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INTRODUCTION

1.1

3-Hydroxyl-3-methylglutaryl-coenzyme A reductase Inhibitors

Coronary heart disease (CHD) is the principal cause of morbidity and mortality in the
Western world and kills about 6.7 million people per year. The traditional risk factors
for CHD are: tobacco smoking, high blood pressure, obesity, sedentary lifestyle and
age. The role of serum cholesterol, particularly low-density lipoprotein cholesterol
(LDL-C), in the development of atherosclerosis is well established (Knopp et al., 1994;
Fielding and Fielding, 1996; Coresh and Kwiterovich, 1996; Knopp, 1999). The use of
statins, have demonstrated that LDL-C lowering retards the development of
atherosclerotic lesions and reduces both cardiovascular morbidity and mortality. The
beneficial effect of the statins on the incidence of CHD and myocardial infarction (MI)
was clearly shown in several large-scale clinical trials. In 2003, statins were the firstchoice drugs in the treatment of CHD, with an estimated 120 million people suitable
for therapy (Downton and Clark 2003). Drugs in this class include simvastatin
(Zocor®), lovastatin (Mevacor®), pravastatin (Pravachol®), atorvastatin (Lipitor®),
fluvastatin (Lescol® ), and cerivastatin (Baycol® , Lipobay). Statins reduce not only
cholesterol, but have a variety of other pleiotropic effects which might allow them to
play a significant role in the prevention of cancer and chronic diseases like:
neurological diseases (Alzheimer); osteoporosis; urologic diseases; and many other
chronic diseases. Statins lower stroke incidence in high-risk patients (with CHD,
mellitus of diabetes, or hypertension), including patients having the normal levels of
serum cholesterol. The maximal doses administrated are 80 mg/day for lova-, simvaand atorva-statin, 40 mg/day for fluva- and prava-statin, 0.8 mg/day for cerivastatin. It
was estimated from many trial tests that risk of CHD is reduced by 15% for each 10%
of reduction of cholesterol plasma LDL-C, or of 25% for a reduction of 1 mmol/l of the
total cholesterol of plasma. Lowering the LDL-C from 24 to 50%, the statins are less
effective than the fibrates in the reduction of triglycerides (TG) and the increase in
HDL-C (Tab. 1). In fact, the therapy of combination with the two agents of reduction
of the cholesterol level induces another reduction in the levels of HDL-C compared
with the monotherapy.
1
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Serum

LDL-C
b

reduction (%)
Serum

HDL-C
b

increase (%)

ATV

Ceri

50

a

FV

LOV

PRA

SIM

NKS

28

24

34

34

41

48

6

10

8

9

12

12

c

29

13

10

16

24

18

23

Gemfibrozil
(Fibrate)
5-15

20

Serum
triglyceride

20-50

b

reduction (%)

Tab. 1: Comparative efficacy of the different statins on various lipid fractions.
(% Serum LDL-C reduction, Serum HDL-C increase, Serum triglyceride reduction) (Schachter, 2005)
a

b

Voluntarily withdrawn from clinical use; this effect was elicited in patients with hypercholesterolaemia

by a daily dose of 40 mg for atorvastatin (ATV), fluvastatin (FV), lovastatin (LOV), pravastatin (PRA)
c

and simvastatin (SIM), 4 mg for pitavastatin (NKS) and 0.3 mg for cerivastatin (Ceri) ; no significant
effect reported. LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.

