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Background: Statins are the most commonly used drugs for the treatment of hypercholesterolemia. Their most
frequent side effect is myotoxicity. To date, it remains unclear whether statins preferentially induce myotoxicity
in fast- or in slow-twitch muscles. Therefore, we investigated these effects on fast- (extensor digitorum longus;
EDL), slow- (soleus; SOL), andmixed-twitchmuscles (diaphragm;DIA) in rats by comparing their contractile and
molecular structural properties.
Methods: Simvastatin-induced functional changes were determined by muscle contraction measurements, and
drug-induced molecular changes were investigated using Fourier transform infrared (FTIR) and attenuated
total reflectance (ATR) FTIR spectroscopy.
Results: With simvastatin administration (30 days, 50 mg/kg), a depression in the force–frequency curves in all
muscles was observed, indicating the impairment of muscle contractility; however, the EDL and DIA muscles
were affected more severely than the SOL muscle. Spectroscopic findings also showed a decrease in protein, gly-
cogen, nucleic acid, lipid content and an increase in lipid order and lipid dynamics in the simvastatin-treated

muscles. The lipid order and dynamics directly affect membrane thickness. Therefore, the kinetics and functions
of membrane ion channels were also affected, contributing to the statin-induced impairment of muscle contrac-
tility. Furthermore, a reduction inα-helix andβ-sheet and an increase in randomcoil, aggregated and antiparallel
β-sheetwere observed, indicating the protein denaturation. Spectral studies showed that the extent ofmolecular
structural alterations in the muscles following simvastatin administration was in the order EDL N DIA N SOL.
Conclusions: Simvastatin-induced structural and functional alterations aremore profound in the fast-twitch than
in the slow-twitch muscles.
General significance:Myotoxic effects of simvastatin are primarily observed in the fast-twitch muscles.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Statins, which are selective 3-hydroxy-3-methylglutaryl-coenzyme
A (HMG-CoA) reductase inhibitors, reduce morbidity and mortality in
patientswith coronary artery andcerebrovascular diseases [1]. Although
they are generally well tolerated, they sometimes have adverse effects,
mainly related to skeletal muscles. These side effects vary depending
on the lipophilic properties of statins [2–4]. Lipophilic statins enter the
cell by simple diffusion, and their toxic effects on nonhepatic tissues
are greater than those of hydrophilic statins [5]. Muscular side effects
troscopy; ATR-FTIR, attenuated
EDL, extensor digitorum longus;

ciences, Middle East Technical
ey. Tel.: +90 312 210 5166;

, burakbal@gmail.com (I.B. Bal),
(R. Onur), feride@metu.edu.tr

ights reserved.
range from mild myopathy, characterized by fatigue, weakness, and
serum creatine kinase elevation, to rhabdomyolysis [1].

Previous studies on statin-induced myotoxicity have suggested that
statins decrease the membrane cholesterol content in myocytes, which
may alter the cell membrane fluidity and contractile function and
T-tubular system structure of muscle cells [6,7]. It was reported that
statins reduce chloride conductance, which leads to myotoxic symp-
toms in rats [8]. Another possible mechanism is through a statin-
related impairment of the mevalonate pathway caused by decreasing
heme A, ubiquinone levels, and protein prenylation. Decreased heme
A and ubiquinone levels are also reported to impair energy metabolism
in skeletal muscles by disrupting mitochondrial electron transport
mechanisms [9]. In addition, statins were shown to cause apoptosis of
muscle cells by downregulating protein prenylation [10].

Although several studies have been conducted to elucidate the
myotoxic effects of statins on the biochemical and genetic levels, the
structural and functional alterations induced by statins in skeletal mus-
cle macromolecules have not yet been clarified. In a previous study
examining these alterations, we investigated the effects of low-dose
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simvastatin on EDL muscle. A reduction in the protein, nucleic acid, and
saturated and unsaturated lipid contents and an increase in the mem-
brane fluidity and lipid order were found in simvastatin-treated EDL
muscle [11].

Several studies on the fiber selectiveness of statin myotoxicity re-
vealed that themyotoxic effects of statins are different in different skel-
etal muscles depending on their fiber-type structure. For example,
histopathological examinations done by Westwood et al. indicated
that slow-twitch (type-I) fibers were not affected by statin-induced
muscle necrosis [12]. However, another recent study showed that
type-I fibers were predominantly affected by cerivastatin-induced
myotoxicity [13]. Thus, whether the statins primarily affect fast- or
slow-twitch muscles is still unclear. Therefore, the purpose of the
current study was to determine the preferential target muscle for
statin-induced myotoxicity by comparing the differential effects of
chronic simvastatin treatment on three different rat skeletal muscles,
namely, fast- (EDL), slow- (SOL), and mixed-twitch (DIA) muscles,
based on the evaluation of their contractile and structural properties.
Simvastatin-induced molecular changes were investigated using Fouri-
er transform infrared (FTIR) and attenuated total reflectance (ATR) FTIR
spectroscopy. Infrared spectroscopy is a powerful analytical technique
based on the absorption of infrared photons that excite vibrations of
molecular bonds. Because IR data are stored in digitally encoded for-
mats, spectral data can be easily interpreted and small changes can be
accurately detected, even in the weak absorption bands, using post-ac-
quisition datamanipulation algorithms [14]. Therefore, FTIR spectrosco-
py is commonly used in a number of branches of science as a
quantitative and qualitative tool. It is a fast, nondestructive technique
(needs no probe) that provides rapid, sensitive, and simultaneousmon-
itoring of the different macromolecular functional groups in biological
systems without requiring large sample quantities. Therefore, it has
emerged as an ideal tool that gives valuable information about the
changes in biochemical components and processes in diseases or
drug-induced pathological conditions [11,15].
2. Materials and methods

2.1. Chemicals

Simvastatin was purchased from Merck, Sharp and Dohme (West
Point, PA, USA) and dissolved in saline. Butylated hydroxytoluene, cho-
lesterol, and caffeine were obtained from Sigma Chemical Company
(Saint Louis, MO, USA). Potassium bromide (KBr), acetonitrile, and
methanol were obtained from Merck (Darmstadt, Germany).
2.2. Animals

Experiments were performed on male Wistar rats (12–14 weeks)
weighing 250–300 g. The study was approved by the Animal Ethical
Committee of Hacettepe University. The rats were fed a standard diet
with water ad libitum and kept in a room with controlled light cycles
(12:12 h, dark:light), temperature (22 ± 1 °C), and relative humidity
(40–50%). They were allowed to adapt to their environment for
1 week prior to the experiments. Rats were randomly allocated into
two groups (eight in each group) to receive either simvastatin or saline.
Simvastatin (50 mg/kg in saline)was administered through oral gavage
for 30 days. The 50 (mg/kg)/day dose of the simvastatin was chosen
according to a previous animal study [16]. During the experiment peri-
od, the rats were weighed weekly, and their food and water consump-
tion was measured daily.

