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Abstract

Myopathy is among the well documented and the most disturbing adverse effects of
statins. The underlying mechanism is still unknown. Mitochondrial dysfunction related to
coenzyme Q10 decline is one of the proposed theories. The present study aimed to investigate
the mechanism of atorvastatin-induced myopathy in rats. In addition, the mechanism of the
coenzyme Q10 protection was investigated with special focus of mitochondrial alterations.
Sprague-Dawely rats were treated orally either with atorvastatin (100 mg/kg) or atorvastatin and
coenzyme Q10 (100 mg/kg). Myopathy was assessed by measuring serum creatine kinase (CK)
and myoglobin levels together with examination of necrosis in type IIB fiber muscles.
Mitochondrial dysfunction was evaluated by measuring muscle lactate/pyruvate ratio, ATP level,
pAkt as well as mitochondrial ultrastructure examination. Atorvastatin treatment resulted in a
rise in both CK (2X) and myoglobin (6X) level with graded degrees of muscle necrosis.
Biochemical determinations showed prominent increase in lactate/pyruvate ratio and a decline in
both ATP (>80%) and pAkt (>50%) levels. Ultrastructure examination showed mitochondrial
swelling with disrupted organelle membrane. Co-treatment with coenzyme Q10 induced
reduction in muscle necrosis as well as in CK and myoglobin levels. In addition, coenzyme Q10
improved all mitochondrial dysfunction parameters including mitochondrial swelling and
disruption. These results presented a model for atorvastatin-induced myopathy in rats and proved
that mitochondrial dysfunction is the main contributor in statin-myopathy pathophysiology.

Keywords: atorvastatin; myopathy; mitochondrial dysfunction; coenzyme Q10

Introduction

Lowering plasma cholesterol level especially low-density lipoprotein (LDL) has widely
been related to reduction in cardiovascular-related mortality and morbidity. Statins represent the
first line treatment for atherosclerotic disorders related to hypercholesterolemia. They
competitively inhibit 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase, the rate limiting
step in cholesterol biosynthesis (Sirtori 2014). Despite their different physicochemical properties,
all statins are capable to decrease LDL-C with different potencies (Grundy et al. 2004) The use
of high dose of statins is sometimes needed especially in high risk patients to achieve therapeutic
goals on all atherogenic parameters. Doubling of statins dose had shown a 5% to 7% decrease in
LDL-C levels (Nicholls et al. 2010), however with increased myopathic incidence and drug
discontinuation (Silva et al. 2007).

Generally, statins have a good safety profiles except for muscle toxicity and increase in
liver enzymes. Myopathy is the most significant and well documented side effect described with
statin use (Hu et al. 2012). While clinical studies reported myopathy incidence as 0.1% (Rallidis
et al. 2012) , latest estimates indicate that up to 29% of statin users complain from
musculoskeletal side effects (Stroes et al. 2015). Myopathy may comprise myositis, myalgia with
or without CK increase. The most severe form of myopathy is rhabdomyolysis characterized by
muscle destruction and myoglobin release (Armitage 2007).

The exact mechanism of statin-induced myopathy has not been clearly elucidated.
Different theories have been suggested including altered membrane fluidity and excitability
(Pierno et al. 1995), impaired calcium homeostasis (Liantonio et al. 2007), induction of apoptosis
(Dirks and Jones 2006) , activation of ubiquitin-proteasome pathway (Hanai et al. 2007) and
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mitochondrial dysfunction (Kaufmann et al. 2006). The main suggested theories relay on
inhibiting mevalonate downstream products particularly; cholesterol, prenylated proteins and
ubiquinone. It was suggested that reduced serum cholesterol may lead to altered muscle
membrane fluidity and excitability. Prenylated proteins are thought to be essential in many
signaling pathway. Dysprenylation of small GTPases causes vacuolation of myofibers ,
degeneration and swelling of organelles and eventually apoptosis (Abd and Jacobson 2011).

Mitochondrial dysfunction is one of the most compelling theories to elucidate statin
myopathy. Mitochondrial dysfunction could be related to decrease in coenzyme Q10 (CoQ10) or
ubiquinone. Coenzyme Q10 is a powerful antioxidant and an essential cofactor in the electron
transport chain. Through inhibiting the mevalonate pathway, statins could reduce CoQ10 level
which in turn disrupts cellular respiration, producing muscle related effects (Tomaszewski et al.
2011). Studies have shown that statins decrease CoQ10 levels in serum (Folkers et al. 1990;
Willis et al. 1990) and skeletal muscle (Nakahara et al. 1998; Péiva et al. 2005). A recent study
had shown a decrease in mitochondrial oxidative phosphorylation capacity accompanied by a
decrease in muscle CoQI10 in simvastatin-treated patients (Larsen et al. 2013). Nevertheless,
some studies failed to show any decrease in muscle CoQ10 following statins treatment (Fukami
et al. 1993; Laaksonen et al. 1996) or to correlate that decrease with mitochondrial dysfunction
(Nakahara et al. 1998).

This study aimed to elucidate the mechanism underlying atorvastatin-induced myopathy
in a rat model. Myopathic markers including biochemical, functional and histopathological
alterations were assessed. Mitochondrial dysfunction parameters and ultrastructural changes
were examined with special focus on type IIB fiber muscle. In addition, the elucidated changes
in myopathic indices and mitochondrial parameters determinations were further assessed after
co-administration of coenzyme Q10.

1. Materials and methods

1.1. Chemicals
Atorvastatin calcium was a gift form Borg pharmaceuticals, Alexandria, Egypt. Coenzyme Q10
was purchased from Selleckchem, Houston, USA. Both drugs were suspended in 0.5%
carboxymethyl cellulose (CMC). All other chemicals or reagents are used with high grade and
purity.

1.2. Animals and experimental design

Male albino Sprague Dawely rats weighing 200-230 gm. were obtained from the animal house of
Pharos University, Alexandria, Egypt. Rats were housed under controlled temperature (254+2°C)
and constant light cycle (12 h light/dark) and allowed free access to water and controlled diet
(approximately 20 g standard rodent chow diet / 200 g rat). The procedures used for the care and
euthanasia of animals complies with the Guide for Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and
was approved by the Ethics Committee for Animal Experimentation at Faculty of Pharmacy,
Cairo University.

