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The research projects in this thesis are presented in the form 

of four scientific papers that have either been published or 

are in preparation. A reference list covering the general 

introduction and conclusions is at the end of the thesis.  
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Summary 

Statins or 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase inhibitors are the most 

prescribed lipid-lowering drugs worldwide, used to treat hypercholesterolemia and efficient 

to reduce mortality and morbidity associated to cardiovascular diseases. They act primarily 

in the liver, where they inhibit the biosynthesis of cholesterol, alongside with other non-

sterol intermediates, such as mevalonate, dolichol, farnesyl pyrophosphate and 

geranylgeranyl pyrophosphate, leading to the impairment of several cellular processes for 

example protein post-translational modifications and proliferation.  

Statins have several beneficial effects on the cardiovascular system and are in general well 

tolerated. However, inhibition of cholesterol synthesis pathway can induce adverse effects, 

mainly towards the skeletal muscle. These adverse effects range from muscle pain to 

rhabdomyolysis in rare cases, which can ultimately lead to death. Moreover, recently, an 

increased occurrence of insulin resistance and new-onset diabetes have been reported in 

patients treated with statins.  

Considering the huge proportion of people under statin therapy worldwide and the 

prevalence of cardiovascular diseases and type 2 diabetes, it is urgent to elucidate 

molecular mechanisms leading to myopathy and new-onset diabetes.  

This thesis includes four papers, two that are published and two that are in preparation.  

The first paper presents the effects of insulin on simvastatin-induced toxicity as well as on 

the impairments induced by simvastatin on the insulin receptor (IR) signaling in C2C12 

myotubes. Simvastatin strongly reduced membrane integrity and depleted the intracellular 

ATP in C2C12 cells. Additionally, simvastatin induced endoplasmic reticulum (ER) stress. 

Insulin was potent to not only prevent, but also rescue partially and time-dependently 
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simvastatin toxicity. Simvastatin significantly reduced Akt phosphorylation on the serine 

473 residue, done by mTORC2, while inhibiting only by trend the phosphorylation on the 

threonine 308 residue (done by PDK1). In like manner, downstream effectors of Akt were 

affected, inducing a reduced mTORC1 activity, atrophy and apoptosis. Insulin prevented 

these effects in a dose-dependent fashion. These data demonstrate that impaired Akt 

activation is a consequence of impaired mTORC2 activity and that insulin can prevent 

deleterious effects of simvastatin on the insulin receptor transduction pathway.  

Our second paper correlates potentiality of insulin to prevent cell death and maintaining 

insulin receptor signaling in simvastatin-treated C2C12 myotubes, to the reported new-

onset diabetes and insulin resistance concomitant to statin therapy. We demonstrated the 

effects of simvastatin on glucose metabolism in mice treated orally with simvastatin and 

elucidated the mechanisms leading to insulin resistance using C2C12 myotubes. 

Simvastatin-treated mice had higher plasmatic glucose during ip glucose tolerance test 

(IGTT) and a reduced glucose uptake in skeletal muscle compared to water-treated mice. 

A reduced glucose uptake was also observed in C2C12 myotubes treated with the statin 

as well as an impaired expression and phosphorylation of the insulin receptor β chain. Akt 

(Ser473) phosphorylation was significantly decreased in treated myocytes, which was 

explained and demonstrated with a decreased mTOR phosphorylation. Cells displayed 

also an impaired phosphorylation of GSK3β, leading to a reduced glucose transporter 4 

(GLUT4) translocation to the cell surface. These data provide the evidence that simvastatin 

can cause insulin resistance in mice, and highlights new potential molecular targets for the 

management of insulin resistance during statin therapy, with the identification of a defect 

of mTORC2 activity and of GLUT4 translocation to the cell membrane for glucose 

absorption.  

The third paper integrates the knowledge we acquired with simvastatin-treated myotubes 

to perform a comparison between C2C12 myoblasts and myotubes, the precursor and 
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mature muscle cells respectively, in order to evaluate how post-natal myogenesis was 

affected by simvastatin. We observed that myoblasts were more sensitive to toxic effects 

of simvastatin in comparison to their differentiated form. We identified that geranylgeraniol 

was strongly potent in rescuing simvastatin toxicity. We assessed mitochondrial respiration 

and superoxide generation and found out that only myoblasts were disturbed by simvastatin 

at this level, whereas the mitochondrial function was not affected in myotubes, probably 

due to a higher expression of superoxide dismutase 2 (SOD2). We then characterized 

proliferation, differentiation and fusion processes in simvastatin-treated myoblasts. 

Proliferation of myoblasts was strongly inhibited, as well as the expression of differentiation 

and fusion markers. Mevalonate could prevent these effects in co-treatment. Last, upon 

simvastatin treatment, both cell models underwent apoptosis, which was prevented by 

insulin. This study demonstrates differences in sensitivity between C2C12 myoblasts and 

differentiated myotubes treated with simvastatin and might represent a good start point in 

the understanding of why statin-treated patients experience muscle pain or weakness 

during exercise or muscular stress.  

Our fourth paper evaluates the contribution of mTORC1 and mTORC2 in simvastatin-

induced myopathy, and confirms for the first time that mTORC2 inhibition is the key event 

in statin-induced myotoxicity. We showed that mTORC1 inhibition was cytoprotective in 

C2C12 myotubes and did not recapitulate simvastatin myotoxicity and impaired insulin 

receptor signaling. Inhibiting mTORC2 by knocking down Rictor displayed a similar toxicity 

pattern to simvastatin treatment in control cells and led to a reduced Akt (Ser473) and 

downstream effectors phosphorylation, thus recapitulating simvastatin-induced 

impairments. The mechanisms leading to mTORC2 and subsequently Akt inactivation in 

myocytes treated with statins were unprenylation of cellular GTPases and induction of 

mitochondrial reactive oxygen species (ROS) production. These findings highlight the 

primary molecular events occurring with simvastatin therapy, giving future opportunities for 

solutions to better manage and prevent statin-induced myopathy.  
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Introduction  
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1.1. Statins 

1.1.1. General considerations about statins 

Statins are a group of molecules that inhibit the 3-hydroxy-3-methyl-glutaryl-CoA reductase 

to prevent the de novo synthesis of cholesterol and they are the most commonly prescribed 

lipid-lowering agents worldwide for the primary and secondary prevention of cardiovascular 

diseases (CVDs) [1-4]. CVDs include coronary artery disease, angina, stroke, heart failure 

among others and are currently the leading cause of death throughout the world [5]. Several 

recognized risk factors account for the development of cardiovascular diseases, namely 

high blood glucose, diabetes, tobacco smoking, physical inactivity, elevated LDL-

cholesterol and reduced HDL-cholesterol [6]. Therefore, managing hypertension and 

dyslipidemia is a target for controlling and reducing risks associated with CVDs. Nowadays, 

statins represent the most effective oral agents to prevent and treat cardiovascular events 

occurring due to hypercholesterolemia [3].  

Multiple clinical trials have demonstrated the positive effects of statins not only to reduce 

LDL-cholesterol and triglycerides levels [7,2,3] but also to decrease statistically the 

mortality and morbidity associated with coronary heart disease, cerebrovascular diseases 

and peripheral arterial diseases [8-11,4]. 

 

1.1.2. Development of statins 

The Japanese researcher Akiro Endo isolated the first HMG-CoA reductase inhibitor, 

named compactin or mevastatin (Figure 1), from the mold Penicillim citrinum cultures in the 

1970s. The compound could inhibit cholesterol synthesis in cells, in various animal species 

such as hens, dogs and monkeys, and in patients with an history of familiar 

hypercholesterolemia [12].  
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Figure 1: Structure of Compactin and the HMG-CoA. Adapted from Endo A., 2010 [12]. 

 

Compactin never reached the market due to lethality in dogs, however the next isolated 

statin lovastatin did. Lovastatin was isolated from Aspergillus terreus, was approved and 

was on the market in 1987. In 1988, simvastatin, a semisynthetic statin, was developed 

from the methylation of lovastatin. Other statins available now on the market are fluvastatin, 

atorvastatin, rosuvastatin, pravastatin and pitavastatin [13]. Cerivastatin was also 

developed in the meantime but was withdrawn from the market due to high rhabdomyolysis 

incidence [14,15].  

 

1.1.3. Types of statins 

Two types of statins can be distinguished: first generation statins that are fermentation-

derived (lovastatin, simvastatin and pravastatin) and second-generation statins 

(rosuvastatin, fluvastatin, atorvastatin, cerivastatin and pitavastatin) are fully synthetic 

statins [13]. Binding affinities to the target and physico-chemical factors such as 

hydrophobicity or lipophilicity differ between both generations of statins (Figure 2). These 

factors are also determinant for the ability of the compounds to reach the liver and exert 

their pharmacology function.  
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Rosuvastatin and pravastatin are more hydrophilic (Figure 2) due to their polar side groups 

[16]. Simvastatin and lovastatin are given as lactone-prodrug and are activated in their acid 

form in the body [17,16,18].  

 

 
Figure 2: Chemical structure of hydrophilic and lipophilic statins. Adapted from Liu et al., 

2018 [19]. 

 

1.1.4. Use 

Statins are the most commonly prescribed lipid-lowering agents worldwide [3], and among 

them, simvastatin followed by atorvastatin were the most frequently prescribed [20]. In the 

USA, from 2011 to 2012, it has been estimated that among the adults over 40 years taking 

cholesterol-lowering drugs, 83% used statins in a monotherapy setting, while 10 % used it 

in combination with other lipid-lowering agents such as fibrates [20]. In 2000 in Europe, the 

highest usage of statins was in Norway, with 59.3 daily doses per 1000 inhabitants, 

whereas the lowest usage was in Italy (14.74 doses per 1000 inhabitants) [21,22]. 12 years 

later, statins use increased tremendously in most European country, with the highest 

percentage in Scotland (Figure 3) [21]. The tendency for an increased use of the HMG-

CoA reductase inhibitors was found similarly in the US among the 40 years and more 
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population, the use increasing from 17.9% to 27.8% in 10 years (from 2002-2003 to 2012-

2013) [23]. According to estimations, 25% of the population of more than 65 years use 

statins for primary or secondary prevention of cardiovascular events [20,24,25] and this 

proportion is estimated to be increased in the future, considering the increased life 

expectancy worldwide [26,27]. 

 

 
Figure 3: Trends in statin use and coronary heart disease mortality in West European 

countries from 2000 to 2012. Adapted from Vancheri et al., 2016 [21]. 

 

1.1.5. Mode of action of statins 

Statins competitively inhibit the 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) 

reductase, the rate-limiting enzyme in the cholesterol biosynthesis pathway (Figure 4). 

They mimic the intermediate of mevalonate synthesis and occupy in a nanomolar range 

the catalytic portion of the enzyme and impair the binding of HMG-CoA to the active site of 

the reductase [28,18]. The result of this inhibition is a reduced de novo cellular biosynthesis 

of cholesterol.  
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Figure 4: Simplified representation of the cholesterol biosynthesis pathway. Adapted from 

Bouitbir et al., 2019 [2]. 

 

Statins exert their pharmacological effect in hepatocytes, the liver being the major site of 

cholesterol synthesis [29]. Statins’ power lies on two different levels: a decreased 

cholesterol synthesis in the liver and an increased uptake of LDL-cholesterol from the blood 

[30]. Indeed, sterol regulatory element-binding proteins (SREBP), elements controlling the 

synthesis of cholesterol synthesis, are inactivated in the endoplasmic reticulum when sterol 

concentrations are high and are conversely activated when these levels drop with a 

cleavage in the Golgi apparatus. After a translocation to the nucleus, they bind sterol 

binding elements (SREs) in the promoters of target genes, promoting isoprenoids and 

sterol replenishment in the cells [31]. Additionally, SREBPs stimulate the expression of the 

LDL-cholesterol receptors, leading to a greater clearance of LDL-cholesterol particles from 

the blood.  

Inhibition of the rate-limiting enzyme in the cholesterol synthesis pathway leads also to a 

decreased formation of intermediates such as dolichol, ubiquinone, farnesyl pyrophosphate 

and geranylgeranyl pyrophosphate [31]. These non-sterol products are crucial for protein 

Figure 1
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function, cellular localization and signal transduction and defects in their biosynthesis can 

potentially promote cellular death.  

 

1.1.6. Pharmacology of statins 

Statins are amphiphilic molecules. More lipophilic ones such as atorvastatin or simvastatin 

can enter the cells via crossing the bilipidic barrier and hydrophilic statins need interaction 

with carriers [16]. The standard daily dose given to patients ranges between 10 to 40 mg 

and up to 80 mg daily for atorvastatin and pitavastatin (Table 1) [32]. 

After oral absorption, with the exception of pravastatin and rosuvastatin in a certain extent, 

statins undergo first pass metabolism in the liver and are excreted in the bile or renally after 

being conjugated [32].  

Bioavailability of statins range from 5 to 30 % of the given dose (Table 1) [32], which is 

quite low and desirable as they act primarily in the liver. An exception is seen with 

pitavastatin: the systemic bioavailability reaches 60%,however it is not more frequently 

associated to muscle damage, probably due to the fact that an active transport is needed 

for it to enter the cells [33].  

The biggest part of statins metabolism occurs in the liver by cytochromes P450 (CYP450) 

enzymes family and most metabolites formed are active [32,16]. The majority of statins are 

metabolized by CYP3A4. Fluvastatin is metabolized by CYP2C9 while metabolism of 

pravastatin is proposed to be non-CYP mediated [34]. In this regard, CYPs inhibitors may 

affect and increase statins exposure and potentially related adverse effects as well [35].  

Noticeably, protein binding percentages of statins is quite high, i.e. more than 90 % for 

most of them, highlighting the fact that the pharmacological active fraction is relatively low 

[36]. 

The inhibition of the HMG-CoA reductase is related to the potency of statins and among all 

statins, rosuvastatin and atorvastatin are the most efficient, lowering LDL-cholesterol by 

approximately 60% for the highest approved dose [37]. 
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Table 1: Recapitulation of pharmacology of statins. Adapted from Bouitbir et al., 2019 [2]. 

 

The uptake of statins into liver cells is mediated by the organic-anion-transporting 

polypeptide (OATP) solute carrier transporters family [38,32]. Especially the isoforms 1B1 

and 1B3 are expressed in hepatocytes and mediate the entry of statins. In the skeletal 

muscle, mostly the isoform 2B1 is expressed [39]. Genetic impairments and polymorphisms 

are known to decrease the activity of these transporters and such events can lead to 

decreased hepatic absorption and statins accumulation [40]. Accordingly, occurrence of 

side effects induced by statins can also increase [40]. Such effect was reported with 

simvastatin: patients bearing polymorphisms of the 1B1 isoform associated with a 

decreased activity were more susceptible to develop simvastatin-induced myopathy 

compared to patients with a normal activity of the transporter [41]. 

 

1.1.7. Pleiotropic effects of statins 

The majority of beneficial effects of statins are attributed to the lowering of systemic LDL-

cholesterol levels. However, they exert in parallel positive cholesterol-independent effects, 

mostly beneficial for the cardiovascular system [42]. Due to the impaired synthesis of 

isoprenoids, statins maintain the endothelial function by increasing nitric oxide availability 

(vasodilator), decreasing vascular smooth cells proliferation and activating leukocytes. In 

addition, statins exert an anti-inflammatory effect, resulting in a reduced macrophages 

proliferation. Other positive effects of statins are anti-oxidant and modulation of the immune 

system due to impaired activity of small GTP-binding proteins [43]. Taken together, these 

pleiotropic effects reduce atherosclerotic plaques vulnerability and protect the function of 

the vascular system, as well as other body systems function [32].  
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1.1.8. Statin-induced adverse events 

In general, statins are safe and well tolerated [44]. In addition, benefits due to reduction of 

cholesterol and other pleiotropic effects surpass the adverse effects induced by statins 

[32,45].  

However, statin therapy can induce several side effects (Figure 5), most of them being rare 

[46].  

Hepatotoxicity is a reported deleterious event associated with statin therapy. However, 

pharmacovigilance studies have reported that the incidence of severe hepatotoxicity was 

low [32] and concerns approximately one patient per one million patients/year [47].  

Statins are also reported to induce negative neurological events such as impaired cognitive 

function. Reports concern mainly lipophilic statins, probably because of they can readily 

cross the blood-brain barrier. However, conclusions about these adverse events regarding 

the neurological undesirable effects are unclear. Indeed, some studies reported a 

decreased risk of Alzheimer’s disease in patients receiving statins [48,49]. 

Other associated deleterious effects are impaired renal function, sleep disturbances, lung 

diseases, tendon rupture and low testosterone levels [46]. 
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Figure 5: Summary of statin-associated adverse effects. From Thompson et al., 2016 

[46]. 

 

Recently, increased diabetes mellitus occurrence has been reported, in particular with the 

JUPITER study [50]. Statins have been shown to impair insulin sensitivity and increase the 

prevalence of diabetes [51] and currently, the risk to develop new-onset type 2 diabetes 

due to a statin therapy is estimated from 20 to 30 % depending on reports [52,53].  

However, the most severe adverse effects induced by statins are toward the skeletal 

muscle [3].  Development of insulin resistance and myopathy concomitant to statin therapy 

will be discuss in the following chapters.  
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1.2. Skeletal muscle  

1.2.1. General considerations about skeletal 

muscle: structure and development 

Skeletal muscle represents 40% of the total body weight and produces mechanical energy 

from chemical energy to generate force, power, posture, voluntary contractions and 

movement, in addition to produce heat and handling metabolism of amino acids and sugars 

[54,55].  

Skeletal muscle consists of arranged myofibers, surrounded by a connective tissue called 

endomysium (Figure 6). Muscle fibers are arranged in fascicles surrounded by the 

perimysium and the whole bundle is surrounded by the epimysium. Muscles are fixed by 

tendons to bones.  

Organelles found in the sarcoplasm of myofibers are the sarcoplasmic reticulum, for 

storage and release of calcium during contraction, mitochondria network for energy 

production in presence of oxygen and the transverse tubular system for action potential 

transmission [55].  

Proteins represent approximately 80% of the content of muscle cells, making skeletal 

muscle the largest pool of protein in the body. Main proteins are myosin and actin forming 

the contractile units or sarcomeres in the myofibers [55], and their synchronization allows 

the contraction performance [56].  

The making of muscle is called myogenesis. The process starts during embryogenesis and 

implies the differentiation of muscle progenitor cells into myoblasts and the differentiation 

of these latter into adult striated myotubes and myofibers [57]. 

Skeletal muscle cells are post-mitotic myofibers, made during the embryogenesis [58]. 

They are elongated cells made from the fusion of myoblasts, of approximately 1 to 20 

centimeters in length and 100 µm in diameter, with multinucleated syncytia surrounded by 

a cell membrane called sarcolemma [55]. In the mature skeletal tissue, quiescent satellite 

cells, representing adult stem cells, remain between the sarcolemma and the basal lamina. 
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After activation by myogenic factors, they can be activated and proliferate to form new 

myofibers to contribute to repair and regeneration after myocytes damage after birth 

[55,58,59].  

In adult mammals, muscle mass increases via hypertrophy, meaning that the cell size 

increases, rather than hyperplasia in the tissue. Therefore, preserving the muscle mass is 

a tightly regulated process, with the balance between protein synthesis and protein 

degradation and with the influence of hormones, nutrition status and physical activity [60].  

 

Figure 6: Representation of the structure and of the cells present in the skeletal muscle. 

The image shows a section of a mouse tibialis anterior and reveals a satellite cell and 

vasculature in the section. From Tajbakhsh S., 2009 [61].  
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1.2.2. Skeletal muscle fiber types 

The human skeletal muscle is composed of different myofiber types, that can be classified 

according to specific criteria:  the appearance color due to myoglobin content, the speed of 

contraction, the metabolic pathways or usage of ATP (glycolytic or oxidative), the calcium 

handling, the resistance to fatigue, the isoforms of proteins expressed [62].  

The most common classification identifies three types of muscle fibers [63,62]:  

1) Type I fibers, that are slow twitch (related to the ATP degradation rate, low contraction 

rate), oxidative and enduring. These fibers possess a vast mitochondria network 

(appear red) and are highly vascularized to satisfy their demand in oxygen for ATP 

production. 

2) Type IIA, that are fast, have mixed metabolic properties, meaning that they rely on 

oxidative and glycolytic paths and can resist to fatigue. They also have a high 

mitochondrial content.  

3) Type IIB that are fastest to contract, rely on glycolysis and are easily fatigable.  Their 

appearance is white due to a lower mitochondrial content.  

In average, skeletal muscles in the body contain half of type I fibers and the remaining half 

is shared by types IIA and IIB. However, the exact composition depends on specific 

muscles. Skeletal muscle being a plastic tissue, it can adapt to external factors and type 

and degree of physical activity by switching muscle fibers types [64,65]. 

 

1.2.3. Insulin receptor transduction in the 

skeletal muscle – IR/Akt/mTOR signaling 

1.2.3.1. Insulin synthesis and secretion 

Insulin is a peptide hormone synthetized by the β cells of the pancreas in Langerhans islets. 

As main anabolic hormone in the body, principal roles of insulin in the body are to regulate 

cellular energy supply, macronutrients balance, anabolic processes in fed state and to 

regulate cell growth via mitogenic effects. 
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Insulin is coded by the INS gene, on the chromosome 11 and is formed in pancreatic beta 

cells after a proteolytic processing of the pre-proinsulin to the final insulin chain [66].  

The pre-proinsulin is a single-chain peptide synthetized in the rough endoplasmic reticulum 

and later cleaved (removal of the leader sequence) to form proinsulin. Proinsulin is then 

folded and packed into secretory vesicles shifted from the endoplasmic reticulum to the 

Golgi, where it is finally converted to insulin and C-peptide by endoproteases. The final 

insulin is composed of A and B chains, with respectively 21 and 30 amino acids connected 

by two disulphide bonds.  

Mature granules, with equimolar concentrations of monomeric insulin and C-peptide, are 

secreted via exocytosis into the bloodstream to act on target tissues. Due to its slower 

clearance, C-peptide can be used as a marker of endogenous insulin secretion [67].  

Release of insulin into the portal veins is stimulated by several stimuli such as neural inputs 

(cholinergic and adrenergic), gastro-intestinal hormones (leptin, somatostatin), amino 

acids. However, the main stimulus for insulin secretion is the rise of blood glucose 

concentrations.  

Basal insulin secretion represents the half of the insulin secreted per day and is done in a 

pulsatile fashion, occurring every 15 to 30 minutes to maintain normal fasting glycemia and 

limit breakdown of triglycerides and accumulation of glucose [66,68].  

On the other hand, glucose-stimulated insulin secretion is bi-phasic, the first phase 

occurring with the release of insulin from docked granules and occurring few minutes after 

glucose stimulation. The second phase, more sustained, comprises the additional 

recruitment of granules containing newly synthetized insulin, and occurs up to 

approximately one hour after glucose stimulation [69,66,68,70,71].  

