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Abstract

We tested the hypothesis that a 6-week regimen of simvastatin would attenuate skeletal

muscle adaptation to low-intensity exercise. Male C57BL/6J wildtype mice were subjected

to 6-weeks of voluntary wheel running or normal cage activities with or without simvastatin

treatment (20 mg/kg/d, n = 7–8 per group). Adaptations in in vivo fatigue resistance were

determined by a treadmill running test, and by ankle plantarflexor contractile assessment.

The tibialis anterior, gastrocnemius, and plantaris muscles were evaluated for exercised-

induced mitochondrial adaptations (i.e., biogenesis, function, autophagy). There was no dif-

ference in weekly wheel running distance between control and simvastatin-treated mice (P

= 0.51). Trained mice had greater treadmill running distance (296%, P<0.001), and ankle

plantarflexor contractile fatigue resistance (9%, P<0.05) compared to sedentary mice, inde-

pendent of simvastatin treatment. At the cellular level, trained mice had greater mitochon-

drial biogenesis (e.g., ~2-fold greater PGC1α expression, P<0.05) and mitochondrial

content (e.g., 25% greater citrate synthase activity, P<0.05), independent of simvastatin

treatment. Mitochondrial autophagy-related protein contents were greater in trained mice

(e.g., 40% greater Bnip3, P<0.05), independent of simvastatin treatment. However, Drp1, a

marker of mitochondrial fission, was less in simvastatin treated mice, independent of exer-

cise training, and there was a significant interaction between training and statin treatment

(P<0.022) for LC3-II protein content, a marker of autophagy flux. These data indicate that

whole body and skeletal muscle adaptations to endurance exercise training are attainable

with simvastatin treatment, but simvastatin may have side effects on muscle mitochondrial

maintenance via autophagy, which could have long-term implications on muscle health.

Introduction

Cardiovascular disease (CVD) is the leading cause of death in the United States, with an esti-

mated 1 in 3 adults presenting the disease [1]. Statin drugs are the most prescribed and effec-

tive pharmacological therapy for the reduction of CVD-related mortality [2]. The mechanism
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of action of statins is the competitive inhibition of 3-hydroxy-3methylglutaryl coenzyme A

reductase, the rate-limiting enzyme in the cholesterol biosynthesis pathway. Reduced choles-

terol biosynthesis leads to a decline in circulating LDL levels that contributes to the reduced

risk of CVD mortality. Regular exercise is also recognized as an effective means to reduce

CVD mortality risk [3] and individuals seeking to reduce their risk of CVD may implement

both statin therapy and exercise simultaneously. Statin use has been linked with skeletal muscle

myopathies such as cramps, soreness, stiffness, and weakness [4], although direct evidence of

skeletal muscle dysfunction is limited and inconclusive. Specifically, few studies have objec-

tively tested skeletal muscle contractile function with statin use, and several of the studies that

have report no adverse impact of statin use on skeletal muscle contractility [5–10]. Moreover,

only an estimated 9–13% of statin users report statin-induced muscle cramps, soreness, or

stiffness [4, 10].

There is also limited evidence suggesting that statins adversely affect exercise capacity [11,

12] and exercise training-induced cardiovascular and skeletal muscle adaptations [13]. A pro-

posed cause of statin-related myopathies is skeletal muscle mitochondrial dysfunction [12, 14–

16], which could potentially give rise to statin-induced attenuation of skeletal muscle exercise

training adaptions. However, the effect of statin treatment on cardiovascular or skeletal muscle

exercise training-induced adaptations remains unclear. For this investigation, we were particu-

larly interested in testing if acute exercise adaptations were possible prior to a potential accu-

mulation of contraindicative effects of statin use. Therefore, the purpose of this study was to

evaluate the extent to which statin treatment altered exercise capacity and skeletal muscle

adaptations to endurance exercise training. We hypothesized that exercise capacity and skele-

tal muscle exercise adaptations to endurance exercise would be impaired with statin treatment.

Materials and methods

Ethics statement

All protocols were approved by the University of Georgia Institutional Animal Care and Use

Committee (A2014 08-031-Y2-A5). All efforts were made to minimize animal suffering.