At the end of the treatment period, rats were anesthetized with
diethyl ether, and blood samples were drawn. The muscles were dis-
sected, and one of each muscle pair was frozen (−80 °C) for the FTIR
studies. Contractility studies were performed on the other pairs.
2.3. Contractility studies

The muscles were kept in Kreb's solution (composition in mM: 135
NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 15 NaHCO3, 1 Na2HPO4, 11 glucose). Solu-
tions were maintained at 37 ± 0.5 °C and pH ~ 7.4 by gassing with 5%
CO2 and 95% O2.

Themuscleswere isolated and bathed in organ baths. The contractile
properties of the EDL and SOL were studied in the whole muscle pre-
parations, whereas the contractile properties of DIA muscle were
performed onmuscle strips of ~5 × 17 mm. Contractile force wasmea-
sured by FT-03 force transducers connected to a polygraph (7B Grass
Instruments, Quincy, MA, USA). A holder attached to a micrometer
allowed us to adjust the optimal tension, which was defined as the ten-
sion at which the twitch amplitude was maximum. Optimal tensions
were ~2 g andwere kept constant throughout the experiments. Follow-
ing a 1 h equilibration period, isometric contractions were evoked by
field stimulationwith pulses of 1 ms in duration and 150 V. For all stim-
ulations, S88 Grass stimulators and stimulus isolation units (Grass SIU
5) were used.

The tetanic force–frequency relationship was evaluated by applying
trains of 500 ms in duration between 0.1 and 120 Hz every 3 min.
Amplifier outputs were also fed to a data acquisition unit (Powerlab/
8SP, AdInstruments, Australia), and the force expressed in Newtons
was normalized by the muscle cross-sectional area. Nonmuscle tissue
was removed, the muscles were blotted and weighed, and forces per
cross-sectional area were calculated according to the following
equation: force/cm2 = [force (N) × specific density of skeletal muscle
(1.06 g/cm3) × length of muscle (cm)] / [mass of muscle (g)]. To in-
duce contractions via caffeine, the solutionwas changed to one contain-
ing 20 mM caffeine.

2.4. Determination of total serum cholesterol, total serum creatine kinase
(CK) activity, and myoglobin content

The total cholesterol level was determined by HPLC as described in
[17]. The serum total CK activity and myoglobin content were deter-
mined by a Roche Cobas Integra 800 analyzer and Roche Diagnostic
kits (Roche Diagnostics, GmbH, Mannheim, Germany).

2.5. FTIR and ATR-FTIR studies

For the FTIR studies, the freeze-dried (Labconco FreeZone®, Freeze
Dry System Model 77520, USA) EDL and SOL samples were ground in a
liquid-nitrogen-cooled colloid mill (Retsch MM200, GmbH, Germany)
and then mixed with dried KBr in a mortar (at a ratio of 0.5:150). After
drying again in the freeze drier for 18 h to remove unbound or free
water, themixture was compressed into a thin KBr disk under a pressure
of ~100 kg/cm2, producing a transparent disk for the FTIRmeasurements.

Infrared spectra of the EDL and SOL samples were obtained using a
PerkinElmer Spectrum 100 FTIR spectrometer (PerkinElmer Inc.,
Norwalk, CT, USA) equipped with a mid-infrared (MIR) tryglycine sul-
fate (TGS) detector. The interfering spectra from air and the KBr trans-
parent disk were recorded as background and subtracted automatically
using the appropriate software (Spectrum 100 software). The spectra
of muscle samples were recorded in the 4000–400 cm−1 region at
room temperature. A total of 50 scans was taken for each interferogram
at 4 cm−1 resolution.

Due to theproblems in grinding the driedDIAmuscles,we examined
this muscle directly using ATR-FTIR spectroscopy. For the ATR-FTIR
studies, samples 0.5 × 0.5 × 0.1 cm in size were cut from rat DIA.
They were then directly placed on the ATR crystal and compressed
(150 gauge) to obtain good surface contact.

The infrared spectra of the DIA samples were collected in the one-
bounce ATR mode on a Spectrum 100 FTIR spectrometer equipped
with a universal ATR accessory. The diaphragm muscle samples were
placed on a diamond/ZnSe crystal plate, and 50 scans with a resolution
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of 4 cm−1 were collected at room temperature in the region from 4000
to 650 cm−1. Water was used as a reference and was subtracted auto-
matically from the tissue spectra.

The spectra collection and datamanipulation were carried out using
Spectrum 100 software (PerkinElmer). Each sample was scanned in
triplicate under the same conditions, giving identical spectra. The aver-
age spectra of these replicates were used in the subsequent detailed
data and statistical analyses. The spectra were first smoothed with a
nine-point Savitzky–Golay smoothing function to remove the noise.
The average spectra were baseline corrected and normalized with re-
spect to the specific bands for visual demonstration. The band positions
were measured using the frequency corresponding to the center of
weight. Band areas were calculated from the smoothed and baseline-
corrected spectra using the Spectrum software. The bandwidth values
of specific bands were calculated as the width of 0.75 × height of the
signal in units of cm−1.

The amide I band was used to determine the simvastatin-induced
variations in protein secondary structure, and a detailed analysis was
carried out using theOPUSNT data collection software. The secondderiv-
atives of the spectra were vector normalized at 1700–1600 cm−1, and
the intensities of peaks were calculated. Because the peak positions of
the original absorption spectra correspond to the minimum positions
in the second derivative spectra, the minimum positions were used for
comparisons.