Glucose-stimulated insulin secretion occurs after glucose enters the cells via ATP-

independent facilitative diffusion through GLUT transporters. After entering beta cells via 

the glucose transporter isoform 2 (GLUT2), glucose is converted to glucose-6-phosphate 

(G6P) by glucokinase (hexokinase 4) to produce ATP through glycolysis and then in the 

Krebs cycle [66]. The increased ATP:ADP ratio stimulates the closure of potassium 
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channels (K+-ATP dependent), which induces a membrane depolarization and 

subsequently an activation of voltage dependent calcium channels. Subsequent increased 

intracellular concentration of calcium leads to the mobilization of insulin containing vesicles 

and the secretion of insulin in order to maintain homeostatic blood glucose levels. 

 

1.2.3.2. Insulin receptor (IR)/Akt/mTOR signaling 

in the skeletal muscle 

Insulin’s input on skeletal muscle cells is of crucial importance, for being needed to maintain 

muscle mass, cell viability and proliferation [72,73]. As a demonstration of the essential role 

of insulin on myocytes, an insulin deficiency induces a protein catabolic condition leading 

to loss of muscle mass in type 1 diabetes patients and insulin treatment prevents this loss 

[73]. 

Insulin promotes important effects in the muscle cells by regulating gene expression and 

ribosomes translation to stimulate protein synthesis [74,75]. Apart from these effects, in the 

skeletal muscle, insulin regulates energy metabolism, with the promotion of lipid and 

glycogen biosynthesis after glucose absorption, suppression of lipids breakdown and 

formation of glucose with amino acids [74,76,75].  

Insulin signal transduction is done through the activation of the insulin receptor (IR), and 

the subsequent phosphorylation cascade inside the cells [77,78,2,79]. In this work, I will 

focus on the IR/PI3K/AKT/mTOR pathway (Figure 7).  

Insulin receptor belongs to the tyrosine kinases receptor family and derives from a single 

gene, as a pro-receptor, which is cleaved into distinct alpha and beta chains. The alpha 

chain is a 135 kDa protein, made from the N-terminus part of pro-receptor sequence, while 

the beta chain is a 95 kDa glycopeptide. The mature insulin receptor is a heterotetramer, 

composed of 4 glycoprotein subunits: 2 extracellular alpha chains and 2 transmembrane 

beta chains linked by a disulphide bond. Binding of insulin stimulates the tyrosine kinase 

activity of the receptor beta chains, conformational change, autophosphorylation and 

further activation of downstream effectors for signal propagation.  
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First substrates of the receptor are the Insulin Receptor Substrates (IRS). Once 

phosphorylated, they bind and activate the PI3 kinase or the adaptor protein Grb2 for 

activation of the Ras/MAP kinase pathway (mitogenic effects of insulin). PI3 kinase 

phosphorylates phosphoinositides, leading to the production of phosphatidylinositol-3-

phosphates (PIP3) at the cell membrane. The signal is further propagated with the 

recruitment of the serine/threonine kinase Akt (PKB) at the plasma membrane and its 

phosphorylation and activation by PDK1 and mTORC2, on the threonine 308 and the serine 

473 residues respectively.  

Akt is a key kinase of the insulin receptor pathway, controlling 1. the regulation of protein 

synthesis via the activation of the kinase complex mTORC1, 2. hypertrophy via 

phosphorylation-inactivation of the FoxOs factors and subsequently downregulation of the 

E3 ligases MaFBx and MuRF1, 3. the inhibition of apoptosis through inactivation of 

glycogen synthase kinase 3 and caspases cleavage, 4. the regulation of glucose uptake 

and utilization in the myocytes. 

Several kinases cross regulate the activity of Akt, such as the AMP-activated protein kinase 

(AMPK) that integrates the energy status of the cells and can phosphorylate-inactivate Akt.  

Of a great importance is also the mammalian Target of Rapamycin Complex 2 or mTORC2, 

the kinase complex that contains also the kinase mTOR and phosphorylates Akt on the 

serine 473 residue for its full activation [80]. The following chapter will recapitulate important 

facts about mTORC1 and mTORC2.  
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Figure 7: Simplified Insulin receptor/PI3K/Akt/mTOR transduction in skeletal muscle cells 

[79]. 

 

1.2.3.3. Focus on the mammalian Target of Rapamycin 

complexes 1 and 2 (mTORC1 and mTORC2) in the 

skeletal muscle 

The mechanistic or mammalian target of rapamycin (mTOR) is a serine/threonine kinase 

of 289 kDa, sensing and integrating growth and nutrients signals to regulate cellular 

metabolism, proliferation, autophagy, growth and survival. mTOR is a member of the PI3 

kinase family and TOR was first discovered in yeast due to rapamycin (Sirolimus), an 

immunosuppressant macrolide produced by bacterium Streptomyces hygroscopicus [81]. 

Overactivation of mTOR has been reported in several carcinomas and cancers, highlighting 

its crucial importance for growth [82,83]. Impaired mTOR signaling has been linked to 

several pathological conditions such as for example cancer and diabetes, and is also 

related to aging [83-85].  

In mammals, mTOR nucleates two distinct multiproteic complexes: mTORC1 and mTORC2 

(Table 2) [86,87,85]. 
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mTORC1 is the best characterized complex. The complex contains mTOR as the core 

kinase and have several companion proteins: Raptor, PRAS40, mLST8 or GβL and Deptor. 

mTORC1 is activated by nutrients, amino acids and growth factors, while inhibited by stress 

signals and by rapamycin. Activation of mTORC1 involves the inhibitory complex TSC1/2 

and the small GTPase Rheb. Activated Akt inhibits the TSC1/2 complex, allowing Rheb to 

be bound to GTP, to further bind mTOR in mTORC1 and to stimulate its kinase function. 

Main substrates of mTORC1 are the p70 S6 kinase, a regulator of protein synthesis, the 

elongation factor 4E-BP1, involved in protein translation, and ULK1 for autophagy 

[83,88,89]. Thus, activated mTORC1 promotes protein translation and synthesis (via S6K 

and S6rp and inhibition of 4E-BP1), cell growth and metabolism and inhibits autophagy via 

inhibition of ULK1 [82,83].  

mTORC1 companions are important for the complex regulation and assembly. Raptor has 

been shown to stimulate mTORC1 kinase activity in vitro and in vivo, by promoting the 

complex assembly. PRAS40 and Deptor act as mTORC1 inhibitors. It has to be noted that 

PRAS40 closely interacts with Akt and inhibits mTORC1 when growth signals are low [83].  

The second complex, mTORC2, is nowadays at the center of the research for many 

diseases, such as type 2 diabetes, immune diseases and cancers [83,90,91]. mTORC2 is 

known as insensitive to rapamycin, even though nowadays it is established that chronic 

rapamycin treatment can also inhibit it is some cell lines [81]. mTORC2 contains also 

mTOR, mLST8 as mTORC1, but its specific companions are Rictor, mSin1 and Protor. 

mTORC2 is activated by growth factors and association to ribosomes and promote cell 

survival, metabolism and actin cytoskeleton remodeling [92]. Main substrates of mTORC2 

are the kinases Akt, SGK1, PKC alpha, and the GTPases Rho and Rac [93]. Of a great 

importance is the mTORC2-phosphorylation of Akt on the serine 473 [94,95]. This 

phosphorylation is needed before the other phosphorylation at the threonine 308 (by PDK1) 

for full activation of Akt [80]. 

Rictor is necessary for mTORC2 recruitment and complex formation, allowing the binding 

of Protor and mSin1. mSin1 is associated to Rictor and allows this latter binding to mTOR 
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[95]. mSin1 can be phosphorylated by Akt among others and this modification is needed to 

guarantee mTORC2 stability [80,95].  

Cellular ATP and ROS formation have been reported to affect mTORC2 activity [96-98]. 

ATP is needed for integrity of mTORC2 and depleted ATP pools lead to a reduced 

mTORC2 kinase activity [96].  

 

 
Table 2: Summary of important facts related to mTORC1 and mTORC2.  

 

mTOR plays crucial roles in skeletal muscle, promoting muscle mass, maintaining 

hypertrophy processes towards muscle wasting, together with regulating metabolic 

processes and cell survival [99]. Genetic modifications demonstrated its importance as well 

as specific contributions of mTORC1 and mTORC2. Mice lacking mTOR in the skeletal 
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muscle displayed myopathy and death [100]. Bentzinger et al. showed, using mice with 

muscle specific deletions of Raptor and Rictor (RamKO and RimKO mice respectively), 

that Raptor suppression led to myopathy, while Rictor knockout did not show similar effects 

[101]. On the other hand, roles of mTORC2 have been shown regarding metabolism, in 

particular with mTORC2 and downstream effectors and their control of glucose uptake in 

mice [102,103]. 

 

1.2.3.4. Akt signaling and glucose uptake in 

skeletal muscle 

Skeletal muscle performs approximately 75% of the insulin-induced glucose uptake 

[75,104]. Insulin stimulates glucose absorption in myocytes by promoting the glucose 

transporters GLUT4 translocation and insertion in the plasma membrane (Figure 8). GLUT4 

transporters allow the facilitated diffusion of circulating glucose down the gradient. They 

are located in intracellular vesicles, the GLUT4 storage vesicles or GSVs, an unique feature 

for this GLUT isoform, which recycle continuously from the cytoplasm to the cell membrane 

[105]. Through Akt, insulin promotes the reorganization of cytoskeleton, the activation of 

downstream partners, and the tethering and insertion of the transporters in the plasma 

membrane, increasing glucose absorption into myocytes [106-108,105,109].  

Briefly, insulin-stimulated GSVs translocation is performed via the activation of Akt, that 

phosphorylates and inactivates the kinase GSK3β and the small GTPase AS160 [110]. 

This latter is a GTPase that activates different Rab proteins involved in vesicles trafficking 

and cytoskeleton remodeling [110].  

One has also to mention that not only insulin, but also performing physical exercise 

stimulates glucose absorption via GLUT4 transporters with AMPK activation and input 

[111]. 

Once absorbed, glucose is phosphorylated to glucose-6-phospahte by the hexokinase and 

most part is used to form glycogen or for the rest, to enter the glycolytic pathway [112]. 
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Figure 8: Representation of insulin transduction leading to GLUT4 insertion in cell 

membrane and glucose uptake into insulin-sensitive cells. Adapted from Leto and Saltiel, 

2012 [108]. 

 

 

1.3. Statin-associated muscle adverse events 

Statin-associated muscle symptoms or SAMS are the most frequent adverse events due 

to statins treatment. Statin-induced myotoxicity is dose-dependent, can occur with all 

statins [113] and can lead to treatment discontinuation [114]. Other risk factors for 

developing skeletal muscle side effects with statin therapy are age, sex (female > male) 

and drug-drug interactions, especially in cases of co-treatment with fibrates or nicotinic acid 

[115]. 

Various clinical symptoms are observed: skeletal muscle fatigue, pain, weakness or 

tenderness, cramps, myalgia with or without creatine kinase (CK) elevation, myositis and 

rhabdomyolysis, the two latter being severe clinical presentations [45,116].  

The incidence of skeletal muscle damage induced by statins ranges from 7 to 30 % 

depending on reports, this variation being due to the lack of uniformity regarding statin-

induced myopathy definition [117-119,47]. In the PRIMO study, 10.5% of French patients 
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treated with high dose statins for 3 months reported mild to moderate muscular symptoms 

[120]. The randomized clinical trial STOMP (Statins On Muscle Performance) revealed that 

approximately 10% of the patients treated with atorvastatin developed muscle symptoms, 

compared to 4.6% in the placebo groups [121]. Additionally, in registries, the frequency of 

muscle symptoms is estimated at 29% [122]. It has to be noted, regarding the estimations 

of muscle symptoms frequencies, that the less pronounced muscle events might be also 

less reported [122].  

Few years ago, statin-related myotoxicity (SRM) has been classified by the PREDICTION-

ADR consortium into several categories, from SRM 0 to SRM 6 (Table 3), based on clinical 

manifestations from asymptotic creatine kinase elevation to autoimmune myopathy [123].  

 

 
 

Table 3: Statin-related myotoxicity (SRM) classification. Adapted from Alfirevic et al., 2014 

[124] and Bouitbir et al., 2019 [2].  
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1.3.1. Myalgia (SRM1 and SRM2) 

Myalgia is muscle pain or ache that can negatively affects compliance to treatment and 

quality of life of patients. It often leads to treatment discontinuation [116] and can still been 

experienced after treatment discontinuation [125]. This adverse event is commonly seen 

and represent up to 33% of all musculoskeletal manifestations associated to statins therapy 

[2]. Myalgia can be accompanied or not with creatine kinase (CK) elevation, a blood marker 

of muscle damage, less than 5 times of the upper limit of normal (ULN) [125,123].  

 

1.3.2. Myopathy (SRM3 and SRM4) 

Myopathy is any muscle disorder leading to improper function of muscle fibers. Myopathy 

is defined as a muscle pain, often occurring with muscle weakness, but unrelated to trauma 

or intense exercise, and with a CK elevation between 4 and 10 ULN. Symptoms and CK 

elevation are reversible after the treatment is stopped [123]. Myositis can be included in 

the myopathy, when inflammatory infiltrates are found in muscle biopsies. The frequency 

of myopathy ranges from 1 to 10%, [126] and the percentage can increase to 25 % of 

patients, with co-medication, intense exercise or higher doses of statins [46]. The frequency 

was reported up to 75% in the population of professional athletes with heterozygous familial 

hypercholesterolemia performing strenuous physical exercise such as marathon running 

[127]. Severe myopathy (SRM4) is a muscle pain and weakness unrelated to trauma with 

CK between 10 to 50 times superior to the ULN. This clinical presentation is rather low, and 

estimated at 0.1% [123]. 

 

1.3.3. Rhabdomyolysis (SRM5) 

Rhabdomyolysis is a massive muscle necrosis, leading to an acute renal failure due to 

muscle breakdown products, mainly myoglobin, released in the circulation, disseminated 

coagulation and ultimately, potentially to death [128]. Withdrawal of cerivastatin from the 

market in 2001 by the FDA was motivated by the incidence of rhabdomyolysis in patients 

using the statins in association with a fibrate therapy [15]. Rhabdomyolysis is the most 
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severe clinical presentation of SRM and is defined with a CK elevation superior to 10 times 

the ULN together with a renal impairment or a CK higher than 50 times the ULN.  

Approximately 60% of the cases of rhabdomyolysis reported were also with a co-

administration of CYP3A4 inhibitors and competitors [45], indicating the relevance and 

importance of active metabolites in the myopathy induction. The reported rhabdomyolysis 

incidence varies from 1:10’000 patients to 1:100’000 patients affected depending on reports 

[2,119]. 

 

1.3.4. SINAM (SRM6) 

Statin-induced necrotizing autoimmune myopathy (SINAM) is a rare form of myotoxicity 

associated to statin therapy, with an incidence of 1 patient on 100’000 [46]. It is 

characterized by a muscle weakness, a considerable elevation of CK levels and muscle 

fibers necrosis due to the production of autoantibodies against the HMG-CoA reductase 

[129]. Statins block the activity of this key enzyme of the cholesterol synthesis, but also 

stimulate its production. Regenerating myofibers express HMG-CoA reductase at the 

sarcolemma, what leads to cell destruction due to autoantibodies produced. SINAM is not 

reversible after the drug dechallenge. Patients medical care consist of immunosuppressant 

agents and the antibody titer is used as marker for the response to the therapy [129]. 

 

1.4. Pathophysiological mechanisms 

contributing to statin-induced myotoxicity  

Mechanisms leading to statin-induced myopathy are unclear to date. Statin-associated 

myopathies are dose-dependent and are tissue-specific, toward the skeletal muscle as 

cardiac muscle and smooth muscle are not affected [130,131].  

Conditions postulated for SRM are accumulation of statins in the skeletal muscle and 

muscle cells condition in regard to risk factors (genetics, age, gender, ethnicity) [113]. In 

addition, specific physico-chemical properties of statins favor their accumulation in 
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extrahepatic cells [132]. As an example, simvastatin and lovastatin that are lipophilic 

statins, can readily diffuse in non-hepatic cells and induce damage to myocytes. 

Besides genetic determinants and risk factors, several hypotheses and mechanisms 

related to the statin properties and intrinsic mode of action are suggested in the literature 

to explain the statin-induced adverse effects on the skeletal muscle.  

 

1.4.1. Inhibition of cholesterol and isoprenoid 

synthesis 

1.4.1.1. Mevalonate pathway description 

The cholesterol biosynthesis pathway (Figure 9), also called mevalonate pathway is an 

essential pathway for proper cell function, growth and survival, at the cross-section of many 

metabolic processes. Therefore, it is a target for the treatment of diseases such as 

cardiovascular diseases, cancer or hyperlipidemia [133]. The mevalonate pathway is the 

only pathway leading to the production of farnesyl pyrophosphate and geranyl 

pyrophosphate in eukaryotic cells. The activation or inhibition of mevalonate pathway 

enzymes is affected by hormones, growth factors or the intermediates themselves [134]. 

For instance, insulin activates the HMG-CoA reductase, thus stimulating cholesterol 

biosynthesis [135]. 

Reactions of the mevalonate pathway take place in the cytoplasm of cells. Acetyl-CoA from 

glycolysis and beta-oxidation, NADPH and ATP are utilized to form sterol (cholesterol) and 

non-sterol products (dolichols, farnesyl pyrophosphate, geranylgeranyl pyrophosphate) 

[136]. Three enzymatic steps are needed to form mevalonate from acetyl-CoA. The rate-

limiting step is the conversion of HMG-CoA to mevalonate by the HMG-CoA reductase. 

Later steps involve the formation of isopentenyl-5-pyrophosphate (IPP) and farnesyl 

pyrophosphate. Then the pathway branches, on one side for the synthesis of cholesterol, 

and on the other side for the formation of geranylgeranyl pyrophosphate, dolichol and 

ubiquinone [31,137].  
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Dolichol is needed for N-linked glycosylation of proteins in the endoplasmic reticulum. 

Ubiquinone is crucial for electron transfer in the mitochondria for the production of ATP. 

Cholesterol is needed for cell membranes fluidity, integrity of lipid rafts, steroid hormones, 

biliary acids and vitamins production [31].  

 
Figure 9: The cholesterol biosynthesis pathway and inhibitory drugs or conditions. Adapted 

from Thurnher et al., 2012 [138]. 

 

1.4.1.2. Inhibition of cholesterol synthesis in 

regard to statin-induced myotoxicity 

Reduced vitamin D synthesis is known to induce muscle weakness, pain and decreased 

muscle strength [139], which corresponds to symptoms patients experiment with statin 

therapy. Additionally, decreased cholesterol availability modifies cell membranes fluidity 

and lipid rafts integrity, rendering cells more sensitive to lysis [140]. 
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1.4.1.3. Inhibition of prenylation in myotoxicity 

induced by statins 

Isoprenoids formed in the mevalonate pathway are primordial for cellular signaling and 

homeostasis. A lack of these non-sterol intermediates can lead to cell death [141]. 

Isoprenylation is a post-translational addition of lipid adducts on proteins. Up to 2 % of 

cellular proteins are modified with the covalent attachment of 15-carbon farnesyl or 20-

carbon chain geranylgeranyl in a CAAX or non-CAAX motif in their C-terminus [142,143]. 

In eukaryotes, three enzymes catalyze the prenylation in the cytosol: the farnesyl 

transferase and the geranylgeranyl transferases type 1 and type 2 [143].  

Once prenylated, proteins shift from the cytosol to the cellular membranes to exert their 

function and signal transduction [144]. Defects in isoprenylation perturbs protein anchoring 

to membranes and induces a loss of activity [145,146].  

The main substrates for prenylation are small GTP-binding proteins, for example Ras, Rab, 

Rho proteins and nuclear lamins [147]. These protein families activate several signaling 

pathways, such as G-protein receptors and tyrosine kinases receptors pathways to name 

few.  

Two pathways important for cell growth, proliferation and survival, the PI3K/Akt and Ras-

Raf-MAPK pathways, are activated by Ras family [146]. Another example is the activation 

of RhoA after prenylation, to stimulate the PI3K/Akt/mTOR pathway [148]. 

Hence, reduced biosynthesis of isoprenoids intermediates is one of the mechanisms 

involved in the occurrence of statin-induced myopathy [148].  

Studies performed on neonatal rat muscle fibers treated with atorvastatin and pravastatin 

showed that small GTP-binding proteins expression was inhibited inducing disturbances of 

the myotubes morphology and protein synthesis [149]. 

Ras and Rap1 are involved in cellular proliferation and adhesion respectively [150]. In 

C2C12 cells, simvastatin impaired Ras and Rap1 prenylation, independently of cholesterol 
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and ubiquinone synthesis [151]. However, exposing myotubes to simvastatin and farnesol 

or geranylgeraniol reversed defects on these proteins maturation [151]. 

In other studies, it was demonstrated that geranylgeraniol could prevent cell death in 

C2C12 cells treated with statins and could maintain Rap1 prenylated fraction [152]. 

Johnson et al. showed in rat myotubes and in human skeletal muscle cells that statins 

induced cellular death due to lack of proteins geranylgeranylation [153]. Not only they 

confirmed that geranylgeranyl transferase inhibitors induced apoptosis in myotubes, but in 

their study, reduced cholesterol and ubiquinone synthesis was not affecting the cell death 

[153].  

 

1.4.2. Impairment of mitochondrial function and 

electron transport chain (ETC) 

For the majority of cells energy supply depends mainly on mitochondrial ATP production 

[154].  

Mevalonate pathway produces ubiquinone or coenzyme Q10, a key factor in the 

mitochondrial electron transport chain, that is also an antioxidant molecule and helps 

stabilizing membranes [155].  

Inhibition of the HMG-CoA reductase by statins reduced the biosynthesis of ubiquinone 

[156,157]. In myocytes treated with statins expression and localization of ubiquinone was 

impaired, leading to mitochondrial dysfunction, decreased ATP production and apoptosis 

[158]. Patients having a statin therapy have a reduced pool of coenzyme Q10 of 

approximately 40% in the serum [159] but the relationship to statin-induced myopathy is 

still unclear, as ubiquinone content in skeletal muscle appears to be sufficient for proper 

ETC function [160,161]. Statins impair the ETC function directly at different levels [162-

164]. For example, simvastatin inhibited complex I in the respiratory chain in rat and human 

skeletal muscles [131]. Furthermore, simvastatin has even been shown to decrease 

mitochondrial DNA content in skeletal muscle [165].  
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Regarding the occurrence of mitochondrial impairment in patients, Sirvent et al. have 

shown in muscles of patients treated with statins a defect in calcium homeostasis and a 

mitochondrial dysfunction, explaining myopathy observed [166].  

 

1.4.3. Apoptosis and atrophy 

Statins induce cell death in vitro and induce also apoptosis in human skeletal cell lines 

[167,168]. Apoptosis can arise due to mitochondrial damage, after release of cytochrome 

c or Akt pathway modulation. An increased Bax/Bcl-2 ratio and caspase-3 activation in 

glycolytic muscle of rats treated with atorvastatin has been reported, as well as increased 

caspases 3, 9 and PARP cleavage in C2C12 myotubes and gastrocnemius of mice treated 

with simvastatin [169,78].  

Atrophy is a mechanism leading to resorption and shrinkage of cell in size. During atrophy, 

there is a breakdown and wasting away of the tissue and apoptosis is observed 

concomitantly. In muscle, this process occurs after upregulation of E3 ubiquitin ligases and 

causes ultimately muscle wasting and loss of strength [170]. Statins upregulated the E3 

ligase MaFBx (or atrogin-1) expression in mouse myotubes and in zebrafishes, leading to 

myofibers atrophy [171,172].  