Rats were divided into three groups. Group I (ATV) received atorvastatin (100 mg/kg). Group II
received both atorvastatin (100 mg/kg) and coenzyme Q10 (100 mg/kg) (CoQ10+ATV). Groups
IIT was the control group (C) receiving the vehicle (0.5% CMC). Group IV (CoQ10) received
coenzyme Q10 (100 mg/kg) alone. All drugs were administrated by oral gavage for 21 days. The
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dose of atorvastatin was used based on pilot study examining 10, 30 and 50 mg/kg. Only 50
mg/kg showed some myopathic signs in some rats, so the dose was escalated to 100 mg/kg.

At the end of the experiment (day 22), biceps femoris muscle was removed, weighed and frozen
at -80°C. Frozen muscles were grinded and homogenized (homogenizerl600 MiniG, New
Jersey, USA) in ice-cold phosphate buffer (pH=7.4). The supernatant was then separated and
used for further biochemical determinations.

1.3. Myopathy indices
1.3.1. Body and muscle weight determination
Rats’ body weights were determined on day zero, 7, 14 and 21 and percentage weight change
was calculated compared to pretreatment weight. On the day of sacrifice, biceps femoris from the
other hindlimb was isolated, washed in iced saline and weighed. The muscle was dried at 60°C
till constant weight. Muscle weight was calculated as mg/g body weight. Percentage muscle
weight change was calculated in both wet and dry conditions and compared among groups.

1.3.2. Motor activity assessment

An accelerating rotarod device designed for rats (Orchid scientific & Innovative, India) was used
for motor function evaluation (Trapani et al. 2011). One week before the start of the experiment,
rats were subjected to training for three days. At the start of the experiment, rats were allowed to
accommodate then start running on a rotating rod at 24 rpm until falling down. Performance of
rats was expressed as latency to fall, measured in seconds. Three different measurements were
recorded and the average was calculated. Rats were allowed to rest and taken back to the cage for
at least 10 min between each measurement. Percentage change in the performance was calculated
for day 14 and day 21 with reference to day zero values.

1.3.3. Serum creatine kinase determination
Serum samples were separated on day zero, 14, and 21 and examined for creatine kinase activity
using a Cobas autoanalyser (Roche diagnostics, USA) .The X-fold increase of creatine kinase
activity was calculated by comparing day 14 and day 21 to day zero values.

1.3.4. Serum Myoglobin determination
Serum myoglobin content was measured on day 21 samples using ELISA kit (Cusabio, China)
and expressed as ng/ml.

1.3.5. Muscle Lactate dehydrogenase enzyme content

Lactate dehydrogenase enzyme (LDH) was analyzed in muscle homogenate as a marker of cell
damage using enzyme-linked immunosorbent assay ELISA kit (Cusabio, China).

1.3.6. Histopathological examination

Semimembranosus and extensor digitorum longus were isolated for histopathological
examination. Muscles were fixed in buffered 10% formalin, processed to wax blocks. Paraffin
embedded samples were sectioned transversely and longitudinally and stained with haematoxylin
and eosin for examination by light microscopy. Necrosis was graded blindly into; grade 0= no
necrosis; grade 1 = mild (up to 20% of fibers in section affected); grade 2 = moderate (20- 50%
of fibers in section affected); grade 3 = severe (more than 50% of fibers in section affected)
(Westwood et al. 2005).



1.4. Determination of mitochondrial dysfunction parameters in muscles

1.4.1. Determination of lactate and pyruvate contents
Determination of lactic acid (Sigma-Aldrich, Missouri, USA) and pyruvic acid (Megazyme,
Ireland) was performed in muscle homogenate using colorimetric assay and expressed as ng/g
tissue. The ratio of lactate to pyruvate was calculated and compared among groups as a measure
of mitochondrial dysfunction (De Pinieux et al. 1996).

1.4.2. Determination of ATP content
The ATP content in biceps femoris muscle was measured using immunoenzymatic technique
(Kamiya biomedical Co, Seattle, USA) according to the manufacturer instructions. The ATP
content was expressed as pg/g tissue.

1.43. Determination of pAkt (Ser*”)
The level of phosphorylated Akt (Ser*’®) was quantified in muscle homogenate using ELISA kit
(DRG International, Inc. New Jersey, USA). The phosphorylation levels were normalized to
tissue weight. The values are expressed as unit /gm tissue. One unit of standard is defined as the
amount of AKT [pS473] derived from 100 pg of Akt, which was phosphorylated by MAPKAP2
and PDK1.

1.4.4. Electron microscopic examination
Samples from biceps femoris were processed for ultrastructural examination. Samples were fixed
in 2.5% glutaraldehyde. Glutaraldehyde-fixed samples were post-fixed in 1% osmium tetroxide
and processed to Araldite resin blocks. Ultrathin, 70-90-nm, resin sections were cut, stained
using uranyl acetate and lead citrate. Mitochondrial damage was examined using transmission
electron microscope (Jeol JSM-5300 SEM, USA) using 80 kV accelerating voltage and
photographed.

1.5.Statistical analysis
All data obtained were presented as mean = S.E.M (n=8-10). Results were analyzed using one
way analysis of variance test (one-way ANOVA) followed by Student-Newman-Keuls multiple
comparison test. Body weight change, CK determination & rotarod test were subjected to two-
way ANOVA followed by Bonferroni test, where the two factors considered were treatment and
time. Statistical analysis was performed using GraphPad Prizm software (version 3.0). For all the
statistical tests, the level of significance was fixed at p < 0.05.