1.1.1 Biochemical properties of the 3-hydroxyl-3-methylglutaryl-coenzyme A
reductase
3-Hydroxyl-3-methylglutaryl-coenzyme A (HMG-CoA) reductase is the target of
statins, which are very effectively in lowering the serum cholesterol levels. The HMGCoA reductase consists of a single polypeptide chain of 888 amino acids with three
functional portions: the amino terminal 339 residues are membrane bound and reside
in the endoplasmic reticulum membrane, the residues 340-459 also call linker region,
connect the membrane portion to the soluble C-terminal portion (residues 460-888)
(Istvan et al., 2000a; 2000b). The three dimensional structure of catalytic portion of
the HMGR shows a close association of two monomers in a dimer and of two dimers
in a tetramer. Statins contain different largely hydrophobic attachments and HMG-like
moieties that may occupy the HMG-binding pocket, thereby blocking HMG-CoA´s
access to human HMG-CoA reductase. HMG-CoA reductase catalyzes the 4-electron
reduction of HMG-CoA into CoA and mevalonate, a cholesterol precursor, with
oxidation of two molecules NADPH (Fig. 1). Statins target hepatocytes and inhibit the
conversion of HMG-CoA to mevalonate, thus inhibiting an early step of the cholesterol
biosynthetic pathway. The induction of a conformation change of HMG-CoA
2
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reductase in the active site makes the statins very specific and effective. The
reduction of cholesterol biosynthesis in hepatocytes results in an upregulation of the
hepatic LDL receptors. This has an influence on the reduction of circulating lowdensity lipoproteins and its precursors (intermediate density and very low density
lipoproteins). As a consequence, low density lipoproteins and its precursors are
cleared from the circulation (Goldstein and Brown, 1990). Furthermore, statins
treatment lower triglyceride levels (5% to 10%) and raise the plasma concentration of
anti-atherogenic high-density lipoproteins (HDL) (Ginsberg et al., 1987; Vega et al.,
1998; Bakker-Arkema et al., 1996; Grundy 1998; Brown et al., 1998; Brown and
Goldstein, 1986, 2004).
The inhibition of the HMG-CoA reductase results in the activation of a protease which
slices the sterol regulatory element binding proteins (SREBPs) from the endoplasmic
reticulum. SREBPs are translocated at the level of the nucleus, where they increase
the gene expression for LDL receptor. All statins reduce LDL cholesterol non-linearily,
dose-dependent, and after the administration of a single daily dose.

2 NADP+

2 NADPH

+ CoA-SH

+H+

HO

HO

COOH

COOH

H3C

S-CoA
O
HMG-CoA

Intermediate
reaction
HMG-CoA reductase

H3C

OH
O
Mevalonate

Statins

Fig. 1: Inhibition of HMG CoA reductase by statins
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1.1.2 Chemical structures and pharmacokinetic properties of statins
The first statin structure identified was mevastatin, isolated in 1976 from the fungus
Penicillium citrinum (Endo et al., 1976, 1977; Endo and Kuroda, 1976). Lovastatin
(LOV) was the first statin being approved by the United Food and drug Administration
(Tobert 1987, 2003). L OV was isolated from Aspergillus terreus, chemical alteration of
fungal products created drugs, such as simvastatin (SIM) and the microbial alteration
led to drugs such as pravastatin (PRA). In 1988, SIM was approved for marketing,
followed by PRA in 1991, fluvastatin (FV) in 1994, atorvastatin (ATV) in 1997,
cerivastatin in 1998 and rosuvastatin in 2003 (Tobert 2003). FV, ATV, cerivastatin
(Ceri), rosuvastatin and pitavastatin (NKS) are synthetic products with completely
different chemical structure.
LOV and SIM occur in an inactive closed lactones ring form. They are converted in
the liver into the open lactone form. The others statins are administered as active
compound (acid form). The non synthetics statins posses a common main polyketide
portion, a hydroxy-hexahydro naphthalene ring system, to which different side chains
are linked at C8 and C6. The structures of the synthetic statins FV, NKS, Ceri and
ATV are dissimilar and different from the natural statins. Only the HMG CoA-like
moiety is common to both statins groups (Fig. 2). FV is derived from mevalolactone
and was the first entirely synthetic statin available (Levy et al., 1993), while ATV
(Bakker-Arkema et al., 1996) and NKS are a new generation of statins. Although
chemically related, statins differ in their physicochemical and pharmacokinetic
properties (Tab. 2). Among available HMG-CoA reductase inhibitors, there are
pharmacokinetic differences in distribution, half-lives, systemic exposure, maximum
concentrations, bioavailability, protein binding, metabolic pathways, the presence of
active metabolites and excretion routes, strictly related to their physicochemical and
biochemical properties, which in turn may translate into differences in long -term safety
( Garcia et al., 2003). In fact, the ability of a statin to penetrate into muscle tissue, and
in particular in skeletal muscle cells (SkMCs), may be influenced by its
hydrophilic/lipophilic character, circulating levels or by the presence of an active
transport mechanism.
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Lovastatin