 

1.4.4. Oxidative stress 

Oxidative stress is the imbalance between reactive oxygen species (ROS) production and 

their handling by the antioxidant system. ROS are continuously produced in aerobic 

organisms. They are useful for cellular signaling when produced in the right amount 

[130,173], however, an increased ROS generation leads to several dameges to lipids, 

proteins and DNA, contributing to ROS-induced cell senescence and cell death [174]. 

Beyond effects on apoptosis, ROS modify and regulate transcription factors promoting 

elicitation of atrophy, such as FoXO transcription factors [175,176]. Mitochondrial ATP 

production induces a leak of electrons from complexes I and III. These electrons react with 

oxygen to form superoxide (O2
.-). Superoxide anion is converted to hydrogen peroxide 
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(H2O2) by the mitochondrial superoxide dismutase (SOD2). Hydrogen peroxide can diffuse 

out of the mitochondria, causing oxidative stress and redox imbalance in muscle cells [177]. 

It is reported that ROS are responsible for oxidative stress and cell death in human skeletal 

cells [178]. Additionally, a deeper insight of the implication of ROS in statin-induced 

myotoxicity has been proposed by Bouitbir et al. They demonstrated that glycolytic muscle 

of rats treated with atorvastatin displays an increased H2O2 production, which was 

prevented by an addition of the antioxidant agent quercetin [179].  

 

1.4.5. Akt/mTOR signaling pathway impairment 

Akt is a key kinase mastering the homeostasis between growth, survival and metabolism 

in the majority of the cells. Impaired Akt and upstream signal transduction, leading to 

atrophy, apoptosis and protein degradation have been reported with several statins and 

different cell lines [2]. Akt signaling has been detailed previously in the chapter 1.2.3. 

Data linking disturbed Akt signaling and myopathy have been provided in several studies. 

The first evidences were regarding the upregulation of E3 ubiquitin ligases with statins. As 

previously mentioned, Hanai et al. reported an increased atrogin-1 expression with 

lovastatin therapy in C2C12 cells, in zebrafish and in human muscle samples [172] and in 

like manner, Mallinson et al. showed that impaired Akt phosphorylation was linked to an 

upregulation of atrogin-1 and MuRF1 (another E3 ligase) in rats treated with simvastatin 

[180]. 

In addition, studies from our group identified that simvastatin impairs the Akt/mTOR 

pathway in C2C12 myotubes and in mice in vivo, which may be associated with myopathy. 

Mullen et al. demonstrated that reduced Akt phosphorylation was responsible for 

simvastatin-induced myopathy in C2C12 cells together with impaired mitochondrial 

respiration [164]. Complementarily, we showed that a decreased activity of the IGF-1 

receptor in C2C12 myotubes induced a decreased phosphorylation of Akt and downstream 

effectors S6 ribosomal protein and the factor 4E-BP1, reducing protein synthesis in the 

muscle cells [181,182]. 
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1.5. Insulin resistance and diabetes 

Type 2 diabetes is a metabolic disorder characterized by high blood sugar, peripheral 

insulin resistance and inadequate insulin production and secretion by beta cells [183]. It is 

a pathology occurring from chronic insulin resistance and beta cells death. Type 2 diabetes 

accounts for approximately 90% of diabetes cases and leads to long term complications: 

cardiovascular diseases, neuropathies, renal dysfunction, and infections [184]. Due to the 

shortened life expectancy of affected patients, costs, morbidities and mortalities, diabetes 

is nowadays a great concern worldwide. Indeed, it is expected that approximately 600 

millions people will develop diabetes mellitus by 2035 [185], urging the need for diabetes 

prevention and better care. 

Insulin resistance is a pathological state where insulin action is compromised in target 

tissues, failing to induce a proper physiological response, compared to the situation in 

subjects having a normal glucose tolerance [112,71,104], meaning an impaired peripheral 

clearance of sugar. Insulin resistance is not only a primary driver for the development of 

type 2 diabetes and of hyperglycemia, but also triggers a wide range of morbidity and 

mortality in humans [186]. 

Risk factors for insulin resistance development are obesity, a sedentary lifestyle, high 

triglycerides levels, low HDL-cholesterol and hypertension [187]. Clinical features are a 

hyperinsulinemia with a normal or high blood sugar [186].  

The diagnosis of insulin resistance is made with fasting insulin levels (higher than 175 

pmol/L) and can be measured using hyperinsulinemic euglycemic clamp, the homeostasis 

model assessment-insulin resistance (HOMA-IR) or the quantitative insulin sensitivity 

check index (QUICKI) tests [188]. 

Occurrence of insulin resistance can be observed at the whole organism level, due to an 

excessive production of other hormones regulating cellular metabolism, for example 

glucocorticoids and glucagon. However, this contribution does not account for the major 

part to insulin resistance [71].  
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Insulin resistance occurs mainly at the cell level in insulin sensitive tissues, and processes 

involved are an impaired insulin signaling, defects of the insulin receptor or impairments at 

the glucose transporters level [71,186].  

Genetic modifications gave several insights of the importance of insulin signal transduction 

maintenance for proper insulin sensitivity. As an example, mice lacking IRS-2, the first 

substrate of the insulin receptor, developed type 2 diabetes due to insulin resistance and 

decreased beta cells mass [183]. 

Insulin receptor is activated by phosphorylation of the tyrosine residues in the intracellular 

domains. Other modifications by phosphorylation can occur, for example phosphorylation 

of serine residues, that are inhibitory for the receptor and serve as feedback signals and 

could promote insulin resistance. Moreover, several tyrosine phosphatases have been 

found upregulated in insulin resistant states, and their genetic loss could improve insulin 

sensitivity in muscles [189]. 

Not only disturbed insulin signaling or defects of the receptor are culprits in the 

manifestation of insulin resistance, but also hyperglycemia, free fatty acids and 

inflammatory cytokines can provoke it [190-192,71]. 

 

1.5.1. Mechanisms of insulin resistance in the 

skeletal muscle 

As mentioned previously, a major role of insulin in the skeletal muscle is to promote glucose 

absorption and metabolism and skeletal muscle performs approximately 75% of the insulin-

stimulated glucose uptake in the body post-prandial situation [104]. Impaired insulin 

sensitivity in skeletal muscle is the initiating event in type 2 diabetes mellitus, and happens 

years before beta cells failure [104]. 

In the muscle tissue, defects of the insulin receptor, decreased propagation of insulin 

signal, or defects of glucose transporters expression (impaired expression, activity or 

translocation to the plasma membrane) or other glucose uptake intermediates are the 
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mechanisms reported in vitro, in mice and in diabetic patients. Consequences of the 

induced-insulin resistance are a reduced glucose absorption and metabolism, a decreased 

glycogen synthesis and an overall hyperglycemia [112,77,110,193,104].  

Proper activation and maintenance of the IR/PI3K/Akt pathway in the muscle is crucial for 

blood glucose homeostasis [194]. As a matter of fact, in insulin resistant subjects, insulin-

stimulated glucose absorption was strongly lowered in skeletal muscle [191]. 

Insulin receptor defects account for an important part in the development of insulin 

resistance. Mechanisms that were observed in mice models and in diabetic patients are a 

downregulation of the receptor, a lower affinity for insulin or a disturbed tyrosine kinase 

activity of the receptor due to hyperglycemia [110]. Moreover, an abnormal insulin secretion 

seen in insulin resistant patients can lead to the receptor downregulation and further 

promotes a decreased insulin sensitivity. Finally, mutations of the insulin receptor can lead 

not only to insulin resistance but also to other pathological conditions such as 

leprechaunism. In patients that developed type 2 diabetes, distinct polymorphisms were 

found associated to a lower receptor affinity and activity [110].  

Evidences for an impaired insulin signaling for the development of insulin resistance were 

shown by Shao et al. They showed that Akt phosphorylation at the serine 473 residue was 

decreased by 32% in diabetic mice skeletal muscle, inducing a decreased glucose uptake 

and induced insulin resistance [195].  

Impaired phosphorylation of IRS, the first substrate of the receptor for glucose metabolism 

in the skeletal muscle, can also be a mechanism promoting insulin resistance. Indeed, 

phosphorylation on distinct serine sites can downregulate the activity of this protein, 

impairing downstream signaling [110].  

Apart from defects mentioned upper, disturbed formation of glycogen is an important defect 

leading to insulin resistance in skeletal muscle [104]. Glycogen synthesis is stimulated 

through the glycogen synthase activation. In insulin resistant states, disturbances in 

glycogen synthesis are reported, from a reduced glucose transport into the cells [112].  
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For the impact of deregulation of the glucose transporters expression or translocation, it 

was shown that heterozygous knockout of GLUT4 mice suffered from insulin resistance 

and diabetes [110]. Accordingly, Atkinson et al. found out that expressing GLUT4 proteins 

in mice rendered insulin resistant through high-fat diet and obesity could moderately 

alleviate the decreased insulin sensitivity and hyperinsulinemia [196]. 

 

1.6. Statin-induced insulin resistance and 

new-onset diabetes 

Since a couple of years, new-onset diabetes mellitus has been reported as adverse event 

in patients under statins therapy [197,198]. This recent concern urged FDA to add 

additional warning labels to statin packaging regarding the increased type 2 diabetes risk 

[199]. 

The incidence of diabetes concomitant to statin therapy is estimated at up to 30% and 

relationships between statin administration and reduced insulin sensitivity and diabetes has 

been shown with several clinical trials [200,199]. The JUPITER trial recorded a significant 

increased on type 2 diabetes in patients without diabetes history that have received 

rosuvastatin [201]. Later a study done by Koh et al. demonstrated a decreased insulin 

sensitivity and a hyperglycemia in hypercholesteremic patients on different atorvastatin 

doses [202].  

The impairment of insulin sensitivity has been shown predominantly for lipophilic statins 

such as atorvastatin and simvastatin. Rosuvastatin was also found to be associated with 

this effect, probably due to its efficacy and because it is transporter with a greater affinity 

[32]. 

First, impaired insulin signaling together with defects of GLUT4 synthesis or translocation 

have been revealed as a link between statins and insulin resistance or new-onset diabetes. 

Insulin receptor signaling was inhibited in myocytes inducing inhibition of glucose 

absorption in the cells. As mentioned previously, insulin receptor signaling orchestrates 
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glucose uptake and glycogen formation into myocytes. Many studies have demonstrated 

the inhibition of the IR/Akt signaling with a statin treatment [203,204,181,182]. 

Especially, a decreased Akt phosphorylation have been in the center of this impairment. 

Our group and others have shown a decreased phosphorylation of Akt, more precisely, a 

decreased phosphorylation on the serine 473, indicating the role of mTORC2 in statin-

induced myopathy. Thus, one can hypothesize a probable role of mTORC2 in the 

pathogenesis of insulin resistance, as revealed by the work of Kleinert et al. with the 

evidence of mTORC2 importance in the regulation of glucose uptake in muscle [102,103].  

Another mechanism linking statins and insulin resistance and defects in glucose handling 

is related to GLUT4 expression and regulation. Yaluri et al. demonstrated a reduced protein 

expression of GLUT4 in L6 skeletal myotubes treated with simvastatin [205], effect that was 

not observed with pravastatin, highlighting a class effect, and in another study, Sun et al. 

showed that patho-mechanism induced by atorvastatin was an impaired translocation of 

the GLUT4 vesicles to the cell membrane [204]. 

By inhibiting cholesterol biosynthesis, statins impair isoprenylation of several proteins and 

GTPases, decreasing their activity. Several GTPases contribute to GLUT4 vesicles 

translocation to the cell membrane [206,107,207,208,106]. And lack of isoprenylation can 

also explain the statin-induced insulin resistance after insulin stimulation [144]. 

The active form of Rac1 was significantly reduced in simvastatin-treated myotubes, 

together with an impaired GLUT4 vesicles translocation to the cell surface and a decreased 

glucose uptake rate into the cells [203]. In contrast, co-treatment with mevalonate restored 

Rac1 activity [203]. 
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1.7. Aims  

1.7.1. Research gaps 

The IR/Akt/mTOR signaling is at the crossroad of a homeostatic glucose metabolism and 

muscle cells viability, and its inhibition can explain why statins can potentially induce insulin 

resistance and also muscle damage.  

However, exact mechanisms leading to these outcomes are to date not completely 

elucidated. Processes proposed to explain insulin resistance occurrence up to the present 

time do not fully recapitulate the impairments of the pathway from the receptor to 

downstream effectors and there are discrepancies among the data available in the 

literature. Moreover, pathological processes inducing both insulin resistance and skeletal 

muscle toxicity have not been studied yet. In addition, there are divergences in the 

outcomes of clinical trials or reports regarding the perturbed glucose metabolism induced 

by statins.  

Akt and the insulin receptor signaling were found to be inhibited in several cell models and 

also in vivo with statin therapy. Akt inhibition can explained several of the theories proposed 

to explain statin-induced muscle damage (apoptosis, atrophy, mitochondrial dysfunction). 

Nevertheless, the exact mechanism of Akt inhibition has not been elucidated yet and 

identifying the mechanisms of its inhibition could be a key, not only for the statin-induced 

toxicity mechanisms but also for the management of statin-induced myotoxicity.  

If factors such as insulin or isoprenoid products can influence or prevent statin-induced 

myotoxicity and occurrence of insulin resistance were not specifically studied. Last, if and 

how statins affect different muscle cell types or affect the differentiation of muscle precursor 

cells has not been systematically explored regarding different processes leading to cell 

death and how insulin and isoprenoids could relieve toxic effects. Additionally, if specific 

mechanisms intervene in precursor and mature cells has not been demonstrated to date.  
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1.7.2. Goals 

Considering the aforementioned gaps, the goals of my PhD work were to investigate the 

effects of insulin on simvastatin-induced myotoxicity and its effects on the insulin receptor 

signaling activation in C2C12 myotubes.  

As insulin resistance is reported as a side effect of statin therapy, the next goals were to 

describe simvastatin effects on glucose metabolism in mice skeletal muscle and to 

characterize the mechanisms leading to insulin resistance using C2C12 myotubes, 

focusing mainly on the insulin receptor signaling and the glucose uptake machinery.  

In order to form mature myofibers, precursor cells need to be activated, proliferate, fuse 

and differentiate. We aimed to study how the differentiation is affected and how these two 

cells populations react to simvastatin, if insulin and isoprenoids can prevent the toxicity, in 

order to expand our knowledge about the processes leading to cellular damage in 

myoblasts and myotubes. 

Finally, still in the context of the IR/Akt/mTOR signal transduction, we aimed to investigate 

the involvement of each mTOR complex in simvastatin-induced myotoxicity, and 

particularly, to find out the exact mechanisms leading to Akt inhibition in C2C12 skeletal 

muscle cells.  
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Results 
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Abstract 

Statins reduce cardiovascular complications in patients with high LDL-cholesterol but 

are associated with myopathy. We compared the toxicity of simvastatin of C2C12 

myoblasts and myotubes. Since myoblasts can proliferate and fuse to myotubes, 

myoblasts can be considered as satellite cells and myotubes as mature muscle fibers. 

Simvastatin increased plasma membrane permeability and decreased the cellular 

ATP content in both myoblasts and myotubes, but with a stronger effect on myoblasts. 

While insulin prevented cytotoxicity up to 8 hours after addition of simvastatin to 

myotubes, prevention in myoblasts required simultaneous addition. Mevalonate and 

geranylgeraniol prevented simvastatin-associated cytotoxicity in both myoblasts and 

myotubes. Simvastatin impaired the phosphorylation of the insulin receptor (IR β), Akt 

ser473 and S6rp, and increased phosphorylation of AMPK thr172 in both myotubes 

and myoblasts, which was prevented by insulin and mevalonate. Simvastatin impaired 

oxygen consumption and increased superoxide production by myoblasts and 

myotubes and induced apoptosis via cytochrome c release. In addition, simvastatin 

impaired proliferation and fusion of myoblasts to myotubes by inhibiting the expression 

of the nuclear transcription factor MyoD and of the metalloprotease ADAM-12. 

Decreased expression of the proliferation factor Ki-67 and of ADAM-12 were also 

observed in gastrocnemius of mice treated with simvastatin. In conclusion, myoblasts 

were more susceptible to the toxic effects of simvastatin and simvastatin impaired 

myoblast proliferation and myotube formation. Impaired muscle regeneration may 

represent a new mechanism of statin myotoxicity. 

 

Key words: simvastatin; myotoxicity; insulin signaling; mevalonate; C2C12 myoblast 

proliferation; muscle regeneration 
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1. Introduction 

Statins are drugs used to reduce serum LDL-cholesterol concentrations. Their 

pharmacological effect is confined to the liver, where they inhibit HMG-CoA reductase, 

a key enzyme in the mevalonate pathway. Inhibition of HMG-CoA reductase impairs 

the biosynthesis of cholesterol and of different non-sterol intermediates such as 

dolichol, farnesyl and ubiquinone and thereby increases the expression of LDL 

receptors on the surface of hepatocytes (Bouitbir, Sanvee et al. 2020). In patients with 

increased LDL-cholesterol plasma concentrations, statins reduce mortality and 

morbidity caused by cardiovascular diseases (Fulcher, O'Connell et al. 2015). Statins 

are generally well tolerated with only few adverse reactions. A frequently observed 

adverse reaction is myopathy, ranging from myalgia with or without elevation of serum 

creatine kinase activity to rhabdomyolysis (Armitage 2007, Bouitbir, Sanvee et al. 

2020). Depending on the definitions used, myopathy affects up to 30% of patients in 

a dose-dependent fashion (Alfirevic, Neely et al. 2014, Norata, Tibolla et al. 2014). 

Skeletal muscle accounts for approximately 40% of body weight and is important for 

a variety of processes such as generation of force and heat, locomotion and energy 

metabolism (Frontera and Ochala 2015). Myogenesis is a tightly regulated process, 

eventually leading to the formation of new muscle fibers. In this process, stem cells 

(so called satellite cells) are activated to mononucleated precursor cells or myoblasts, 

which proliferate in the presence of myogenic factors involved in gene regulation and 

eventually fuse to form multinucleated myotubes that can further differentiate into 

functional myofibers (Zammit 2017). Myogenic regulatory factors (MRFs) are for 

instance MyoD, MRF4, Myf5 and myogenin; they regulate myogenesis (Megeney and 

Rudnicki 1995, Hernandez-Hernandez, Garcia-Gonzalez et al. 2017, Zammit 2017) 

by controlling the synthesis of important muscle proteins such as actin, troponin and 
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myosin heavy chains (Burattini, Ferri et al. 2004). In the postnatal skeletal muscle 

tissue, satellite cells are located in the periphery of muscle fibers, between the 

sarcolemma and the basement membrane, and can be activated, proliferate and fuse 

to replace myotubes in order to maintain muscle mass after muscle injury. Defects in 

these processes can lead to several musculoskeletal disorders (Chal and Pourquie 

2017). 

C2C12 cells are considered as a good model to study skeletal muscle development 

(Maglara, Vasilaki et al. 2003, Burattini, Ferri et al. 2004). They derive from the C3H 

murine cell line and represent immortalized myoblasts, similar to quiescent satellite 

cells in myofibers (Yaffe and Saxel 1977, Burattini, Ferri et al. 2004). Upon serum 

withdrawal, C2C12 myoblasts can differentiate to plurinucleated myotubes that are 

precursors of mature myofibers (Berendse, Grounds et al. 2003). During the 

differentiation from myoblasts to myotubes, expression of myogenin and myosin heavy 

chain (MHC) increase. Additionally, C2C12 myotubes contain sarcomeres and are 

able to contract and generate force (McMahon, Anderson et al. 1994). 

The processes leading to statin-associated muscle symptoms are currently not fully 

elucidated. Statins have been reported to impair mitochondrial function, increase 

reactive oxygen species (ROS) production and deplete mitochondrial ATP synthesis 

in several in vitro models as well as in vivo in animals and in humans (Bouitbir, Sanvee 

et al. 2020). Defects in prenylation due to inhibition of the mevalonate pathway by 

statins have been linked to impaired function of several small G proteins and increased 

apoptosis of myocytes (Bouitbir, Sanvee et al. 2020). Since heavy exercise is a risk 

factor for statin-associated myopathy (Sinzinger and O'Grady 2004), we hypothesized 

that impairment of muscle regeneration could at least partially explain statin-

associated muscle symptoms. Statins could be more toxic for the immature satellite 
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cells than for the mature muscle fibers and statins could also inhibit satellite cell 

proliferation and fusion. To test this hypothesis, we studied the toxicity of simvastatin 

on C2C12 myoblasts and myotubes and characterized the effect of simvastatin on 

different stages of myogenesis in the C2C12 cell model and in mice treated with 

simvastatin. 

 

 

2. Materials and Methods 

2.1. Chemicals 

Simvastatin lactone (Sigma-Aldrich, St-Louis, USA) was converted to the active acid 

form by hydrolysis (Bogman, Peyer et al. 2001). Stock solutions were obtained after 

dilution in DMSO (Sigma-Aldrich, USA) and stored at -20°C. Human insulin was 

purchased from Sigma-Aldrich, stored at 4°C and stock solutions were prepared in 

medium. Mevalonolactone (Sigma-Aldrich, USA) was diluted in water and stocks were 

stored at -20°C. Dolichol C100 was purchased from ARC (American Radiolabeled 

Chemicals, USA) and stock solutions were prepared in chloroform:methanol (2:1). 

Geranylgeraniol was purchased from Sigma-Aldrich and stock solutions were 

prepared in ethanol.  

 

2.2. Animals 

Male C57BL/6J mice (n=20, age 16-18 weeks) were acclimatized one week prior to 

the start of the study and housed in a standard facility with 12h light-dark cycles and 

controlled temperature (21–22 °C). The mice were fed a standard pellet chow and 

water ad libitum. Experiments were accepted by the cantonal veterinary authority of 

Basel, Switzerland (License 2847) and were performed conform to the guidelines from 
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Directive 2010/63/EU of the European Parliament on the protection of animals used 

for scientific purposes. 

 

2.3. Study design and simvastatin administration to mice 

Mice were randomly divided into two groups (n=10 per group) after one week of 

acclimatization. Group (1) was treated with water for 21 days and group (2) with 

simvastatin 5 mg/kg/day for 21 days (n=10). This dose corresponds to 20 to 40 mg 

simvastatin per day in humans and was chosen according to our previous study 

(Bonifacio, Sanvee et al. 2015). Simvastatin was dissolved in water and the animals 

were treated once daily by oral gavage. Food and water consumption and changes in 

body weight were recorded every day. 

 

2.4. Sample collection 

After treatment for 21 days, mice were anesthetized with an intraperitoneal injection 

of ketamine (100 mg/kg) and xylazine (10 mg/kg) (Sigma-Aldrich, USA). Tissues were 

collected immediately after reaching anesthesia, weighed, and muscle samples were 

quickly frozen in isopentane cooled by liquid nitrogen and stored at -80°C for later 

analysis.  