2. Results
2.1.Myopathy indices
2.1.1. Body and muscle weights

Reduced body weight gain was observed in ATV-treated group on day 7, 14 and 21 compared to
the control group (p<0.05). Body weight loss for all rats was less than 10 % of the pretreatment
weights. In the group CoQ10+ATYV group, the rats didn’t show any sign of weight loss, however,
the weight gain was slower than the control as shown in (Figure 1). Treatment with CoQ10 alone
showed weight gain percent similar to that seen in the control group. Two-way ANOVA testing
also showed significant interaction between time and treatment. Concerning muscle mass, the
wet and dry weight of biceps femoris was significantly reduced (-10.6% and -15.2%,
respectively) in ATV group compared to control. Biceps femoris wasting was prevented by
coenzyme Q10 co-treatment in both wet and dry state.
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2.1.2. Motor activity assessment

In atorvastatin-treated group, the rotarod performance was significantly reduced starting from
day 14 (37.3 % + 11.9) and progressively till day 21 (72.5 % + 6.13), with respect to day zero
values (Figure 2). Co-treatment with coenzyme Q10 significantly alleviated the reduction in
rotarod performance on day 14 (0.93 % =+ 0.63) and day 21 (45.4 % =+ 11.1) observed in
atorvastatin group, as shown in (Figure 2). The performance of rats treated with CoQ10 alone
was comparable to control group. A significant effect of time was noted in ATV and
ATV+CoQ10 groups in two-way ANOVA testing while interaction was found non-significant
among groups.

2.1.3.  Serum creatine kinase determination
The creatine kinase activity showed nearly two-fold increase in ATV-treated group compared to
the control on both day 14 and day 21 (p<0.05). Creatine kinase level on day 21 was higher than
day 14, however this increase was non-significant. This rise in CK level observed in ATV group
was prevented by CoQ10 co-treatment (Figure 3A). By performing two-way ANOVA test, time
and interaction was found insignificant.

2.1.4. Serum Myoglobin determination
The level of serum myoglobin increased sharply in ATV group (6-fold) with respect to control
group. Co-administration of CoQ10 decreased the myoglobin level to about half its value in
ATV-treated group (p<0.05) (Figure 3B).

2.1.5. Muscle Lactate dehydrogenase enzyme content

The level of LDH was significantly increased (5-fold) in atorvastatin treated group compared to
control group as shown in (Figure 4). Co-treatment with CoQ10 induced a ~50% reduction in the
rise of LDH induced by ATV treatment.

2.1.6. Histopathological examination
Compared to control, semimembranosus muscle showed necrosis in 60% of rats treated with
atorvastatin, ranging from mild to severe necrosis as shown in (Figure 5).Co-treatment with
coenzyme Q10 showed necrosis only in 40% of rats and reduced the mean score to 0.6 as
presented in (Table 1). Atorvastatin also induced necrosis (33%) in extensor digitorum longus
compared to the control, however to lesser degree than that observed with semimembranosus
muscle (Table 1).

2.2.Mitochondrial dysfunction parameters in muscles
2.2.1. Biochemical parameters

Atorvastatin treatment showed marked changes in the parameters linked to mitochondrial
functions. Lactate/pyruvate ratio showed significant increase (2.5-fold) with respect to the
control (p<0.05) (Figure 6 A) .These changes were accompanied by a pronounced reduction of
ATP levels (>80%) (Figure 6B). All these effects were alleviated by co-administration of
CoQ10. Co-treatment with coenzyme Q10 showed ~30% reduction in the rise of lactate/pyruvate
ratio observed in ATV-group. The muscle ATP content was significantly replenished (>45%) in
CoQ10+ATV group (Figure 6B). The level of pAkt exhibited a significant (>50%) decline in
ATV group compared to the control .This effect was partially prevented in CoQ10+ATV group
(p<0.05) as shown in (Figure 6C). None of these parameters showed improvements in rats
treated with CoQ10 only compared to the control.
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2.2.2. Electron microscopic ultrastructure examination

Examination of biceps femoris muscle samples of atorvastatin-treated rats revealed multiple
abnormal mitochondria compared to control. The sample showed unusually enlarged
mitochondria with disrupted membrane and indefinite cristae as shown in (Figure 7 C, D). It
should be mentioned that damaged mitochondria was in close proximity to unaffected
mitochondria. Coenzyme Q10 treatment preserved mitochondria ultrastructure changes.
Mitochondria appeared normal in size and shape and showing intact membrane and cristae
(Figure 7 E, F).

3. Discussion

Results showed a significant and progressive reduction in body weights during
atorvastatin treatment course. The wasting was reflected on biceps femoris muscle mass both in
wet and dry conditions. Dry muscle showed higher weight reduction percent indicating a
decrease in muscle fibers and not in water content. Biceps femoris is a large essential muscle in
rat hindlimb consisting of 77% of type IIB fibers and devoid form type I fibers (Eng et al. 2008).
This muscle was selected based on the reported fiber selective effect of statins myotoxicity.
Statins only affect fast glycolytic type II fibers with almost total sparing of slow oxidative type I
fibers. In addition, subtypes of type Il fibers are differentially affected with type IIB the most
sensitive followed by type IID and the least is type IIA (Seachrist et al. 2005; Westwood et al.
2005; Westwood et al. 2008). The wasting observed in type IIB fibers muscles could in part
explain the decrease in body weight since 71% of total rat muscle mass consists of type 1IB
fibers (Delp and Duan 1996).

Muscle wasting was associated with diminished muscle strength and rapid fatigue
manifested as reduced performance (latency to fall) in rotarod test on day 14 and progressive till
day 21. In the same context, rats treated with simvastatin had previously shown reduced
maximum speed and high latency to fall off the rotarod apparatus (Trapani et al. 2011).
Atorvastatin treatment had also shown increased muscle fatigability and decreased performance
of rats and mice using treadmill test (Bouitbir et al. 2011; Muraki et al. 2012). Reduced exercise
tolerance could be referred to impaired muscle mitochondrial oxidative function or glycogen
depletion (Bouitbir et al. 2011).

In the current work, administration of atorvastatin increased the level of serum CK on
day 14, an effect that was progressive and persistent until day 21. The rise of serum creatine
kinase was previously reported with atorvastatin (Bouitbir et al. 2011), cerivastatin (Seachrist et
al. 2005) and simvastatin (Westwood et al. 2005) treatment. However, these studies measured
CK level between day 14 and day 16 but none of them showed whether that increasing pattern
was sustained for longer periods. The current results also showed a prominent rise in myoglobin
(6-fold) level in atorvastatin-treated group. The increase of myoglobin in serum is a sign of
muscle destruction and release of its content in the blood, indicating rhabdomyolysis (Armitage
2007).