Pravastatin

Simvastatin

sodium

Atorvastatin calcium

Cerivastatin sodium

N
O
OH

OH

OH

F

Fluvastatin sodium

Pitavastatin

Fig. 2: Chemical structures of statins drugs

5

INTRODUCTION

Parameter

Atorvastatin

Cerivastatin

Fluvastatin

Lovastatin

Pravastatin

Simvastatin

Fraction absorbed (%)

30

98

98

30

34

60-80

Tmax (hr)

2-3

2.5

0.5-1

2-4

0.9-1.6

1.3-2.4

C max (ng/mL)

27-66

2

448

10-20

45-55

10-34

Bioavailability

12

60

19-29

5

18

5

↓13%

0

↓15%

↑50%

↓30%

0

Absorption

(%)
Effect of food

to

↑25%
Distribution
Fraction bound (%)

80-90

>99

>99

>95

43-55

94-98

Lipophilicity, (log P)

4.06

1.47

3.24

4.27

-0.22

4.68

Hepatic metabolism

CYP3A4

CYP3A4/2C8

CYP2C9

CYP3A4

Sulfation

CYP3A4

Clearance (L/hr/kg)

0.25

0.20

0.97

0.26-1.1

0.81

0.45

Mainly cleared as

Metabolites

Metabolites

Metabolites

Metabolites

Unchanged

Metabolites

>70

NA*

>68

>70

46-66

78-87

Active

Active

Inactive

Active

Inactive

Active

t1/2 (hr)

15-30

2.1-3.1

0.5-2.3

2.9

1.3-2.8

2-3

Urinary excretion (%)

Negligible

30

6

10

20

13

Fecal excretion (%)

Major route

70

90

83

71

58

Prodrug

no

no

no

yes

no

yes

Max. dose

80

0.8

40

80

40

80

Metabolism

Hepatic extraction (%)

Systemic metabolites
Excretion

Other parameters

(mg/day)
NA* : non available (Blum, 1994; Schmitz et al. 2003; Corsini et al., 1999)
Tab. 2: Lipophilicity and pharmacokinetic parameters of statins on the market
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1.1.3 Pleiotropic effects of statins
The pleiotropic effects of a pharmacologic agent are actions other than those for
which the agent was specifically developed. These effects may be undesirable,
neutral or beneficial. The pleiotropic effects are either related or unrelated to the
primary mechanism of action of the drug, and they are usually unanticipated. Many
recent studies reported that the effects of statins extend beyond their cholesterollowering capacity (Takemoto et al., 2001; Werner et al., 2002) and most of their
multiple activities are mediated by the ability to block the synthesis of isoprenoid
products. Understanding the pleiotropic effects of statins is important to optimize their
use in treatment and prevention of cardiovascular disease. Pleiotropic effects of
statins include improvement of endothelial dysfunction, inhibition of inflammatory
responses, stabilization of atherosclerotic plaques, and antioxidant properties.
Besides lowering blood cholesterol, statins prevent down regulation of endothelial
nitric oxide synthase (eNOS) (Romano et al., 2000; Martinez Gonzalez et al., 2001).
Other mechanisms include stabilization of eNOS messenger RNA by inhibiting the
RhoA GTPase-dependent actin cytoskeleton (Laufs et al., 1998). Statin, inhibit in a
concentration dependent manner, arterial SMC migration induced by fibrinogen
(Corsini et al., 1999). Many studies reported the inhibition of SMC and the induction of
apoptosis by statins (Muller et al., 1999; Kaneider et al., 2001).
Plaque instability is a major cause of acute coronary syndromes (Chesebro et al.,
1991; Fuster, 1995; Libby et al., 1997). Statins prevents macrophage activation, the
process that has been implicated in the pathophysiology of most acute coronary
syndromes (Libby, 1995). Statins can decrease the level of metalloproteases released
by macrophages, which might weaken the fibrous cap of plaque and make it
susceptible for rupture. Statins also increase and stabilize the collagen content in
plaque matrix. Many studies suggest that statins possess anti-inflammatory properties
by their ability to reduce the inflammatory cells in atherosclerotic plaques (Vaughan et
al., 2000).