 

2.5. Cell line and maintenance 

C2C12 myoblasts (American Type Culture Collection, USA) were kindly provided by 

Novartis (Basel, Switzerland). Cells were cultured in Dulbecco’s Modified Eagle 

Medium – GlutaMAX supplemented with 10% fetal bovine serum (FBS) and 1% 

HEPES (Gibco, UK). Cells were maintained at 37°C in a humidified 5% CO2 cell 

culture incubator. Cells were passaged using trypsin upon reaching approximately 
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60% confluence and seeded in appropriate well plates prior differentiation into 

myotubes.  

To obtain myotubes, three days after seeding, medium was replaced by differentiation 

medium (DM) containing DMEM-Glutamax and 1% HEPES supplemented with 2% 

horse serum (Gibco, UK) and 0.03 % insulin (stock: 10 mg/mL). Three days later, 

medium was changed for differentiation medium without insulin. Myotubes were then 

treated for 24 hours with compounds of interest in serum-free differentiation medium. 

 

2.6. Membrane toxicity and cellular ATP content 

For membrane integrity assessment, cells (5’000 cells/well) were seeded in a 96-well 

plate and treated for 24 hours with compounds of interest. Membrane toxicity was 

determined using the ToxiLightTM (Lonza, Basel, Switzerland) assay.(Felser, Blum et 

al. 2013) For rescue experiments, cells were first exposed to 10 μM simvastatin for 3, 

6, 8, 12 hours prior addition of 10 or 100 ng/mL insulin. To determine metabolic activity 

of cells, we quantified intracellular ATP using the CellTiterGlo Luminescent cell 

viability assay (Promega, Switzerland), in accordance with the manufacturer’s 

instructions. 0.1 % DMSO was used as negative control, and 1% Triton-X 100 was 

used as positive control for toxicity assays. Luminescence was measured with a Tecan 

M200 Pro Infinity plate reader (Männerdorf, Switzerland). 

 

2.7. Western blots 

Western blots were prepared as previously described (Sanvee, Panajatovic et al. 

2019). Briefly, cells were grown and differentiated on 6-well culture plates and treated 

with the test compounds for 24 hours. After treatment, they were lysed in Phosphosafe 

buffer (EMD Millipore, USA) for 5 minutes on ice. Cell lysates were centrifuged at 1’600 
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g for 10 minutes at 4°C. The cell supernatants were then collected, and protein 

contents were determined using the BCA Protein Assay kit (Pierce, Thermo Scientific, 

USA). After dilution with lithium dodecyl sulfate sample buffer (Invitrogen, Switzerland) 

and heating at 93°C for 5 minutes, proteins were resolved on NuPAGETM 4-12% Bis-

Tris polyacrylamide gels (Invitrogen, Switzerland) at 140 volts. Gels were then 

transferred to polyvinylidendifluoride membranes (Bio-Rad Laboratories, USA). 

Membranes were incubated for 1 h in 5% nonfat dry milk in PBS containing 0.1% 

Tween-20 (Sigma-Aldrich, USA) blocking solution. Then, membranes were incubated 

overnight with the following primary antibodies diluted 1:1000 in the blocking solution: 

phospho-insulin receptor β (Tyr1361) (ab60946; Abcam, UK), insulin receptor β (3025; 

Cell Signaling Technology, USA), phospho-Akt (Ser473), Akt (4060 and 2920; Cell 

Signaling Technology, USA), phospho-AMPK alpha (Thr172), AMPK alpha (2535 and 

2532; Cell Signaling Technology, USA), phospho-S6 ribosomal protein (Ser235/236), 

S6 ribosomal protein (4858 and 2217; Cell Signaling Technology, USA), SOD2 

(ab74231; Abcam, UK), Myosin Heavy Chain (MHC) (05-716; Millipore, USA), cleaved 

and pro-caspase-3 (9662; Cell Signaling Technology, USA), cytochrome c (ab133504; 

Abcam, UK). GAPDH (ab8245; Abcam, UK) was diluted 1:6000. Secondary antibodies 

(Santa Cruz Biotechnologies, USA) were used for 1 h diluted 1:2000 in the blocking 

solution. Membranes were then washed, and protein bands were developed using the 

ClarityTM Western ECL Substrate (Bio-Rad Laboratories, USA). Protein expression 

was quantified using the Fusion Pulse TS device from Vilber Lourmat (Oberschwaben, 

Germany). Equal loading of the samples was checked using the quantity of 

housekeeping gene GAPDH. 

 

2.8. Cellular oxygen consumption 
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For cellular respiration measurement, C2C12 were seeded in growth medium in 

Seahorse XF 24-well culture plates coated with Poly-D-Lysine (Sigma-Aldrich, USA) 

at 25’000 cells per well. They were allowed to attach overnight or to differentiate to 

myotubes and were treated for 24 hours with the drugs. Respiration was determined 

in live cells using a Seahorse XF24 analyzer (Seahorse Biosciences, North Billerica, 

MA, United States) as described before.(Felser, Blum et al. 2013) Cells were 

incubated in unbuffered DMEM medium (4 mM L-glutamate, 1 mM pyruvate, 1 g/L 

glucose, 63.3 mM sodium chloride, pH 7.4) and kept in a CO2-free incubator at 37°C 

for at least 40 minutes for equilibrating. Then the plate was transferred to the analyzer. 

Basal oxygen consumption rate (OCR) was determined in the presence of 

glutamate/pyruvate (4 and 1 mM, respectively). Then 1 µM oligomycin was injected to 

determine the oxidative leak (inhibition of ATP-linked respiration). Afterwards, 1 µM 

FCCP was used to stimulate maximally the mitochondrial respiration and then 1 µM 

rotenone was used to determine the non-mitochondrial respiration (complex I 

inhibitor). The non-mitochondrial respiration was subtracted from the basal, oxidative 

leak and maximum respiration. After analysis, protein content in each well was 

determined after removing the supernatant using sulforhodamine B and absorbance 

was measured at 490 nm using a Tecan M200 Pro Infinity plate reader (Männerdorf, 

Switzerland).  

 

2.9. Mitochondrial superoxide production 

Generation of mitochondrial reactive oxygen species was determined using MitoSOX 

Red (Invitrogen, Basel, Switzerland). C2C12 cells were seeded in black costar 96-well 

plates at 5’000 cells per well. They were treated for 24 hours with simvastatin, insulin 

and/or mevalonate. 100 µM Antimycin A was used for 1 hour as positive control. After 
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treatment, medium was removed from the cells and replaced by a 2.5 µM MitoSOX 

solution in Dulbecco's phosphate-buffered saline (DPBS) for 10 minutes in the dark. 

Fluorescence was measured afterwards at 510 nm emission and 580 nm excitation 

using a Tecan M200 Pro Infinity plate reader (Männerdorf, Switzerland). Signal was 

calculated related to protein content.  

 

2.10. MTT assay (cell proliferation) 

Cell proliferation was assessed using the ability of the cells to convert 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to water-insoluble purple 

formazan. MTT (Sigma-Aldrich, USA) was dissolved in DPBS to 5 mg/mL, pH 7.4. The 

solution was filter-sterilized and kept at 4°C protected from light. Cells were seeded at 

5’000 cells per well in 96-well culture plates and were incubated with medium 

containing test compounds 6 hours after seeding, once attached. Two sets of 

proliferating myoblasts were obtained one day and 2 days after seeding. Fused 

myoblasts were obtained 3 days after seeding. Cells were treated for 24 hours with 

the test compounds. Afterwards, 10 µL MTT solution was added per well in growth 

medium (to a final concentration of 0.45 mg/mL) for 4 hours at 37°C. Formazan 

precipitates formed were dissolved using 100 µL Solubilization solution (16% sodium 

dodecyl sulfate dissolved in 40% dimethylformamide in 2% glacial acetic acid, pH 4.7) 

and absorbance was recorded at 570 nm using a Tecan M200 Pro Infinity plate reader 

(Männedorf, Switzerland). 

 

2.11. Real-time PCR 

RNA extraction from myoblasts and mice skeletal muscle was performed using the 

Qiagen RNeasy mini extraction kit (Qiagen, Switzerland) according to the 
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manufacturer’s instructions. The RNA concentration and purity of each mRNA sample 

was determined with the NanoDrop 2000 (Thermo Scientific, Switzerland). cDNA was 

then obtained from 1 μg RNA using the Qiagen omniscript system (Qiagen, 

Switzerland). The amplification reactions were performed using SYBR green (Roche 

Diagnostics, Switzerland) and specific forward and reverse primers. 

The following primers were used: Ki-67 forward 5’ – GCCATAACCCGAAAGAGCAG 

-3’ and reverse 5’- CCAGTTTACGCTTTGCAGGT -3’; MyoD forward 5’- 

TTGAGAGATCGACTGCAGCA -3’ and reverse 5’- ACTTCTGCTCTTCCCTTCCC -3’; 

ADAM12 forward 5’- AATTAACAGCCCTCCCGTCA -3’ and reverse 5’- 

TAGACGAAGCCCTGCAGAAA -3’; GAPDH forward 5’-

CATGGCCTTCCGTGTTCCTA-3’ and reverse 5’-CCTGCTTCACCACCTTCTTGA-3’. 

Real time PCR was performed using the ViiA7 software (Life Technologies, 

Switzerland) on an ABI PRISM 7700 sequence detector (PE Biosystems, 

Switzerland). The ΔΔCt method was used to determine relative gene expression levels 

and the values were normalized to the housekeeping gene (GAPDH). 

 

2.12. Cytosolic cytochrome c quantification 

Cytochrome c present in the cytosol was quantified using the Mitochondria/Cytosol 

Fractionation Kit (ab65320, Abcam, UK). Cells were seeded in T-75 culture flask and 

treated with test compounds for 24 hours prior fractionation. Mitochondrial and 

cytosolic fractions were collected according to manufacturer’s instructions and 

cytochrome c content in the cytosol was determined by western blotting (cytochrome 

c [ab133504; Abcam, UK]). GAPDH quantification was used for the cytosolic 

compartment specificity.  
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2.13. Statistical analysis 

Results are presented as mean ± SEM. All data were analyzed by unpaired Student’s 

t test (comparison of two groups) or one-way ANOVA with Newman-Keuls’s post-hoc 

test (comparison of multiple groups) with GraphPad Prism 7 (GraphPad Software, La 

Jolla, CA, US). Significance was determined as p< 0.05. 

 

 

3. Results 

3.1. Simvastatin-induced cytotoxicity was more accentuated in C2C12 myoblasts 

compared to myotubes and geranylgeraniol prevented simvastatin-induced 

cytotoxicity in both cell models. 

To assess membrane toxicity of simvastatin in myoblasts and myotubes, we 

determined the release of adenylate kinase (AK) in the medium in both cell types 

exposed for 24 hours. Simvastatin was toxic for both myoblasts and myotubes, but the 

effect on myoblasts was stronger (Fig.1A). The insulin receptor pathway is essential 

for muscle cell growth, survival and metabolism (Bonifacio, Sanvee et al. 2015, 

Carnagarin, Dharmarajan et al. 2015). We have shown previously that insulin can 

prevent the decrease in cell viability of C2C12 myotubes treated with simvastatin 

(Sanvee, Bouitbir et al. 2019). Here, we studied the effect of insulin on myotubes and 

myoblasts exposed to simvastatin. Insulin alone did not induce membrane toxicity in 

either cell type. At a physiological concentration (10 ng/mL), insulin attenuated 

simvastatin-associated toxicity on myotubes, but not on myoblasts. At a 

supraphysiological concentration (100 ng/mL), insulin attenuated the simvastatin-

associated toxicity on myoblasts and completely prevented the toxicity on myotubes. 

Similar effects were observed when the decrease in the cellular ATP pool, a marker 
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of metabolic activity, was analyzed in both cell models after treatment with simvastatin 

and/or insulin. As shown in Fig. 1B, simvastatin significantly depleted ATP in 

myoblasts and myotubes. At a physiological concentration, insulin prevented this 

depletion in myotubes, while only the supraphysiological insulin concentration 

prevented this effect also in myoblasts (Fig.1B). 

To further investigate the difference in susceptibility to simvastatin of myoblasts and 

myotubes, we added insulin certain periods of time after exposure to simvastatin. In 

myoblasts, insulin did not prevent cytotoxicity if added after exposure to simvastatin. 

In contrast, in myotubes, insulin prevented cytotoxicity up to 8 h after exposure to 

simvastatin (data not shown). 

HMG-CoA reductase inhibitors not only impair the biosynthesis of cholesterol, but also 

the biosynthesis of mevalonate and of other isoprenoids, which are important for 

several cellular functions and signaling (Alizadeh, Zeki et al. 2017). We treated 

myotubes and myoblasts with simvastatin alone and/or mevalonate, dolichol and 

geranylgeraniol to investigate if replenishment of mevalonate pathway metabolites 

could alleviate simvastatin-induced toxicity. In addition to adenylate kinase release in 

the medium, the cellular ATP pool was also assessed. Overall, toxic effects of 

simvastatin were higher in C2C12 myoblasts. Myoblasts exposed to 10 µM simvastatin 

showed a 4.5-fold increase in membrane toxicity and a significant decrease in the 

cellular ATP content (Fig.1C). Mevalonate alone did not affect membrane integrity in 

myoblasts and significantly reduced the toxicity of simvastatin in a concentration-

dependent manner (Fig.1C). Dolichol failed to prevent simvastatin-induced AK release 

and ATP depletion in the co-treatment setting. In contrast, geranylgeraniol (10 and 50 

µM) completely prevented simvastatin-associated membrane toxicity when applied 

together with simvastatin (Fig.1C) and also maintained ATP levels in myoblasts 
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(Fig.1C). In myotubes, the same toxicity pattern was observed (Fig.1D). However, 

compared to myoblasts, the toxicity associated with simvastatin was less strong and 

mevalonate in the two concentrations used could not prevent the adenylate kinase 

release upon simvastatin treatment (Fig.1D). 

 

3.2. Simvastatin inhibited cellular respiration in C2C12 myoblasts whereas myotubes 

were less sensitive to simvastatin. 

As described in Fig.1B to D, simvastatin decreased the ATP content in C2C12 

myoblasts and myotubes, which was compatible with impaired function of the 

mitochondrial respiratory chain. We therefore analyzed mitochondrial oxidative 

metabolism in C2C12 myoblasts and myotubes using the SeahorseXF24 analyzer. In 

C2C12 myoblasts (shown in Fig. 2A), simvastatin impaired basal, leak and maximal 

oxygen consumption. Insulin slightly increased basal but did not affect leak or maximal 

oxygen consumption. The addition of insulin to simvastatin did not prevent the toxic 

effect of simvastatin, whereas the addition of mevalonate was partially preventive. In 

C2C12 myotubes (shown in Fig. 2B), simvastatin decreased basal, leak and maximal 

respiration, but less than in myoblasts. Insulin alone slightly stimulated basal oxygen 

consumption and prevented the toxicity of simvastatin completely. Mevalonate also 

prevented the inhibition of oxygen consumption by simvastatin completely. 

 

3.3. Simvastatin increased mitochondrial superoxide production in C2C12 myoblasts 

and stimulated SOD2 expression in myoblasts and myotubes 

Impairment of the mitochondrial respiration chain can increase the production of 

reactive oxygen species (ROS). We quantified the production of superoxide anion in 

C2C12 muscle cells treated with simvastatin, insulin and/or mevalonate for 24 hours 
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using MitoSOX red, a cationic agent transported into the mitochondrial matrix that can 

be oxidized by superoxide. Incubation with 100 µM antimycin A for 1 h was used as a 

positive control. In myoblasts, simvastatin strongly stimulated mitochondrial 

superoxide production and insulin could not prevent this effect (Fig.3A). In contrast, 

mevalonate could at least partially prevent mitochondrial simvastatin-induced 

mitochondrial superoxide accumulation (Fig.3A). In myotubes, on the other hand, 

simvastatin led to an only slight (non-significant) increase of superoxide accumulation 

(Fig. 3A). Insulin and mevalonate did not affect superoxide production in the absence 

or presence of simvastatin (Fig.3A).  

We evaluated the antioxidant capacities in each type of cells with the quantification of 

superoxide dismutase 2 (SOD2) expression, as SOD2 degrades superoxide anions in 

the mitochondrial matrix. We not only found that myotubes have a higher basal 

expression of SOD2 compared to myoblasts (Fig.3B and C), but also that treatment 

with simvastatin stimulated the SOD2 expression in both cell types (Fig.3B and C).  

 

3.4. The IR/Akt signaling was similarly impaired in myoblasts and myotubes treated 

with simvastatin and insulin was more effective in preventing this toxicity than 

mevalonate. 

We have previously demonstrated in C2C12 myotubes and in mice that inhibition of 

the IR/Akt/mTOR pathway by simvastatin is an important mechanism of statin-induced 

myotoxicity (Mullen, Zahno et al. 2011, Bonifacio, Sanvee et al. 2015, Bouitbir, Singh 

et al. 2016, Bonifacio, Sanvee et al. 2017). However, it is unknown whether this 

inhibition occurs also in C2C12 myoblasts. To investigate IR/Akt signaling, we treated 

myoblasts and myotubes for 24 hours with 10 µM simvastatin with or without addition 

of insulin (10 or 100 ng/mL) or mevalonate (10 or 50 µM) and performed western blots 
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for phosphorylated and total forms of key factors of this pathway. We observed that 

the phosphorylation of the insulin receptor β, Akt Ser473 and ribosomal protein S6 

(S6rp) dropped when myoblasts or myotubes were treated with simvastatin (Fig.4A 

and B). Insulin alone stimulated the phosphorylation of these proteins in both 

myoblasts and myotubes. In combination with simvastatin, insulin prevented the drop 

associated with simvastatin for Akt Ser473 and S6rp and partially also for the IR β in 

both myotubes and myoblasts (Fig.4A and B). In the presence of mevalonate, 

phosphorylation was maintained for the IR β, Akt Ser473 and S6rp in myoblasts and 

myotubes. In the presence of simvastatin, mevalonate was not able to prevent 

impaired phosphorylation of the IR β in myotubes and myoblasts and of S6rp in 

myotubes but could partially prevent impaired phosphorylation of Akt Ser473 in 

myotubes and myoblasts and of S6rp in myoblasts (Fig.4A and B). Remarkably, 

simvastatin and mevalonate increased the synthesis of the total IR β in both cell types 

(Fig.4A and B) (Sanvee, Bouitbir et al. 2019). In contrast to the reduced 

phosphorylation observed for the previously mentioned proteins, phosphorylation of 

AMPK alpha was stimulated by simvastatin in both myotubes and myoblasts (Fig.4A 

and B). Insulin did not significantly affect the phosphorylation of AMPK alpha in 

myotubes and myoblasts irrespective of the presence of simvastatin. Mevalonate had 

no effect on the phosphorylation of AMPK alpha in myoblasts but impaired AMPK 

phosphorylation in myotubes. 

 

3.5. Mevalonate prevented the impairment of myoblast proliferation by simvastatin. 

In skeletal muscle, progenitor cells need to proliferate and fuse to form mature 

myofibers. Satellite cells are a subpopulation of muscle cells needed for muscle 

regeneration in case of injury (McCroskery, Thomas et al. 2003, Burattini, Ferri et al. 
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2004, Chal and Pourquie 2017). Clinical observations in patients treated with statins 

are compatible with the hypothesis that statins could inhibit skeletal muscle 

regeneration. We therefore wondered whether simvastatin could impair proliferation 

of myoblasts. We used the MTT assay as a readout of cellular proliferation in 

myoblasts differentiating to myotubes. Simvastatin significantly decreased the 

proliferation of myoblasts at day one and two post-seeding, while this effect was lost 

as soon the cells were confluent at day three post-seeding (Fig.5A). Insulin and 

mevalonate did not impair the proliferation of myoblasts and mevalonate was able to 

prevent the impairment of proliferation by simvastatin at day one and day two post-

seeding (Fig.5A). 

To confirm impaired proliferation of myoblasts in the presence of simvastatin, we 

quantified mRNA expression of Ki-67, a marker of cell proliferation, in myoblasts 

treated with simvastatin for 24 hours and in gastrocnemius of mice treated for 21 days 

with simvastatin. In accordance with the results of the proliferation assay, we observed 

a strong repression of Ki-67 mRNA expression with simvastatin in myoblasts (Fig.5B) 

and mouse skeletal muscle (Fig.5C). In C2C12 myoblasts, we observed no change of 

Ki-67 mRNA expression in the presence of insulin or mevalonate alone (Fig.5B). While 

insulin did not prevent the impairment of Ki-67 mRNA expression by simvastatin, co-

treatment with mevalonate prevented this decrease completely (Fig.5B). These results 

suggested that simvastatin impairs the proliferation of C2C12 myoblasts and of 

satellite cells in mouse skeletal muscle and that intermediates of the cholesterol 

synthesis pathway are important for C2C12 myoblast proliferation. 

 

3.6. Simvastatin repressed regeneration factors expression in C2C12 myoblasts and 

mouse skeletal muscle. 
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Next, we investigated whether markers of cell differentiation and fusion to myotubes 

were affected in C2C12 myoblasts or mice were treated with simvastatin. For that, we 

measured the mRNA expression of MyoD and ADAM12, which are markers of 

differentiation and fusion, respectively (Yagami-Hiromasa, Sato et al. 1995, Galliano, 

Huet et al. 2000, Cao, Zhao et al. 2003, Berkes and Tapscott 2005). Simvastatin (10 

µM) significantly reduced MyoD and more severely ADAM-12 gene expression in cells 

(Fig.6A and B). Co-treatment with insulin failed to prevent this effect in C2C12 

myoblasts (Fig.6A and B), whereas addition of mevalonate maintained the mRNA 

expression of MyoD and ADAM-12 in the presence of simvastatin (Fig.6A and B). 

Similarly, simvastatin significantly repressed the expression of ADAM-12 in mice 

gastrocnemius (Fig.6D), whereas no such effect was observed for MyoD mRNA 

expression (Fig.6C). 

 

3.7. Insulin and mevalonate prevented apoptotic cascade activation in C2C12 

myotubes, but not in myoblasts. 

We showed that simvastatin decreased the viability of myotubes and myoblasts (Fig.1) 

and caused mitochondrial dysfunction in myoblasts (Figs. 2 and 3). To investigate the 

mechanism of cell death caused by simvastatin, we studied markers of apoptosis in 

the two cell models. After 24 hours of treatment with simvastatin, there was a 

significant release of cytochrome c from the mitochondria into the cytosol in myoblasts 

and in myotubes (Fig.7A and B). In myoblasts, this increase was attenuated, but not 

completely prevented, by co-treatment with insulin or mevalonate in myoblasts 

(Fig.7A). In myotubes, the simvastatin-induced increase in cytosolic cytochrome c was 

completely prevented by co-treatment with mevalonate and partially by insulin 

(Fig.7B). 
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Next, we evaluated the activation of the apoptotic cascade by assessing the formation 

of the cleaved form of pro caspase-3. In myoblasts, simvastatin, whether applied alone 

or together with insulin or mevalonate, significantly stimulated the cleavage of 

caspase-3 (Fig.7C). In myotubes, caspase-3 activation was also significantly 

increased by simvastatin (Fig.7D). In this cell model, insulin and mevalonate were able 

to prevent almost completely caspase-3 activation by simvastatin (Fig.7D). 