Animals and study design

Male C57BL/6J mice aged 8 wk were purchased from Jackson Laboratories and housed at 20–

23˚C on a 12:12 hour light:dark cycle with food and water ad libitum. Mice were randomly

assigned to one of four conditions, sedentary (n = 8), sedentary with simvastatin treatment

(n = 7), wheel running (n = 8), and wheel running with simvastatin treatment (n = 8). Sample

size calculations were based on PGC-1αmRNA expression as it is a robust indicator of mito-

chondrial biogenesis [17]. A sample size of at least 5 per group was calculated a priori as suffi-

cient to detect a 2-fold increase in PGC-1αmRNA expression assuming a power of 0.8 and a

α-level of 0.05. All mice were assessed for treadmill running aptitude following the 6-week

study, and 72-hours after the treadmill running test mice were assessed for ankle plantarflexion

muscle function in vivo. Gastrocnemius, plantaris, soleus, tibialis anterior, and extensor digi-

torum longus muscle were dissected, weighed, and either immediately processed for tissue

analysis or snap frozen in liquid nitrogen and stored at -80˚C. While under anesthesia, the

mice were then sacrificed by excision of the heart.

This study was carried out in strict accordance with the recommendations in the Guide for

the Care and Use of Laboratory Animals of the National Institutes of Health.

Impact of simvastatin on exercise adaptations
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Simvastatin treatment and wheel running

Simvastatin was used for this investigation because it has a well-established link to adverse

effects of skeletal muscle mitochondrial [13, 16, 18] and is currently the most prescribed statin

drug in the U.S. [19]. We chose administer a simvastatin dose of 20 mg/kg/day through the

drinking water. This dose corresponds to a human equivalent dose of ~100 mg/day for a 60 kg

adult [20], which is just above the highest approved simvastatin dose of 80 mg/day. Simvastatin

powder (Sigma-Aldrich) is naturally insoluble in water and therefore was initially dissolved in

DMSO prior to mixing with drinking water as described by others [21]. Control mice received

DMSO/water at the same concentration as the statin/DMSO/water mix. For all groups, water

was replaced every other day, and consumption was monitored by collecting water bottle mass

before and after bottle replacement. The 6-week statin treatment duration of this study corre-

sponds to approximately 4.6 human years for mature adult mice between the age of 3 to 8

months [22]

Each trained mouse was housed individually and given free access to a running wheel

(Columbus Instruments, Columbus, Ohio), while sedentary mice were housed in a standard

mouse cage without access to a running wheel. Daily running totals were calculated from

wheel revolutions collected at 5 min intervals. Mice were excluded from the entire dataset if

they did not average at least 1500 m/day for any given week during the course of the study

(n = 2 from run+DMSO treatment group) [23]. Additional mice that met the weekly running

criteria were added to the study to replace excluded mice.

Treadmill running

Each mouse was familiarized with the treadmill for five minutes at low speeds (2–5 m/min) for

three consecutive days prior to the treadmill testing. On the day of the test, resting lactate was

measured (Arkray Inc., Kyoto, Japan) via tail-snip and mice were placed on the treadmill

(Columbus Instruments, Columbus, Ohio) in individual lanes. The treadmill protocol started

with two stages, 7.5 m/min for 7 min and 10 m/min for 7 min followed by an increase of 2.5

m/min every 10 min until a maximum speed was achieved of 27.5 m/min [24, 25]. Percent

grade remained constant throughout the test at 5%. Brushes at the end of the treadmill lane

encouraged mice to keep running throughout the test. The fatigue test was terminated when

mice no longer responded to 5 consecutive, forceful taps with the brushes. Upon fatigue, mice

were quickly removed from treadmill lane and a post-test lactate reading was obtained. Tread-

mill distance and time were recorded for all mice.

In vivo muscle function

In vivo peak isometric torque of the ankle plantarflexors was assessed as previously described

[26]. Briefly, anesthesia was induced using an induction chamber and 5% isoflurane in oxygen.

Anesthesia was maintained using 1.5% isoflurane at an oxygen flow rate of 0.4L/min. The left

hindlimb was depilated and aseptically prepared and the foot placed in a foot-plate attached to

a servomotor (Model 300C-LR; Aurora Scientific, Aurora, Ontario, Canada). The left peroneal

nerve was severed and platinum-iridium needle electrodes (Model E2-12; Grass Technologies,

West Warwick, RI) were placed on either side of the sciatic nerve to elicit contraction of the

plantarflexor muscles [27]. Peak isometric torque was defined as the greatest torque measured

during a 200-ms stimulation using 1-ms square-wave pulses at 300 Hz and increasing amper-

age 0.6 to 2.0 mA (models S48 and SIU5; Grass Technologies). Fatigability of the plantarflexor

muscles was assessed using a protocol that has been shown to induce ~50% torque loss over

the course of 120 contractions by using physiological stimulation frequencies of the hind limb,
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which range from 45–60 Hz [28, 29]. Briefly, for this study, the mice performed 120 submaxi-

mal isometric contractions for 2 min using 330 ms stimulations at 50 Hz.