2.6. Cluster analysis

Hierarchical cluster analysis (HCA) was performed by using OPUS
5.5 software (Bruker Optics, GmbH, Germany) to differentiate and char-
acterize the skeletal muscles based on spectral variations. The second
derivative of each spectrum was taken in the 3050–1000 cm−1 region.
Spectral distances were calculated between pairs of spectra as Pearson's
correlation coefficients. The cluster analysis for the separation of control
and treatment groups was based on the Euclidean distances. Ward's al-
gorithm was used to construct dendrograms.

2.7. Statistical analysis

All datawere expressed asmean ± SEM. Thedata obtained from the
contractile experiments were tested for statistical significance using
two-tailed, unpaired Student's t-tests. Spectroscopic results were tested
for differences using the Mann–Whitney U test. p values b 0.05 were
considered significant.

3. Results

3.1. Animals

Simvastatin-treated rats weighed significantly less following the
treatment period (Table 1). The daily food and water intake of the
simvastatin-treated animals was significantly lower than that of
Table 1
Food intake, water intake, and body weight in rats treated with simvastatin.

Control (n = 8) Simvastatin-treated (n = 8)

Initial body weight (g) 262 ± 4.2 277 ± 3.9
Final body weight (g) 267 ± 5.3↑ 260 ± 4.6↓⁎

Food intake (g/rat) 19.1 ± 0.9 15.5 ± 1.0↓⁎⁎

Water intake (ml/rat) 29.8 ± 1.5 21.2 ± 1.1↓⁎⁎⁎

Values are the mean ± SEM for each group. Comparisons were done using Mann–
Whitney U test. In body weight, downward arrow indicates a decrease and upward
arrow indicates an increase with respect to the initial weight of each group. In food and
water intake, downward arrow indicates a decrease and upward arrow indicates an
increase with respect to the control.
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
the controls (Table 1). The simvastatin-treated rats also displayed a
hunched posture, thin and pale appearance, body-weight loss, and de-
creased appetite during the last 10 days of statin administration.

3.2. Total serum cholesterol, total serum CK, and myoglobin

After 30 days, the serum cholesterol levels of the simvastatin-treated
rats were significantly lower than that of control animals (Table 2).
To test the myotoxicity of simvastatin, serum myoglobin content and
serum total CK activity were measured. With simvastatin treatment, the
CK activity significantly increased. Moreover, a significant rise in the
serummyoglobin content of simvastatin-treated ratswas found (Table 2).

3.3. Contractility measurements

The EDL, SOL, and DIA contractility measurements of simvastatin-
treated and control animals revealed that simvastatin treatment did
not appreciably alter the EDL and SOL skeletal muscle weights. In the
control group, the EDL and SOL weighed 178 ± 8.9 mg and 211.4 ±
17 mg, whereas the EDL and SOL were 187.0 ± 7.6 mg and 189.5 ±
15.8 mg, respectively, in the simvastatin group. Because we used mus-
cle strips instead of wholemuscles, weight comparisonswere not appli-
cable for the DIA.

Twitch amplitudeswere found to be significantly lowered by simva-
statin treatment in the EDL muscles (p b 0.05), whereas amplitudes
were unchanged in the SOL and DIA muscles. In the control and simva-
statin groups, the twitch amplitudeswere 2.6 ± 0.1 and 2 ± 0.1 for the
EDL, 2.3 ± 0.3 and 2.2 ± 0.1 for the DIA, and 2.4 ± 0.4 and 2.3 ± 0.2
for the SOL muscles, respectively. The time courses of the twitches
obtained from simvastatin-treated rat muscles were not different from
that of their respective controlmuscles. To observe the effects of chronic
simvastatin administration during intense muscle activity, we com-
pared the force–frequency response curves within a stimulation range
of 5–120 Hz (Fig. 1). A comparison of the force–frequency curves of
the control and treatment groups showed a statistically significant de-
pression of force production in all muscles studied (p b 0.01). This de-
pression was greater at frequencies higher than 80 Hz in all muscles.
Around a 30% reduction in the force production of the EDL and DIA
was observed, whereas the SOL displayed a 22% inhibition of contractil-
ity following simvastatin treatment.

To evaluate the effects of simvastatin treatment on the further stages
of excitation–contraction coupling, we used caffeine, which is a well-
known inducer of Ca2+ release from the sarcoplasmic reticulum (SR).
The introduction of 20 mM caffeine induced a slowly rising contraction.
In the EDL and DIAmuscles, chronic simvastatin-treatment significantly
decreased the amplitude of caffeine-induced contractions without
changing their time courses (Table 3). However, caffeine-induced con-
tractions of the SOL muscles were not affected.

3.4. FTIR spectroscopy

Simvastatin-induced changes in macromolecular content, structure,
and function were determined from a detailed analysis of the muscle
Table 2
Total serum cholesterol level, total creatine kinase (CK) activity, andmyoglobin content in
control and simvastatin-treated animals.

Control (n = 8) Simvastatin-treated (n = 8)

Total cholesterol (mg/dl) 17.2 ± 1.2 14.7 ± 1.1↓⁎⁎

Total creatine kinase (U/l) 4550.38 ± 232.96 11571.89 ± 1336.02↑⁎⁎⁎

Myoglobin (ng/ml) 81.17 ± 4.15 137.06 ± 8.94↑⁎⁎⁎

Values are the mean ± SEM for each group. Comparisons were made using Mann–
Whitney U test. Downward arrow indicates a decrease and upward arrow indicates an
increase with respect to the control.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.



Fig. 1. Effects of chronic simvastatin treatment on contractility in rat extensor digitorum longus (EDL), diaphragm (DIA), and soleus (SOL) muscles. Twitches (0.1 Hz) and tetanic contrac-
tions (5–120 Hz) were induced by electrical field stimulation. Chronic simvastatin treatment depressed the force–frequency curves in all three muscles, affecting the EDL and DIA more
severely than the SOL, for the same twitch amplitudes. Values are presented as mean ± SEM.
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spectra, and these values were compared for the first time for different
skeletal muscles. The characteristic frequencies and detailed band as-
signments are given in Table 4 and Fig. 2. The alterations in the band
area and frequency values together with the percent changes in the
simvastatin-treated samples are compared in Table 5 with respect to
the control group. The variations in the band positions of the CH2

stretching bands (labeled as 2 and 4 in Fig. 2) give structural informa-
tion, such as lipid order–disorder, whereas the signal intensity or,
more accurately, the area under the bands reveals the concentration of
the functional group belonging to the relevant molecule [11].