 

 

4. Discussion 

The current study shows that simvastatin is more toxic on myoblasts than myotubes 

and that simvastatin inhibits the proliferation of myoblasts and their fusion to 

myotubes. 

As described already in previous publications, simvastatin was cytotoxic for myotubes 

and this toxicity could be prevented by insulin up to 8 hours after the addition of 

simvastatin (Bonifacio, Sanvee et al. 2015, Bonifacio, Sanvee et al. 2017, Sanvee, 

Bouitbir et al. 2019). Regarding AK release and cellular ATP content, the two markers 

of cytotoxicity investigated, cytotoxicity of simvastatin was more accentuated for 

myoblasts than myotubes. A striking difference between the susceptibility of myoblasts 

and myotubes was for instance the finding that insulin was not able to prevent 

simvastatin-associated cytotoxicity in myoblasts if administered after the addition of 

simvastatin. 

As suggested by the observed decrease in the cellular ATP content and the reduced 

oxygen consumption in the presence of glutamate and pyruvate, simvastatin impaired 

the function of the mitochondrial electron transport chain. Mitochondrial dysfunction 

associated with statins has been reported previously and is considered to be an 



 

 - 77 - 

important reason for statin-associated myotoxicity (Kaufmann, Torok et al. 2006, 

Sirvent, Mercier et al. 2008, Bouitbir, Charles et al. 2011, Schirris, Renkema et al. 

2015, Bonifacio, Mullen et al. 2016). Mitochondria in myoblasts appeared to be 

damaged by simvastatin to a higher degree than in myotubes, explaining the more 

accentuated cytotoxicity for myoblasts. This is also reflected by the production of 

mitochondrial ROS, which was higher in myoblasts than in myotubes exposed to 

simvastatin. Since inhibition of mainly complex I and III of the electron transport chain 

is associated with increased mitochondrial ROS production (Lenaz 2001, Markevich 

and Hoek 2015), this supports the observation that mitochondrial dysfunction was 

more accentuated in myoblasts than in myotubes. 

Simvastatin caused spilling of cytochrome c into the cytosol and cleavage of caspase-

3, which was more accentuated in myoblasts than in myotubes. This finding indicates 

initiation of apoptosis triggered by mitochondrial dysfunction (Orrenius, Gogvadze et 

al. 2007). The observation that both spilling of cytochrome c into the cytoplasm and 

cleavage of caspase-3 were more pronounced in myoblasts than myotubes again 

supports the notion that mitochondrial damage was more accentuated in myoblasts 

than in myotubes. 

In contrast to cytotoxicity and mitochondrial damage, the effects on the insulin 

signaling pathway were not much different between myoblasts and myotubes, 

suggesting that cytotoxicity and impaired insulin signaling have different mechanisms. 

Simvastatin decreased the phosphorylation of the IR β, Akt Ser473 and S6rp by 60% 

to 90% in both myoblasts and myotubes. The results in myotubes correspond well with 

our previous investigations (Bonifacio, Sanvee et al. 2015, Bonifacio, Sanvee et al. 

2017, Sanvee, Panajatovic et al. 2019). Insulin was able to prevent the decrease in 

phosphorylation by simvastatin at least partially in both cell systems investigated. 
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Since the phosphorylation of Akt Ser473 is considered to be specific for mTORC2 

(Sarbassov, Guertin et al. 2005, Yang, Murashige et al. 2015), our results indicate that 

mTORC2 can be activated by increased insulin signaling in both cell types. The 

prevention of phosphorylation by mevalonate was less accentuated than for insulin, 

suggesting that, at least in the cell models used, protein prenylation is less important 

than insulin signaling for the function of the protein kinases in the insulin signaling 

pathway. 

Simvastatin had a strong negative effect on markers of proliferation and differentiation 

of myoblasts and suppressed markers of fusion to myotubes. C2C12 myoblasts can 

be regarded as murine satellite cells that can be activated and differentiated to 

myotubes, which resemble muscle fibers (Burattini, Ferri et al. 2004). After having 

activated the C2C12 myoblasts by substrate deprivation, we studied markers of 

myoblast proliferation, differentiation, and fusion to myotubes for assessing the effect 

of simvastatin on muscle regeneration. Our investigations suggest that simvastatin 

impairs C2C12 cell proliferation as assessed by the MTT test and by the determination 

of mRNA expression of Ki-67, a marker of cell proliferation (Dumont, Wang et al. 

2015). C2C12 cell differentiation, investigated by MyoD mRNA expression 

(Hernandez-Hernandez, Garcia-Gonzalez et al. 2017), and fusion to myotubes, 

assessed visually and by mRNA expression of the metalloprotease ADAM-12 needed 

for myoblast fusion (Yagami-Hiromasa, Sato et al. 1995), were also impaired by 

simvastatin. Analysis of Ki-67 and ADAM-12 mRNA expression in mice skeletal 

muscle revealed a similar picture, suggesting that the same processes can be 

observed also in vivo. The protein complex mTORC1 has been described to have an 

important role in the transition of quiescent satellite cells to alert cells, thus, in the 

activation of stem cells (Rodgers, King et al. 2014). Since simvastatin inhibits 
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activation of mTORC1 (indirectly by inhibition of mTORC2, which causes incomplete 

activation of Akt and, consequently, impaired activation of mTORC1 (Mullen, Zahno 

et al. 2011, Bonifacio, Sanvee et al. 2015)), impaired proliferation of myoblasts by 

simvastatin can be explained by mTORC1 inhibition. The consequence of impaired 

myoblast activation and proliferation is restrained differentiation and fusion since less 

myoblasts enter the terminal parts of the regeneration process. 

This negative effect of simvastatin on markers of myoblast proliferation and myotube 

formation may be clinically relevant since it could impair muscle regeneration after 

muscle injury in patients treated with statins. In support of this notion, it is well 

established that heavy exercise can induce or worsen myopathy in patients treated 

with statins. While the prevalence of myopathy can reach 30% in patients not 

performing heavy exercise (Alfirevic, Neely et al. 2014, Norata, Tibolla et al. 2014), it 

may be as high as 75% in elite athletes treated with a statin (Sinzinger and O'Grady 

2004). It is conceivable that muscle injury associated with heavy exercise in statin 

users can cause prolonged muscular symptoms because statins impair muscle 

regeneration. 

Since the current study was only conducted in a mouse cell line and in mice, the 

transferability of the results to humans can be questioned. It is therefore important that 

similar studies are also conducted in human cell lines (Nagashima, Hadiwidjaja et al. 

2020) or in primary human muscle cells (Grunwald, Popp et al. 2020) as well as in 

muscle biopsies of patients treated with statins. 

In conclusion, myoblasts were more susceptible to the toxic effects of simvastatin, in 

particular regarding the impairment of mitochondrial function. The number of satellite 

cells may therefore be reduced in statin users. In addition, simvastatin suppressed 

markers of C2C12 myoblast proliferation, differentiation, and fusion, suggesting 
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impaired myotube formation. Toxicity on satellite cells and impaired muscle 

regeneration may play an important role in statin-associated myopathy. 
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Figure and legends 

 

 

Figure 1 

Effects of simvastatin, insulin and cholesterol biosynthesis intermediates on 

membrane integrity and intracellular ATP of C2C12 myoblasts and myotubes. 

Membrane toxicity was assessed by release of adenylate kinase (AK) into the 

medium and metabolic activity was assessed by the depletion of intracellular ATP. 

Treatment with DMSO 0.1% was used as control for simvastatin, 0.15% 

chloroform:methanol (2:1) as a control for dolichol and 0.1% ethanol as a control 

for geranylgeraniol. A. Membrane toxicity in C2C12 myoblasts and myotubes after 

treatment with 10 μM simvastatin and/or 10 or 100 ng/mL insulin for 24 hours. B. 

ATP content in C2C12 myoblasts and myotubes after treatment with 10 μM 

simvastatin and/or 10 or 100 ng/mL insulin for 24 hours. Membrane integrity and 

ATP content C. in myoblasts and D. in myotubes treated for 24 hours with 10 μM 

simvastatin and/or 50 and 100 μM mevalonolactone and/or 10 μM dolichol and/or 
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10 and 50 μM geranylgeraniol. Data represent the mean ± SEM of at least three 

independent experiments. Data were analyzed by one-way ANOVA with Newman-

Keuls’s post-hoc test. *P<0.05 versus respective control incubations; +P<0.05 

versus 10 μM simvastatin; #P<0.05 myoblasts versus myotubes. SMV: simvastatin, 

INS: insulin, MEVA: mevalonolactone, GGOH: geranylgeraniol, EtOH: ethanol, 

Chl:metOH: chloroform:methanol. 

 

 

 

Figure 2 

Effect of simvastatin on the function of the respiratory chain in C2C12 myoblasts 

and myotubes. A. Oxygen consumption rate (OCR) and corresponding 

quantifications in C2C12 myoblasts and in B. C2C12 myotubes following 24 hours 
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exposure to 10 μM simvastatin, 100 ng/mL insulin and/or 100 μM mevalonolactone. 

Values are expressed per 25’000 cells. Data represent the mean ± SEM of four 

independent experiments. Data were analyzed by one-way ANOVA with Newman-

Keuls’s post-hoc test. *P<0.05 versus 0.1 % DMSO. SMV: simvastatin, INS: insulin, 

MEVA: mevalonolactone. 

 

 

 

Figure 3 

Mitochondrial superoxide accumulation and superoxide dismutase 2 (SOD2) 

expression in C2C12 cells treated with simvastatin. MitoSOX dye was used to 

quantify mitochondrial superoxide accumulation. DMSO 0.1% was used as a 

negative control and 100 μM antimycin A was used as a positive control (1 hour 
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exposure). A. Mitochondrial superoxide accumulation in C2C12 myoblasts and 

myotubes following 24 hours exposure to the drugs. B. Immunoblots and C. 

quantification of SOD2 and MHC in C2C12 cells treated with 0.1% DMSO and 10 

μM simvastatin for 24 hours. GAPDH was used as loading control. Data represent 

the mean ± SEM of at least three independent experiments. Data were analyzed by 

one-way ANOVA with Newman-Keuls’s post-hoc test. *P<0.05 versus 0.1 % 

DMSO; +P<0.05 versus 10 μM simvastatin; #P<0.05 myoblasts versus myotubes. 

SMV: simvastatin, INS: insulin, MEVA: mevalonolactone, SOD2: superoxide 

dismutase 2, MHC: myosin heavy chain.  

 
 

 

Figure 4 

Effects of simvastatin, insulin and mevalonate on insulin receptor (IR)/Akt signaling 

in C2C12 myoblasts and myotubes. C2C12 myoblasts and myotubes were treated 
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with 10 μM simvastatin and/or 10 or 100 ng/mL insulin and/or 50 or 100 μM 

mevalonate for 24 hours before protein lysate collection. GAPDH was used as 

loading control. A. Quantification and corresponding immunoblots of the expression 

of the phosphorylated and total forms of the insulin receptor β chain, Akt, AMPK 

and S6rp in C2C12 myoblasts. B. Quantification and immunoblots of the expression 

of the phosphorylated and total forms of the insulin receptor β chain, Akt, AMPK 

and S6rp in C2C12 myotubes. Data were analyzed by one-way ANOVA with 

Newman-Keuls’s post-hoc test. Data represent the mean ± SEM of at least three 

independent experiments. *P<0.05 versus 0.1 % DMSO; +P<0.05 versus 10 μM 

simvastatin. SMV: simvastatin, INS: insulin, MEVA: mevalonolactone. 

 

 

 

Figure 5 
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Influence of simvastatin on the proliferation of C2C12 myoblasts and in mouse 

skeletal muscle. C57BL/6 male mice were treated daily with simvastatin 5 mg/kg for 

21 days. A. MTT assay was used to determine cellular proliferation of proliferating 

myoblasts (1 and 2 days post-seeding) and of fused myoblasts (3 days post-

seeding) exposed to 10 μM simvastatin, 100 ng/mL insulin and/or 100 μM 

mevalonate for 24 hours. B. mRNA expression of the proliferation marker Ki-67 was 

determined by real-time PCR in proliferating myoblasts treated for 24 hours. C. 

mRNA expression of Ki-67 was determined by real-time PCR in gastrocnemius of 

mice treated for 21 days with water (CTRL) or simvastatin (SMV). Data in mice 

represent the mean ± SEM; n = 10, *P<0.05. Data in C2C12 myoblasts represent 

the mean ± SEM of at least three independent experiments (carried out in triplicates 

for the RT-PCR). Data were analyzed by one-way ANOVA with Newman-Keuls’s 

post-hoc test (A, B) or by an unpaired t-test (C). *P<0.05 versus 0.1 % DMSO; 

+P<0.05 versus 10 μM simvastatin. SMV: simvastatin, INS: insulin, MEVA: 

mevalonolactone, CTRL: control (water). 
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Figure 6 

Expression of differentiation and fusion markers in C2C12 myoblasts and in mouse 

skeletal muscle. C57BL/6 male mice were treated daily with simvastatin 5 mg/kg for 

21 days. A. mRNA expression of the differentiation marker MyoD was determined 

by real-time PCR in proliferating myoblasts exposed to simvastatin, insulin and/or 

mevalonate for 24 hours. B. mRNA expression of the fusion marker ADAM-12 was 

determined by real-time PCR in proliferating myoblasts exposed to simvastatin, 

insulin and/or mevalonate for 24 hours. C. mRNA expression of MyoD was 

determined by real-time PCR in gastrocnemius of mice treated with water (CTRL) 

or simvastatin (SMV). D. mRNA expression of the ADAM-12 was determined by 

real-time PCR in gastrocnemius of mice. Data in mice represent the mean ± SEM; 

n = 10, *P<0.05. Data in C2C12 myoblasts represent the mean ± SEM of at least 
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three independent experiments (carried out in triplicates for the RT-PCR). Data 

were analyzed by one-way ANOVA with Newman-Keuls’s post-hoc test (A, B) or by 

an unpaired t-test (C, D). *P<0.05 versus 0.1 % DMSO; +P<0.05 versus 10 μM 

simvastatin. SMV: simvastatin, INS: insulin, MEVA: mevalonolactone, CTRL: 

control mice (water). 

 

 

 

Figure 7 

Apoptosis induction in C2C12 myoblasts and myotubes by simvastatin. Cytochrome 

c release from mitochondria to the cytosol and cleavage of the executioner 

caspase-3 was determined in cells treated for 24 hours with simvastatin, insulin 

and/or mevalonate. A. Immunoblots and quantification of cytochrome c in the 

cytosol in C2C12 myoblasts and B. in C2C12 myotubes. C. Representative 

immunoblots of procaspase-3 and cleaved caspase-3 in myoblasts and D. in 

C2C12 myotubes. GAPDH was used as loading control and compartment 

specificity. Data represent the mean ± SEM of at least three independent 
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experiments. Data were analyzed by one-way ANOVA with Newman-Keuls’s post-

hoc test. *P<0.05 versus 0.1 % DMSO; +P<0.05 versus 10 μM simvastatin. SMV: 

simvastatin, INS: insulin, MEVA: mevalonolactone. 
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Abstract 

Statins decrease the serum LDL-cholesterol concentration and reduce the risk for 

cardiovascular diseases but can cause myopathy, which may be related to mTORC 

inhibition. In the current study, we investigated which mTORC is inhibited by simvastatin and 

by which mechanisms. In C2C12 myoblasts and myotubes and mouse gastrocnemius, 

simvastatin was cytotoxic and inhibited S6rp and Akt Ser473 phosphorylation, indicating 

inhibition of mTORC1 and mTORC2, respectively. In contrast to simvastatin, the mTORC1 

inhibitor rapamycin did not inhibit mTORC2 and was not cytotoxic. Like simvastatin, knock-

down of Rictor, an essential component of mTORC2, impaired Akt Ser473 and S6rp 

phosphorylation and was cytotoxic for C2C12 myoblasts, suggesting that mTORC2 inhibition 

is an important myotoxic mechanism. The investigation of the mechanism of mTORC2 

inhibition showed that simvastatin impaired Ras farnesylation, which was prevented by 

farnesol but without restoring mTORC2 activity. In comparison, Rap1 knock-down reduced 

mTORC2 activity and was cytotoxic for C2C12 myoblasts. Simvastatin impaired Rap1 

prenylation and function, which was prevented by geranylgeraniol. In addition, simvastatin 

and the complex III inhibitor antimycin A caused mitochondrial superoxide accumulation and 

decreased the activity of mTORC2, which could partially be prevented by the antioxidant 

MitoTEMPO. In conclusion, mTORC2 inhibition is an important mechanism of simvastatin-

induced myotoxicity. Simvastatin inhibits mTORC2 by impairing geranylgeranylation of Rap1 

and by inducing mitochondrial dysfunction. 

 

Keywords: simvastatin; Akt/PKB; mTORC1; mTORC2; Rictor; Rap1; geranylgeranylation; 

mitochondrial function 
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1. Introduction 

Statins are lipid-lowering drugs that inhibit a key enzyme in the mevalonate pathway, the 

3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase. They exert their effects in 

the liver, where they inhibit the de novo formation of cholesterol (Istvan and Deisenhofer 

2001), which is associated with activation of SREBP-2 and increased expression of LDL-

cholesterol receptors on the surface of hepatocytes (Krahenbuhl, Pavik-Mezzour et al. 

2016). Statins are used for the treatment of hypercholesterolemia and are associated with 

decreased mortality and morbidity due to cardiovascular diseases (Bays 2006). However, 

inhibition of the HMG-CoA reductase not only impairs the biosynthesis of cholesterol, but 

also the production of intermediates of cholesterol synthesis such as isoprenoids, which 

are important for protein prenylation and proper cell function. 

Statins are effective drugs and are in general well tolerated. However, they can cause 

adverse reactions mainly affecting skeletal muscle with clinical manifestations ranging from 

myalgia to potentially fatal rhabdomyolysis (Tomlinson and Mangione 2005, Thompson, 

Panza et al. 2016, Selva-O'Callaghan, Alvarado-Cardenas et al. 2018). Statin-induced 

myopathy affects up to 30% of the patients treated with these drugs, depending on the 

definition of myopathy (Bays 2006, Law and Rudnicka 2006, Stroes, Thompson et al. 

2015). Recently, new-onset diabetes has been reported as an adverse reaction of statins 

and the prevalence of patients affected is estimated up to 30% (Ridker, Pradhan et al. 

2012, Crandall, Mather et al. 2017). 

Several theories are proposed to explain statin-associated myopathy, comprising defects 

of protein prenylation, mitochondrial dysfunction, induction of muscle atrophy and/or 

apoptosis (Bouitbir, Sanvee et al. 2019). Work from us and from other research groups 

revealed the insulin receptor/Akt/mTOR signaling pathway inhibition as an important 

contributor to statin-induced myopathy (Mullen, Zahno et al. 2011, Bonifacio, Sanvee et al. 

2015, Bonifacio, Sanvee et al. 2017, Sanvee, Bouitbir et al. 2019, Sanvee, Panajatovic et 

al. 2019). For instance, we recently reported that simvastatin induces insulin resistance 

and decreases glucose uptake into skeletal muscle. We showed that this is a consequence 
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of the inhibition of Akt activation in myocytes, leading to reduced GLUT4 translocation to 

the cell membrane and impaired glucose absorption (Sanvee, Panajatovic et al. 2019). 

Thus, Akt inhibition appears to be a key event in the induction of muscle damage by statins. 

Akt is a serine/threonine kinase that regulates growth, apoptosis and atrophy in skeletal 

muscle (Fayard, Tintignac et al. 2005, Egerman and Glass 2014). For full activation, Akt 

needs to be phosphorylated on two residues; on threonine 308, which is performed by the 

kinase PDK1 downstream of the insulin receptor, and on serine 473, which is realized by 

the protein complex mTORC2 (Sarbassov, Guertin et al. 2005). We demonstrated that Akt 

serine 473 phosphorylation was reduced in C2C12 myotubes and mice treated with 

simvastatin, indicating impaired activity of mTORC2 (Bonifacio, Sanvee et al. 2015, 

Bonifacio, Sanvee et al. 2017, Sanvee, Bouitbir et al. 2019, Sanvee, Panajatovic et al. 

2019). 

mTOR is a serine/threonine kinase involved in cell growth regulation. It is a component of 

two distinct multiprotein complexes: mTORC1, which is rapamycin-sensitive and mTORC2, 

which was identified as rapamycin-insensitive (Yang, Rudge et al. 2013, Baretic and 

Williams 2014, Morita, Gravel et al. 2015, Jhanwar-Uniyal, Amin et al. 2017, Meng, Frank 

et al. 2018). mTORC1 is activated by nutrients and growth factors and promotes protein 

synthesis through phosphorylation of the kinase S6rp and the elongation factor 4-EBP1 

(Patursky-Polischuk, Stolovich-Rain et al. 2009, Morita, Gravel et al. 2013). Akt activates 

mTORC1 indirectly by phosphorylating and thereby inhibiting the tuberous sclerosis 1/2 

(TSC1/2) complex, which leads to stimulation of the small GTPase Rheb and activation of 

mTORC1 (Inoki, Li et al. 2003, Avruch, Long et al. 2009, Groenewoud and Zwartkruis 2013, 

Yang, Jiang et al. 2017). mTORC2 is activated by growth factors (Chen, Shaikenov et al. 

2011, Gan, Wang et al. 2011, Betz, Stracka et al. 2013, Liu, Gan et al. 2015) and Akt, which 

can phosphorylate the mTORC2 components Rictor and mSin1 (Jacinto, Facchinetti et al. 

2006). mTORC2 regulates cytoskeleton remodeling, cellular proliferation as well as 

glucose uptake and metabolism (Cota 2014). 
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Simvastatin inhibits both mTORC1 and mTORC2 in myocytes, as illustrated by decreased 

protein synthesis due to impaired phosphorylation of S6rp and 4-EBP1 and impaired 

phosphorylation of Akt Ser473 (Bonifacio, Sanvee et al. 2015, Bonifacio, Sanvee et al. 

2017, Sanvee, Bouitbir et al. 2019, Sanvee, Panajatovic et al. 2019). We have also 

indications that simvastatin inhibits the signaling between the insulin receptor and Akt, 

which consequently affects Akt activity and downstream pathways (Sanvee, Panajatovic et 

al. 2019). Moreover, we showed that mTOR Ser2448 phosphorylation was inhibited by 

simvastatin (Sanvee, Panajatovic et al. 2019). However, since mTORC2 is needed for full 

mTORC1 activation, the contribution of the inhibition of mTORC1 and mTORC2 to the 

myotoxicity of simvastatin could so far not be differentiated. 

Considering the strong effect of simvastatin on the phosphorylation of Akt Ser473 

(Bonifacio, Sanvee et al. 2015, Bonifacio, Sanvee et al. 2017, Sanvee, Bouitbir et al. 2019, 

Sanvee, Panajatovic et al. 2019), we hypothesized that mTORC2 inhibition is the primary 

event of simvastatin-induced myotoxicity. To challenge this hypothesis, we conducted the 

current study aiming to assess the individual contribution of mTORC1 and mTORC2 to 

simvastatin-induced myotoxicity. For that, we compared the effects of the specific mTORC1 

inhibitor rapamycin and of mTORC2 knockdown with those of simvastatin on C2C12 cells. 