Gene expression

cDNA was generated from isolated gastrocnemius muscle RNA using a High Capacity cDNA

Reverse Transcription Kit (Applied Biosystems, Foster City, CA). iQ SYBR Green Supermix

(Bio-Rad) and sequence-specific primers were used to assess mRNA levels for the following

genes, PGC-1α, (For: 5’-AGCCGT GAC CAC TGA CAA CGA G-3’; Rev: 5’-GCT GCA TGG
TTC TGA GTG CTA AG-3’) COXIV (For: 5’-GCC TTG GAC GGC GGA AT-3’; Rev: 5’-CCA
CAT CAG GCA AGG GGT AG-3’), NOS3 (For: 5’-GCATGG GCA ACT TGA AGA GTG-3’;

Rev: CTT GCC GCA CAG CCC TAA AC-3’), CD31 (For: 5’-AGCCAA CAG CCA TTA CGG
TTA-3’; Rev: 5’-AGC CTT CCG TTC TCT TGG TG-3’), and CDH5 (For: 5’-CCT GAG GCA
ATC AAC TGT GC-3; Rev: 5’-GGA GGA GCT GAT CTT GTC CG-3’). Gene expression analy-

sis was carried out by qRT-PCR on a Bio-Rad CFX instrument as previously described [30].

Data were normalized to 18S (For: 5’-TTG ATT AAG TCC CTG CCC TTT GT-3’; Rev: 5’-
CGA TCC GAG GGC CTA ACT A-3’) and relative gene expression was calculated using the

2-ΔΔCT method.

Mitochondrial assays

Gastrocnemius muscles were homogenized in a glass tissue grinder in 33mM phosphate buffer

(pH = 7.0) at a muscle:buffer ratio of 1:20. Citrate synthase (CS), β-hydroxy acyl-CoA dehy-

drogenase (β-HAD) activities were determined in triplicate as previously described [31].

Enzyme activities were normalized to total protein content (BCA; Thermo Fisher Scientific,

Grand Island, New York).

For isolated mitochondrial respiration, mitochondria from tibialis anterior muscles were

isolated and assessed for state 4, state 3, and state 3 uncoupled oxygen consumption according

to the protocol outlined by Garcia-Cazarin et al. [32]. Briefly, mitochondria were isolated

using a series of centrifugation steps performed at 0–4˚C and resuspended in a final 100 μL of

isolation buffer [32]. Protein concentration of the mitochondrial homogenate was determined

via BCA assay. All measurements were performed using a Clark-type electrode (Oxygraph

Plus System, Hansatech Instruments, UK) at 25˚C. Prior to each experiment, the electrode was

calibrated according to the manufacturer’s instructions and 500 μl of experimental buffer [32]

was added to the chamber. 100 μg of isolated mitochondrial were loaded into the Oxygraph

chamber. State 4 respiration (leak respiration in the absence of ADP) was initiated by the addi-

tion of 10 μL of 250 mM/125 mM glutamate/malate. State 3 respiration (respiration coupled to

ATP synthesis) was initiated by the addition of 2 × 10 μL of 10 mM ADP/Succinate. State 3

uncoupled respiration (respiration uncoupled from ATP synthesis) was initiated by the addi-

tion of 0.5 μL of 0.1 mM FCCP, and cyanide (2 μL of 250 mM) was added last to terminate

mitochondrial respiration. The respiratory control ratio (RCR) was defined as state 3 divided

by state 4 respiration. An RCR of� 4 was considered a viable mitochondrial preparation [32].

To account for differences in mitochondrial content between isolated mitochondrial fractions,

all respiration rates were normalized by citrate synthase activities for each fraction.

Autophagy-related protein content

For protein content analysis, 30 μg of total protein from each plantaris muscle was separated

by SDS-PAGE, transferred onto a PVDF membrane, and immunoblotted as previously

described [33]. The following antibodies (Cell Signaling, Danvers, MA) were used: Ulk1

(1:1000), phospho-Ulk1 (1:1000), Drp1 (1:1000), beclin-1 (1:1000), SQSTM1/p62 (1:1000),
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Bnip3 (1:1000), LC3B (1:1000), and mitofusin-2 (1:1000). Membranes were analyzed and

quantified using Bio-Rad Laboratories Image Lab software (Hercules, CA).

Statistical analyses

Data are presented in the results as mean ± SD. A multi-factor repeated measures analysis of

variance (ANOVA) was used to analyze body mass, daily water consumption, or wheel run-

ning performance. The between-subject factors were simvastatin treatment and wheel running

and the repeated measure factor was time. Two-way ANOVA was used to analyze the remain-

ing data. All data were required to pass normality (Shapiro-Wilk) and equal variance tests

(Brown-Forsythe F test) before proceeding with the ANOVA. Differences among groups are

only reported where significant interactions were observed and subsequently tested with

Tukey’s post hoc test using JMP statistical software (SAS, Cary, NC). Group main effects are

reported where significant interactions were not observed. An α level of 0.05 was used for all

analyses.

