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Abstract

Skeletal Muscle Ultrastructure and Function in Statin-Tolerant Individuals:

Introduction—Statins have well-known benefits on cardiovascular mortality, though up to 15%
of patients experience side effects. With guidelines from the American Heart Association,
American College of Cardiology, and American Diabetics Association expected to double the
number of statin users, the overall incidence of myalgia and myopathy will increase.

Methods—We evaluated skeletal muscle structure and contractile function at the molecular,
cellular, and whole tissue levels in 12 statin tolerant and 12 control subjects.

Results—Myosin isoform expression, fiber type distributions, single fiber maximal Ca2*-
activated tension, and whole muscle contractile force were similar between groups. No differences
were observed in myosin-actin cross-bridge kinetics in myosin heavy chain (MHC) I or 1A fibers.

Discussion—We found no evidence for statin-induced changes in muscle morphology at the
molecular, cellular, or whole tissue levels. Collectively, our data show that chronic statin therapy
in healthy asymptomatic individuals does not promote deleterious myofilament structural or
functional adaptations.
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Introduction

HMG Co-Reductase inhibitors (statins), have well-known health benefits, the most
prominent being the reduction of low-density lipoprotein cholesterol and cardiovascular and
all-cause mortalityl: 2. Additionally, they have been shown to reduce inflammation3,
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decrease the hypertensive effects of the angiotensin system?, and improve endothelial
function® and arterial compliance®. According to the National Center for Health Statistics,
25% of Americans aged 45 or older were prescribed statin therapy from 2005-2008. With
updated guidelines released by the American Heart Association and American College of
Cardiology’ and the American Diabetes Association8, the number of potential statin users
may double. However, despite documented reductions in mortality and additional
pleiotropic benefits, statin use also has potential side effects. These include myalgia®,
myopathy20, rhabdomyolysis!?, insulin resistancel?, and hepatotoxicity!3. Furthermore,
statins may be associated with increased fatigue with exertionl4, greater susceptibility to
muscle damage with vigorous exercisel®, and mitochondrial dysfunctionl6:17. Attenuated
cardiorespiratory benefits with exercise training8 and poor tolerance by elite athletes9 have
been reported.

The incidence of documented myopathy ranges from 1-5% in randomized clinical trials,
though actual cases may be up to 10% in the clinical setting10-20, Furthermore, observational
reports indicate myalgia rates of 10-15%20. Despite numerous reports of muscle complaints,
the mechanism of statin-induced myopathy is not completely understood and may result
from a combination of mitochondrial dysfunctionl’, dysregulation of cellular apoptosis and
protein degradation?, depletion of the mevalonate pathway?2, drug interactions23, genetic
predisposition24, and immune-mediated myopathy2>:26, Additionally, there is the potential
for sub-clinical myopathies that impair skeletal muscle contractile or energetic function, as
evidenced by reports of increased production of reactive oxygen species!®, diminished
mitochondrial capacity, and reduced biogenesis!®18:27_ These adaptations could affect the
fundamental contractile capacity of skeletal muscle28. If present, the resultant reduction in
physiological capacity could actually cause patients to become less physically active, which
could produce a counterbalancing effect of increasing the likelihood of inactivity-related co-
morbidities?%-31,

In a prospective comparative study, 15% of reported adverse reactions were associated with
objective muscle weakness in statin users32. As statin therapy may have myotoxic effects33
and has been shown to decrease both twitch and tetanic peak force and duration in rat
models34, alterations to skeletal muscle contractility could be expected. Additionally, animal
models have shown that statins potentiate muscle fiber atrophy3°, which would decrease
muscle strength and performance. Despite the evidence for myopathic effects, no studies
have rigorously explored the effects of statins on skeletal muscle fiber size or function in
humans. Although some studies have been conducted at the whole muscle level36:37, these
indices are influenced by myriad physiological systems and volitional effort, which can
confound detection of statin effects. Assessment of muscle structure and function at the
cellular, sub-cellular, and molecular levels would provide a more accurate picture of the
effects of statins on intrinsic skeletal muscle size and function, as well as determine if sub-
clinical myopathy is present with chronic therapy. If present in otherwise asymptomatic
individuals, it would provide insight into potential mechanisms in which statin-intolerance
induces muscle dysfunction. Therefore, we sought to determine whether statin use affects
muscle size, composition, and contractility via measurements at the whole muscle, cellular,
sub-cellular, and molecular levels in subjects on stable statin therapy without complaints of
myalgia or elevated creatine kinase (CK) levels.
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METHODS