Hypercholesterolemia is associated with hypercoagulability, as well as

with platelet activation. Statins have been shown to inhibit platelet function. In
addition, statins can affect thrombus formation by reducing platelet aggregation in
vitro. Statins also increase the expression of bone morphologenic protein-2, which is
able to mediate osteoblast differentiation and bone formation. Hypercholesterolemia
7
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increases the risk factor for Alzheimer’s disease. The therapy with statins significant
reduces the risk for developing dementia, independently of their lipid status.
1.1.4 Anti- and pro-oxidative effect of statins
The important action of statins is their ability to scavenge oxygen free radicals in a
concentration-dependent manner. Statins may reduce oxidative stress by reducing
enhanced plasma levels of LDL, which are more susceptible to peroxidation in
hypercholesterolemia (Lavy et al., 1991; Cominacina et al., 1994) and change the
LDL structure, making them more resistant to peroxidation (Hussein et al., 1997).
Statins may also inhibit NAD (P) H oxidase, thus decreasing the generation of ROS.
The antioxidative properties of statins also prevent the development of smooth
muscle and cardiac hypertrophy via inhibition of Rac1-mediated oxidative stress
(Takemoto et al., 2001 and Wassmann et al., 2001). Rac1 has been shown to be
involved in the activation and assembly of NAD (P) H oxidase in vascular cells (Dusi
et al., 1995; Rinckel et al., 1999). Statins decrease the cellular ROS production in
macrophage (Pietsch et al., 1996, Umetani et al., 1996; Draude et al., 1999). FV and
its metabolites, particularly 5-OH-Fluvastatin (M-2) and 6-OH-Fluvastatin M-3, have
the potential to protect against oxidative stress mediated by aqueous ROS such as
¹O2, O2 ¯, ?OH, and OCL¯ and primarily inhibit the initiation of lipid peroxidation
(Nakashima et al., 1999; 2001). Antioxidant effects of fluvastatin have been also
reported in vivo in humans (Hussein et al., 1997; Leonhardt et al., 1997) and animals
(Bandoh et al., 1996; Mitani et al., 1996).
Contrary to their antioxidants properties many studies reported the pro-oxidative
effect of statins. The treatment of hypercholesterolemia patients with statins have
shown a reduction of serum a-tocopherol and the susceptibility to significantly
increased peroxidation (Caye-Vaugien et al.,1990) and the depletion of plasma
CoQ10 that result in impaired antioxidant protection, therefore leading to oxidative
stress. Treatment with vitamin E within 5-12 days completely abolished muscle pains
during statins treatment without CK-elevation (Sinzinger, 2000; Sinzinger et al., 2000).
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1.2

Myopathy/Rhabdomyolysis

The

ACC/AHA/NHLBI

(American

College

of

Cardiology/American

Heart

Association/National Heart, Lung, and Blood Institute) task force considers myopathy
to be a general term for desease of the muscles. The incidence of dose-dependent
myotoxic effects, range from mild myalgia to rhabdomyolysis. It may be defined as a
clinical and biochemical symdrome that results from injury which damages the
integrity of the sarcolemma of skeletal muscle leading to the release of skeletal
muscle contents including creatine kinase (CK), potassium, uric acid, myoglobin,
calcium, phosphate, LDH, aldolase and ASAT, among others into systemic circula tion
(Poels and Gabreels, 1993; Dayer-Berenson, 1994), with abnormal elevations in CK
levels (>10 times the upper limit of normal)
1.2.1 Etiology of Rhabdomyolysis
Rhabdomyolysis is a potential fatal consequence from a large variety of diseases,
trauma, or toxic insults to skeletal muscle. The causes of rhabdomyolosis can be
divided into hereditary, acquired and toxins (Tab. 3). The muscular signs and
symptoms of the rhabdomyolysis are completely variable according to cases (Tab.
4). Tachycardia, fever, faintness, nausea, vomiting or red-coloured urine bed resulting
from myoglobin excretion (Hamer, 1997) are the general internal disturbances. The
complications of the rhadomyolysis are due to the local effects of the muscle damage,
and to the systhemic effects of the substances released by the muscle (Tab. 4).
Rhadomyolysis, in its most severe form, leads to myoglobinuria with resulting acute
renal failure and death (Sauret, 2002). Histological changes such as myofiber
vacuolation (Fig. 3), necrosis of Type IIB fibers (Fig. 4) are associated with statininduced skeletal myopathy. The diagnosis of rhabdomyolysis can be confirmed with a
muscle biopsis. The muscle pathology is characterized by loss of cross striations and
nuclei (Fig. 5 & 6). The main factors that increase the risk of statin-induced myopathy
are patient characteristics and statins properties (Tab. 5). The treatment of
rhabdomyolysis consists of the correction of hypotension, hypovolemia, and
dehydratation, as well as the prevention of the complications of acute renal failure.
The therapy includes removal of the offending cause and careful monitoring of CK
concentration. It also important to induce diuresis with large volume of fluid to prevent
renal failure.
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Causes of rhabdomyolysis
Medications and toxic substances