Results

Simvastatin treatment and wheel running

To monitor the dose of simvastatin the mice received throughout the course of the study,

drinking water consumption was recorded daily. Daily water intake was ~44.8% higher among

trained mice compared to sedentary mice (main effect: P< 0.001), independent of statin treat-

ment. Given the daily water consumption and the concentration of simvastatin in the water,

sedentary simvastatin treated mice received an estimated dose of 22.1 ± 2.8 mg/kg/day and the

trained simvastatin treated mice received 34.8 ± 5.4 mg/kg/day. Throughout the study, body

mass was recorded weekly and significantly increased ~12% from baseline independent of sim-

vastatin treatment and exercise training (time effect: P<0.0001, baseline: 24.4 ± 1.4 g; week 6:

27.3 ± 1.5 g). Voluntary wheel running distance was recorded daily to determine if both con-

trol and simvastatin treated mice were running to the same extent and thus receiving a similar

exercise stimulus. Both control and simvastatin mice had an equivalent training stimulus, as

no differences were found in average weekly running distance (m/24 h) (P = 0.51), and trained

mice averaged ~5.3 km per day of voluntary wheel running across the 6-week study.

Treadmill running

We started our systematic evaluation by first testing if simvastatin treatment affected fatigue

resistance during an acute bout of intense exercise. During the treadmill running test, trained

mice ran ~296% more meters than sedentary mice independent of simvastatin treatment

(P< 0.001, Fig 1A). Blood lactate changes were used to ensure all mice, sedentary and trained,

ran until exhaustion. Immediately following the treadmill running test, all groups had elevated

blood lactate (~1.7 mmol/L increase from baseline; time effect: P< 0.001) independent of

treatment and exercise groups. Treadmill running test performance is a measure of cardiore-

spiratory exercise adaptations as well as an indirect measurement of skeletal muscle exercise

adaptations. To directly test the impact of simvastatin treatment on skeletal muscle contractile

adaptations to endurance exercise training, we next performed in vivo contractile assessment

of the ankle plantarflexors.

In vivo muscle function

Trained mice had significantly less plantarflexion torque loss during a metabolically challeng-

ing contractile test compared to sedentary mice, independent of simvastatin treatment

Impact of simvastatin on exercise adaptations
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(P = 0.040, Fig 1B). By the end of the fatiguing protocol, trained mice only lost ~53% of initial

plantarflexion torque while sedentary mice lost ~58%. Data from the treadmill running and in
vivo contractile tests suggest that simvastatin treatment did not impact physiological adapta-

tions in fatigue resistance caused by endurance exercise training.

Statin users may report muscle weakness as a side effect to statin treatment [34]. There was

a strong trend for lower torque in the plantarflexors of simvastatin treated mice compared

to controls (P = 0.051, Fig 2A). However, the combined muscle mass of the plantarflexor

(gastrocnemius, plantaris, soleus) muscles was ~6% lower in the simvastatin treated mice

compared to control mice (P = 0.039, Fig 2B), and when ankle plantarflexion torque was nor-

malized by muscle mass, no significant interaction or main effects were detected (P� 0.62,

Fig 2A).

Gene expression

To determine the effects of simvastatin treatment on cellular level mitochondrial adaptations,

we first examined PGC-1α and COXIV gene expression, which are reliable and well-established

markers of mitochondrial biogenesis [17]. Trained mice had an ~2-fold greater PGC-1α
expression (P< 0.003, Fig 3A) and ~3-fold greater COXIV expression compared to sedentary

mice, independent of simvastatin treatment (P< 0.001, Fig 3A). We then proceeded to assess

vascular gene responses to training and simvastatin treatment, as adaptations to the vascular

network would be required to meet the demands of a larger mitochondria network. There was

no effect of simvastatin treatment on vascular gene responses to endurance exercise training,

and trained mice had a greater CDH5 (P< 0.007, Fig 3B), CD31 (P< 0.002, Fig 3B), and NOS3
(P = 0.046, Fig 3B) expression compared to sedentary mice.

Fig 1. The effects of exercise training and simvastatin treatment on treadmill running capacity and

contractile fatigue resistance (n = 7–8 per exercise/treatment group). A: Distance run during a progressive

velocity treadmill running test to exhaustion. Run > Sed indicates main effect of training, P < 0.001. B: Plantarflexor

torque loss following a fatiguing bout of 120 contractions. Run > Sed indicates main effect of training, P < 0.040.