To investigate the effects of simvastatin treatment on the protein
content of the skeletal muscles, the amide I and amide II bands (labeled
as 6 and 7, respectively) were analyzed [11,15]. Although chronic sim-
vastatin treatment reduced the protein content of the muscles studied,
these reductions reached statistical significance in the EDL and DIA
Table 3
Amplitudes and time course of caffeine-induced contractions in simvastatin-treated and contr

Caffeine Control (n = 8)

EDL DIA SO

Peak amplitude (N/cm2) 7.0 ± 0.2 3.8 ± 0.4 9
Time to peak (min) 38.3 ± 2.2 3.8 ± 0.1 20

Values are the mean ± SEM for each group.
⁎ p b 0.05.

Table 4
General band assignment of rat skeletal muscle [11,15].

Band no. Wavenumber (cm−1) Definition of the spectral assignm

1 3014 Olefinic_CH stretching vibration
2 2929 CH2 asymmetric stretching: main
3 2874 CH3 symmetric stretching: mainl
4 2855 CH2 symmetric stretching: mainl
5 1739–1744 Ester C_O stretch: triglycerides a
6 1656 Amide I (protein, mainly C_O str
7 1540 Amide II (protein, N\H bend, C\
8 1343 CH2 side chains of collagen
9 1261 PO2

– asymmetric stretching, non-
10 1236 PO2

– asymmetric stretching, fully
11 1170 CO\O\C asymmetric stretching
12 1080 PO2

– symmetric stretching: nucle
13 1040 C\O stretching: polysaccharides
muscles (Table 5). Simvastatin treatment also caused a significant
shift in the frequencies of amide bands. The bandwidth values of
the amide I band decreased in all treated groups but more dramati-
cally for the EDL from 26.46 ± 0.34 to 25.43 ± 0.33 (p b 0.05). For
the other muscles, no significant variations were observed.

Simvastatin-induced alterations in the protein secondary structure
were determined from the intensity values of the second derivative
sub-bands of the amide I band (Fig. 3, Table 6) [11,15]. Simvastatin
treatment significantly decreased the intensities of the α-helical and
β-sheet bands and increased the intensities of random coil, antiparallel
β-sheet, and aggregated β-sheet bands of EDL muscle. The changes in
the secondary structures for the DIA and SOL were not significant.

The effects of simvastatin treatment on saturated lipids were inves-
tigated by analyzing the CH2 asymmetric stretching band (labeled as 2
in Fig. 2) [11]. Following simvastatin treatment, the band area of the
ol muscles.

Simvastatin-treated (n = 8)

L EDL DIA SOL

.2 ± 0.3 6.1 ± 0.3⁎ 3.0 ± 0.1⁎ 8.7 ± 0.5

.5 ± 2.4 34.5 ± 1.8 3.5 ± 0.2 20.0 ± 4.2

ent

: unsaturated lipids and cholesterol esters
ly lipids, with little contribution from proteins, carbohydrates, and nucleic acids
y proteins, with little contribution from lipids, carbohydrates, and nucleic acids
y lipids, with little contribution from proteins, carbohydrates, and nucleic acids
nd cholesterol esters
etching)
N stretch)

hydrogen bonded: mainly nucleic acids with the little contribution from phospholipids
hydrogen bonded: mainly nucleic acids with little contribution from phospholipids
: ester bonds in cholesterol esters and phospholipids
ic acids and phospholipids C\O stretch: glycogen, polysaccharides, and glycolipids
(glycogen)



Fig. 2. Representative infrared spectra of control and simvastatin-treated EDL muscles in the 3750–750 cm−1 region.
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EDL significantly decreased, and the frequency of the band shifted sig-
nificantly to lower values (Table 5). The bandwidth of the CH2 asym-
metric stretching band also significantly increased in all muscles (EDL:
from 11.34 ± 0.08 to 11.59 ± 0.03, p b 0.01, DIA: from 10.30 ± 0.01
to 10.44 ± 0.03, p b 0.05, SOL: from 11.78 ± 0.02 to 11.89 ± 0.03,
p b 0.05).

The lipid-to-protein ratiowas derived from the ratio of the total area
of the CH2 asymmetric and symmetric stretching bands (bands 2 and 4)
to the area of the CH3 symmetric stretching band (band 3). Simvastatin
treatment significantly increased the ratio of these bands in EDLmuscle
from 5.57 ± 0.02 to 6.80 ± 0.06 (p b 0.05).
Table 5
Changes in the band area and frequency values of the infrared bands for control and simvastat

Band no. EDL

Control (n = 8) Simvastatin (n = 8) % changea Control (n = 8) Sim

Band ar
1 1.26 ± 0.07 0.72 ± 0.05↓** −42.86 0.69 ± 0.01 0.6
2 3.44 ± 0.07 3.08 ± 0.10↓* −10.47 2.90 ± 0.08 2.7
3 0.99 ± 0.04 0.38 ± 0.04↓* −61.62 0.53 ± 0.01 0.4
4 0.83 ± 0.04 0.45 ± 0.03↓* −45.78 0.61 ± 0.02 0.5
5 3.68 ± 0.14 2.57 ± 0.10↓* −30.16 0.32 ± 0.02 0.3
6 30.4 ± 1.72 18.90 ± 1.73↓** −37.83 20.63 ± 0.58 18.2
7 11.79 ± 1.22 5.96 ± 0.55↓** −49.45 17.25 ± 0.29 15.9
8 1.18 ± 0.05 0.99 ± 0.04↓** −16.10 2.58 ± 0.06 2.3
9 1.77 ± 0.04 1.01 ± 0.05↓** −42.94 2.22 ± 0.04 1.9
10 3.92 ± 0.17 3.03 ± 0.16↓* −22.70 5.93 ± 0.1 5.4
11 1.88 ± 0.02 1.53 ± 0.03↓* −18.62 2.10 ± 0.04 2.0
12 2.36 ± 0.07 1.85 ± 0.09↓** −21.61 4.94 ± 0.09 4.5
13 1.92 ± 0.08 0.25 ± 0.09↓* −86.98 1.54 ± 0.03 1.3