The level of LDH enzyme showed a significant elevation in the muscles of atorvastatin-
treated rats. This result indicates muscle-induced injury and cellular damage. Histopathological
examinations further supported the previous results showing necrosis in the muscle fibers of rats
treated with atorvastatin. It was previously reported that myopathy in rats is characterized by a
rise in CK level along with muscle necrosis (Westwood et al. 2005). In the current work,
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biochemical and functional alterations was further supported by graded degree of necrosis in
fast-twitching muscles consisting mainly of type IIB fibers (Eng et al. 2008). Parallel results
were previously reported with simvastatin and rosuvastatin treatment in rats (Westwood et al.
2005; Westwood et al. 2008)

In the current work, atorvastatin showed multiple biochemical alterations indicating
mitochondrial dysfunction. Results showed a significant increase in lactate/pyruvate ratio
outweighing a defect in mitochondrial respiratory reaction. Since blood lactate level could be
related to a variety of disorders (Andersen et al. 2013), the present work has determined the
lactate/pyruvate ratio in muscle homogenate. Previous studies reported an increase in blood
lactate in animals (Bouitbir et al. 2011; Seachrist et al. 2005) and elevated lactate/pyruvate ratio
in humans following statins treatment (De Pinieux et al. 1996; Neale et al. 2004). However none
of them showed whether that increase was reflected on skeletal muscle or not. Elevated
lactate/pyruvate ratio had been widely correlated with mitochondrial cytopathies (Bernier et al.
2002). Pyruvate, product of glucose metabolism, is usually reduced via the respiratory chain
reaction. Any defect in cellular respiratory machinery shifts the pyruvate to anaerobic
metabolism, giving rise to lactate/pyruvate ratio (Munnich et al. 1996).

The current data showed a prominent decrease in ATP content in muscles of rats treated
with atorvastatin. Studies had previously reported a decrease in ATP content in rats’ isolated
myocytes (Kaufmann et al. 2006) and humans myocytes (Nishimoto et al. 2003) following
statins treatment. The decrease in energy production is consistent with the observed results
showing elevated lactate/pyruvate ratio. This could be explained by the fact that intracellular
ATP content is in equilibrium with glycolysis and any defect in ATP production can lead to
increase formation of pyruvate (Ivy et al. 1980). With the dysfunction of cellular respiration,
pyruvate is shifted towards the production of lactate. Mitochondrial dysfunction parameters were
further confirmed by ultrastructural deformities of muscle mitochondria following atorvastatin
treatment. Numerous abnormal large mitochondria with disrupted membrane and cristac were
observed. The change of mitochondrial size was previously reported with atorvastatin,
simvastatin, fluvastatin, and cerivastatin treatment (Kaufmann et al. 2006; Seachrist et al. 2005) .
Increase in mitochondrial size could indicate increased mitochondrial permeability resulting in
mitochondrial swelling, release of cytochrome ¢ and initiation of mitochondrial apoptotic process
(Kaufmann et al. 2006).

The present work also showed a decrease in pAkt level of atorvastatin-treated rats’
muscles. Phosphorylated Akt is an important signaling molecule involved in cell proliferation
and survival, mitochondrial integrity and protein synthesis (Fanzani et al. 2012; Majewski et al.
2004; Parcellier et al. 2008). Former studies reported a decline in pAkt in myoculture treated
with statins (Bonifacio et al. 2014; Mullen et al. 2011). Phosphorylated-Akt is thought to be
essential for mitochondrial integrity. It acts through stabilizing mitochondrial membrane
potential , depressing pro-apoptotic signs and preventing cytochrome c release (Parcellier et al.
2008). Furthermore, pAkt exerts an inhibitory effect on the transcription factor FoxO3 which
mediates muscle protein breakdown and organelles autophagy (Fanzani et al. 2012). Hence,
statins-induced decline in pAkt could have a dual effect: inducing mitochondrial disintegrity and
accelerating muscle wasting via protein degradation and mitochondrial autophagy.

Coenzyme Q10 co-administration alleviated all the myopathic manifestations in rats
treated with atorvastatin. The wasting observed in rats’ body weights and biceps femoris muscle
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mass was not detected with CoQ10 co-treatment. Muscle strength was significantly improved
with co-treatment with coenzyme Q10. Similarly ,CoQ10 was reported to alleviate the reduction
of exercise endurance in mice treated with atorvastatin (Muraki et al. 2012). The protective
effects of CoQ10 were accompanied by a decline in serum CK and myoglobin. Previous studies
showed that supplementation with high doses of CoQ10 normalized the CK levels in hereditary
CoQ10 deficiency cases (Gempel et al. 2007; Mancuso et al. 2010). Consequently, these findings
suggest that the rise of CK and myoglobin level accompanying statin myopathy could be
refereed in part to CoQ10 depletion. Furthermore, cellular damage, manifested as increased LDH
level, was reduced with CoQ10 co-treatment together with a reduction in the necrosis observed
in rats ‘muscles.

All the parameters showing mitochondrial dysfunction were significantly improved with
the administration of CoQ10 with atorvastatin. The rise in lactate/pyruvate ratio was significantly
reduced by CoQ10 co-treatment. In addition, CoQ10 replenished more than 45 % of ATP content
compared to atorvastatin group. Similarly, ubiquinol was reported to rescue mitochondrial
content and metabolic functions in human cell culture treated with simvastatin (Vaughan et al.
2013) . This pivotal protective effect of ubiquinone could be attributed to its role in repairing the
defect in cellular respiration. Coenzyme Q10 lies on the inner membrane of the mitochondria and
acts as an electron shuttle between complex I and III generating the electric gradient necessary
for ATP formation (Crane 2001).

Administration of coenzyme Q10 ameliorated the decrease in pAkt following atorvastatin
treatment. To our knowledge, this is the first study to examine the effect of CoQ10 on pAkt in
rats ’skeletal muscle following statins. Previous studies showed that CoQ10 had restored the
level of pAkt in rats’ cardiac tissue (Huynh et al. 2012), endothelial cell line (Tsai et al. 2011)
and in cultured neurons (Choi et al. 2013) following different depletive conditions. The effect of
CoQ10 on the Akt level could be mediated via its strong antioxidant properties. The signaling
pathway of Akt is reported to be negatively affected by oxidative stress which in turn reduces the
phosphorylation of Akt. Administration of CoQ10 suppresses oxidative stress and subsequently
alleviates the down regulation of pAkt formation (Huynh et al. 2012).