Torque loss is expressed as a percent of the peak torque generated during the protocol.

doi:10.1371/journal.pone.0172551.g001
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Mitochondrial assays

To determine if greater PGC1α and COXIV gene expression was associated with greater mito-

chondrial content, we assessed several mitochondrial enzyme activities, including CS, which is

strongly correlated to mitochondrial content [35], and β-HAD, which is an important enzyme

for fatty acid oxidation. CS and β-HAD enzyme activities were ~11% and ~21% higher, respec-

tively, in the trained mice compared to sedentary, independent of simvastatin treatment

(P� 0.028, 1). The gene and mitochondrial enzyme activity data did not support the hypothe-

sis that a 6-week simvastatin regimen attenuates skeletal muscle adaptations to endurance

exercise training. However, these tests do not reflect the quality or function of the mitochon-

dria, which others have reported is negatively affected by statin treatment [16]. To determine

mitochondrial function, we evaluated mitochondrial respiration rates from isolated mitochon-

dria. There was no effect of training or simvastatin treatment on state 4, state 3, or state 3

uncoupled respiration of isolated mitochondria (P� 0.30, Table 1).

Autophagy-related protein content

The proper regulation of mitochondrial quantity and quality involves both the addition of

newly synthesized mitochondria to the reticulum via mitochondrial biogenesis, and the struc-

tural separation and disposal of damaged mitochondrial fragments via fission and autophagy.

Autophagy is a cellular recycling process that identifies, removes, and degrades damaged or

dysfunctional cellular components such as mitochondria that have been enveloped by a dou-

ble-membrane structure called an autophagosome. We examined the impact of simvastatin

treatment on autophagy because previous groups have reported that exercise training increases

basal autophagy and that sufficient autophagy is required for exercise training-induced

adaptations. Activation of unc-51 like kinase 1 (Ulk1, also referred to as Atg1) by AMPK

Fig 2. The effects of exercise training and simvastatin treatment on plantarflexor muscle torque and mass (n = 7–8 per exercise/

treatment group). A: Peak isometric torque (left bars) and peak isometric torque normalized by plantarflexor muscle mass (right bars).

Con > Statin indicates a strong trend for main effect of treatment, P = 0.051. B: Plantarflexor muscle masses normalized by grams of BW.

Con > Statin indicates main effect of treatment, P = 0.039. The plantarflexor muscle mass represents the combined masses of the

gastrocnemius, soleus, and plantaris muscles.

doi:10.1371/journal.pone.0172551.g002
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phosphorylation of serine 555 is a critical step in the early induction of autophagy. There was

no significant interaction or group effects for total Ulk1 protein content (P� 0.201, Fig 4B);

however, there was a strong trend for greater activation of Ulk1 (pUlk1:Ulk1) in exercise

trained mice compared to sedentary mice, independent of simvastatin treatment (P = 0.067,

Fig 4B). Beclin1 (or Atg6), which contributes to the formation of autophagosomes upon Ulk1

activation, was ~22% higher in trained mice compared to sedentary mice, independent of sim-

vastatin treatment (P = 0.037, Fig 4B). There was a significant interaction between training

and treatment for microtubule-associated proteins 1A/1B light chain 3A (LC3, or Atg8), which

is a protein necessary for autophagosome elongation (P = 0.046, Fig 4B). Total LC3 protein

content was between 49% and 85% greater in trained control mice, trained simvastatin mice,

and sedentary simvastatin mice compared to sedentary control mice. BCL2/adenovirus E1B

19 kDa protein-interacting protein 3 (Bnip3), which is a mitochondria-specific receptor

Fig 3. The effects of exercise training and simvastatin treatment on mitochondrial and vascular gene expressions (n = 7–8 per

exercise/treatment group). A: Fold change relative to control sedentary mice in expression of genes involved in mitochondrial biogenesis.

Run > Sed indicates main effect of training, all P < 0.002. B: Fold change relative to control sedentary mice in expression of genes involved

in vascular signaling. Run > Sed indicates main effect of training, all P� 0.046.

doi:10.1371/journal.pone.0172551.g003

Table 1. Mitochondrial content and function.

Control Control Statin Statin Treatment Exercise Interaction

Sedentary Run Sedentary Run P value P value P value

Mitochondrial enzyme activities

CS 0.86 ± 0.056 0.95 ± 0.20* 0.87 ± 0.16 0.92 ± 0.075* 0.244 0.028 0.209

β-HAD 76.2 ± 14.7 95.1 ± 22.2* 73.0 ± 17.0 82.9 ± 10.6* 0.090 0.011 0.217

Isolated mitochondrial respiration

Leak (state 4) 10.4 ± 2.86 11.9 ± 2.61* 10.5 ± 1.97 8.5 ± 2.40 0.805 0.374 0.822

Coupled (state 3) 44.2 ± 11.7 49.9 ± 14.1* 49.1 ± 4.87 50.1 ± 13.6 0.973 0.821 0.705

State 3 Uncoupled 80.7 ± 19.0 71.5 ± 27.5* 67.6 ± 4.62 72.0 ± 19.6 0.295 0.986 0.827

Note: Data are presented as mean ± SD. Mitochondrial enzyme activities are expressed as μmol/min/μg protein. Isolated mitochondrial respiration rates are

expressed as nmol/min/μg and all rates were normalized by the citrate synthase activities of each fraction in order to account for differences in mitochondrial

content between isolated mitochondrial fractions. CS: citrate synthase, β-HAD: β-hydroxy acyl-CoA dehydrogenase, SDH: succinate dehydrogenase.