Subjects

This retrospective study utilized a cohort of 24 (10 men, 14 women) healthy older volunteers
who were recruited for past and on-going studies in our laboratory and who differed
clinically by their use of statins. Data from volunteers participating in 2 separate studies
were combined for this analysis. In the first study38, we used data from 8 physically inactive
subjects including 4 (3 women, 1 man) on a stable regimen of statins and 4 (3 women, 1
man) not taking statins (ie, non-statin controls). Data from a second study?8, including both
healthy active subjects and patients with advanced-stage knee osteoarthritis, were used with
8 taking statins (4 women, 4 men; 4 healthy, 4 knee OA) and 8 non-statin controls (4
women, 4 men; 4 healthy, 4 knee OA). In statin tolerant subjects, the type and dose varied
(see Table 1 for details), as did the length of therapy, from 4 months to 10 years (4 + 1 year).
Based on a large review of side-effects attributed to statins, we pooled various statin
medications, as all were found to promote myopathy at reasonably similar ratestC.
Volunteers were considered healthy based on medical screening and routine clinical/
laboratory tests. Participants had no prior history of cancer (within past 10 yrs, excluding
non-melanoma skin cancer), chronic lung or cardiovascular disease or neurologic disease,
and all were non-smokers. None were taking any medications, aside from statins, which are
known to influence skeletal muscle. None of the statin users reported muscle pain or
weakness. Written informed consent was obtained from all volunteers prior to their
participation, and protocols for controls and statin subjects were approved by the
Committees on Human Research at the University of Vermont.

Knee extensor muscle function

Knee extensor isometric torque production was measured at 30°, 70°, and 90° (0°=full
extension) and isokinetic torque production at rates of 60°/second and 180°/second, as
described3?.

Total and regional body composition

Body mass was measured on a digital scale (ScaleTronix, Wheaton, IL). Total and regional
fat mass, fat-free mass, and bone mass were measured by dual energy x-ray absorptiometry
as described.39:40

Muscle tissue processing

Percutaneous muscle biopsy of the vastus lateralis was performed, as described*!. Muscle
tissue was partitioned for mechanical, morphological, and biochemical analysis. For single
fiber mechanical assessments, tissue was placed immediately into cold (4°C) dissecting
solution (all solutions discussed herein were previously described).42 Thereafter, muscle
fiber bundles were dissected and processed for single fiber measurements, as described?2.
Muscle tissue used for morphological analysis was processed as follows. Immediately after
obtaining the biopsy, a small bundle of muscle fibers (~100 fibers) was dissected and tied to
glass rods at a slightly stretched length and placed into 2.5%/1% glutaradlehyde/
paraformaldehyde (sodium cacodylate) fixative for electron microscopy (EM) studies and
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then processed for EM measurements, as described#2. The remaining tissue not aliquoted for
mechanical or morphological analysis was immediately frozen in liquid nitrogen and stored
at —80°C until analysis.

Myosin heavy chain (MHC) and actin protein content and MHC isoform distribution

Myosin and actin protein content were evaluated via gel electrophoresis in tissue
homogenates (~10 mg), as was MHC isoform distribution, as described*2,

Single muscle fiber morphology

Single fiber cross-sectional area (CSA) was measured along the length (every 250 pm) of
segments of chemically-skinned muscle fibers (average = 2937 + 24 um), as described
previously#2, which accounts for possible longitudinal inhomogeneity in fiber size*3.