Taken together, these results clarified that multiple mitochondrial alterations are
responsible for inducing myopathy in atorvastatin- treated rats. The current work also
emphasized the mechanism of oral supplementation of CoQl0 in managing atorvastatin-
myopathy. Owing to its role in restoring mitochondrial oxidative functions, CoQ10 significantly
alleviated all the myopathic indices induced by atorvastatin. Up till now, the data reported about
the benefits of CoQ10 are still not conclusive (Norata et al. 2014). Previous studies showed a
decrease in myalgia score (Caso et al. 2007; Langsjoen et al. 2005) and muscle weakness in
statins users (Kim et al. 2001) taking CoQ10 supplements. On the contrary , a meta-analysis and
a randomized controlled trial disclaimed any advantages for ubiquinone administration to
alleviate statin-induced myopathy symptoms (Banach et al. 2015; Taylor et al. 2015). However,
although non-significant, some of the studies in the meta-analysis showed a decreasing tendency
in the myalgia score with coenzyme Q10 supplementation (Banach et al. 2015).

Notably, administration of CoQ10 alone in healthy rats didn’t show any improvement in
weight gain, motor activity or in mitochondrial parameters compared to control rats. Similarly, a
previous study showed that administration of CoQ10 increase its level in the tissues without any
modulation in mitochondrial functions in healthy animals (Sohal et al. 2006). This could suggest
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that CoQ10 reach a saturable level in the tissues and its physiological levels in the mitochondria
does not exceed kinetic saturation of electron respiratory chain enzymes (Beal 1999; Sohal and
Forster 2007). These findings further fortify the notion that the protective effects of CoQ10 are
directly related to atorvastatin-induced deleterious effects on mitochondria. It was also noted that
pAkt level was slightly but significantly decreased in CoQ10 group. This unexpected finding
might be explained based on some studies reporting that pAkt signaling can be activated by ROS
(Le Belle et al. 2011; Yalcin et al. 2010). As nontoxic levels of ROS are needed for normal cell
functions, it can be assumed that low level of ROS might be necessary for maintaining pAkt
level. Coenzyme Q10 has a powerful antioxidant effect that could lead to pAkt reduction.
However, this was not in contradiction with its protective effect against atorvastatin-induced
pAkt decline.

It should be mentioned that supra-pharmacological doses of statins are needed to induce
myopathy in experimental animals. The doses used in rodents are usually near the maximum
tolerated dose (Mallinson et al. 2009). Previous studies used large doses of statins to induce
myopathy in rats; simvastatin 80 mg/kg (Sidaway et al. 2009) , simvastatin 100-150 mg/kg
(Smith et al. 1991), rosuvastatin 120-160 mg/kg (Westwood et al. 2008), lovastatin 200-1000
mg/kg (Waclawik et al. 1993). In addition, atorvastatin dose used in this study was previously
examined in other studies for longer periods without showing any toxicity signs (Garcia et al.
2011; Niederberger 2005).

4. Conclusions

In conclusion, this study emphasizes that mitochondrial dysfunction is the major
contributor in the pathophysiology of atorvastatin-induced myopathy. The myopathy induced by
atorvastatin was manifested, for the first time, with combined biochemical, functional,
histopathological and ultrastructural examinations. In addition, the improvements observed on
myopathic indices and mitochondrial dysfunction parameters with CoQ10 administration further
emphasize the major role of mitochondria in statin-myopathy. The results also support the
benefits of CoQ10 supplementation in the management of statin-induced myopathy.

Funding resources

This research did not receive any specific grant from funding agencies in the public, commercial,
or not-for-profit sectors.

5. References

Abd, T.T. and Jacobson, T.A. 2011. Statin-induced myopathy: a review and update. Expert opinion on
drug safety 10, 373-387.

Andersen, L.W., Mackenhauer, J., Roberts, J.C., Berg, K.M., Cocchi, M.N. and Donnino, M.W. 2013.
Etiology and therapeutic approach to elevated lactate levels. Mayo Clin. Proc., Elsevier, pp. 1127-1140.
Armitage, J. 2007. The safety of statins in clinical practice. The Lancet 370, 1781-1790.

Banach, M., Serban, C., Sahebkar, A., Ursoniu, S., Rysz, J., Muntner, P., Toth, P.P., Jones, S.R., Rizzo,
M. and Glasser, S.P. 2015. Effects of coenzyme Q10 on statin-induced myopathy: a meta-analysis of
randomized controlled trials. Mayo Clin. Proc., Elsevier, pp. 24-34.

Beal, M.F. 1999. Coenzyme Q_ {10} administration and its potential for treatment of neurodegenerative
diseases. Biofactors 9, 261-266.

Bernier, F., Boneh, A., Dennett, X., Chow, C., Cleary, M. and Thorburn, D. 2002. Diagnostic criteria for
respiratory chain disorders in adults and children. Neurology 59, 1406-1411.

10



Bonifacio, A., Mullen, P., Mityko, 1., Navegantes, L., Bouitbir, J. and Kréhenbiihl, S. 2014. Simvastatin
induces mitochondrial dysfunction and increased atrogin-1 expression in H9¢2 cardiomyocytes and mice
in vivo. Arch. Toxicol. 90, 203-215.

Bouitbir, J., Charles, A.-L., Rasseneur, L., Dufour, S., Piquard, F., Geny, B. and Zoll, J. 2011.
Atorvastatin treatment reduces exercise capacities in rats: involvement of mitochondrial impairments and
oxidative stress. J. Appl. Physiol. 111, 1477-1483.

Caso, G., Kelly, P., McNurlan, M.A. and Lawson, W.E. 2007. Effect of coenzyme q10 on myopathic
symptoms in patients treated with statins. The American journal of cardiology 99, 1409-1412.

Choi, H., Park, H.-H., Lee, K.-Y., Choi, N.-Y., Yu, H.-J., Lee, Y.J., Park, J., Huh, Y.-M., Lee, S.-H. and
Koh, S.-H. 2013. Coenzyme Q10 restores amyloid beta-inhibited proliferation of neural stem cells by
activating the PI3K pathway. Stem cells and development 22, 2112-2120.

Crane, F.L. 2001. Biochemical functions of coenzyme Q10. J. Am. Coll. Nutr. 20, 591-598.