Infectious causes

HMG-CoA reductase inhibitors
Fibrates
Niacin (nicotinic acid; Nicolar)
Cyclosporine (Sandimmune)
Itraconazole (Sporanox)
Erythromycin
Colchicines
Zidovudine (Retrovir)
Corticosteroids
Alcohol
Central nervous system depressants
Cocaine
Amphetamine
Ecstasy (MDMA)
Lysergic acid diethylamide LSD
Neuromuscular blocking agents

Viruses: influenza virus B, parainfluenza virus,
adenovirus, coxsackievirus, echovirus, herpes
simplex virus, cytomegalovirus, Epstein-Barr virus,
human immunodeficiency virus
Bacteria: Streptococcus, Salmonella, Legionella,
Staphyloccus and Listeria species

Traumatic causes
Lightning strike
Immobilization
Extensive third-degree burn
Crush injury

Inflammatory causes
Polymyositis
Dermatomyositis
Capillary leak syndrome
Snake bites (mostly in South America, Asia and
Africa)
Metabolic and endocrinologic causes
Electrolyte imbalances: hyponatremia,
hypernatremia, hypokalemia, hypophosphatemia,
hypocalcemia
Hypothyroidism ,Thyrotoxicosis
Diabetic ketoacidosis
Nonketotic hyperosmolar syndrome
Heriditary Causes of Rhabdomyolysis

Heat-related causes
Heatstroke
Malignant hyperthermia
Neuroleptic malignant syndrome
Ischemic causes
Ischemic limb injury
Exertional causes
Marathon running
Physical overexertion in untrained athletes
Pathologic muscle exertion
Heat dissipation impairment
Physical overexertion in persons with sickle cell
disease

Lipid metabolism
Carnitine palmitoyltransferase deficiency
Carnitine deficiency
Short-chain and long-chain acyl-coenzyme A
dehydrogenase deficiency
Carbohydrate metabolism
Myophosphorylase deficiency (McArdle's disease)
Phosphorylase kinase deficiency
Phosphofructokinase deficiency
Phosphoglycerate mutase deficiency
Lactate dehydrogenase deficiency (characteristic
elevation of creatine kinase level with normal lactate
dehydrogenase level)
Purine metabolism
Myoadenylate deaminase deficiency
Duchenne's muscular dystrophy

Tab. 3: Causes that increase the risk of rhabdomyolysis
HMG -CoA = 3-hydroxy-3-methylglutaryl coenzyme A; LSD = lysergic acid diethylamide; MDMA = 3, 4methylene dioxymethamphetamine.
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Symptoms of rhabdomyolysis

Complications of rhabdomyolysis

Local effects

Early complications

Muscle pain

Hyperkalemia

Tenderness

Hypocalcemia

Swelling

Hepatic inflammation

Bruising

Cardiac arrhythmia

Weakness

Cardiac arrest

Systemic effects

Late complications

Tea-colored urine

Acute renal failure

Fever

Disseminated intravascular coagulation

Malaise
Nausea

Early or late complication

Emesis

Compartment syndrome

Confusion
Agitation
Delirium
Anuria
Tab. 4: Clinical effects of rhabdomyolysis

Patient characteristics

Statin properties

Increased age

High systemic exposure

Female sex

Lipophilicity

Renal insufficiency

High bioavailability

Hepatic dysfunction

Limited protein binding

Hypothyroidism

Potential for drug-drug interactions metabolized by CYP pathways

Diet (grapefruit juice)

(particularly CYP3A4)

Polypharmacy
CYP = cytochrome P450.
Tab. 5: Factors that increase the risk of statin-induced myopathy
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Fig. 3: Vacuolation of Type IIB myofibers in an early stage of rhabdomyolysis

Normal

Rhabdomyolysis

Fig. 4: Succinyl dehydrogenase stain of rat muscle with early necrosis of Type IIB fibers
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Normal