Ultrastructural measurements

EM measurements were conducted on intact (ie, unskinned) skeletal muscle fiber bundles to
assess myofibrillar area fraction, A-band length, intermyofibrillar mitochondrial area
fraction, and average area, as described.41:42

Single muscle fiber mechanical measurements

Segments (~2.5 mm) of chemically-skinned single fibers were isolated and processed for
mechanical measurements on controls (=127 MHC | fibers and n=34 MHC IIA fibers) and
statin subjects (n=117 MHC | fibers and n=43 MHC IIA fibers), as described in detail 4244
Sinusoidal analysis was performed under maximal Ca2*-activated conditions (pCa 4.5; 25°C
and 5 mM P;) to estimate myosin-actin cross-bridge mechanics and kinetics, as described*4,
with single muscle fiber tension (force/CSA) derived from the plateau of tension following
maximal Ca2* activation prior to beginning sinusoidal length oscillations

Following mechanical assessments, single fibers were placed in gel loading buffer, heated
for 2 min at 65°C and stored at —80°C until determination of MHC isoform composition by
SDS-PAGE as described?2. We restricted this study to MHC | and 11A fibers, as the
numbers of 11X and other hybrid (ILA/X, I/I1A, I/1IA/11X) fibers were too few to permit
analysis.

To characterize myosin-actin cross-bridge mechanics and kinetics using sinusoidal analysis,
complex modulus data (elastic and viscous moduli, derived as described previously)** at
peak calcium activation were fitted mathematically, as described** to derive 3 characteristic
processes, A, B, and C, which relate to various mechanical (A, B, C, and k) and kinetic [2ntb
and (2c)™1] properties of the cross-bridge cycle, as described?? in detail. Briefly, the
frequency portion of the B-process, 27th, is interpreted as the rate of myosin transition
between the weakly- and strongly-bound states#>46. The inverse of the frequency portion of
the C-process, or (2rc) ™1, represents the average myosin attachment time (toy,) to actin®’.
The magnitudes of the B- and C-processes (parameters B and C) are proportional to the
number of myosin heads strongly bound to actin and the cross-bridge stiffness*®. Finally, as
the A-process has no kinetic or enzymatic dependence?, it represents the viscoelastic
properties of the non-enzymatic, passive elements of the myofilaments, which under Ca?*-
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activated conditions represents the underlying stiffness of the lattice structure and the
attached myosin heads in series*. The parameter A indicates the magnitude of the
viscoelastic modulus and k the angle at which the A-process lies relative to the x-axis, which
reflects the viscous to elastic modulus relationship of the A-process (k=0 purely elastic vs.
k=1 purely viscous).

Differences between statin subjects and controls were determined using analysis of variance
or analysis of covariance in the case of knee extensor muscle function (SPSS version 19;
IBM SPSS Statistics, Armonk, NY). For the variables in which multiple observations were
performed within the same individual (eg, single fiber ultrastructural, morphological, and
mechanical indices), a linear mixed model (SAS Version 9.3; SAS Institute, Cary, NC) was
used, with group assignment being the between-subject factor (ie, non-statin versus statin for
most comparisons). In this model, a random effect is used to account for the clustering of
observations within individuals. Inclusion of this effect is necessary because the standard
general linear model assumes that each measurement is independent, which is not the case
for fibers evaluated from different volunteers (ie, fibers from the same subject are related).
In other words, each fiber cannot be considered a single observation. Additionally, as we
have found that sex influences adaptations in myofilament function with aging and muscle
disuse?849 we also included sex in the aforementioned models to explore whether any
effects of statins may differ in men and women. All data are reported as mean = SEM.

Physical characteristics

Body composition and physical characteristics of statin subjects and controls are shown in
Table 1. No differences in age, height, body mass, fat-free mass, appendicular skeletal
muscle mass, or physical activity were found between groups. Additionally, CK levels were
similar between statin subjects and controls. Individuals on statins had greater adiposity,
using either body mass index (P=0.001) or absolute fat mass measurement (P=0.02),
compared to controls.

Whole muscle function

Leg fat-free mass and knee extensor contractile function are shown in Figure 1. No
differences in leg fat-free mass or knee extensor isometric or isokinetic torque were found
between individuals on statins and controls. When adjusted for leg fat-free mass, contractile
function remained similar between groups across all knee angles and contraction velocities.

