is altered in the aC418W mice
upon statin treatment but not in WT mice. In addition, careful
examination revealed that upon 36 days of atorvastatin treatment,
the size distribution of transgenic mice end-plates overlapped the
distribution of WT mice end-plates (see Supplementary Figure S4).
Our transgenic mice were created by microinjection of single-cell
mouse embryos and the expression of the transgene was highly
variable among ﬁbers.41 Such variations may affect the proportion
of mutant nAChRs in a given end-plate.26 In light of this, our
results suggest that the proportion of end-plates with a higher
expression of the nAChR transgene is reduced upon statin
treatment. These end-plates may be more susceptible to the
concomitant cholesterol depletion of statin treatment, which is
consistent with the previously reported cholesterol sensitivity of
the aC418W nAChR.24
We found that there was a signiﬁcantly higher proportion of
Cav-1-positive end-plates in aC418W mice compared with WT
mice. Upon 36 days of statin treatment, the proportion of Cav-1 in
aC418W mice end-plates was signiﬁcantly reduced (Figure 5b).
Caveolins are structural proteins that are indispensable components of the cholesterol-rich membrane raft domains, known as
caveolae, and exist in three isoforms, namely Cav-1, Cav-2 and
Cav-3.42,43 Cav-3 is generally regarded as the caveolin isoform
expressed in muscle; therefore, the unexpected presence of
Cav-1 in the transgenic mice end-plates may be associated with
sensitivity to atorvastatin treatment. Caveolins bind cholesterol
in a 1:1 ratio,44 and thus its expression in end plates could be
increasing their cholesterol levels. Presumably, contamination of
The Pharmacogenomics Journal (2012), 1 -- 7
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end-plates with Cav-1 (and Cav-1-positive membrane domains),
which are very dependent on cholesterol concentration,43,45
confers upon aC418W-expressing end-plates, a susceptibility to
cholesterol reductions, a phenomenon that is not present in
WT end-plates. This contamination could contribute to changes
in end-plate plasticity and have a prominent role in the etiology
of the concomitant statin-induced ADRs that lead to end-plate
myopathy.
Our results demonstrate that genetic variants of the nAChR
could be related to the onset of statin-induced ADRs. This is
exempliﬁed by the nonsynonymous SNP rs137852808 of the a
subunit of the nAChR (aC418W), which showed a remarkable
increase in risk for suffering an atorvastatin-induced ADR. The
mechanism appears to relate to an effect of the variant rendering
the NMJ sensitive to changes in cholesterol and, therefore,
the action of statins. An alternative hypothesis could be that
the prolonged gating kinetics of aC418W,26,46 rather than its
cholesterol-sensitive nature, renders it sensitive to blockade by
atorvastatin and hence produces an increased risk for statininduced ADRs. This possibility is unlikely based on the ﬁnding
that other slow-channel transgenic mice expressing dS262T and
aV249F mutations have no impairment of synaptic transmission or
caspase activation after atorvastatin treatment (see Supplementary Figure S5). These experiments demonstrate that slow
channels are not necessarily risk factors for statin-induced ADRs.
Clinical trials have demonstrated that statin-induced ADRs
affect a relatively modest fraction of those who were prescribed
the medication; however, in clinical practice the incidence of ADRs
is greater than in controlled trials.6 Furthermore, the prevalence of
statin-induced ADRs dramatically increases to 25% in patients
who exercise and to 475% in professional athletes.47 This raises
the paradoxical situation where exercise appears to be contraindicated in statin-treated patients. Nevertheless, despite the
inherent dangers of statin-induced ADRs, the real danger is
the discontinuation of statin treatment, as adherence may be a
matter of life or death for CVD patients. In a recent survey, a 26%
rate of nonadherence in patients with coronary artery disease was
associated with an alarming 85% increase in overall mortality.31
Along this line, this article should not be viewed as one to foster
unjustiﬁed concerns about statin treatment and the fear of statininduced ADRs, or as providing additional reasons to disregard
physicians’ advise to consider the use of statins. On the contrary,
this study contributes to the wealth of knowledge regarding
statin-induced ADR etiology and could lead to strategies to assess
the risks of and/or alleviate common statin-induced ADRs. Because
patients will be in a better position to make an informed decision
of whether or not to initiate or continue statin treatment, such
mechanistic studies are expected to increase medical adherence,
and therefore result in better outcomes in the treatment of CVD.

CONFLICT OF INTEREST
GEGR, CABP, CAL, OQ and JALD have ﬁled a provisional patent application for
materials related to this manuscript. Myo ADR Technologies, Corp. was founded by
CABP, CAL, OQ and JALD to commercialize intellectual property published in this
manuscript.

ACKNOWLEDGEMENTS
This work was supported in part by National Institutes of Health (NIH) grants
2R01GM56371-12 and SNRP U54NS0430311 to J.A. Lasalde-Dominicci and NIH grant
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