Rhabdomyolysis

Fig. 5: Statin-induced rhabdomyolysis in rat muscle

Fig. 6: Statin-induced chronic rhabdomyolysis in rat muscle
By Frank Voelker; Rhabdomyolysis in a two-week rat study with statins: A review of the pathology
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1.2.2 Current view of cellular mechanisms of rhabdomyolysis
Rhabdomyolysis may occur through many conditions and various mechanisms, but
the pathogenesis follows a final common pathway. The final events common to
diverse causes of rhabdomyolysis are direct injury to the sarcolemma or an altered
metabolic relationship between energy production and energy consumption in muscle
cell, impairing the production or use of adenosine triphosphate (ATP) by skeletal
muscle. Both lead to an increase of cellular permeability followed by the increase of
intracellular sodium ion concentrations, the activation of Na +, K+ ,-ATPases and the
increase of Na +-Ca2+ exchanger. Activation of these transport mechanisms enhances
the accumulation of intracellular sodium and calcium, which activates neutral
proteases within the cell, causing cell injury. The influx of calcium ions into the fiber
leads to overcontraction of the contractile apparatus and to a disturbance of protein
synthesis and mitochondrial metabolism, causing further cellular injury (Armstrong et
al., 1991). The elevated concentration of intracellular Ca2+ also induces increased
interaction of actin and myosin filaments and release of phospholipids A2 resulting in
a cascade of events leading to enhances the activity of the intracellular proteolytic
enzymes, follow by the intracellular structures destruction.
The resultant myonecrosis is also characterized by the release of a variety of
enzymes including CK and aldolase into the extracellular fluid and circulation.
Additionally, potassium, myoglobin, creatinine and other predominantly intracellular
constituents also enter the plasma compartment.
1.2.3 Statins and rhabdomyolysis
Most patients tolerate treatment with statins well. Around 0.5% to 2.0% of patients
exhibit hepatic transaminase level elevations greater than three times the upper limit
of normal, and this increase is dose-dependent (Bradford et al., 1991; Hsu et al.,
1995). According to the published reviews of the foods and drugs administration
(FDA) (Staffa et al., 2002) and the Medicines Control Agency (Evans and Rees
2002a),