Single muscle fiber size and distribution

Single fiber CSA in MHC | and I1A fibers was not significantly different between groups,
and no group by sex interaction was noted (P=0.41 and P=0.66; Figure 2, upper panel).
Frequency distributions of individual fiber size were generally similar for MHC | and I1A
fibers, though individuals on statins had greater proportions of large fibers. MHC 11A/X
hybrid fibers were not found in all subjects and were therefore not included in the figure
(n=16/24 subjects). Subsequent analysis revealed no difference in CSA in this limited
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sample (P=0.09) (number of fibers analyzed; control n=37, statin n=39). Of note, although
this analysis shows a trend towards a difference, it favored larger muscle fiber size in statin
users.

Myosin isoform expression and fiber type distributions

The relative expression of myosin isoforms measured in tissue homogenates by gel
electrophoresis and the relative composition of single fibers analyzed for morphological and
mechanical outcome are shown in Figure 3. No differences in myosin protein content were
found between statin subjects and controls, arguing against an effect of statins on muscle
fiber type distribution. The isoform expression in single muscle fibers was measured in
those fibers studied for morphological (Figure 2) and mechanical (Figure 4) outcomes
(n=34 = 1 fibers/volunteer) by SDS-PAGE. When all of the fibers are considered together,
the relative proportion of MHC 1 vs. 1A vs. IIAX fiber types did not differ between
individuals on statin therapy and controls (lower panel). Of note, there was no effect of sex
to modify these parameters, and the number of other fiber types (MHC 11X) and hybrid
fibers (MHC I/I1A and I/I1A/11X) were too few to permit analysis.

Single fiber contractile function

Single fiber maximal Ca2*-activated tension data for MHC I and 11A fibers are shown in
Figure 4. Single fiber tension was similar between statin subjects and controls for both
MHC I and I1A fibers and sex did not alter the results. MHC 11A/X hybrid fibers were
excluded from the figure due to the restricted sample size (n=13/24 subjects), though similar
single fiber tension was found between groups (P=0.43) (number of fibers analyzed: control
n=13, statin n=32).

Myosin-actin cross-bridge mechanics and kinetics

To further explore the effects of statin use on muscle function at the molecular level, we
employed sinusoidal analysis to estimate myosin-actin cross-bridge mechanics and kinetics
(Figure5). In both MHC | and 1A fibers, there were no differences in cross-bridge
mechanics or Kinetics and no effect by sex to modify any of these parameters, as evidenced
by similar myosin attachment times (ton), rate of myosin force production, parameters
reflecting the number of strongly-bound cross-bridges and cross-bridge stiffness (B and C),
and viscoelastic properties (A and k) between statin subjects and controls. MHC 11A/X
hybrid fibers were not found in all subjects and therefore not included in the figure (n=13/24
subjects). Subsequent analysis revealed no differences across all measures of cross-bridge
mechanics and kinetics in the limited sample (ton, P=0.92; rate of myosin force production,
P=0.91; B, P=0.60; C, P=0.61; A, P=0.29; k, P=0.66) (number of fibers analyzed; control
n=13, statin n=32).

Myofibrillar and mitochondrial structure

We further evaluated the effect of statins on skeletal muscle fiber ultrastructure by
evaluating myofilament fractional content and filament length. Moreover, as statin treatment
has been associated with altered mitochondrial protein content and dysfunction16-18 we also
measured mitochondrial content and average area (Figure 6) to determine if either of these
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phenotypes is accompanied by structural alterations in mitochondria. Neither myofibrillar
fractional area nor A-band length differed between groups. Moreover, no differences in
mitochondrial fractional area or average mitochondrial size were observed, and no groups by
sex interactions were noted for any parameter.

Discussion

The prevalence of statin use is likely to increase in the future, with recent recommendations
calling for their broader application to individuals at risk for coronary artery disease’ and
new indications for their use are growing rapidly®°. Although incidences of statin-induced
myalgia and myopathy are low (1-5%myalgia, 1-10%myopathy)1%-20, higher rates of
adverse effects have been found by some studies, suggesting that statins may promote
generalized muscle weakness/dysfunction32°1, Although our cohort consisted of statin
tolerant individuals and was nonrandomized, we pursued our analysis, since there is
evidence of varying levels of statin-induced CK elevation without muscle complaints®.
While not statistically significant, CK levels in our volunteers taking a statin were mildly
elevated to an extent (~20 U/L) similar to those in a randomized clinical trial investigating
the effects of statin therapy on muscle function®, suggesting that sub-clinical myopathies
associated with statin use might be observed in our cohort.