Using this approach, we could demonstrate that mTORC1 inhibition did not explain 

simvastatin-induced toxicity, whereas abrogation of mTORC2 led to similar effects on 

C2C12 cells than treatment with simvastatin. Finally, we could show that impaired 

prenylation of the small GTPase Rap1 and oxidative stress are the main mechanisms by 

which simvastatin inhibits mTORC2 in C2C12 cells. 

 

 

2. Materials and methods 

Chemicals 

Simvastatin lactone (Sigma-Aldrich, St-Louis, USA) was converted to the active acid form by 

hydrolysis (Bogman, Peyer et al. 2001) for cell experiments. Stock solutions were obtained 
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after dilution in DMSO (Sigma-Aldrich, USA) and stored at -20°C. Human insulin was 

purchased from Sigma-Aldrich, stored at 4°C and stock solutions were prepared in medium. 

Rapamycin was purchased from Sigma-Aldrich and diluted in DMSO. Mevalonolactone 

(MEVA) (Sigma-Aldrich, USA) was diluted in water and stocks were stored at -20°C. Farnesol 

(FOH) was purchased from Sigma-Aldrich (Sigma-Aldrich, USA) and stock solutions were 

prepared in DMSO. Geranylgeraniol (GGOH) was purchased from Sigma-Aldrich and stock 

solutions were prepared in ethanol. MitoTEMPO (MITOT.) was obtained from Sigma-Aldrich 

and stocks were obtained after dilution in water. Antimycin A (Ant.A) (Sigma-Aldrich, St-Louis, 

USA) stock solutions were obtained after preparation in ethanol. 

 

Animal experiments 

The animal experiments were accepted by the cantonal veterinary authority of Basel, 

Switzerland (License 3035) and were conform to the guidelines from Directive 2010/63/EU of 

the European Parliament on the protection of animals used for scientific purposes. 

Experiments were done on male C57BL/6J mice (n=30) with an age of 18-23 weeks and a 

bodyweight of 29-35 g. They were acclimatized one week before the start of the study and 

housed in a standard facility with 12h light-dark cycles and controlled temperature (21-22°C). 

The mice had free access to a standard pellet chow diet and water ad libitum. 

Mice were randomly divided into four groups (n=6 per group for control mice [Ctrl], and mice 

treated with 5 and 10 mg/kg simvastatin per day, and n=12 per for mice treated with 25 mg/kg 

per day). Control mice were treated with vehicle (saline containing 8.3% EtOH:Tween80 [1:1, 

v/v]) for 21 days. Groups 2 to 4 were treated with 5, 10, or 25 mg/kg simvastatin per day 

(Sigma-Aldrich, St-Louis, USA) dissolved in saline containing 8.3% EtOH:Tween80 (1:1, v/v) 

(van de Steeg, Kleemann et al. 2013). Mice were treated once a day by oral gavage. Food 

and water consumption, and body weight changes were monitored daily during the study. 

After 21 days of treatment, mice were anesthetized with an intraperitoneal injection of 

ketamine (100 mg/kg, Graeub AG, Switzerland) and xylazine (20 mg/kg, Graeub AG, 

Switzerland). Gastrocnemius muscle was collected immediately after anesthesia, weighed, 
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and quickly frozen in isopentane cooled by liquid nitrogen and stored at −80 °C for later 

analysis. We separated the superficial part of the gastrocnemius and quadriceps muscle 

(mostly glycolytic, with a low mitochondrial content) from their deep parts (oxidative-type 

muscle with a high mitochondrial content) macroscopically (Armstrong and Phelps 1984, 

Bouitbir, Singh et al. 2016). 

 

Cell cultures 

C2C12 myoblasts (American Type Culture Collection, USA) were kindly provided by Novartis 

(Basel, Switzerland). Cells were cultured in Dulbecco’s Modified Eagle Medium – GlutaMAX 

supplemented with 10% fetal bovine serum (FBS) and 1% HEPES (Gibco, UK). Cells were 

maintained at 37°C in a humidified 5% CO2 cell culture incubator. Cells were passaged using 

trypsin upon reaching approximately 60% confluence and seeded in appropriate well plates 

prior differentiation into myotubes.  

To obtain myotubes, three days after seeding, medium was replaced by differentiation medium 

(DM) containing DMEM-Glutamax and 1% HEPES supplemented with 2% horse serum 

(Gibco, UK) and 0.03 % insulin (stock: 10mg/mL). Three additional days later, medium was 

changed for differentiation medium without insulin. Myotubes were then treated for 24 hours 

with compounds of interest in serum-free differentiation medium. 

 

Membrane toxicity and cellular ATP content 

As described previously (Sanvee, Panajatovic et al. 2019), to assess membrane integrity, cells 

(5’000 cells/well) were seeded in a 96-well plate and treated for 24 hours with compounds of 

interest. Membrane toxicity was determined using the ToxiLightTM (Lonza, Basel, 

Switzerland) assay (Felser, Blum et al. 2013). The metabolic activity of cells was determined 

with the quantification of intracellular ATP using the CellTiterGlo Luminescent cell viability 

assay (Promega, Switzerland), in accordance with the manufacturer’s instructions. 0.1 % 

DMSO was used as negative control, and 1% Triton-X 100 was used as positive control for 
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toxicity assays. Luminescence was measured with a Tecan M200 Pro Infinity plate reader 

(Männedorf, Switzerland). 

 

Western blots 

Western blotting was carried out as described in (Sanvee, Panajatovic et al. 2019). Briefly, 

cells were grown and differentiated on 6-well culture plates and treated with the test 

compounds for 24 hours. After treatment, they were washed twice with cold PBS (Gibco, UK) 

and lysed in Phosphosafe buffer (EMD Millipore, USA) for 5 minutes on ice. Cell lysates were 

centrifuged at 1’600 g for 10 minutes at 4°C. Supernatants were then collected and protein 

contents were determined using the BCA Protein Assay kit (Pierce, Thermo Scientific, USA). 

For mouse samples, 20 to 40 mg of glycolytic gastrocnemius was homogenized using a 

microdismembrator for 1 minute at 2000 rpm (Satorius Stedim Biotech, France). 

Homogenates were lysed on ice for 15 minutes in Phosphosafe (EMD Millipore, USA). Then, 

the mixtures were centrifuged for 10 minutes at 4°C at maximal speed and supernatants were 

collected and protein content determined. After dilution with lithium dodecyl sulfate sample 

buffer (Invitrogen, Switzerland) and heating at 93°C for 5 minutes, proteins were resolved on 

NuPAGETM 4-12% Bis-Tris polyacrylamide gels (Invitrogen, Switzerland) at 140 volts. Gels 

were then transferred to polyvinylidendifluoride membranes (Bio-Rad Laboratories, USA). 

Membranes were incubated for 1 h in 5% nonfat dry milk in PBS containing 0.1% Tween-20 

(Sigma-Aldrich, USA) blocking solution. Then, membranes were incubated overnight with the 

following primary antibodies diluted 1:1000 in the blocking solution: phospho-mTOR 

(Ser2448) and mTOR (5536 and 2983; Cell Signaling Technology, USA), phospho-Akt 

(Ser473), Akt (4060 and 2920; Cell Signaling Technology, USA), phospho-S6 Ribosomal 

protein (Ser235/236), S6 ribosomal protein (4858 and 2217; Cell Signaling Technology, 

USA), Rheb (13879; Cell Signaling Technology, USA), Rictor (2114; Cell Signaling 

Technology, USA), Ras (610001; BD Biosciences), unprenylated Rap1 and total Rap1 (sc-

398755 and sc-373968 respectively; Santa Cruz Biotechnologies, USA). Anti-SOD2 
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(ab16956; Abcam, UK) and anti-GAPDH (ab8245; Abcam, UK) were diluted 1:5000 and 

1:6000, respectively. Secondary antibodies (Santa Cruz Biotechnologies, USA) were used for 

1 h diluted 1:2000 in the blocking solution. Membranes were then washed, and protein bands 

were developed using the ClarityTM Western ECL Substrate (Bio-Rad Laboratories, USA). 

Protein expression was quantified using the Fusion Pulse TS device from Vilber Lourmat 

(Oberschwaben, Germany). Equal loading of the samples was checked using the quantity of 

housekeeping gene GAPDH. 

 

Transfection for Rictor and Rap1 knock-down 

For mTORC2 inhibition, we used RNA interference for the mTORC2 protein Rictor and Rap1 

siRNA to inhibit Rap1 expression in C2C12 myoblasts. Rap1 siRNA (mouse), Rictor siRNA 

(mouse) and Control siRNA-A were purchased from Santa Cruz Biotechnology (sc-61479 and 

sc-37007, respectively; USA). The transfection was done using Lipofectamine RNAiMAX 

(Invitrogen) in accordance with the manufacturer’s instructions. Briefly, C2C12 myoblasts 

were seeded in 6-well plates or in 96-well plates and the transfection was performed 24 hours 

after seeding. The Lipofectamine and siRNAs were diluted separately in Opti-MEM (Gibco, 

UK). For both Rap1 and Rictor, we used 60 pmol and 10 pmol siRNA per well for 6-well and 

96-well plates, respectively. For mock siRNA, we used 30 pmol and 5 pmol siRNA for 6-well 

and 96-well plates, respectively. 

Diluted siRNAs and diluted Lipofectamine were then mixed and added dropwise to the cells. 

The transfection efficiency was first assessed 1 to 3 days after. For treatments, myoblasts 

were transfected and treated 24 hours later with compounds of interest.  

 

Real-time PCR 

As done previously (Sanvee, Panajatovic et al. 2019), RNA extraction from C2C12 cells was 

performed using the Qiagen RNeasy mini extraction kit (Qiagen, Switzerland) according to the 

manufacturer’s instructions. The RNA concentration and purity of each mRNA sample was 

determined with the NanoDrop 2000 (Thermo Scientific, Switzerland). cDNA was then 



 

 - 107 - 

obtained from 1 μg RNA using the Qiagen Omniscript system (Qiagen, Switzerland). The 

amplification reactions were performed using SYBR green (Roche Diagnostics, Switzerland) 

and specific forward and reverse primers. 

The following primers were used: Ki-67 forward 5’ – GCCATAACCCGAAAGAGCAG -3’ and 

reverse 5’- CCAGTTTACGCTTTGCAGGT -3’; Atrogin-1 forward 5’ – 

AGTGAGGACCGGCTACTGTG -3’ and reverse 5’- GATCAAACGCTTGCGAATCT -3’;  Rheb 

forward 5’- ATA TGG TGG GGA AAG TGC AG -3’ and reverse 5’- AAT TGT CAC ATC ACC 

GAG CA -3’; Rictor forward 5’- ACTTGTCCTCTGTCGCTTCA -3’ and reverse 5’- 

AGCCTCACTTCATGCTTCCT -3’; 18 S forward 5’- AGT CCC TGC CCT TTG TAC ACA -3’ 

and reverse 5’- CGA TCC GAG GGC CTC ACT A -3’. Real time PCR was performed using 

the ViiA7 software (Life Technologies, Switzerland) on an ABI PRISM 7700 sequence detector 

(PE Biosystems, Switzerland). The ΔΔCt method was used to determine relative gene 

expression levels and the values were normalized to the housekeeping gene (18S). 

 

Mitochondrial superoxide accumulation 

Generation of mitochondrial superoxide was determined using MitoSOX Red (Invitrogen, 

Basel, Switzerland). C2C12 were seeded and differentiated or transfected with siRNA in black 

costar 96-well plates. They were treated for 24 hours with simvastatin and/or MitoTEMPO 

and/or geranylgeraniol and/or farnesol. 100 µM Antimycin A was used for 1 hour as positive 

control. After treatment, medium was removed from the cells and replaced by a 2.5 µM 

MitoSOX solution in DPBS for 10 minutes in the dark. Fluorescence was measured afterwards 

at 510 nm emission and 580 nm excitation using a Tecan M200 Pro Infinity plate reader 

(Männedorf, Switzerland). Signal was calculated related to protein content. 

 

Statistical analysis 

Results are presented as mean ± SEM. All data were analyzed using one-way ANOVA with 

Newman-Keuls’s post-hoc test (comparison of multiple groups) with GraphPad Prism 8 

(GraphPad Software, La Jolla, CA, US). Significance was determined as p< 0.05. 
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3. Results  

Simvastatin inhibits phosphorylation of Akt Ser473 and S6rp in C2C12 cells and mouse 

skeletal muscle. 

As shown in Fig. 1, treatment with simvastatin inhibited the phosphorylation of Akt Ser473 and 

S6rp in C2C12 myoblasts (Fig. 1A), C2C12 myotubes (Fig. 1B) and in mouse skeletal muscle 

(Fig. 1C). These findings show that simvastatin inhibits the activity of mTORC1 (inhibition of 

S6rp phosphorylation) and of mTORC2 (inhibition of Akt Ser473 phosphorylation) in vitro and 

in vivo. In the following, C2C12 myoblasts and myotubes were used to find out the 

mechanisms of simvastatin-associated mTORC inhibition and myotoxicity. 

 

Rapamycin inhibits mTORC1 in C2C12 myotubes but is not cytotoxic and does not affect Akt 

Ser473 phosphorylation. 

We first compared simvastatin-induced toxicity and the toxic effects of specific mTORC1 

inhibition on C2C12 cells. We treated C2C12 myotubes with 100 nM rapamycin, a specific 

inhibitor of mTORC1, to investigate membrane toxicity and ATP content (Fig. 2A and 2B). 

Simvastatin led to a significant 2-fold increase in AK release (reflecting disturbed membrane 

integrity) and to a concordant depletion of intracellular ATP (Fig. 2A and 2B). Insulin prevented 

the toxic effects of simvastatin in co-treatment (Fig. 2A and 2B). Interestingly, and in contrast 

to simvastatin, rapamycin decreased AK release alone or in-co-treatment with simvastatin 

and/or insulin (Fig. 2A and 2B). To confirm that mTORC1 was inhibited, we quantified the 

phosphorylation of the S6rp, a marker of mTORC1 activity. The phosphorylation of S6rp 

(Ser235/236) was almost completely abolished in all incubations containing rapamycin (Fig. 

2C). As established previously (Sanvee, Bouitbir et al. 2019), also simvastatin significantly 

decreased the phosphorylation of the S6rp (Fig. 2C), but to a lesser extent than rapamycin 

(Fig. 2C). To determine if inhibition of mTORC1 influences the activity of mTORC2, we 

analyzed the phosphorylation of Akt Ser473, a substrate of mTORC2. Whereas simvastatin 

decreased Akt Ser473 phosphorylation, rapamycin alone did not affect the phosphorylation of 

Akt Ser473 (Fig. 2D). Co-treatment with simvastatin and rapamycin decreased the 
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phosphorylation of Akt Ser473, whereas in the presence of the combination insulin and 

rapamycin, Akt Ser473 phosphorylation was maintained (Fig. 2D). 

mTOR is a protein kinase that can be phosphorylated and is a component of both mTORC1 

and mTORC2. As shown in supplementary Fig. 1 (Fig. S1), rapamycin impaired Ser2448 

phosphorylation of mTOR to a larger extent than simvastatin, whereas insulin did not affect 

mTOR phosphorylation. Interestingly, simvastatin mitigated the effect of rapamycin on 

Ser2448 mTOR phosphorylation, suggesting an interaction between the two compounds. 

Rheb is a small GTPase, which is membrane-anchored and therefore prenylated, and which 

is important for the activation of mTORC1 (Inoki, Li et al. 2003, Avruch, Long et al. 2009, 

Groenewoud and Zwartkruis 2013, Yang, Jiang et al. 2017). As shown in supplementary Fig. 

2A (Fig. S2A), simvastatin, but not rapamycin or insulin, impaired the prenylation of Rheb. In 

contrast, mRNA expression of Rheb was not significantly affected by simvastatin or rapamycin 

(Fig. S2A). 

These data demonstrate that, in contrast to simvastatin, specific mTORC1 inhibition with 

rapamycin did neither induce myotoxicity, nor reduce mTORC2 activity or impair Rheb 

prenylation. Simvastatin inhibited mTORC1 by impairing the phosphorylation of Akt Ser473 

and Rheb prenylation. However, the cytotoxicity of simvastatin could not be explained by 

inhibition of mTORC1. 

 

mTORC2 inactivation in C2C12 myoblasts leads to a similar toxicity and impairment of Akt 

signaling as treatment with simvastatin. 

We showed in several studies that simvastatin significantly and strongly inhibits the 

phosphorylation of Akt at the serine 473 site (Bonifacio, Sanvee et al. 2015, Bonifacio, Sanvee 

et al. 2017, Sanvee, Bouitbir et al. 2019, Sanvee, Panajatovic et al. 2019). Since Akt Ser473 

phosphorylation is performed by mTORC2, we hypothesized that mTORC2 inhibition might 

be the primary event in simvastatin-induced muscle damage and myocyte cell death. To test 

this hypothesis, we investigated whether mTORC2 inactivation could induce similar toxic 

effects than those observed with simvastatin. Using RNA interference, we knocked down 
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Rictor to abrogate mTORC2 activity. siRNA targeted against Rictor decreased Rictor gene 

and protein expression in C2C12 myoblasts, while control siRNA did not affect Rictor 

expression (Fig. 3C; supplementary Fig. 3A and 3B). The transfection was efficient and stable 

for at least 72 hours on the protein level.  

We then evaluated the effects of mTORC2 inhibition on membrane integrity (AK release into 

the medium) and on the cellular ATP content. Cells with Rictor knock-down treated with DMSO 

displayed similar toxicities (AK release and ATP content) as simvastatin-treated control cells 

(Fig. 3A and 3B). Control siRNA-transfected cells showed a significantly higher AK release 

with simvastatin (10-fold increase), simvastatin and insulin (7-fold-increase), and, in a less 

pronounced manner, simvastatin and 100 µM mevalonate (5-fold increase) compared to 

DMSO-treated cells (Fig. 3A). Similar effects were observed on the ATP content of the C2C12 

myoblasts (Fig. 3B). Insulin, mevalonate, geranylgeraniol and farnesol applied alone did not 

induce toxic effects in control-transfected cells (Fig. 3A and 3B). Geranylgeraniol prevented 

the effects of simvastatin completely (SMV + GGOH 50 µM), whereas farnesol and 

mevalonate were less effective in preventing the toxicity of simvastatin (Fig. 3A and 3B). In 

contrast, the addition of mevalonate, geranylgeraniol or farnesol did not prevent the toxicity 

associated with Rictor knock-down (Fig. 3A and 3B). Simvastatin increased the toxicity of 

Rictor knockdown, but in a less than additive manner (Fig. 3A and 3B). 

To find out whether mTORC2 knock-down leads to similar defects on Akt signal transduction 

than simvastatin, we investigated the activation of Akt (phosphorylation on serine 473) and of 

the downstream effector S6rp. As shown in Fig. 3C-E, phosphorylation of Akt Ser473 was 

significantly decreased in Rictor siRNA-transfected compared to control cells, showing that 

mTORC2 is responsible for Akt Ser473 phosphorylation. Phosphorylation levels of Akt Ser473 

were similar between simvastatin-treated control cells and C2C12 cells with Rictor knock-

down, and simvastatin increased the inhibition of the phosphorylation of Akt Ser 473 when 

Rictor was absent. Mevalonate and geranylgeraniol maintained Akt Ser 473 phosphorylation 

in presence of simvastatin, while they were ineffective in cells with Rictor knock-down. 

Interestingly, insulin was able to maintain Akt Ser473 phosphorylation in Rictor knock-down 
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cells, possibly due to remaining mTORC2 activity. Similar effects were observed for the 

phosphorylated form of the S6rp, a downstream effector of Akt and mTORC1. 

Since mTORC2 stimulates cellular proliferation (Cota 2014), we also assessed the effect of 

Rictor siRNA transfection and simvastatin on Ki-67 mRNA expression, which is a marker of 

cell proliferation (Gerdes, Lemke et al. 1984). As shown in supplementary Figure S4, both 

simvastatin and Rictor knockdown caused a dramatic decrease in Ki-67 mRNA expression, 

indicating impaired C2C12 myoblast proliferation. Insulin could not prevent this decrease, 

whereas mevalonate partially prevented the decrease in Ki-67 mRNA associated with 

simvastatin, but not with Rictor knockdown. 

These results clearly show that most toxic effects and most effects on Akt signal transduction 

of simvastatin in C2C12 cells can be explained by inhibition of mTORC2. The data also 

indicate that the mechanisms of mTORC2 inhibition involves prenylation defects since 

replenishment with isoprenoids could prevent the cytotoxicity associated with simvastatin, but 

not the cytotoxicity associated with Rictor knock-down. 

 

mTORC2 inactivation in simvastatin-treated myotubes is independent of Ras prenylation. 

Since the addition of isoprenoids prevented cytotoxicity and impaired Akt activation by 

simvastatin, we investigated the role of proteins needing prenylation as a reason for impaired 

mTORC2 activity caused by simvastatin. Prenylation is performed with two products of the 

mevalonate pathway, geranylgeranyl pyrophosphate and farnesyl pyrophosphate, and up to 

2% of cellular proteins are modified with this lipid post-translational modification (Nguyen, Guo 

et al. 2009). Prenylation is necessary for certain proteins that need attachment to cellular 

membranes to be active. The investigation of simvastatin’s effects on cell viability and Akt 

phosphorylation shown Fig. 3 revealed that mainly geranylgeraniol could prevent cytotoxicity 

and impaired activation of mTORC2, indicating that diminished prenylation is a probable 

mechanism contributing to toxic effects of simvastatin in skeletal muscle cells. 

To assess this possibility, we first examined the prenylation of Ras. Ras is a prenylated small 

GTPase that activates the PI3K pathway and promotes proper mTORC2 activation (Gan, 
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Wang et al. 2011, Khanna, Lotfi et al. 2016). Cells treated with simvastatin displayed impaired 

Ras prenylation (Fig. 4A), as demonstrated by an increased unprenylated fraction of this 

GTPase. Neither mevalonate and nor geranylgeraniol restored Ras prenylation in the 

presence of simvastatin (Fig. 4A). However, geranylgeraniol completely prevented the 

decrease in Akt Ser473 phosphorylation (reflecting mTORC2 activity) in C2C12 myotubes 

treated with simvastatin (Fig. 4B), suggesting that inhibition of Ras prenylation by simvastatin 

is independent of impaired Akt Ser473 phosphorylation. As the addition of mevalonate and 

geranylgeraniol did not restore Ras prenylation in the presence of simvastatin, we assessed 

the effect of farnesol on Ras. After 24 hours of incubation, farnesol did not prevent impaired 

prenylation of Ras by simvastatin (Fig. 4C), nor did it improve impaired P-Akt Ser473 

phosphorylation (Fig. 4D). However, after 48 hours of incubation, farnesol increased 

prenylation of Ras (Fig. 4C), but still failed to improve the phosphorylation of Akt Ser473 (Fig. 

4D). 

These results indicate that geranylgeraniol, but not farnesol, can prevent the effect of 

simvastatin on Akt phosphorylation but in a manner that is independent of Ras prenylation. 

 

Geranylgeraniol enables prenylation of Rap1 in the presence of simvastatin and prevents 

cytotoxicity associated with simvastatin. 