fatal

rhabdomyolysis

was

very

rare

(less

than

one

death/million

prescriptions). The rate of fatal rhabdomyolysis for cerivastatin was 16 to 80 times
higher than that for other statins. The precise mechanism underlying statin-induced
rhabdomyolysis is unclear (Evans and Rees, 2002b; Pasternak et al., 2002;
Thompson et al., 2003). In the literature many hypotheses exist about the mechanism
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of myotoxicity and rhabdomyolysis including, reduction of secondary metabolic
intermediates, drug and drug interaction and the lipophilicity of the statins and the
reduction of cholesterol content in skeletal muscle cell membranes.
The reduction of secondary metabolic intermediates
The inhibition of HMG-CoA reductase by the statins is approximately 14 steps and
more than 9 enzymatic reactions before the terminal steps in cholesterologenesis.
The inhibition of L-mevalonic acid (MVA) synthesis by statins also decreases the
synthesis of important isoprenoid intermediates such as farnesylpyrophosphate (FPP)
and geranylgeranylpyrophosphate (GGPP) (Goldstein and Brown, 1990), which
mediate many of the cholesterol-independent effects of statins (Fig. 7). Johnson et al.
(2004) suggest that statins induce apoptosis in rat myotubes by inhibiting the
geranylgeranylation of proteins. Prenylation is a fundamental element of post
transcriptional lipid modification of proteins and other compounds and affects their
function. Protein isoprenylation permits the covalent attachment to membranes,
subcellular localization, and intracellular trafficking of membrane-associated protein
(van Aelst and D´Souza -Schorey, 1997). Some of the known isoprenoids include the
following : isopentyladenosine, required for transfer RNA synthesis; heme A, a
polyisoprenoid component of the electron transport chain; dolichols, required for
glycoprotein synthesis; ubiquinone, a polyisoprenylated quinoid cofactor of the
electron transport chain, which accepts electrons from complexes I and II (Beyer,
1992; Ernster and dallner, 1995; Do TQ et al., 1996). Rho GTPases, including RhoA,
Rac, and Cdc42, are major substrates for post-translational modification by
isoprenylation. Other important prenylated proteins include the Ras family that
requires attachment of a farnesyl group for its actions and plays a crucial role in
cellular differentiation and proliferation, the Rab proteins which are necessary for
vesicle transportation within the cell and the Rap family which is known to play a role
in cell replication, platelet activation and the generation of oxygen radicals (Laufs et
al., 2000) (Tab.7). These suggest that the toxic effects could be related to the
inhibitory effects of statins on cholesterol biosynthesis and not to the chemical toxicity
of the compound .
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Fig. 7: Synthesis of bioactive signaling molecules from the isoprenoid/cholesterol biosynthetic
pathway.
The synthesis of sterols and isoprenoids from acetyl-coenzyme A (CoA) is shown. Many intermediates
and enzymes have been omitted for clarity. Genes that are transcriptionally regulated by SREBP are
shown in red. Bioactive compounds discussed in the text are shown in the blue. Underlined
compounds are discussed in more detail. HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; IPP, isopentenyl
diphosphate; GPP, geranyl diphosphate; FPP, farnesyl diphosphate; GGPP, geranylgeranyl
diphosphate; "MAS," meiosis-activating sterols; LDL, low-density lipoprotein; HDL, high-density
lipoprotein; CE, cholesteryl esters; SR-BI, scavenger receptor class B type I. Synthesis begins with the
transport of acetyl-CoA from the mitochondrion to the cytosol. The rate limiting step occurs at the 3hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase, HMGR catalyzed step. The phosphorylation
reactions are required to solubilize the isoprenoid intermediates in the pathway. Intermediates in the
pathway are used for the synthesis of prenylated proteins, dolichol, coenzyme Q and the side chain of
heme a.
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Drug-drug interactions
Drug interactions commonly occur in patients taking multiple medications. Coadministration with drugs that inhibit the transport or the metabolism or that affect the
activity of metabolizing enzymes and/or drug transporters at the intestinal, hepatic or
renal level are potential sources of interaction for statins (Williams and Feely, 2002;
Garnett, 1995). Some of the interactions of statins may not have clinical importance,
but others may lead to decreased pharmacological effects or as it has been reported
to cause serious adverse effects such as severe muscle toxicity, which can lead to
rhabdomyolysis (Garnett, 1995).
In approximately 55% of the total number of cases, statin induced rhabdomyolysis
was found to be related to drug-drug interactions (Bolego et al., 2002). The risk of
rhabdomyolysis increases when other drugs were administered concurrently to the
statin that decreased the elimination of the statin. For instance, the incidence of
myopathy has been reported to increase over 10-fold when some statins are coadministered with gemfibrozil, niacin, warfarin, digoxin, erythromycin, itraconazole, or
cyclosporine (Marais and Larson, 1990; Maltz et al., 1999; Bermingham et al., 2000;
Boger, 2001; Maxa et al., 2002). Co-administration of propanol decreased LOV
plasma concentration slightly, while concomitant cyclosporine or itraconazole were
associated with a greater potential to develop myopathy and rhabdomyolysis through
an increase in systemic exposure to LOV. Food intake, age and gender may also
modulate the systemic exposure of statins. As statins are usually prescribed over the
long-term and patients at highest risk of coronary heart disease often receive more
than one medication, the risk of potential drug interactions should be considered
carefully during therapy.

The lipophilicity of HMG-CoA reductase inhibitor
Statin-induced rhabdomyolysis is a dose- and time-dependent phenomenon and the
rate of myotoxicity for different statins may vary, possibly related to the lipophility of
the statins (McTavish and Sorkin, 1991; Negre-aminou et al., 1997; Farmer 2001;
Thompson et al., 2003). Lipophilic statins are more myotoxic because of the possible
enhanced penetration of the cells. For instance, cerivastatin is associated with most
muscle adverse effects (McTaggart et al., 2001, Staffa et al., 2002). The differences
in myotoxicity between statins may be related to specific physicochemical properties.
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The reduction of cholesterol content in skeletal muscle cell membranes
Membrane lipids are in dynamic equilibrium with plasma liquids, and low plasma
cholesterol levels and decreased intracellular cholesterol may result in reduced
membrane lipid content, making them unstable and leading to muscle toxicities. That
may also affect the fluidity of the cell membrane and decrease cell proliferation (Levy
et al., 1992; Lijnen et al., 1994; Morita et al., 1997). However, in vitro neonatal rat
skeletal muscle cells data demonstrated that the concurrently application of high dose
cholesterol and HMG-CoA reductase inhibitor did not protect from rhabdomyolysis
(Flint et al., 1997). These results do not support the hypothesis that the cholesterol
lowering effect is responsible for the statin-induced myotoxicity.