De Pinieux, G., Chariot, P., Ammi-Said, M., Louarn, F., Lejonc, J., Astier, A., Jacotot, B. and Gherardi,
R. 1996. Lipid-lowering drugs and mitochondrial function: effects of HMG-CoA reductase inhibitors on
serum ubiquinone and blood lactate/pyruvate ratio. Br. J. Clin. Pharmacol. 42, 333-337.

Delp, M.D. and Duan, C. 1996. Composition and size of type I, IIA, IID/X, and IIB fibers and citrate
synthase activity of rat muscle. J. Appl. Physiol. 80, 261-270.

Dirks, A.J. and Jones, K.M. 2006. Statin-induced apoptosis and skeletal myopathy. American Journal of
Physiology-Cell Physiology 291, C1208-C1212.

Eng, C.M., Smallwood, L.H., Rainiero, M.P., Lahey, M., Ward, S.R. and Lieber, R.L. 2008. Scaling of
muscle architecture and fiber types in the rat hindlimb. J. Exp. Biol. 211, 2336-2345.

Fanzani, A., Conraads, V.M., Penna, F. and Martinet, W. 2012. Molecular and cellular mechanisms of
skeletal muscle atrophy: an update. Journal of cachexia, sarcopenia and muscle 3, 163-179.

Folkers, K., Langsjoen, P., Willis, R., Richardson, P., Xia, L.-J., Ye, C.-Q. and Tamagawa, H. 1990.
Lovastatin decreases coenzyme Q levels in humans. Proceedings of the National Academy of Sciences
87, 8931-8934.

Fukami, M., Maeda, N., Fukushige, J., Kogure, Y., Shimada, Y., Ogawa, T. and Tsujita, Y. 1993. Effects
of HMG-CoA reductase inhibitors on skeletal muscles of rabbits. Res. Exp. Med. (Berl). 193, 263-273.
Garcia, G., Miranda, H., Noriega, V., Sierralta, F., Olavarria, L., Zepeda, R. and Prieto, J. 2011.
Antinociception induced by atorvastatin in different pain models. Pharmacology Biochemistry and
Behavior 100, 125-129.

Gempel, K., Topaloglu, H., Talim, B., Schneiderat, P., Schoser, B.G., Hans, V.H., Palmafy, B., Kale, G.,
Tokatli, A. and Quinzii, C. 2007. The myopathic form of coenzyme Q10 deficiency is caused by
mutations in the electron-transferring-flavoprotein dehydrogenase (ETFDH) gene. Brain 130, 2037-2044.
Grundy, S.M., Cleeman, J.I., Merz, C.N.B., Brewer, H.B., Clark, L.T., Hunninghake, D.B., Pasternak,
R.C., Smith, S.C. and Stone, N.J. 2004. Implications of recent clinical trials for the national cholesterol
education program adult treatment panel III guidelines. J. Am. Coll. Cardiol. 44, 720-732.

Hanai, J.-i., Cao, P., Tanksale, P., Imamura, S., Koshimizu, E., Zhao, J., Kishi, S., Yamashita, M.,
Phillips, P.S. and Sukhatme, V.P. 2007. The muscle-specific ubiquitin ligase atrogin-1/MAFbx mediates
statin-induced muscle toxicity. The Journal of clinical investigation 117, 3940-3951.

Hu, M., Cheung, B.M. and Tomlinson, B. 2012. Safety of statins: an update. Therapeutic advances in
drug safety 3, 133-144.

Huynh, K., Kiriazis, H., Du, X.-J., Love, J., Jandeleit-Dahm, K., Forbes, J., McMullen, J. and Ritchie, R.
2012. Coenzyme Q10 attenuates diastolic dysfunction, cardiomyocyte hypertrophy and cardiac fibrosis in
the db/db mouse model of type 2 diabetes. Diabetologia 55, 1544-1553.

Ivy, J., Withers, R., Van Handel, P., Elger, D. and Costill, D. 1980. Muscle respiratory capacity and fiber
type as determinants of the lactate threshold. J. Appl. Physiol. 48, 523-527.

Kaufmann, P., Torok, M., Zahno, A., Waldhauser, K., Brecht, K. and Kréhenbiihl, S. 2006. Toxicity of
statins on rat skeletal muscle mitochondria. Cell. Mol. Life Sci. 63, 2415-2425.

11



Kim, W.S., Kim, M.M., Choi, H.J., Yoon, S.-S., Lee, M.H., Park, K., Park, C.H. and Kang, W.K. 2001.
Phase II study of high-dose lovastatin in patients with advanced gastric adenocarcinoma. Invest. New
Drugs 19, 81-83.

Laaksonen, R., Jokelainen, K., Laakso, J., Sahi, T., Hirkonen, M., Tikkanen, M.J. and Himberg, J.-J.
1996. The effect of simvastatin treatment on natural antioxidants in low-density lipoproteins and high-
energy phosphates and ubiquinone in skeletal muscle. The American journal of cardiology 77, 851-854.
Langsjoen, P.H., Langsjoen, J.O., Langsjoen, A.M. and Lucas, L.A. 2005. Treatment of statin adverse
effects with supplemental Coenzyme Q10 and statin drug discontinuation. Biofactors 25, 147-152.

Larsen, S., Stride, N., Hey-Mogensen, M., Hansen, C.N., Bang, L.E., Bundgaard, H., Nielsen, L.B.,
Helge, J.W. and Dela, F. 2013. Simvastatin effects on skeletal muscle: relation to decreased mitochondrial
function and glucose intolerance. J. Am. Coll. Cardiol. 61, 44-53.

Le Belle, J.E., Orozco, N.M., Paucar, A.A., Saxe, J.P., Mottahedeh, J., Pyle, A.D., Wu, H. and Kornblum,
H.I. 2011. Proliferative neural stem cells have high endogenous ROS levels that regulate self-renewal and
neurogenesis in a PI3K/Akt-dependant manner. Cell stem cell 8, 59-71.

Liantonio, A., Giannuzzi, V., Cippone, V., Camerino, G.M., Pierno, S. and Camerino, D.C. 2007.
Fluvastatin and atorvastatin affect calcium homeostasis of rat skeletal muscle fibers in vivo and in vitro
by impairing the sarcoplasmic reticulum/mitochondria Ca2+-release system. J. Pharmacol. Exp. Ther.
321, 626-634.