Rap1 is a small GTPase that has been shown to regulate the activity of mTORC2 in the 

amoeba Dictyostelium discoideum (Khanna, 2014). Considering its role in mTORC2 activation 

in amoeba, we investigated a possible function of Rap1 in the activation of mTORC2 and in 

the toxicity of simvastatin on C2C12 myoblasts and myotubes. As shown in Fig. 5A and 5B, 

simvastatin inhibited the prenylation of Rap1 efficiently. This effect could not be prevented by 

the addition of mevalonate, but by 50 µM geranylgeraniol. A lower geranylgeraniol 

concentration (10 µM) decreased the non-prenylated Rap1 fraction numerically, without 

reaching statistical significance. Mevalonate was not able to prevent the cytotoxicity of 

simvastatin completely, whereas geranylgeraniol was protective already at 10 µM (Fig. 5C). 
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To study the role of Rap1 in simvastatin-associated cytotoxicity in more detail, we performed 

a knock-down of Rap1 in C2C12 myoblasts using a siRNA approach (Fig. 5D). Rap1 knock-

down was associated with a numerical increase in AK release and ATP depletion, which was 

augmented by simvastatin (Fig. 5E and 5F). The addition of mevalonate prevented the effect 

of simvastatin on AK release completely and of the combination simvastatin/Rap1 knock-down 

partially. In comparison, the addition of geranylgeraniol prevented the effect of simvastatin 

and the combination simvastatin/Rap1 knock-down on AK release and ATP depletion 

completely. 

These results support a role of Rap1 in the toxicity of simvastatin on C2C12 cells and indicate 

that prenylation plays a role in the function of Rap1. 

 

Rap1 knock-down causes similar effects on the Akt pathway, atrogin-1 mRNA and Ki-67 

mRNA expression as simvastatin. 

Next, we assessed the role of Rap1 in the function of mTORC1 and mTORC2 and in the 

downstream effects. Knock-down of Rap1 was associated with a clear drop in the Akt Ser473 

phosphorylation, proving the importance of Rap1 for mTORC2 activation (Fig. 6A). 

Simvastatin showed the expected decrease in Akt Ser473 phosphorylation and increased the 

effect of Rap1 knock-down. The addition of mevalonate partially and of geranylgeraniol 

completely prevented the effect of simvastatin on Akt Ser473 phosphorylation. 

In addition, treatment with simvastatin and Rap1 knock-down were associated with an 

increase in atrogin-1 mRNA expression and a decrease in the mRNA expression of Ki-67 

(supplementary Fig. S5). Atrogin-1 belongs to the F-box protein family and forms one of four 

subunits of the ubiquitin protein ligase complex SCFs (Bodine and Baehr 2014). Atrogin-1 

expression can be regarded as a marker of muscle atrophy and has been shown to be 

increased in C2C12 cells and mice exposed to simvastatin (Hanai, Cao et al. 2007, Cao, Hanai 

et al. 2009, Bonifacio, Mullen et al. 2016). Mevalonate and geranylgeraniol prevented the 

increase in atrogin-1 mRNA in simvastatin-treated C2C12 myoblasts, but not in cells with 

Rap1 knock-down (supplementary Fig. S5A). In addition, mevalonate prevented the mRNA 
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decrease in Ki-67 partially and geranylgeraniol completely in C2C12 myoblasts treated with 

simvastatin, but not in cells with Rap1 knock-down (supplementary Fig. S5B). 

The experiments show that Rap1 activates mTORC2 and support the role of Rap1 in the 

toxicity of simvastatin on C2C12 cells. 

 

Simvastatin increases mitochondrial ROS production which can be mitigated by antioxidants 

and which contributes to impaired function of mTORC2 and cytotoxicity. 

The lower cytotoxicity of Rap1 knockdown compared to simvastatin (Fig. 5D and 5E) despite 

similar effects on the mTORC2/Akt pathway (Fig. 6B) suggested that the cytotoxicity of 

simvastatin was not only due to inhibition of mTORC2 but could have additional components. 

We and others have shown repeatedly that statins impair the function of the mitochondrial 

electron transport chain (Kaufmann, Torok et al. 2006, Schirris, Renkema et al. 2015, 

Bonifacio, Mullen et al. 2016), which is associated with mitochondrial ROS production 

(Bouitbir, Singh et al. 2016). As shown in Fig. 7A, mitochondrial accumulation of ROS was 

increased in C2C12 myoblasts treated with simvastatin, whereas Rap1 knock-down was not 

associated with mitochondrial ROS accumulation. Geranylgeraniol prevented ROS 

accumulation completely, indicating that geranylgeraniol can act as a ROS scavenger. As 

expected, also the complex III inhibitor antimycin A was associated with mitochondrial ROS 

accumulation, which could be prevented by geranylgeraniol or by the antioxidant MitoTEMPO. 

Since mitochondrial ROS accumulation is often associated with increased SOD2 expression 

(Roos, Aliu et al. 2020, Roos, Duthaler et al. 2020), we determined SOD2 protein expression 

by western blotting. As shown in Fig. 7B, simvastatin and Rap1 knockdown increased SOD2 

protein expression numerically compared to control siRNA treated cells, whereas the 

combination simvastatin and Rap1 knockdown increased SOD2 expression significantly. This 

was partially prevented by mevalonate and completely by geranylgeraniol. Next, we aimed to 

find out whether mitochondrial dysfunction contributes to simvastatin-associated cytotoxicity 

and inhibition of mTORC2 in C2C12 myotubes. As shown in Fig. 7C, simvastatin and 

antimycin A increased mitochondrial ROS accumulation also in C2C12 myotubes, which could 
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be prevented by MitoTEMPO. As expected, simvastatin and antimycin A caused AK release 

from C2C12 myotubes, which could be prevented by the addition of MitoTEMPO (Fig. 7D). 

Similarly, simvastatin and antimycin A caused a drop in the ATP content of C2C12 myotubes 

(Fig. 7E). This drop could be prevented by MitoTEMPO for simvastatin, but not for antimycin 

A. Simvastatin and antimycin A impaired Akt Ser473 phosphorylation, which could be partially 

(simvastatin) or completely (antimycin A) be prevented by MitoTEMPO (Fig. 7F). 

These results show that mTORC2 can also be inhibited by mitochondrial ROS accumulation 

and that mitochondrial dysfunction contributes to the cytotoxicity of simvastatin. 

 

 

4. Discussion 

Statins are associated with different types of skeletal muscle toxicity, including muscle 

atrophy, impairment of muscle regeneration and myocyte apoptosis and necrosis (Hanai, Cao 

et al. 2007, Cao, Hanai et al. 2009, Bonifacio, Sanvee et al. 2017, Jaskiewicz, Pajak et al. 

2018). Previous studies have shown that inhibition of mTORC1 and mTORC2 as well as 

mitochondrial toxicity may be involved in statin-associated myotoxicity (Bouitbir, Sanvee et al. 

2019). In the current studies, we investigated the contribution of these mechanisms to 

simvastatin-induced myotoxicity in C2C12 cells and in mice. 

We first investigated the role of mTORC1 using rapamycin for mTORC1 inhibition. Rapamycin 

is an antifungal macrolide forming a complex with the 12 kDa FK506-binding protein 

(FKBP12), which inhibits mTORC1 in an allosteric manner (Sabers, Martin et al. 1995). Our 

data showed that rapamycin inhibited mTORC1 but was not cytotoxic for C2C12 myotubes. 

This was in clear contrast to simvastatin, which also inhibited mTORC1, but was cytotoxic. A 

second important difference between rapamycin and simvastatin was the finding that only 

simvastatin, but not rapamycin, inhibited Akt Ser473 phosphorylation, which is phosphorylated 

by mTORC2 (Fig. 2D) (Jhanwar-Uniyal, Amin et al. 2017). These findings showed that 

inhibition of mTORC1 alone did not explain the toxicity of simvastatin on C2C12 cells and, 

importantly, that mTORC1 inhibition did not affect mTORC2 activity in this cell model. In other 
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reports, an impairment in the activity of mTORC1 was associated with a decrease in the 

function of mTORC2 (Julien, Carriere et al. 2010, Rozengurt, Soares et al. 2014, Xie and 

Proud 2014). The difference to the findings in the current study may be explained by the short 

incubation time in our experiments (24 hours) and by the different cell types used. 

The inhibition of mTORC1 by simvastatin, which is demonstrated in the current study by 

decreased phosphorylation of S6rp, can be explained by impaired phosphorylation of Akt 

Ser473 (Fig. 2D). Akt activates mTORC1 indirectly via inhibition of the tuberous sclerosis 1/2 

(TSC1/2) complex and stimulation of the small GTPase Rheb (Inoki, Li et al. 2003, Avruch, 

Long et al. 2009, Groenewoud and Zwartkruis 2013, Yang, Jiang et al. 2017). Simvastatin 

reduced the prenylation of Rheb (supplementary Fig. 2A), which impairs Rheb function (Inoki, 

Li et al. 2003). Prenylation is needed for membrane anchoring of Rheb, which is essential for 

mTORC1 recruitment and activation (Clark, Kinch et al. 1997, Groenewoud and Zwartkruis 

2013). In agreement with our findings, Basso et al. showed that inhibition of Rheb farnesylation 

impairs the phosphorylation of S6rp, which is a function of mTORC1 (Basso, Mirza et al. 2005). 

Taken together, these results indicated that impaired phosphorylation of Akt Ser473 and 

reduced prenylation of Rheb were responsible for the impairment of the mTORC1 activity by 

simvastatin. Impaired activity of mTORC1 could explain muscle atrophy associated with 

statins (Bonifacio, Sanvee et al. 2015), but not cytotoxicity caused by simvastatin in the current 

study. 

Our previous studies suggested that mTORC2 inhibition is the primary insult of simvastatin in 

mice and C2C12 cells (Bonifacio, Sanvee et al. 2015, Bonifacio, Sanvee et al. 2017, Sanvee, 

Bouitbir et al. 2019, Sanvee, Panajatovic et al. 2019). Since there are no specific mTORC2 

inhibitors available, we used siRNA knock-down to produce C2C12 cells with reduced 

mTORC2 activity. Knock-down of Rictor was associated with increased AK release, ATP 

depletion and inhibition of Akt Ser473 phosphorylation in C2C12 myoblasts, which was 

enhanced by the addition of simvastatin (Fig. 3). As these findings were similar to simvastatin-

induced toxicity, we believe that mTORC2 inhibition is indeed an important mechanism of 

simvastatin-associated myotoxicity. Possibilities to explain the increase in cytotoxicity of Rictor 
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knock-down by simvastatin include inhibition of the remaining mTORC2 activity and additional 

toxicity of simvastatin unrelated to mTORC2. 

Multiple studies have demonstrated the protective effects of geranylgeraniol and mevalonate 

in presence of statins, and also their ability to maintain different processes impaired by statins 

such as for instance glucose transport, insulin receptor signaling and cell viability (Ownby and 

Hohl 2002, Johnson, Zhang et al. 2004, Cao, Hanai et al. 2009, Jaskiewicz, Pajak et al. 2018, 

Jaskiewicz, Pajak et al. 2019). The main mechanism postulated to explain these findings is 

related to the fact that, as discussed above, small GTPases need prenylation to exert their 

role in cellular metabolism and function. Based on these considerations, we investigated 

whether impaired Ras prenylation would be a mechanism leading to mTORC2 inhibition, since 

there is a crosstalk between the Ras pathway and PI3K/Akt signaling. Activation of the Ras 

pathway stimulates PI3K activity and the production of phosphatidylinositol triphosphate 

(PIP3) (Gan, Wang et al. 2011), which can activate mTORC2 (Gan, Wang et al. 2011, Liu, 

Gan et al. 2015). It appeared to be possible that impaired PI3K activity due to lacking Ras 

stimulation could lower PIP3 levels and thereby decrease mTORC2 activation (Gan, Wang et 

al. 2011, Liu, Gan et al. 2015). In support of this notion, Mullen et al. described that Ras 

farnesylation was impaired with simvastatin in C2C12 myotubes (Mullen, Luscher et al. 2010). 

In our experiments, we confirmed that simvastatin impaired Ras farnesylation (Fig. 4). 

Surprisingly, however, the addition of farnesol for 24 h to the incubations containing 

simvastatin did not increase the prenylated fraction of Ras (Fig. 4C). After an incubation for 

48 h with farnesol and simvastatin, the prenylated fraction of Ras increased (Fig. 4C), but the 

activity of mTORC2 in the presence of simvastatin remained low (Fig. 4D). This indicated that 

Ras prenylation is a slow process and that reduced prenylation of Ras could not explain 

inhibition of mTORC2 by simvastatin. Therefore, other proteins requiring prenylation had to 

limit the activity of mTORC2 in the presence of simvastatin. 

Considering that geranylgeraniol was able to prevent the decrease in mTORC2 activity in the 

presence of simvastatin completely (Fig. 4B), Rap1 was regarded to be a possible candidate. 

Rap1 must be geranylgeranylated and coordinates several signaling pathways, including 
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PI3K/Akt signaling, which regulate for instance cytoskeleton rearrangement, vesicle 

translocation, motility, and apoptosis (Jaskiewicz, Pajak et al. 2018). In support of a role of 

Rap1, it had been shown that the prenylated Rap1 fraction decreases in C2C12 cells treated 

with statins (Mullen, Luscher et al. 2010, Jaskiewicz, Pajak et al. 2018), which was associated 

with cell death. Furthermore, geranylgeranyl transferase inhibitors induced similar effects on 

C2C12 cells as statins (Mullen, Luscher et al. 2010). Although Rap1 appears to have a role in 

mTORC1 activation (Mutvei, Nagiec et al. 2020), much less is currently known about a 

possible link between Rap1 and mTORC2 activity. It has been demonstrated that Rap1 

regulates Ras-mediated activation of TORC2 in the amoeba Dictyostelium discoideum 

(Khanna, Lotfi et al. 2016). The current study demonstrates that Rap1 is essential for mTORC2 

activity in C2C12 myoblasts and that geranylgeranylation is essential for Rap1 function. 

Inhibition of geranylgeranylation of Rap1 by simvastatin impaired the activation of mTORC2, 

which inhibited full activation of Akt and mTORC1 with the described downstream effects. 

ATP depletion and oxidative stress have been reported to impair autoregulation and assembly 

of mTORC2, restricting the activity of this protein complex (Wang, Kim et al. 2011, Chen, Kiyan 

et al. 2013). These reports are supported by the results with antimycin A obtained in the 

current study (Fig. 7). Antimycin A caused mitochondrial ROS accumulation, suppressed 

cellular ATP levels, and decreased Akt Ser473 phosphorylation in C2C12 myotubes. 

Simvastatin showed similar effects on mitochondrial ROS and cellular ATP levels, but to a 

minor extent. The addition of MitoTEMPO, a specific mitochondrial antioxidant, not only 

reduced mitochondrial ROS accumulation, but also prevented the inhibition of Akt Ser473 

phosphorylation by simvastatin and antimycin A. This suggests that mitochondrial dysfunction 

induced by statins is an additional mechanism to decrease the activity of mTORC2. 

Mitochondrial dysfunction may therefore contribute to statin-associated myotoxicity by 

contributing to mTORC2 inhibition and by directly affecting skeletal muscle energy 

metabolism. 

In conclusion, the current study demonstrates that mTORC2 is an important target of 

simvastatin-associated myotoxicity. Impaired mTORC2 activity causes a decrease in Akt 
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Ser473 phosphorylation, which reduces mTORC1 activation and restricts downstream effects 

of Akt and mTORC1. Statins impair the activity of mTORC2 by inhibiting the 

geranylgeranylation of the small GTPase Rap1 and by causing mitochondrial dysfunction with 

ROS accumulation. Mitochondrial dysfunction may also contribute independently of impaired 

mTORC2 activation to simvastatin-associated myotoxicity. 
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6. Figure legends 

 

 

Figure 1: Simvastatin inhibits phosphorylation of Akt Ser473 and S6rp in C2C12 cells 

and mouse skeletal muscle. 

C2C12 myoblasts and myotubes were treated with simvastatin for 24 hours. Mice were treated 

with simvastatin at the doses indicated for 3 weeks by oral gavage. The results in mice were 

obtained in the white part of the gastrocnemius muscle. Data represent the mean ± SEM of at 

least three independent experiments. *P<0.05 versus 0.1 % DMSO or control (CTRL) mice. 

SMV: simvastatin, S6rp: S6 ribosomal protein. 
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Figure 2: Rapamycin inhibits mTORC1 in C2C12 myotubes but is not cytotoxic and does 

not affect Akt Ser473 phosphorylation. 

C2C12 myotubes were treated for 24 hours with 10 μM simvastatin and/or 100 ng/mL insulin 

and/or 100 nM rapamycin. 0.1% DMSO and 1% Triton-X 100 treatments were used as 

negative and positive controls, respectively. A. Membrane toxicity (AK release) in C2C12 

myotubes. B. ATP content in myotubes. C. Expression and representative immunoblots of 

phosphorylated S6rp (Ser235/236) and its total form. D. Expression of phosphorylated Akt 

(Ser473) and Akt total. Representative immunoblots are shown. Data represent the mean ± 

SEM of three independent experiments. *P<0.05 versus 0.1 % DMSO; +P<0.05 versus 10 μM 

simvastatin, P<0.05 versus 100 nM rapamycin. SMV: simvastatin, INS: insulin, RAPA: 

rapamycin, S6rp: S6 ribosomal protein. 
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Figure 3: mTORC2 inactivation in C2C12 myoblasts leads to a similar toxicity as 

treatment with simvastatin. 

C2C12 myoblasts were transfected for 24 hours with control siRNA or 60 pmol Rictor siRNA 

and treated with 10 μM simvastatin and/or 100 ng/mL insulin and/or 100 µM mevalonate 

and/or 50 µM geranylgeraniol and/or 50 µM farnesol. 0.1% DMSO was used as negative 

control and 1% Triton-X 100 as positive control (not shown). A. Membrane toxicity (AK 

release) in transfected cells treated for 24 hours. B. Intracellular ATP in transfected cells 

treated for 24 hours. C. Quantification for Rictor, P-Akt Ser473 and P-S6rp 235/236 based on 

the immunoblots 3D and 3E. D and E. Representative immunoblots of Rictor, P-Akt and P-

S6rp. Data represent the mean ± SEM of at least three independent experiments. *P<0.05 

versus 0.1 % respective DMSO control sample; +P<0.05 versus respective 10 μM simvastatin 

sample. P<0.05 Rictor siRNA samples versus respective control siRNA samples. SMV: 

simvastatin, INS: insulin, MEVA: mevalonate, GGOH: geranylgeraniol, FOH: farnesol. 
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Figure 4: mTORC2 inactivation in simvastatin-treated myotubes is independent of Ras 

prenylation. 

Myotubes were treated for 24 hours or for 48 hours with 10 μM simvastatin and/or 100 μM 

mevalonate and/or 50 μM geranylgeraniol and/or 50 μM farnesol. 0.1% DMSO was used as 

negative control. A. Effect of mevalonate and geranylgeraniol on the prenylation of Ras in 

C2C12 myotubes. The upper band represents the non-prenylated Ras and the lower band is 

the prenylated fraction. B. Effect of mevalonate and geranylgeraniol on the phosphorylation 

of Akt Ser473 in C2C12 myotubes. C. Effect of farnesol on the prenylation of Ras in C2C12 

myotubes. D. Effect of farnesol on the phosphorylation of Akt Ser473 in C2C12 myotubes. 

GAPDH expression was used for loading control for the immunoblots. Data represent the 

mean ± SEM of three independent experiments. *P<0.05 versus 0.1 % DMSO control; +P<0.05 

versus 10 μM simvastatin. SMV: simvastatin, MEVA: mevalonate, GGOH: geranylgeraniol, 

FOH: farnesol. 
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Figure 5: Geranylgeraniol enables prenylation of Rap1 in the presence of simvastatin 

and prevents cytotoxicity associated with simvastatin. 

A. C2C12 myotubes were treated for 24 hours with 10 µM simvastatin, 50 or 100 µM 

mevalonate and/or 10 or 50 µM geranylgeraniol and unprenylated Rap1 expression was 

determined by immunoblotting. B. Quantification of non-prenylated Rap1. C. Membrane 

integrity (AK release) of C2C12 myotubes depending on prenylation of Rap1. D. C2C12 

myoblasts were transfected for 24 hours with control siRNA or Rap1 siRNA (60 pmol siRNA) 

and treated for 24 hours with 10 μM simvastatin, mevalonate and/or geranylgeraniol. Rap1 

expression was determined by immunoblotting. E. Membrane integrity (AK release) of C2C12 

myoblasts treated with control siRNA or Rap1 siRNA treated for 24 hours with 10 μM 

simvastatin, mevalonate and/or geranylgeraniol. 0.1% DMSO was used as negative control. 

F. ATP content of C2C12 myoblasts treated with control siRNA or Rap1 siRNA treated for 24 

hours with 10 μM simvastatin, mevalonate and/or geranylgeraniol. 0.1% DMSO was used as 

negative control. Data represent the mean ± SEM of at least three independent experiments. 
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*P<0.05 versus 0.1 % respective DMSO control sample; +P<0.05 versus respective 10 μM 

simvastatin sample. P<0.05 Rap1 siRNA samples versus respective control siRNA samples. 

SMV: simvastatin, MEVA: mevalonate, GGOH: geranylgeraniol. 

 

 

Figure 6: Rap1 knock-down causes similar effects on the Akt pathway as simvastatin. 

C2C12 myoblasts were transfected for 24 hours with control siRNA or Rap1 siRNA (60 pmol 

siRNA) and treated for 24 hours with 10 μM simvastatin, mevalonate and/or geranylgeraniol. 

A. Representative immunoblot of phosphorylated (Ser 473) and total Akt, and phosphorylated 

(Ser235/236) and total S6rp in control-siRNA and Rap1 siRNA transfected myoblasts after 24 

hours of treatment. GAPDH expression was used for loading control. B. Quantification for the 

phosphorylation of Akt Ser473. C. Quantification for the phosphorylation of rpS6 Ser235/236. 

Data represent the mean ± SEM of at least three independent experiments. *P<0.05 versus 

0.1 % respective DMSO control sample; +P<0.05 versus respective 10 μM simvastatin sample. 

P<0.05 Rap1 siRNA samples versus respective control siRNA samples. SMV: simvastatin, 

MEVA: mevalonate, GGOH: geranylgeraniol. 
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Figure 7: Simvastatin increases mitochondrial ROS production, which can be mitigated 

by antioxidants and which contributes to impaired function of mTORC2 and 

cytotoxicity. 