Band frequ
2 2927.60 ± 0.21 2926.82 ± 0.22↓* −0.03 2927.71 ± 0.42 29
5 1742.94 ± 0.16 1746.41 ± 0.34↓** +0.20 1742.60 ± 0.59 17
6 1655.13 ± 0.18 1656.40 ± 0.21↓** +0.08 1636.32 ± 0.41 16
7 1541.38 ± 0.10 1542.24 ± 0.17↓** +0.06 1548.52 ± 0.21 15
9 1260.39 ± 0.34 1263.44 ± 0.92↓* +0.24 1282.57 ± 0.55 12
10 1238.61 ± 0.12 1239.03 ± 0.09↓* +0.03 1240.57 ± 0.54 12
12 1082.77 ± 0.15 1085.15 ± 0.79↓* +0.22 1080.55 ± 0.12 10

The + indicates increases and the− shows decreases in the band area and band frequency va
The values are themean ± SEM for each group. Comparisons were made using Mann–Whitne
simvastatin-treated muscles with respect to that of their respective control muscles.
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.

a Represents the percent changes in each type of simvastatin-treated muscle samples with r
The olefinic band was examined to investigate the unsaturated lipid
content (band 1) [11,15]. A significant decrease in the area of this band
was observed for the EDL and DIA but not the SOL muscles after simva-
statin treatment.

The ratio of the total area of the CH2 asymmetric and symmetric
stretching bands (bands 2 and 4) to the area of the olefinic band
(band 1) was calculated to examine simvastatin-induced changes in
the saturated-to-unsaturated lipid ratio [11]. Simvastatin treatment led
to a significant increase in this ratio in EDL muscle from 3.59 ± 0.13 to
5.05 ± 0.38 (p b 0.01), whereas the increase in the other muscle types
did not reach statistical significance.
in-treated, EDL, DIA, and SOL muscles.

DIA SOL

vastatin (n = 8) % change Control (n = 8) Simvastatin (n = 8) % change

ea
2 ± 0.01↓*** −10.14 0.93 ± 0.05 0.89 ± 0.03↓ −4.30
1 ± 0.03↓ −6.55 4.15 ± 0.22 3.98 ± 0.18↓ −4.10
9 ± 0.01↓* −7.55 0.49 ± 0.02 0.42 ± 0.01↓ −14.29
3 ± 0.01↓* −13.11 1.07 ± 0.09 0.96 ± 0.06↓ −10.28
1 ± 0.02↓ −3.13 3.38 ± 0.13 2.73 ± 0.12↓ −19.23
3 ± 0.45↓* −11.63 16.32 ± 0.94 14.68 ± 1.49↓ −10.05
4 ± 0.33↓* −7.59 11.26 ± 0.62 10.56 ± 0.86↓ −6.22
7 ± 0.06↓ −8.14 1.07 ± 0.04 1.01 ± 0.03↓ −5.61
6 ± 0.04↓** −11.71 1.21 ± 0.03 1.10 ± 0.03↓ −9.09
1 ± 0.1↓** −8.77 3.33 ± 0.09 3.15 ± 0.11↓ −5.41
7 ± 0.02↓ −1.43 3.17 ± 0.11 2.95 ± 0.08↓ −6.94
9 ± 0.04↓* −7.09 2.28 ± 0.02 2.17 ± 0.02↓* −4.82
8 ± 0.02↓** −10.39 1.94 ± 0.03 1.81 ± 0.03↓* −6.70

ency
27.39 ± 0.2↓ −0.01 2925.99 ± 0.09 2925.89 ± 0.07↓ −0.00
43.26 ± 0.50↓ +0.04 1744.28 ± 0.43 1745.34 ± 0.37↓ +0.06
37.26 ± 0.36↓ +0.06 1656.77 ± 0.37 1657.20 ± 0.21↓ +0.03
49.15 ± 0.24↓ +0.04 1540.75 ± 0.31 1541.25 ± 0.20↓ +0.03
81.84 ± 0.44↓ −0.06 1261.82 ± 0.28 1260.77 ± 0.33↓ −0.08
38.69 ± 0.07↓ −0.15 1238.69 ± 0.07 1238.46 ± 0.52↓ −0.02
79.31 ± 0.23↓** −0.11 1088.76 ± 1.47 1086.84 ± 0.87↓ −0.18

lues.
y U test. Downward arrow indicates a decrease and upward arrow indicates an increase in

espect to control ones.
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Fig. 3. Representative absorbance spectra (A) and second derivative (B) infrared spectra of
control and simvastatin-treated EDL muscles in the 1700–1620 cm−1 region.
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Changes in cholesterol esters and triglyceride contents of muscle
samples were determined from area ratio of the bands located at
1741 cm−1 (band 5) and 1170 cm−1 (band 11) [11,18], which revealed
a significant decrease in simvastatin-treated EDL muscles (Table 5).

The effects of simvastatin treatment on the collagen and glycogen
levels of the skeletal muscles were determined from the area of the
bands at 1342 cm−1 and 1044 cm−1, respectively [15]. Simvastatin
treatment reduced the collagen band area only in EDLmuscle. However,
glycogen band areas were significantly decreased in all simvastatin-
treated muscles (Table 5).
Table 6
Changes in the intensities of the main protein secondary structures for control and simvastatin

Band no. Ba

EDL

Control
(n = 8)

Simvastatin
(n = 8)

% changea Control
(n = 8)

1 −0.13 ± 0.01 −0.16 ± 0.00↑* +23.08 −0.023 ± 0.01
2 −0.20 ± 0.00 −0.17 ± 0.00↓*** −15.00 −0.12 ± 0.01
3 −0.11 ± 0.00 −0.13 ± 0.01↑* +18.18 −0.02 ± 0.01
4 −0.10 ± 0.00 −0.08 ± 0.00↓* −20.00 −0.14 ± 0.01
5 −0.04 ± 0.00 −0.06 ± 0.01↑* +50.00 −0.25 ± 0.01

1—Antiparallel β sheet, 2—α helix, 3—random coil, 4—β sheet, and 5—aggregated β sheet.
The + indicates increases and the− shows decreases in the band area and band frequency va
The values are themean ± SEM for each group. Comparisons were made using Mann–Whitne
simvastatin-treated muscles with respect to that of their respective control muscles.
⁎ p b 0.05.