*indicates main effect of training.

doi:10.1371/journal.pone.0172551.t001
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responsible for tagging the mitochondria for degradation, was 27% greater in trained mice

compared to sedentary mice, independent of simvastatin treatment (~27%, P< 0.001, Fig 4C).

Autophagy flux describes a measure of the degradation activity of autophagy. Autophagy

flux can be characterized by measuring the conjugated form of LC3, LC3-II, as well as the rela-

tive degradation of polyubiquitin-binding protein p62/SQSTM1 (p62). There was a significant

interaction between exercise training and treatment for LC3-II protein content (P = 0.022),

which, upon further analysis, revealed LC3-II protein content was between 56% and 88%

greater in trained control mice, trained simvastatin mice, and sedentary simvastatin mice com-

pared to sedentary control mice (Fig 4D). A relative reduction in p62 protein content is

another indicator of autophagy flux, as p62 is degraded following delivery of the autophago-

some to the lysosome. p62 protein content was ~23% less in trained mice compared to seden-

tary mice, independent of simvastatin treatment (P = 0.049, Fig 4D).

To determine the extent to which training and/or simvastatin treatment impacted mito-

chondrial dynamics, we measured protein contents related to mitochondrial fission and

fusion, two processes necessary for mitochondrial maintenance. There were no significant

interactions or main effects for mitochondrial fission protein mitofusin 2 (P� 0.392, Fig 5B).

Dynamin-related protein 1 (Drp1), is a protein necessary for mitochondrial fission during

autophagy [36], and was ~24% lower in simvastatin treated mice compared to control mice,

independent of exercise training (P = 0.040, Fig 5B).

Fig 4. The effects of exercise training and simvastatin treatment on markers of autophagy. A: Immunoblot images of Ulk1, p-Ulk1:

Ulk1, Beclin1, p62, Bnip3, LC3-I, and LC3-II in plantaris muscle. β-actin was used as a loading control. B—C: Quantitative and statistical

analysis of data in A (sed n = 8; sed+statin n = 7; run n = 5; run+statin n = 8). Run > Sed indicates main effect of training, all P� 0.049.

* indicates significantly different from control run, statin sedentary and statin run, all P� 0.046.

doi:10.1371/journal.pone.0172551.g004
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Discussion

This study systematically evaluated the impact of simvastatin treatment on chronic exercise

training adaptations spanning from the whole body to the cellular level. The rationale for this

study was a dearth of information regarding the impact of statins on tissue-specific cellular

adaptations to exercise. We hypothesized that statins would attenuate skeletal muscle adapta-

tions to endurance exercise training based on an accumulating body of literature reporting

statin-induced skeletal muscle problems including myalgia and weakness [4, 37] as well as sug-

gestions of mitochondrial dysfunction [12, 14–16, 18] and blunted training-induced cardiovas-

cular and skeletal muscle adaptations in statin-treated humans [13]. Our hypothesis was not

supported as there was minimal evidence of adverse effects from simvastatin treatment at the

conclusion of our 6-week study. Overall, simvastatin treated mice were capable of endurance

exercise training adaptations comparable to untreated mice; however, we did observe a strong

trend for lower muscle torque as well as modest differences in basal autophagy between

untreated and statin-treated mice which are discussed below.

Muscle weakness is a well-documented complaint among statin users [34, 38]. However,

few studies have directly assessed muscle weakness in statin users, and the studies that are

available have produced mixed results [5–10, 37, 39, 40]. For example, Scott et al. reported

decreased leg strength in 179 older statin users [37], while Parker et al. did not detect statin-

induced arm or leg muscle weakness in a study including 203 statin users [10]. Our in vivo
contractility tests are a truly maximal assessment of muscle torque as muscle contractions are

evoked by direct nerve stimulation in a quantifiable manner that is independent of subject

motivation. We observed a strong trend for lower peak isometric torque of the ankle plantar-

flexors in simvastatin treated mice (Fig 2B); however, this trend disappeared when torque was

normalized by muscle mass, indicating that smaller muscles (Fig 2A) were underlying the

trend in muscle weakness. A shift in the balance between muscle protein synthesis and degra-

dation toward protein degradation results in a reduction in muscle size, i.e. muscle atrophy.