The mechanism(s) underlying statin-induced myopathy, myalgia, or modest reductions in
muscle strength are not completely understood. To better understand the potential effects of
statins on muscle function, we performed measurements of muscle size and function across
the anatomic spectrum, from the whole muscle to the molecular level. Our data show no
evidence for an effect of chronic statin use on skeletal muscle size, myofilament protein
content/isoform expression, structure, or function at the cellular, sub-cellular, or molecular
levels in subjects without myalgia or elevated CK levels, which argues against a generalized
subclinical, statin-induced myopathy associated with myofilament proteins. We discuss
these findings on a descending anatomic scale, starting with the whole muscle (ie, tissue)
level and progressing to the cellular and sub-cellular/molecular levels.

Whole muscle strength and size

Statin therapy is linked to decreases in whole muscle strength, though reports have been
conflicting. El-Salem et al. found that 15% of patients with adverse symptoms displayed
objective weakness, and only 2 of their patients had elevated CK levels32, suggesting the
possibility of reduced muscle strength with statin use even in the absence of elevated CK.
Additionally, in older adults statin therapy has been associated with reductions in leg
strength and increased fall risk scores even while the percentage of appendicular lean mass
increased®2. However, the STOMP trial presented no difference in muscle function
following the use of 80 mg of atorvastatin for 6 months. Although the investigators found
moderate decreases in arm and leg strength in a subset of patients presenting with myalgia,
the observed weakness occurred in both statin and placebo groups, suggesting that any
weakness was the result of underlying muscle dysfunction and not statin therapy?®.
Furthermore, other studies have shown no effect on measures of muscle strength®3:>4 while
another found improvements based on better performance for sit-to-stand chair tests®®. In a
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small review based in part on these studies, Krishnan and Thompson found insufficient data
to determine whether statins affect muscle strength and performance36. Our data would
argue against any effect of statins on muscle strength (isometric or isokinetic), and we found
no differences in leg fat-free mass. Whole muscle assessments of contractile function,
however, are complicated by the fact that they are determined by so many physiological
systems/parameters (eg, neurological, skeletal, biomechanical, antagonist muscle co-
activation, volitional effort, etc), and variation in any or several of these parameters could
affect strength. Similarly, assessments of whole muscle size with imaging techniques carry
some uncertainty®6. To provide a clearer delineation of the effect of statins on muscle
structure and function, we have assessed these parameters at the cellular and sub-cellular
level, where these confounding factors and methodological limitations are eliminated.

Cellular level: Muscle fiber cross-sectional area and fiber type

Animal models have shown that statins can promote muscle atrophy34:35, The effect of
chronic statin use on skeletal muscle fiber size in humans, however, has not been defined
clearly. We found no significant differences in CSA in both MHC | and 11A fibers, in line
with our assessments of whole muscle size discussed above. Additionally, distributions of
individual fiber size for MHC 1 and I1A fibers and relative proportions of myosin isoforms
expressed in tissue homogenates, 2 indices that reflect the distribution of fiber types within
the muscle, were similar between groups. As the relative distribution of fiber types affects
both oxidative and contractile properties of muscle®’-59, these results collectively argue
against any effect of statins on muscle function through modifications in muscle fiber size or
relative fiber distribution in asymptomatic subjects.

Sub-cellular structure: Myofilament ultrastructure and mitochondrial content/morphology

Effects of statins to cause alterations in muscle function may relate to modifications in
myofilament structure, without gross alterations in fiber size. Indeed, statin usage has been
shown to shorten sarcomeres in zebrafish, likely through damage to thick filaments; this is
preventable by circumventing HMG Co-A reductase inhibition via administration of
mevalonate®0. However, we found no evidence for alterations in the fractional content of
myofilament proteins in muscle fibers, suggesting that any variation in muscle function per
unit fiber cannot be explained by modulation of myofilament fractional content by statins.
Moreover, there were no differences in A band length. The A band length primary reflects
the length of the myosin-containing thick filament. It has a clear effect on muscle function,
as the length of the thick filament can influence the degree of filament overlap and, in turn,
force production. Collectively, our results argue against any effect of chronic statin use on
myofilament ultrastructure in asymptomatic subjects.