Majewski, N., Nogueira, V., Robey, R.B. and Hay, N. 2004. Akt inhibits apoptosis downstream of BID
cleavage via a glucose-dependent mechanism involving mitochondrial hexokinases. Mol. Cell. Biol. 24,
730-740.

Mallinson, J.E., Constantin-Teodosiu, D., Sidaway, J., Westwood, F.R. and Greenhaff, P.L. 2009.
Blunted Akt/FOXO signalling and activation of genes controlling atrophy and fuel use in statin
myopathy. The Journal of physiology 587, 219-230.

Mancuso, M., Orsucci, D., Volpi, L., Calsolaro, V. and Siciliano, G. 2010. Coenzyme Q10 in
neuromuscular and neurodegenerative disorders. Current drug targets 11, 111-121.

Mullen, P.J., Zahno, A., Lindinger, P., Maseneni, S., Felser, A., Krdhenbiihl, S. and Brecht, K. 2011.
Susceptibility to simvastatin-induced toxicity is partly determined by mitochondrial respiration and
phosphorylation state of Akt. Biochimica et Biophysica Acta (BBA)-Molecular Cell Research 1813,
2079-2087.

Munnich, A., Roétig, A., Chretien, D., Saudubray, J., Cormier, V. and Rustin, P. 1996. Clinical
presentations and laboratory investigations in respiratory chain deficiency. Eur. J. Pediatr. 155, 262-274.
Muraki, A., Miyashita, K., Mitsuishi, M., Tamaki, M., Tanaka, K. and Itoh, H. 2012. Coenzyme Q10
reverses mitochondrial dysfunction in atorvastatin-treated mice and increases exercise endurance. J. Appl.
Physiol. 113, 479-486.

Nakahara, K., Kuriyama, M., Sonoda, Y., Yoshidome, H., Nakagawa, H., Fujiyama, J., Higuchi, 1. and
Osame, M. 1998. Myopathy induced by HMG—-CoA reductase inhibitors in rabbits: a pathological,
electrophysiological, and biochemical study. Toxicol. Appl. Pharmacol. 152, 99-106.

Neale, R., Reynolds, T. and Saweirs, W. 2004. Statin precipitated lactic acidosis? J. Clin. Pathol. 57, 989-
990.

Nicholls, S.J., Brandrup-Wognsen, G., Palmer, M. and Barter, P.J. 2010. Meta-analysis of comparative
efficacy of increasing dose of Atorvastatin versus Rosuvastatin versus Simvastatin on lowering levels of
atherogenic lipids (from VOYAGER). The American journal of cardiology 105, 69-76.

Niederberger, C. 2005. Atorvastatin and male infertility: is there a link? J. Androl. 26, 12-12.

Nishimoto, T., Tozawa, R., Amano, Y., Wada, T., Imura, Y. and Sugiyama, Y. 2003. Comparing
myotoxic effects of squalene synthase inhibitor, T-91485, and 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors in human myocytes. Biochem. Pharmacol. 66, 2133-2139.

Norata, G.D., Tibolla, G. and Catapano, A.L. 2014. Statins and skeletal muscles toxicity: From clinical
trials to everyday practice. Pharmacol. Res. 88, 107-113.

12



Paiva, H., Thelen, K.M., Van Coster, R., Smet, J., De Paepe, B., Mattila, K.M., Laakso, J., Lehtiméki, T.,
Bergmann, K. and Liitjohann, D. 2005. High-dose statins and skeletal muscle metabolism in humans: A
randomized, controlled trial. Clinical Pharmacology & Therapeutics 78, 60-68.

Parcellier, A., Tintignac, L.A., Zhuravleva, E. and Hemmings, B.A. 2008. PKB and the mitochondria:
AKTing on apoptosis. Cell. Signal. 20, 21-30.

Pierno, S., De Luca, A., Tricarico, D., Roselli, A., Natuzzi, F., Ferrannini, E., Laico, M. and Camerino,
D.C. 1995. Potential risk of myopathy by HMG-CoA reductase inhibitors: a comparison of pravastatin
and simvastatin effects on membrane electrical properties of rat skeletal muscle fibers. J. Pharmacol. Exp.
Ther. 275, 1490-1496.

Rallidis, L.S., Fountoulaki, K. and Anastasiou-Nana, M. 2012. Managing the underestimated risk of
statin-associated myopathy. Int. J. Cardiol. 159, 169-176.

Seachrist, J.L., Loi, C.-M., Evans, M.G., Criswell, K.A. and Rothwell, C.E. 2005. Roles of exercise and
pharmacokinetics in cerivastatin-induced skeletal muscle toxicity. Toxicol. Sci. 88, 551-561.

Sidaway, J., Wang, Y., Marsden, A., Orton, T., Westwood, F., Azuma, C. and Scott, R. 2009. Statin-
induced myopathy in the rat: relationship between systemic exposure, muscle exposure and myopathy.
Xenobiotica 39, 90-98.

Silva, M., Matthews, M.L., Jarvis, C., Nolan, N.M., Belliveau, P., Malloy, M. and Gandhi, P. 2007. Meta-
analysis of drug-induced adverse events associated with intensive-dose statin therapy. Clin. Ther. 29, 253-
260.

Sirtori, C.R. 2014. The pharmacology of statins. Pharmacol. Res. 88, 3-11.

Smith, P.F., Eydelloth, R.S., Grossman, S.J., Stubbs, R.J., Schwartz, M.S., Germershausen, J., Vyas, K.,
Kari, P. and MacDonald, J. 1991. HMG-CoA reductase inhibitor-induced myopathy in the rat:
cyclosporine A interaction and mechanism studies. J. Pharmacol. Exp. Ther. 257, 1225-1235.

Sohal, R.S. and Forster, M.J. 2007. Coenzyme Q, oxidative stress and aging. Mitochondrion 7, S103-
S111.

Sohal, R.S., Kamzalov, S., Sumien, N., Ferguson, M., Rebrin, 1., Heinrich, K.R. and Forster, M.J. 2006.
Effect of coenzyme Q 10 intake on endogenous coenzyme Q content, mitochondrial electron transport
chain, antioxidative defenses, and life span of mice. Free Radic. Biol. Med. 40, 480-487.