C2C12 myoblasts or myotubes were treated for 24 hours with 10 μM simvastatin and/or 10 to 

20 μM MitoTEMPO and/or 10 to 50 µM geranylgeraniol. MitoSOX Red dye was used to 

quantify mitochondrial superoxide production. 0.1% DMSO was used as negative control and 

100 μM antimycin A was used as positive control (1 hour exposure) A. Mitochondrial O2
•- 

accumulation in C2C12 myoblasts transfected with control siRNA or Rap1 siRNA. B. Protein 

expression of SOD2 in C2C12 myoblasts. C. Mitochondrial O2
•- accumulation in C2C12 

myotubes treated with simvastatin or antimycin A. D. Membrane integrity (AK release) of 

C2C12 myotubes treated with simvastatin, MitoTEMPO, or antimycin A. E. Intracellular ATP 

of C2C12 myotubes treated with simvastatin, MitoTEMPO, or antimycin A. F. mTORC2 activity 

assessed by phosphorylation levels of Akt (Ser473) in C2C12 myotubes treated with 

simvastatin, MitoTEMPO, or antimycin A. Data represent the mean ± SEM of three 

independent experiments. *P<0.05 versus 0.1 % DMSO; +P<0.05 versus 10 μM simvastatin, 
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P<0.05 Rap1 siRNA samples versus respective control siRNA samples. SMV: simvastatin, 

MEVA: mevalonate, GGOH: geranylgeraniol, MITOT: MitoTEMPO, ANT.A: antimycin A. 
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Legends for supplementary figures 

 

Supplementary Figure 1: Effect of rapamycin and simvastatin on Ser2448 

phosphorylation of mTOR.  

C2C12 myotubes were treated for 24 hours with 10 μM simvastatin and/or 100 ng/mL 

insulin and/or 100 nM rapamycin. 0.1% DMSO treatment was used as a control. A, B. 

mTOR Ser2448 phosphorylation was assessed by western blotting using a specific 

antibody. Data represent the mean ± SEM of three independent experiments. *P<0.05 

versus 0.1 %DMSO. SMV: simvastatin, INS: insulin, RAPA: rapamycin. 
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Supplementary Figure 2: Effect of rapamycin and simvastatin on protein expression 

and prenylation of Rheb. 

C2C12 myotubes were treated for 24 hours with 10 μM simvastatin and/or 100 ng/mL 

insulin and/or 100 nM rapamycin. 0.1% DMSO treatment was used as a control. A. Rheb 

protein expression was assessed by western blotting. A double band is visible only in the 

incubations containing simvastatin. B. Quantification of A. Data represent the mean ± SEM 

of three independent experiments. There were no significant differences between 

treatments and the DMSO control. SMV: simvastatin, INS: insulin, RAPA: rapamycin. 
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Supplementary Figure 3: mTORC2 inactivation in C2C12 myoblasts leads to a similar 

toxicity as treatment with simvastatin.  

C2C12 myoblasts were transfected for 24 hours with control siRNA or Rictor siRNA (1 = 

30 pmol siRNA; 2 = 60 pmol siRNA) and treated with 10 μM simvastatin and/or 100 ng/mL 

insulin and/or 100 µM mevalonate. 0.1% DMSO was used as negative control. A. Rictor 

protein expression in control-transfected myoblasts and in Rictor-transfected myoblasts. 

Protein expression was assessed with western blot after 24 to 72 hours. B. Rictor gene 

expression in control-transfected myoblasts and in Rictor-transfected myoblasts. Data 

represent the mean ± SEM of at least three independent experiments (carried out in 

triplicates for RT-PCR). P<0.05 Rictor siRNA samples versus respective control siRNA 

samples. SMV: simvastatin, INS: insulin, MEVA: mevalonate, GGOH: geranylgeraniol. 
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Supplementary Figure 4: Effect of mTORC2 inactivation and simvastatin on Ki-67 

mRNA expression.  

C2C12 myoblasts were transfected for 24 hours with control siRNA or 60 pmol Rictor 

siRNA and treated with 10 μM simvastatin and/or 100 ng/mL insulin and/or 100 µM 

mevalonate. 0.1% DMSO was used as a control. Data represent the mean ± SEM of at 

least three independent experiments carried out in triplicates. *P<0.05 versus 0.1 % 

respective DMSO control sample; P<0.05 Rictor siRNA samples versus respective 

control siRNA samples. SMV: simvastatin, INS: insulin, MEVA: mevalonate. 
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Supplementary Figure 5: Effect of Rap1 inactivation and simvastatin on atrogin-1 

and Ki-67 mRNA expression. 

C2C12 myoblasts were transfected for 24 hours with control siRNA or 60 pmol Rap1 siRNA 

and treated with 10 μM simvastatin and/or 100 µM mevalonate and/or 50 µM 

geranylgeraniol. A. mRNA expression of atrogin-1, and B. mRNA expression of Ki-67. 0.1% 

DMSO was used as a control. Data represent the mean ± SEM of at least three independent 

experiments carried out in triplicates. *P<0.05 versus 0.1 % respective DMSO control 

sample; +P<0.05 versus respective 10 μM simvastatin sample. P<0.05 Rap1 siRNA 

samples versus respective control siRNA samples. SMV: simvastatin, MEVA: mevalonate, 

GGOH: geranylgeraniol. 
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Mechanisms of simvastatin-

induced myopathy and insulin 

resistance: synopsis 

 

3.1. Summary of main findings 

Despite the availability of several lipid-lowering drugs, statins are the first-line 

pharmacotherapy for the treatment of dyslipidemia [209,44]. Their pharmacological mode 

of action, allying a decreased de novo cholesterol biosynthesis and an increased LDL 

receptors expression in hepatocytes make them effective lipid-lowering agents. In 

accordance with these effects, they efficiently decrease the risk of cardiovascular events 

[7]. Statins are well tolerated in general, nevertheless adverse effects can occur during the 

therapy and myopathy is the most frequently reported, ranging from muscle pain to 

rhabdomyolysis, a severe manifestation characterized by a massive destruction of the 

skeletal muscle and impaired renal function. Insulin resistance and new-onset diabetes 

have recently been reported in controlled trials and reports as side effects of statins, with 

an incidence reaching 30% [200,199,202,197]. Adverse effects of statins affect the 

compliance of the patients during the therapy and can significantly impact their quality of 

life [44]. The beneficial effects of statins on the cardiovascular system and on the reduction 

of the mortality and morbidity due to cardiovascular events surpass the risk of statin-

induced side effects. However, considering the increasing proportion of the population 

under statin therapy [210],it is of a great urge to ameliorate statins safety by researching 

the mechanisms leading to the adverse events, to better monitor them and manage 

complications.  
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The research presented in this thesis aimed to identify specific mechanisms of simvastatin-

induced myopathy and insulin resistance, and to evaluate whether these unfavorable 

effects could be alleviated in skeletal muscle cells with insulin, a hormone needed for 

muscle cells maintenance and energy metabolism, or with isoprenoids, whose biosynthesis 

is also inhibited by statins.  

We identified that simvastatin abrogated the phosphorylation of Akt on the serine 473 

significantly, and only by trend on the threonine 308. This indicated a reduced activity of 

the kinase complex mTORC2. Insulin was able to prevent and rescue effects of simvastatin 

on the insulin receptor signaling and on cell viability but not on ER stress.  

Apart from myotoxicity, we reported the occurrence of insulin resistance in mice and C2C12 

myotubes treated with simvastatin, due to a decreased activation of the insulin receptor, 

Akt and mTORC2 signaling, and especially, a disturbed activation of the glycogen synthase 

kinase 3β and a subsequent impaired translocation of glucose transporters protein 4 

(GLUT4) from intracellular vesicles to the cell membrane for glucose uptake.  

We could also show that simvastatin affects differently C2C12 myoblasts and myotubes, 

indicating that post-natal myogenesis is affected upon statin treatment and suggesting that 

defects in muscle regeneration might be important in statin-associated myopathy. In 

myoblasts, mitochondrial function, cellular proliferation, differentiation and fusion to 

myotubes were negatively affected with simvastatin. Myotubes were less susceptible to 

simvastatin-toxic effects on mitochondria probably due to a stronger oxidative system 

defense. Insulin and isoprenoid products were potent to prevent simvastatin-induced 

toxicity in the two cell models, especially insulin for maintaining the protein kinases activity 

and geranylgeraniol for cell proliferation.  

Finally, we wanted to explain the recurrent finding of simvastatin-induced decrease of Akt 

Ser473 phosphorylation in C2C12 cells. We hypothesized that mTORC2 inhibition was the 

initial insult leading simvastatin-induced muscle damage. To test our hypothesis, we 

inhibited of mTORC2 activity using RNA interference for Rictor, an essential component of 
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mTORC2, and found that it recapitulated functionally simvastatin effects, on the myotoxicity 

and on Akt signaling. We researched inhibitors of mTORC2 and identified increased 

mitochondrial reactive oxygen species (ROS) production and defects of protein 

isoprenylation as inducers of decreased mTORC2 activation in skeletal muscle cells treated 

with simvastatin.  

In conclusion, we provided mechanisms of simvastatin-induced myopathy and insulin 

resistance, with the inactivation of mTORC2 as the leading cause of these adverse events 

and defective muscle regeneration that might be also involved in statin-associated muscle 

damage. This work contributes to expand our knowledge about molecular events occurring 

in skeletal muscle cells exposed to statins and highlights new opportunities for the 

management of simvastatin-associated muscle damage and impaired glucose 

homeostasis.  

 

3.2. Connections 

The guiding thread of the research projects presented in this thesis is the simvastatin-

induced inhibition of mTORC2 activity in C2C12 skeletal muscle cells (Figure 10). 
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Figure 10: Key findings collected during this PhD work regarding the effects of simvastatin 

in skeletal muscles cells. 
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We provided evidences of how simvastatin “hits two birds with one stone”. mTORC2 and 

Akt pathways are at the crossroad of muscle cells maintenance and proper glucose 

handling. With the identified inhibition of mTORC2 and Akt activities, our findings bridge 

simvastatin-induced myopathy with the occurrence of insulin resistance in myocytes. As 

Akt orchestrates a huge variety of cellular processes, apoptosis, mitochondrial function, 

hypertrophy and glucose utilization to name a few, its inhibition can be connected to these 

two side effects arising upon statin therapy. 

Altogether, mTORC2 inactivation led to Akt inactivation and as consequences we observed 

muscle cells atrophy, impaired mitochondrial function, apoptosis, decreased cellular 

proliferation and differentiation of myoblasts, decreased protein synthesis, decreased 

glucose uptake and insulin resistance, providing a clear explanation of how simvastatin 

could elicit myopathy and new-onset diabetes.  

In the next part, I will discuss specific associations that can be made between our findings. 

A. Pivotal role of the maintenance of the insulin receptor and Akt interplay  

In the first paper, we found that the insulin receptor (IR)/Akt/mTOR signaling was abrogated 

in C2C12 cells treated with simvastatin leading to myotoxicity. Impaired insulin receptor 

activity resulted in decreased Akt activation and consequences previously mentioned. 

Positive effects of insulin for the prevention of simvastatin-induced myotoxicity are due to 

the stimulation of Akt activity. The central role of Akt for the maintenance of myocytes 

viability was shown using a pan-Akt inhibitor: the toxicity could not be prevented and insulin 

could not rescue the cellular death, stressing the importance of mTORC2 in the myopathy 

occurrence. Moreover, as Akt promotes mTORC2 assembly [80,95], conserving the proper 

activity of these two entities is crucial. Additionally, the effects of the insulin receptor 

activation on Akt after insulin binding were mostly maintained, as the phosphorylation of 

the threonine 308 residue of Akt was reduced by trend in myocytes treated with simvastatin 

(papers 1 and 2), despite a strong inhibition of the receptor phosphorylation. A 

supplementary way simvastatin could impair the activation of the insulin receptor is via the 

decreased mTORC2 activity. Yin et al. showed that mTORC2 favors the phosphorylation 
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and activation of the insulin receptor, while the insulin receptor phosphorylation was 

abrogated in Rictor null cells [211].Thus one can assume that this is also the case in 

myocytes. We need to evaluate this hypothesis in our system, with the Rictor knockdown 

cells. 

Throughout the projects carried out, we showed that simvastatin impaired insulin’s actions 

in C2C12 myotubes confirming the link between insulin and insulin resistance induced by 

statin. Akt inactivation was also linked to insulin resistance identified with simvastatin in the 

second paper, as it orchestrates the glucose transport machinery. Additionally, as 

mentioned already, mTORC2 is found to be an important orchestrator of glucose uptake in 

mice [102,212]. Its inactivation might also be the first event explaining the decreased 

glucose absorption via Akt in myocytes.  

B. mTORC1 and protein synthesis 

Downstream of Akt, we showed that mTORC1 activity was impaired in myocytes treated 

with simvastatin or in cells lacking Rictor, leading to a decreased protein synthesis (Papers 

1 to 4) [182]. mTORC1 inhibition explains also simvastatin effects on cellular proliferation, 

but here also, as a consequence of mTORC2 inhibition. One can find it contradictory, 

considering mTORC1 inhibition and decreased protein synthesis, that we observe 

increased insulin receptor synthesis concomitant with an increased mRNA expression in 

the two first papers. An explanation might be the fact that cells try to perform proper 

synthesis and proper folding of proteins in the endoplasmic reticulum and as a 

compensatory mechanism, they increase the expression of specific proteins. We can also 

imagine that we would observe the same phenomenon with other membrane receptors or 

proteins heavily modified by posttranslational adducts. As we saw, even though the total 

synthesis was higher, the function of the insulin receptor was still abrogated indicating that 

simvastatin acts at multiple levels. We can also hypothesize that simvastatin increases 

ubiquitination and the targeting of proteins to the proteasome. 
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C. GSK3β 

Akt phosphorylates-inhibits GSK3β. This kinase promotes the activation of the apoptotic 

cascade, impairs glucose uptake and glycogen formation [213,214]. We showed in papers 

1 and 2 that inhibition of GSK3β was impaired, confirming apoptosis (papers 1 to 3) and 

GLUT4 vesicles retention inside the myocytes. Additionally, we can speculate that we will 

observe a subsequent disturbed glycogen synthesis. Improper glycogen synthesis has 

been demonstrated to trigger insulin resistance in mice and humans [215,216]. The 

identification of such effect in our system will further demonstrate why simvastatin 

decreases insulin sensitivity in myocytes. 

D. Consequences of simvastatin effects on mitochondrial function  

Mitochondria are responsible for the majority of cellular energy production under the form 

of ATP through oxidative phosphorylation. Simvastatin depletes intracellular ATP pools as 

shown in papers 1 to 4, a marker of mitochondrial dysfunction. However, we can also 

speculate that due to decreased glucose absorption into the myocytes, glycolysis might 

also be reduced contributing to the decrease of total cellular pools of ATP.  

Mitochondrial ATP depletion can also explain the indirect effects of simvastatin on insulin 

receptor signaling activation. The insulin receptor pathway is activated by phosphorylation 

events and depleted ATP pools can impact intracellular signaling [217,218].  

Finally, proper mitochondrial function seems to be essential to maintain mTORC2 [96] and 

Akt activation, and maintain cellular viability. Mitochondrial stress in skeletal muscle cells 

is related to apoptosis [219], making a correlation between mitochondria and Akt signaling 

for the regulation of cell death. Our observations confirmed this connection in papers 1 and 

3. However, not only the mitochondria are in play here. 

E. Endoplasmic reticulum stress 

In the first paper, we identified ER stress occurrence as a mechanism contributing to 

simvastatin-induced muscle damage. Betz et al. reported that mTORC2 was found in 

mitochondria-associated ER membranes (MAMs) and regulated integrity of mitochondria 

[220]. We can suppose, due to this localization, that ER stress and mitochondrial 
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dysfunction may inhibit mTORC2. In the case of C2C12 myotubes (paper 3), ER stress 

might also elicit apoptosis through disturbed sarcoplasmic reticulum calcium handling 

[221,222].   

F. Prenylation 

Prenylation seems to play a crucial role not only for maintaining the cell viability in presence 

of simvastatin (Papers 3 and 4) but also for the performance of glucose uptake (Paper 2), 

proper insulin receptor and Akt signaling (Papers 2 to 4), mTORC1 function via Rheb 

(Paper 4) and mTORC2 activity itself (Paper 3 and 4).  

Direct pharmacological actions of simvastatin on prenylation processes inhibited mTORC2 

activity. Another link we can mention here is between the mevalonate pathway products 

and the maintenance of mitochondrial function. Tricarico et al. reported a relation between 

the inhibition of cholesterol biosynthesis and mitochondrial dysfunction, with the 

augmentation of cytochrome c release in the cytosol, a process that we demonstrated as 

well in the third paper, and decreased mitochondrial membrane potential [223]. One needs 

to identify proteins (for example involved in the oxidative system or chaperones) that might 

be affected by the lack of prenylation or to confirm if solely decreased ubiquinone synthesis 

[224] or direct inhibition of the ETC complexes account for mitochondrial dysfunction [225]. 

For mTORC2, we studied effects of simvastatin on the small GTPase Ras. Simvastatin 

impaired Ras prenylation but co-treatment with farnesol failed to stimulate mTORC2 

activity. Beneficial positive effects of isoprenoids were independent of Ras activation, 

indicating a crucial contribution of another or other small GTPase(s).   

 

3.3. Limitations 

A first limitation in our study is that we did not evaluate effects of simvastatin in vivo in 

skeletal muscle of animals (except for the insulin resistance study) nor demonstrated the 

same effects in humans. Work performed in our group already showed the inhibition of Akt 

phosphorylation in mice [181] and statin-induced myotoxicity in human tissues [179]. 

Moreover, regarding insulin resistance, we observed similar effects of simvastatin on 
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glucose uptake, insulin receptor and GLUT4 expression in mice and in C2C12 myotubes. 

Thus, one can assume that processes we identified in this research are also applicable to 

mice and also to the situation in humans. To overcome these issues, we could use muscle 

biopsies of patients treated with statins to evaluate if our findings are also observed in 

humans. Primary culture would also be a good cell culture model to use.  

Then, we used a simvastatin concentration of 10 µM for our studies. The mean 

concentration found in patients’ serum at the usually prescribed statin doses is between 1 

to 15 nM [36]. The concentration we exposed the cells to exceeds the peak reached in the 

blood of patients. Patients experimenting rhabdomyolysis at therapeutic doses of statins 

have risk factors promoting the side effects. A high exposure of statins in the blood due to 

transporters malfunction, drug-drug interactions or underlying metabolic diseases can lead 

to higher localized statin concentration in organs Thus, our findings might be applicable to 

the case in sensitive patients.  

We found that insulin has beneficial effects by preventing simvastatin toxicity and 

maintaining a homeostatic glucose metabolism. The insulin concentration that was the 

most potent for the prevention of simvastatin-induced myotoxicity (100 ng/mL) is 

supraphysiologic. Nevertheless, this concentration could be transposed to the situation 

seen in diabetic patients, where insulin resistance necessitates an insulin dosage 

adjustment and augmentation.  

Lastly, for the identification of effects of Rictor knockdown in myocytes, we performed the 

study using myoblasts. The situation in myotubes would be also interesting to assess. 

However, the transfection cannot be made in myotubes as they are post-mitotic cells. A 

strategy we are trying to develop is to create a cell line stably lacking Rictor and 

subsequently mTORC2 activity and to differentiate them into myotubes. However, our 

attempts are to date hindered by the fact that these myoblasts do not proliferate and 

differentiate properly to form myotubes. Nevertheless, we demonstrated in our study 

comparing myoblasts and myotubes that both models were undergoing cell death and that 

the IR/Akt signaling was similarly impaired by simvastatin. We suppose that the 



 

 - 150 - 

observations we made in Rictor knockdown myoblasts would be also applicable to 

myotubes. 

 

3.4. Suggestions for future discussions and 

perspectives 

A. Identification of similar mechanisms in animal studies 

The demonstration and translation from in vitro to in vivo of our research will be the ultimate 

goal. First, mechanisms of simvastatin-induced myotoxicity we identified have to be 

confirmed in an animal model. We plan to carry out a study using RimKO mice, kindly 

provided by Prof. Dr. Markus Rüegg. These mice lack Rictor in the skeletal muscle only. 

We aim to identify at the histological level and using assays to test the toxicity if we can 

compare them to wild-type mice treated with simvastatin. We will additionally test if glucose 

uptake is affected in these mice and will analyze how the systemic and peripheral glucose 

handling is maintained in these mice at rest and during exercise.  

As we identified mechanisms leading to mTORC2 inhibition in C2C12 cells, it will be of a 

great interest to study whether administration of mevalonate or geranylgeraniol in 

simvastatin-treated mice would protect them from developing myopathy and insulin 

resistance. To the best of our knowledge, such study has not yet been made.  

Of course, assessment of the potentiality of insulin to prevent statin-induced myopathy will 

be interesting to demonstrate in mice. However, due to key actions of insulin on energy 

metabolism, the risk to induce hypoglycemia and ultimately to kill the animals is quite high. 

We need to find the right dose of insulin to administer and a slow release system would be 

effective.  

B. “Bench to bedside” translation  

Statins cause muscle pain in patients. However, due to a lack of uniformity in the description 

and reports, the number of patients affected is surely underreported. In addition, there is to 

date no reliable, stable and validated biomarker to assess and monitor statin-associated 
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muscle symptoms [210]. The marker that is commonly used is the elevation of creatine 

kinase (CK), however, myalgia is not always associated with increased creatine kinase 

levels and severe forms of myopathy are rare [2]. Thus, there is urgent to identify specific 

and validated biomarkers in order to better monitor in the practice skeletal muscle related 

symptoms in patients taking statins.  

Evaluating effects of insulin administration in non-diabetic patients taking statins is another 

point to better assess and might be a novel therapeutic approach. Diabetic patients are 

often prescribed statins in order to prevent cardiovascular complications associated to the 

disease [210]. They are also given insulin to monitor the impaired glucose homeostasis 

and insulin resistance [226].  

In our study, insulin was potent to prevent myotoxicity, impaired glucose uptake and insulin 

resistance. However, chronic administration of insulin to prevent statins side effects may 

not result in positive outcomes. By over-activating mTOR signaling, insulin could also 

promote insulin resistance due to the negative feedback from the S6 kinase on the IRS 

proteins [227,228]. However, as glucose is also a stimulatory signal for mTOR [228], insulin 

helps keeping normal serum sugar levels and avoid overactivation of mTOR via this signal. 

Insulin administration could thus induce positive and negative effects. Altogether, this 

ambivalence leaves the question opened whether insulin treatment together with statin 

therapy in non-diabetic patients is a good strategy to pursue in patients.  

Other options would be exercise or use of IGF-1. 

Performing exercise could be another way to stimulate glucose uptake and is crucial in the 

management of type 2 diabetes. Several studies performed in human and animals reported 

that Akt activity was stimulated with exercise [229]. However, as the exercise-induced 

glucose absorption is mediated by AMPK [230] and that this kinase inhibits mTORC1, it is 

unknown how this will influence simvastatin-induced myopathy. Exercise might be good to 

maintain a normal glycemia and prevent the development of type 2 diabetes. However, a 

mild exercise regimen should be established as people taking statins are already more 

prone to experience muscle pain and disturbances.  
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Insulin-like growth factor 1 (IGF-1) is a growth promoting peptide synthetized by the liver. 

IGF-1 stimulates cell growth, differentiation and survival. It promotes muscle cells 

hypertrophy via the activation of PI3K/Akt/mTOR signaling [72]. IGF-1 receptor and insulin 

receptor share most downstream partners. However, their actions can be differentiated. 

We showed that IGF-1 protects against simvastatin-induced myotoxicity [182], making it a 

good candidate for therapeutic issues. Nevertheless, its influences on simvastatin-induced 

insulin resistance has not yet been analyzed. Additionally, we also need to consider that 

additional administration of IGF-1 might affect the growth of other organs as well.  
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