⁎⁎⁎ p b 0.001.
a Shows the percentage changes in the each type of simvastatin-treated muscle samples wit
Simvastatin-induced alterations in the nucleic acid contents of the
skeletal muscles were determined from the analysis of the bands at
1261 cm−1 (band 9), 1236 cm−1 (band 10), and 1080 cm−1 (band
12) [11,15]. Simvastatin treatment significantly reduced the area of all
three nucleic acid bands in the EDL and DIA (Table 5). However, for
the SOL, simvastatin significantly reduced only the area of the nucleic
acid band located at 1080 cm−1.

Finally, to characterize and differentiate the simvastatin-treated and
control groups based on the spectral differences in the FTIR data, hi-
erarchical cluster analysis was performed (Fig. 4). HCA is the most
popular unsupervised classification method in which “distances” be-
tween samples are calculated and displayed in a dendrogram. Den-
drograms are created based on the similarities between spectra and
clustering algorithms [19,20]. In dendrograms, the differences be-
tween clusters can be expressed by the heterogeneity value. A higher
value indicates more spectral differences between clustered groups.
It has been shown that FTIR spectroscopy together with HCA can suc-
cessfully discriminate and characterize bacteria species, different
diseases such as diabetes, and cancer at the cellular and tissue levels
[11,19–21]. Therefore, the combination of both methods provides
fast, easy, efficient, and reliable characterization of different
biological systems. In our study, the dendrograms showed that
all samples obtained from the controls and simvastatin-treated
rats were successfully differentiated (8/8). The highest and the
lowest heterogeneity values were found in EDL and SOL muscles,
respectively.

4. Discussion

We evaluated the effects of chronic simvastatin treatment on the
contractile and molecular structural properties of three different rat
skeletal muscles to understand whether statin preferentially influ-
ences fast- or slow-twitch muscles. For this purpose, we examined
the effect of simvastatin treatment on EDL muscles for fast-twitch
muscle, SOL muscles for slow-twitch muscle, and DIA muscles for
the mixed-twitch muscle.

In humans, the highest therapeutic dose of simvastatin is
80 mg/day [22], which corresponds to 50–100 (mg/kg)/day in an-
imals. [16]. It has been previously shown that the metabolism of
statins, especially simvastatin, in rat liver is significantly higher
than in human liver, consequently yielding a lower blood concen-
tration in rats due to the fast clearance of the drug from the blood
and poor bioavailability [23–25]. Moreover, it has been shown that
rats are more resistant than humans to changes in serum choles-
terol [26]. Therefore, to obtain similar reduction rates in the
blood cholesterol level between rats and humans, higher statin
doses are required in rats. For this reason, we used a simvastatin
-treated EDL, DIA, and SOL muscles.

nd intensity

DIA SOL

Simvastatin
(n = 8)

% change Control
(n = 8)

Simvastatin
(n = 8)

% change

−0.26 ± 0.04↑ +13.04 −0.15 ± 0.02 −0.16 ± 0.01↑ +6.67
−0.11 ± 0.02↓ −8.33 −0.1 ± 0.01 −0.09 ± 0.02↓ −10.00
−0.03 ± 0.02↑ +50.00 −0.09 ± 0.02 −0.1 ± 0.01↑ +11.11
−0.13 ± 0.02↓ −7.14 −0.12 ± 0.01 −0.11 ± 0.02↓ −8.33
−0.26 ± 0.02↑ +4.00 −0.07 ± 0.01 −0.08 ± 0.02↑ +14.29

lues.
y U test. Downward arrow indicates a decrease and upward arrow indicates an increase in

h respect to control ones.

image of Fig.�3


Fig. 4. Hierarchical clustering of control and simvastatin-treated (A) EDL, (B) DIA, and
(C) SOLmuscles. Clustering was performed usingWard's algorithm and second derivative
spectra in the spectral range of 3050–1000 cm−1. C: control, S: simvastatin treatment.
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dose of 50 (mg/kg)/day, which is comparable to previous studies
and to human doses [12,16,27,28].

The rise in total serum CK activity and myoglobin content after sim-
vastatin treatment was indicative of the drug-induced myotoxicity in
thesemuscles. Simvastatin treatment decreased contractile force output
in all muscles but more significantly in the DIA and EDL. Simvastatin
treatment also caused alterations in the macromolecular contents,
lipid order, and membrane fluidity of all muscle types. These changes
were more substantial in the EDL muscles.
Our experiments revealed that chronic simvastatin treatment de-
pressed the force–frequency curves in a muscle-fiber-type-dependent
manner. The extent of the simvastatin-induced contractile depression
was more prominent in the EDL and DIA than the SOL. Contractile dys-
function was not related to muscle atrophy since the muscle weights
were not significantly different after simvastatin treatment, although a
small decrease in the body weight of simvastatin-treated rats was ob-
served. It is commonly known that any changes in body weight affect
the body fat content first since body weight changes are strongly re-
lated to the energy expenditure and body fat is the primary energy
store in body [29]. Therefore, the small decrease in body weight we
observed may be related to a decrease in body fat content and not
to a decrease in muscle mass content. Moreover, it has been shown
that skeletal muscle weight or mass is determined from the net
result of the balance between protein synthesis and protein degrada-
tion. These processes are mainly coordinated by a web of intricate sig-
naling networks, such as AKT1/FOXOs/Atrogin-1(MAFbx)/MuRF1, and
the atrogin-1 gene is thought to have a role in development of statin-
inducedmuscle atrophy [30]. Moreover, increased atrogin-1 expression
leads to the loss of muscle weight [31]. In a previous study, increased
atrogin-1 expression was found in statin-treated muscles, but no in-
crease in atrogin-1 expression in human muscle biopsies after statin
treatment has also been reported [32,33]. Thus, whether or not statins
affect muscle weight is still unclear. Similar to our results, Westwood
et al. [12] also did not observe any skeletal muscle loss after chronic
simvastatin administration up to 60 (mg/kg)/day in rats.