Statin therapy has been associated with altered mitochondrial protein content and
dysfunction. In 1 study, patients presenting with myopathy displayed increased production
of reactive oxidative species and decreased mitochondrial biogenesis in skeletal musclel®.
Furthermore, recent studies suggest that statin use is associated with an attenuated increase
in cardiorespiratory fitness and mitochondrial content in response to training!8. In contrast
to these results, we found no effect of chronic statin use on mitochondrial fractional area or
average mitochondria size, indicating statin use does not alter mitochondrial content or
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structure. Additionally, we have recently reported that chronic statin use does not attenuate
improvements in peak oxygen consumption in response to cardiac rehabilitation in patients
with coronary heart disease®?. Considering that increases in peak oxygen consumption in
these patients are primarily explained by improvements in muscle mitochondrial function62,
these findings further argue against an effect of statin use on the adaptability of muscle
oxidative capacity to training8l. Furthermore, statins have been shown to have protective
effects by reducing production of reactive oxygen species in cardiac muscle53. Longitudinal
evaluation of adaptations in indices of mitochondrial function in humans is needed to
comprehensively define the effects of statins on mitochondrial biology. Nonetheless, our
results argue against an effect of statins on sub-cellular structure/mitochondrial content in
ways that could impact skeletal muscle contractility or oxidative function.

Cellular and molecular muscle function

Despite the fact that muscle weakness and pain is a reasonably common side effect of statin
use, little is known about effects on the contractile properties of skeletal muscle. Studies in
rodents and humans have shown decreases in contractility in skeletal muscle with statin
treatment34.64.65_ Such contractile deficits have generally been attributed to impaired
excitation-contraction coupling/Ca2* homeostasis, as statins may disrupt sarcoplasmic
reticulum integrity and Ca2* levels®® 67 Indeed, this is thought to be a mechanism whereby
statins may induce myopathy via activation of intracellular Ca2*-activated proteases and
degradation of muscle fibers, with type 11 glycolytic fibers being most susceptible37:65.68.69,
Because adaptations in Ca2* regulatory systems are apparent in statin treated patients with
no evidence of myopathy®”, it is tenable to hypothesize that such disruptions may affect
muscle function secondary to degradation of myofilaments by Ca?*-activated proteases. To
investigate the possibility of statins affecting the intrinsic contractility of skeletal muscle
myofilament proteins, we evaluated both cellular and molecular muscle function in
chemically-skinned single muscle fiber segments. We found no evidence for differences
between groups in single fiber tension or myosin-actin cross-bridge mechanics and kinetics
regardless of fiber type. The fact that we did not find evidence for statin modulation of
sensitive indices of molecular muscle function at the level of the myosin-actin cross-bridge
interaction strongly argues against an effect on muscle dysfunction through alterations in
myofilament function.

Several caveats to our study should be acknowledged. First, none of our subjects were
symptomatic. Additionally, they varied by type and dosage of statin, and therefore results
can only be generalized to statins as a class. While limited to subjects on stable statin
regimens, we were able to investigate adaptations in myofilament function, muscle fiber
size, and other parameters that may have been present but masked by compensatory
adaptations in other systems. That is, because many of the parameters studied are first
derivatives of muscle function (eg, molecular function, myofilament ultrastructure, muscle
fiber size), adaptations in other regulatory systems (eg, excitation-contraction coupling,
neural activation, etc) could occur to maintain whole muscle performance. While appearing
asymptomatic, individuals would still have impaired myocellular structure/function and
conceivably less physiological reserve in these other regulatory systems to buffer deficits in
physically disabling stimuli that occur frequently in elderly humans. Nevertheless, we were

Muscle Nerve. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rengo et al.