Stroes, E.S., Thompson, P.D., Corsini, A., Vladutiu, G.D., Raal, F.J., Ray, K.K., Roden, M., Stein, E.,
Tokgbdzoglu, L. and Nordestgaard, B.G. 2015. Statin-associated muscle symptoms: impact on statin
therapy—European Atherosclerosis society consensus panel statement on assessment, aetiology and
management. Eur. Heart J. 36, 1012-1022.

Taylor, B.A., Lorson, L., White, C.M. and Thompson, P.D. 2015. A randomized trial of Coenzyme Q10
in patients with confirmed statin myopathy. Atherosclerosis 238, 329-335.

Tomaszewski, M., Stepien, K.M., Tomaszewska, J. and Czuczwar, S.J. 2011. Statin-induced myopathies.
Pharmacological reports 63, 859-866.

Trapani, L., Melli, L., Segatto, M., Trezza, V., Campolongo, P., Jozwiak, A., Swiezewska, E., Pucillo,
L.P., Moreno, S. and Fanelli, F. 2011. Effects of myosin heavy chain (MHC) plasticity induced by
HMGCoA -reductase inhibition on skeletal muscle functions. The FASEB Journal 25, 4037-4047.

Tsai, K.L., Chen, L.H., Chiou, S.H., Chiou, G.Y., Chen, Y.C., Chou, H.Y., Chen, L.K., Chen, H.Y., Chiu,
T.H. and Tsai, C.S. 2011. Coenzyme Q10 suppresses oxLDL-induced endothelial oxidative injuries by
the modulation of LOX-1-mediated ROS generation via the AMPK/PKC/NADPH oxidase signaling
pathway. Molecular nutrition & food research 55, S227-S240.

Vaughan, R.A., Garcia-Smith, R., Bisoffi, M., Conn, C.A. and Trujillo, K.A. 2013. Ubiquinol rescues
simvastatin-suppression of mitochondrial content, function and metabolism: implications for statin-
induced rhabdomyolysis. Eur. J. Pharmacol. 711, 1-9.

Waclawik, A.J., Lindal, S. and Engel, A.G. 1993. Experimental lovastatin myopathy. J. Neuropathol.
Exp. Neurol. 52, 542-549.

Westwood, F.R., Bigley, A., Randall, K., Marsden, A.M. and Scott, R.C. 2005. Statin-induced muscle
necrosis in the rat: distribution, development, and fibre selectivity. Toxicol. Pathol. 33, 246-257.

13



Westwood, F.R., Scott, R.C., Marsden, A.M., Bigley, A. and Randall, K. 2008. Rosuvastatin:
characterization of induced myopathy in the rat. Toxicol. Pathol. 36, 345-352.

Willis, R.A., Folkers, K., Tucker, J.L., Ye, C.-Q., Xia, L.-J. and Tamagawa, H. 1990. Lovastatin
decreases coenzyme Q levels in rats. Proceedings of the National Academy of Sciences 87, 8928-8930.
Yalcin, S., Marinkovic, D., Mungamuri, S.K., Zhang, X., Tong, W., Sellers, R. and Ghaffari, S. 2010.
ROS-mediated amplification of AKT/mTOR signalling pathway leads to myeloproliferative syndrome in
Fox03—/— mice. The EMBO journal 29, 4118-4131.

14



Figure 1: Effect of atorvastatin, coenzyme Q10 and atorvastatin plus coenzyme Q10
treatment on percentage body weight change.

Each value represents the mean of 8-10 experiments £ S.E.M.* p <0.05 compared to control, # p <0.05
compared to atorvastatin group.
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Figure 2: Percentage change in rotarod performance on day 14 and day 21 in control,
coenzyme Q10, atorvastatin and atorvastatin plus coenzyme Q10 groups.
*p <0.05 vs. control, # p < 0.05 vs. atorvastatin.
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Figure 3: Effect of coenzyme Q10 on atorvastatin-induced changes in serum parameters:
A. effect on the rise in serum creatine kinase on day 14 and day 21. B. Effect on serum
myoglobin (day 21).

Each value represents the mean of 8-10 experiments +S.E.M. *p < 0.05 vs. control, #p < 0.05 vs.
atorvastatin.
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Figure 4 : Effect of atorvastatin and CoQ10 co-treatment on muscle LDH content.
Each value represents the mean of 8-10 experiments £S.E.M. *p < 0.05 vs. control, #p < 0.05 vs.
atorvastatin.
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ACCEPTED MANUSCRIPT

Figure 5: Representitve histopathological sections of semimembranosus muscle (H&E
stained X 400) ; A. Control , B. Atrovastatin - treated rat showing mild necrosis (grade 1) ,
C. Atorvastatin - treated rat showing severe necrosis (grade 3) , D. Coenzyme Q10 +
Atorvastatin - treated rat showing normal muscle (grade 0).
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Figure 6: Effect of coenzyme Q10 on muscle mitochondrial function-related parameters in
atorvastatin-treated rats: A. Effect on lactate/pyruvate ratio, B. Effect on ATP content,
C.Effect on pAkt.

Each value represents the mean of 8-10 experiments +S.E.M. *p < 0.05 vs. control, #p < 0.05 vs.

atorvastatin.
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Figure 7 : Biceps femoris mitochondrial ultrastructural examination. Representative
transmission electron micrographs of: control (A, B), atorvastatin - treated rats (C, D),
atorvastatin-treated rats plus Coenzyme Q10 (E, F).
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Table 1 : Mean score of histopathological findings for control, atorvastatin and CoQ10 plus
atorvastatin groups in different muscles.

Control Atorvastatin CoQ10 +
. Atorvastatin
Muscle | Necrosis % Mean % Mean % Mean
SCOre SCore SCOore
SEM no 100 0.00 40 1.00 60 0.6
yes 0 CI1(0.0) 60 | C1(0.37-1.63) [ 490 | CI(0.0-1.20)
EDL no 90 0.2 77 0.6 77 0.33
yes 10 | CI(-0.25-0.65) [ 33 | CI(0.02-1.18) [ 33 | CI(-0.05-0.72)

-Sem=semimembranosus, Edl=extensor digitorum longus.
- CI= confidence interval.
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