To investigate the mechanism of this contractile impairment, we
evaluated the possible contribution of impaired Ca2+ handling in
muscle cells by studying caffeine-induced contractions. High concen-
trations of caffeine are known to mobilize Ca2+ stores by activating
ryanodine receptors [34]. Therefore, the reduced responses induced
by caffeine can be explained by the reduction of sarcoplasmic reticulum
(SR) Ca2+ content, ryanodine receptor activity, or impairment of the
contractile machinery beyond the release of Ca2+ from the SR. Time
courses of caffeine-induced contractions obtained from the EDL and
DIA did not differ between the controls and the simvastatin-treated
muscles. These findings show that intracellular Ca2+ handling and/or
ryanodine receptor activity were not appreciably impaired since modi-
fication of Ca2+ stores or ryanodine receptors is accompanied by time
course alterations [35]. Thus, the reduced amplitudes of the caffeine-
induced contractions in the EDL and DIA muscles can be explained by
a decreased efficiency of the contractilemachinery. The insignificant re-
duction in the amplitudes of caffeine-induced contractions in the SOL
muscles supports our contractilityfindings, suggesting that SOLmuscles
are less affected. Similarly,Westwood et al. [12] reported that slow-type
fibers are affected to a lesser extent by statin treatment.

We used FTIR spectroscopy to further evaluate the simvastatin-
induced contractility impairment in EDL, DIA and SOL muscles at the
molecular level. The band area calculations in the FTIR study revealed
that simvastatin treatment decreased the glycogen, lipid, nucleic acid,
protein, and collagen contents of the skeletal muscles. These alterations
were found to be more pronounced in the EDL muscles than the other
two muscle types.

The observed decrease in protein content in the skeletalmuscles after
simvastatin treatmentmay be due to an increase in protein degradation.
In a drug-altered state, muscle cells may use proteins as an alternative
energy source, eventually leading to increased protein degradation. It
has been suggested that extreme protein degradation damages themus-
cle if the condition prevails for a long period of time [36]. Moreover, Urso
et al. [32] indicated that, with exercise, statins induce variations in the
gene expressions involved in the ubiquitin proteasome pathway (UPP),
which is responsible for recognizing and degrading many skeletal mus-
cle proteins and supports the observed increase in protein degradation.

The reduction in protein induced by statins may also result from a
decrease in protein synthesis. Camerino et al. recently investigated
statin-induced alterations in the proteomic profile of EDL muscle [37].

image of Fig.�4
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In that study, it was found that simvastatin treatment leads to the
downregulation in the expression of proteins such as myofibrillar pro-
teins and the proteins involved in energy production and detoxification
systems [37]. The decrease in the synthesis ofmyofibrillar proteins such
as actin, myosin, and troponin can lead to the impairment of contractile
function, which supports our results on the deficiency of muscle con-
tractility [38]. In addition to the decreased protein content, we observed
a reduction in the phosphate stretching band content, implying a de-
crease in the relative nucleic acid content. These findings also imply
that the diminished protein synthesis possibly contributes to the
decreased protein levels. Although our analysis cannot differentiate
between mitochondrial and cellular nucleic acid levels, it has been
shown that simvastatin lowers both cellular and mitochondrial DNA
contents [39]. A reduction in the mitochondrial nucleic acid content
will also contribute to the impairment of oxidative energy metabolism
by inhibiting mitochondrial enzyme synthesis. In addition to decreased
levels of muscle proteins, we also observed a conformational change in
the muscle proteins, observed by the reduction of the bandwidth and a
shift in the frequency of amide I band [40]. Further analysis of this con-
formational change revealed an increase in random coil and aggregated
β-sheet structures, which suggests protein denaturation [11,15]. The
cumulative effect of all these structural changesmay be themajor factor
leading to the impairment of skeletal muscle contractility.

In support of our results showing a decrease in lipid content (sat-
urated and unsaturated lipids, triglyceride, and cholesterol ester),
Yamazaki et al. reported a reduction in the total cholesterol content
of the skeletal muscles [41]. This reduction of the muscle lipid con-
tent may be explained by an increase in lipolysis, overutilization of
cellular lipid sources, or an inadequate lipid supply from the blood-
stream. Since the skeletal muscles derive lipids mainly from the lipo-
proteins in the blood, a decrease in blood lipids may partially explain
why lipids are reduced by simvastatin in the skeletal muscles. Statin
treatment also impairs the β-oxidation of lipids, leading to further
compromised energy metabolism and a shift to other energy sources
such as carbohydrates and proteins [4].

Simvastatin treatment was reported to decrease the synthesis of co-
enzymeQ/ubiquinone: a powerful antioxidant andmembrane stabilizer
that is used inmitochondria for electron transport [41]. Decreased levels
of ubiquinone lead to a further disruption in mitochondrial energy pro-
duction due to increased peroxidation of the mitochondrial membrane
lipids [42]. Additionally, the increase in lipid peroxidation also affects
the cellular membrane and may lead to a decrease in unsaturated acyl
chains, implicated by the decreased area of the olefinic band observed
in our study [43].

In simvastatin-treated muscles, an observed increase in membrane
rigidity (increased lipid order) and fluidity were identified based on a
shift in the peak frequency to lower values and an increase in the
bandwidth of the CH2 asymmetric stretching vibration, respectively
[39]. Generally, an increase in lipid order is accompanied by a de-
crease in membrane fluidity. However, we obtained opposite results
to this general behavior, implying domain formation in membranes,
which has different physical properties. This type of behavior has
been previously reported for other drugs [44,45]. Indeed, we recent-
ly observed simvastatin-induced lateral phase separation (domain
formation) in model membranes using a differential scanning calo-
rimetry technique [46], which also supports our results related to
the membrane fluidity and lipid order in the skeletal muscles.