Fig 5. The impact of simvastatin treatment on mitochondrial fusion and fission. A: Immunoblot images of mitofusin 2 (Mfn2), and

Drp1. β-actin was probed as a loading control. B: Quantitative and statistical analysis of data in A (sed n = 8; sed+statin n = 7; run n = 5;

run+statin n = 8). Con > Statin indicates a main effect of treatment, P = 0.040.

doi:10.1371/journal.pone.0172551.g005
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Indeed, previous studies using cell culture and rodent models have found that statin treatment

leads to muscle atrophy through statin-mediated suppression of AKT/mTOR signaling, activa-

tion of caspases, and upregulation of ubiquitin proteasome system E3-ligases (atrogin-1 and

MuRF1) [41, 42]. Importantly, suppression of AKT phosphorylation and upregulation of Atro-

gin-1 have also been observed in human statin users who exhibit signs of muscle myopathies

[43, 44]. Overall, our results are in line with previous research suggesting that statins could

alter protein synthesis signaling pathways and induce muscle atrophy, but further research is

needed in human statin users to explore whether these alterations are associated with any

appreciable effects in the skeletal muscle such as muscle weakness.

Autophagy is a cellular recycling process that plays an important role in skeletal muscle

mitochondrial maintenance. Basal levels of autophagy increase following exercise training,

and this is characterized by formation of autophagosomes that engulf and dispose of specific

cellular structures such as mitochondria that have been targeted for degradation (Fig 6). In

Fig 6. Exercise training-induced effects on mitochondrial biogenesis and maintenance, and potential contraindicative effects of

statin use. Normal mitochondrial maintenance (black arrows) is theoretically characterized by the balance between the addition of healthy

mitochondria (mitochondria with white fill) via mitochondrial biogenesis and removal of damaged mitochondria (mitochondrial with red fill) via

autophagy. Herein, short-term statin use was associated with a decrease in mitochondrial fission protein Drp1 and altered autophagy-

related protein LC3 content, which may contribute to disrupted mitochondrial maintenance. Long-term disruption in the mitochondrial

maintenance (red dashed arrow) may lead to accumulation of damaged mitochondria. More directed research is necessary to understand

the potential long-term impact of statin use on mitochondrial fission, autophagy, and function.

doi:10.1371/journal.pone.0172551.g006
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accordance with previous findings [45], we found exercise trained mice had greater levels of

the autophagy-related proteins necessary for autophagosome formation and expansion (Fig

4A). However, we also found that simvastatin treated mice had lower levels of Drp1 (Fig 5B),

which is an essential protein for mitochondrial fission during autophagy. Mitochondrial fis-

sion is the structural separation of mitochondria from the mitochondrial network, a critical

step for the successful removal of damaged or dysfunctional mitochondria during autophagy.

Long-term reductions in mitochondrial fission as the result of a chronic statin use could

potentially have negative consequences on the function of the mitochondrial network and

basal autophagy (Fig 6). In line with this hypothesis, IIkeda et al. used a conditional Drp1

knockout mouse and shRNA to downregulate Drp1 in vivo and in vitro, respectively, and dem-

onstrated that Drp1 was critical for mitochondrial function (i.e., ATP production) and autop-

hagosome assembly [46]. The short-term design of this current study may have prevented us

from detecting the long-term consequences of insufficient Drp1-mediated mitochondrial fis-

sion on mitochondrial function, but our LC3-II data can provide some insight into the impact

of simvastatin on autophagosome assembly.

Autophagosome assembly can be measured via LC3-II protein content accumulation and

used as an indicator of autophagy flux. While accumulation of LC3-II protein content on an

immunoblot (autophagosome accumulation) can represent ongoing autophagy flux, it is also

used as a marker to confirm successful autophagy inhibition in the presence of known phar-

macological autophagy inhibitors [47]. In the current study, accumulation of LC3-II in

untreated exercise trained control mice can be interpreted as autophagy flux considering the

previous work by Lira et al. [45] and considering our own analysis of pUlk1, Beclin1, Bnip3,

and p62 protein contents (Fig 4A). However, the LC3-II protein content in simvastatin treated

mice are harder to interpret given that LC3-II accumulation is present in both sedentary and

exercise trained mice (Fig 4C). When the LC3-II data is interpreted along with the lower Drp1

protein levels in simvastatin treated mice, one could reasonably consider that simvastatin

treatment potentially results in impairment in autophagosome elongation and maturation

(i.e., autophagy inhibition). We are not the first to report LC3-II accumulation with simva-

statin treatment [48], but our comprehensive autophagy-related protein analysis suggests

more research is necessary in order to determine the long-term benefit/detriments of statins

on skeletal muscle autophagy, especially when considering the efficacy of statin treatment

alongside comorbidities such as muscular dystrophy, aging, and cardiovascular disease.