Page 10

able to address a novel aspect of statin therapy by assessing measurements of muscle
structure and function at the cellular, sub-cellular, and molecular levels, assessments that do
not suffer from the many confounding factors that influence whole muscle measurements.
Moreover, we found no evidence for myopathy extending down to the molecular level,
suggesting that asymptomatic individuals without elevated CK levels, who represent the vast
majority of those who take statins, do not display any signs of a sub-clinical myopathy.
Documented myopathy and myalgia in patients may be a result of potential risk factors such
as age, duration of use, diabetes mellitus, stroke, and low BMI32. Therefore, alterations in
skeletal muscle may result from a combination of statin use and individual disease
characteristics. However, from a clinical perspective, our results suggest that this is not
likely a concern in otherwise healthy individuals. To remove potential confounding
variables, we matched subjects by age and sex, and subjects in the statin group had been
prescribed consistent therapy in most cases for multiple years. Although the purpose of this
study was to address potential structural changes in the absence of symptoms, it remains
possible that patients with statin-intolerance or objective muscle weakness present with
cellular and molecular changes in muscle structure and function. Therefore, further research
in statin-intolerant patients is of great importance in determining whether elevated CK levels
or symptomatic myalgia results in alterations to muscle myofilament structure and function.

Collectively, our data show that when tolerated, chronic statin therapy in otherwise healthy
asymptomatic individuals does not lead to myopathic effects on muscle structure or function
at the cellular, subcellular, or molecular levels. Thus, our results suggest expansion of statin
use to additional at-risk statin tolerant populations would not likely impair physical
functional capacity via alterations in skeletal muscle fiber size or myofilament protein
ultrastructure or function, and tolerance would be expected long-term. However, further
examinations of muscle size and function at the cellular and molecular levels prior to and
following statin administration will be important for resolving whether statin therapy leads
to sub-clinical myopathies that might impact physical functionality and muscle size long-
term.
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Figure 1.
Knee extensor isometric and isokinetic torque in controls and subjects taking statins. For

group comparisons, data were adjusted for leg fat-free mass. Sample sizes were 12 per group
(statin/control), with the exception of 30° and 90° isometric (11/12 statin, 10/12 control) and
180°/s isokinetic (10/12 control). Data are mean £ SE. (P=NS)
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Skeletal muscle fiber morphology in controls and subjects taking statins. Data are shown for
muscle fiber cross-sectional area average size and relative frequency for MHC | and 11A

fibers. Data are mean £ SE. (P=NS)
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Skeletal muscle tissue homogenate and single fiber isoform distribution in controls and
subjects taking statins. Data are mean = SE. (P=NS)
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Figure4.
Single skeletal muscle fiber maximal Ca?*-activated (pCa 4.5) isometric tension in MHC |

and MHC I1A fibers (25°C) in controls and subjects taking statins. The number of fibers
evaluated is at the base of each bar. Data are mean + SE. (P=NS)
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fibers in controls and subjects taking statins (n = 8). The number of fibers studied is shown
at the base of each bar on the panel showing myosin attachment time. Definitions for each
variable are provided in Methods. (P=NS)
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Figure®6.
Skeletal muscle myofilament ultrastructure and mitochondrial density in controls and

subjects taking statins. Average data are shown for myofibrillar fractional area, A-band
length, mitochondrial fractional area, and mitochondrial average size. Data are mean + SE.
(P=NS)
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Table 1
Physical and clinical characteristics.
Control Statin P-value
12 (5/7) 12 (5/7)
n (M/W)
Age (yr) 70+2 70+1 0.78
Body mass (kg) 71.1+36 80.3+3.6 0.08
Height (m) 1.67+0.03 1.64+0.03 0.44
Body mass index (kg/m?) 254+08 299+0.9 0.001
Fat mass (kg) 241+26 316+16 0.02
Fat-free mass (kg) 442+29  462+29 0.64
@g{))endlcular skeletal muscle mass 5.6 +1.8 26.6+2.1 073
Activity level (kcal/d) 283 + 38 360 + 47 0.21
Creatine kinase (U/L) 89 + 22 125+ 15 0.20
. L Mean
Statin Medication :
Duration of
(Type/Dose) Use (yr)
Simvastatin 20 mg 0 4 4.8
Atorvastatin 20 mg 0 3 14
10 mg 1 0.3
Lovastatin 40 mg 0 2 6
Pravastatin 20mg 0 1 10
10 mg 1 2

Page 21

Data are mean * SE, except statin medication information, which reflects number of patients taking each medication and mean duration of use for
each medication. Activity level reflects weight-bearing activity measured via accelerometry. Sample sizes were 12 per group, with the exception of

creatine kinase (11/12 statin).
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