The amounts of proteins and lipids and their ratios in membranes
are important factors affecting membrane structure and dynamics
[47]. It has been shown that the variations in the lipid-to-protein ratio
and the saturated-to-unsaturated lipid ratio alter membrane thickness
and curvature and thus affectmembrane order, fluidity, and ion channel
kinetics [48]. In our study, the increase in lipid order andmembrane flu-
idity in the membranes induced by simvastatin results from changes in
the lipid and protein contents and their ratio. Moreover, the increase in
lipid order may be also due to an increase in drug-induced free radical
concentrations since free radicals modify the lipid composition of
the membranes [49]. Increased membrane fluidity seems to origi-
nate from the simvastatin-induced reduction of membrane choles-
terol content because it is linearly correlated with fluidity in liquid
crystalline phase of the membrane [42].

Lipid order (lipid acyl chain flexibility) is a structural parameter and
directly related to membrane thickness. Lipid dynamics are a functional
parameter related to membrane fluidity and permeability. These pa-
rameters have an important role in regulating many membrane
functions, such as signal transduction, solute transport, and activity
of enzymes associated with the membrane. Recent studies provide
evidence that membrane fluidity and lipid order affect ion channel
kinetics and function [48]. Sirvent et al. recently reported that a change
in membrane fluidity induced by statins influences the function of dif-
ferent ionic channels, including sodium, potassium, and chloride, and
thus alters the membrane excitability [50]. Moreover, statin-induced
changes in chloride conductance and the mechanical threshold of rat
skeletal muscles have been shown in several studies [51,52], and it
has been shown that sodium, potassium, and chloride channels have
an important role in the excitation–contraction coupling of the skeletal
muscle. Therefore, we conclude that statin-induced alterations inmem-
brane fluidity and lipid ordermodify the function of these channels and
thus contribute to the statin-induced impairment of skeletal muscle
contraction–relaxation.

Membrane proteins display sensitivity to the order and fluidity of
the lipid environment [53]. The function of membrane proteins may
be affected by electrostatic factors and specific lipid–protein interac-
tions depending on steric factors such as the lengths and structures
of the acyl chains and the head group size of the lipids [54,55]. Changes
in the phospholipid composition may also alter the secondary, tertiary,
and quaternary structures of membrane proteins [56]. Although FTIR
spectroscopy cannot distinguish specific proteins, in the present study,
it revealed that simvastatin changes the secondary structure of
some proteins by decreasing α-helix and β-sheet content and in-
creasing aggregated β-sheet and random coil structures, implying
protein denaturation.

In this study, simvastatin differentially altered the molecular struc-
ture and function of the skeletal muscles according to fast- or slow-
twitch content, with the SOL being the least and the EDL being the
most affected. The higher and lower heterogeneity values for the EDL
and SOL muscles obtained from cluster analysis imply more and fewer
differences in the spectra from the control and simvastatin-treated
EDL and SOL muscles, respectively. This result supports the hypothesis
that statin-inducedmyotoxicity is predominantly observed in EDLmus-
cles. The resistance of the soleus or the sensitivity of the EDLmuscles to
statins can be related to the differences in their fiber-type content since
different fiber types have differentmitochondrial contents and energet-
ics [57]. It has been known that type-II fiber-rich EDL muscles are fast-
twitch glycolytic muscles with low mitochondria content, whereas
type-I fiber-rich SOL muscles are slow-twitch oxidative muscles with a
high mitochondria content [58]. Moreover, it has been suggested that
the impairment of energy metabolism and energy depletion due to mi-
tochondrial dysfunction in muscle tissue is the first process in statin-
induced myotoxicity [59]. Recent studies reported that simvastatin
treatments increase mitochondrial sensitivity to the complex-I-linked
substrate (glutamate) in the skeletal muscle [60]. Moreover, the com-
plex I substrate has been preferentially used by mitochondria in type-
II fiber-rich muscles [61]. Therefore, we can infer that EDL muscle is
primarily and mostly affected by statins as a result of low mitochon-
dria content since statin-induced mitochondrial deficiency leads to
an energy impairment in muscle. However, SOL muscle is not affect-
ed since it has higher mitochondria content. The resistance of this
muscle type to drug treatment can also be explained by the increase
PPARγ coactivator 1α (PGC-1α) activity in oxidative muscle fibers,
which has a role in mitochondrial biogenesis and oxidative metabo-
lism [62].
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In our previous study, we investigated the statin-induced macro-
molecular alterations of low-dose simvastatin treatment (20 mg/kg)
in EDL muscle [11]. Similar to our spectral results, such as a decrease
in protein, lipid, and nucleic acid content and an increase in mem-
brane order and lipid fluidity, were obtained for the EDL. However,
there were fewer changes in the spectral parameters for the EDL in
the low-dose drug application compared to the current study [11].
In a histopathological study supporting our findings, Westwood
et al. [12] showed that high doses (80 mg/kg) of statins led to skeletal
muscle necrosis and that the muscles with a substantial proportion of
type-IIB fast-twitch fibers (EDL) were more severely affected. In that
study, it was also shown that the severe drug-induced muscle necrosis
occurred in EDL muscle by the 12th day of drug administration. More-
over, it was reported that the administration of 20 mg/kg simvastat-
in for 8 weeks led to necrosis-related symptoms, such as infiltrates,
round, angular, polymorphic fibers, the process of phagocytosis, and
loss of the sarcolemma, in drug-treated rat gastrocnemius muscle
[59]. Profound necrosis in rabbit EDL muscle was also observed by
Nakahara et al. after administering 50 mg/kg simvastatin for 4 weeks
[63], which is a similar dose and duration of simvastatin treatment to
that used in our study. However, we used rats in our study, not rabbits,
so this species difference could explain why rat muscles were not as se-
verely affected by simvastatin treatment as rabbit muscles. Although
we did not evaluate simvastatin-induced necrosis inmuscles histopath-
ologically, the muscle necrosis in EDL muscle can also be deduced from
our contractile and spectral results. For example, the degeneration of
myofibers has been shown in simvastatin-treated EDL muscles [12],
which could be related to the degradation of contractile proteins. There-
fore, the decrease in the protein content of simvastatin-treated muscles
we observed is indicative of muscle necrosis.

In conclusion, chronic simvastatin treatment in rats significantly
inhibited the force output of the skeletal muscles, and this impairment
was more severe in fast-twitch muscles than in slow-twitch muscles.
In parallel with our contractility results, the spectral results also showed
that fast-type muscles were preferentially injured. These structural al-
terations are regarded as the molecular basis of statin-induced skeletal
muscle toxicity.
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