Increased skeletal muscle mitochondrial content is a hallmark adaptation to exercise train-

ing. Following repeated muscular contractions, mitochondrial biogenesis signaling pathways

are activated resulting in overall expansion of the mitochondrial network within the muscle

[49]. Recently, Mikus et al. [13] demonstrated that the typical exercise-induced improvements

in mitochondrial content, as assessed by citrate synthase activity, are blunted in individuals

also consuming statins. In contrast, when we performed the same citrate synthase assay as a

proxy for mitochondrial content we did not find blunted adaptations in trained statin-treated

mice. The reason why our results do not agree with Mikus et al. could be due to differences in

experimental approach, specifically, we used a murine model and not human participants to

test our hypothesis. However, the strength of this study is that we used several additional indi-

cators of mitochondrial content including physiological changes in fatigue resistance (i.e.

treadmill running, contractile fatigue test, Fig 1), gene expression, and autophagy-related pro-

tein contents, which supported our primary conclusion that training adaptations in mitochon-

drial content are attainable with simvastatin treatment.

Statin treatment has been proposed to cause skeletal muscle mitochondrial dysfunction [11,

12, 15, 16], which may underlie some muscular myopathies, such as weakness or fatigue,

reported by statin users. Herein we evaluated mitochondrial function primarily through

Impact of simvastatin on exercise adaptations

PLOS ONE | DOI:10.1371/journal.pone.0172551 February 16, 2017 12 / 17



isolated mitochondrial respiration, but also indirectly through skeletal muscle and whole body

fatigue protocols. Interestingly, in contrast to the previous studies showing mitochondrial dys-

function with statin treatment [12, 16, 18, 50, 51], we found no differences in mitochondrial

function between control and simvastatin treated mice. The discrepancy between previously

published work and ours may be due to a couple of reasons. First, several studies reporting

statin-induced mitochondrial dysfunction relied on cell culture systems involving high non-

physiological doses (1000 fold higher) of statin prior to measuring mitochondrial function [16,

50, 52]. Second, in contrast to other studies with longer treatment regimens [12, 18, 51], we

found that 6 weeks of simvastatin treatment did not result in mitochondrial dysfunction. Con-

sidering our Drp1 and LC3-II data, the 6-weeks of simvastatin treatment used in this study

could have been insufficient to observe an accumulation of dysfunctional mitochondria

required to detect significant reduction in mitochondrial respiration (Fig 6). Nonetheless, our

results indicate that a 6-week treatment of simvastatin does not result in skeletal muscle mito-

chondrial dysfunction.

An important element of this study was choosing the appropriate simvastatin dose to admin-

ister to the mice. Previous animal studies have used a wide range of simvastatin doses, ranging

anywhere from 5 and 300 mg/kg [21, 53–61]. However, we wanted to select a simvastatin dose

that would be both clinically relevant and physiologically appropriate. In order for the simva-

statin dose to be clinically relevant, we chose to give the mice a simvastatin dose that would be

the human equivalent of 100 mg/kg, which is similar to the highest recommended human sim-

vastatin dose of 80 mg/kg. In order to achieve a physiologically appropriate dose, we converted

the human simvastatin dose of 100 mg/kg to the target murine dose of 20 mg/kg using previ-

ously published human to animal dose translation calculations [20]. At the end of this study, the

sedentary mice received a simvastatin dose similar to our target dose (22.1 ± 2.8 mg/kg), while

the trained mice consumed more water and consequently received a simvastatin dose greater

than the target dose (34.8 ± 5.4 mg/kg). We do not believe, however, that the dosage difference

between the trained and untrained mice affected the results of the experiments. For example,

statistically, there was no instance in any of the outcome measurements where the statin-treated

trained mice were different from the untreated trained mice, or where the statin-treated trained

mice were different from the statin-treated sedentary mice. In addition, the trained mice receiv-

ing the high simvastatin dose did not display any signs of negative side effects. Overall, while

future experimental designs should account for the difference in water consumed, it is unlikely

that the difference in statin dosing between groups impacted the outcomes of this study.

Conclusion

Collectively, our results indicated that exercise training adaptations at the whole-body and

muscle-cell level are attainable with simvastatin treatment. While this may be good news for

statin users also engaging in exercise, more research is needed to investigate potential contra-

indicative effects of long-term statin use in skeletal muscle, including their effects on muscle

protein synthesis, degradation, and autophagy (Fig 6).
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