1.2.4 Oxidative stress and Rhabdomyolysis
Reactive oxygen species (ROS) are a normal by-product of several metabolic
processes. The generation of ROS is considered to be a primary event under a
variety of stress conditions (Noctor and Foyer 1998). Oxidative stress occurs when
the generation of ROS in a system exceeds the system’s ability to neutralize and
eliminate them (Sies et al., 1991). ROS may contribute to skeletal muscle
degeneration in chronic heart failure (Tsutsui et al., 2001), muscular dystrophies
(Ragusa et al., 1997), disuse atrophy (Kondo et al., 1993), ischemia–reperfusion
(Pattwell et al., 2001), and exercise-induced muscle injuries (Zerba et al., 1990).
Although direct evidence of increased skeletal muscle ROS formation in these
conditions is limited, all of these conditions have been associated with increased
markers of oxidative stress including lipid and protein oxidation, glutathione oxidation
and adaptive increases in antioxidants. The precise mechanism underlying of
rhadomyolysis is unknown. Many indirect evidences suggest the involvement of
oxidative stress in the mechanism of rhadomyolysis.
Exercise is one of the potential cofactor that may induce muscle injury (Evans and
Cannon, 1991; Thompson et al., 1991; Thompson et al., 1997). Biochemical changes
observed in fatigued muscle in vivo, such as increased production of thiobarbituric
acid-reactive substances (Anzueto et al., 1992) and GSH oxidation (Cooper et al.,
1980; Anzueto et al., 1992) are indeed major markers of oxidative stress (Sen et al.,
1994a, 1994b, 1997; Sen, 1995).
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Free iron and iron dextran are other factors inducing oxidative stress in skeletal
muscle. It had been suggested that free iron within iron-dextran activated free
radicals,

initiating

lipid

peroxidation

and

leading

to

rhabdomyolysis,

and

myoglobulinuria (Foulkes, 1991). The hydroxyl radical as the most reactive of the
formed radicals, is generated by the “Harber-Weiss reaction”. This reaction is very
fast if transition metal ions (iron, copper) are present in the reaction system (Halliwell
and Gutteridge, 1986). Damage to muscle tissue released a large amount of the ironcontaining protein, myoglobin, into the circulation. This protein and other heme
proteins catalyze the production of ROS, which is a mechanism for possible
secondary production of further oxidants after the initiation of cellular damage (RiceEvans et al., 1989, 1993, Rice-Evans and Burdon, 1993).
The lack of vitamin E and selenium (essentials antioxidants) in patients with myopathy
constitute another indirect evidence of the involvement of oxidative stress in the
mechanism of rhabdomyolysis. Selenium-deficient patient with myopathy usually have
muscle pain that aggravated by physical activity, such as walking, crawling and
muscle tenderness (Van Rij AM et al., 1979). Vitamin E-deficient muscle seems to be
more likely confronted with an intracellular calcium overload because of the
membrane permeability, allowing the influx of calcium, which activates protease
leading to muscle protein degradation (Dayton et al., 1979). Plasma ubiquinone
decrease might result in impaired antioxidant protection, therefore leading to oxidative
stress. The oxidative stress is associated with programmed cell death or apoptosis. In
the oxidative conditions, the different radicals led to the activation of distinct apoptotic
pathways involving activation of specific cytoplasmic caspases, ROS can overwhelm
the cell’s natural defense mechanisms and activate pathways that lead to
programmed cell death.
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1.3

Purpose of the study

The mechanism of 3-hydroxyl-3-methylglutaryl-coenzyme-A reductase inhibitorinduced muscle side effects is not yet understood. A variety of statins have been
shown to cause myopathy and rhabdomyolysis in animals and humans. A number of
in vitro studies have investigated statin-induced myotoxicity, however there is
currently no data about oxidative stress-induced by statins. To obtain a better
understanding of the nature of the muscle side effects of statins, the present
investigation examined NKS, SIM, LOV, ATV, PRA, and FV with regard to their ability
to induced myotoxicity and also examined the underlying mechanism. The human
skeletal muscle primary cell was used as in vitro model for the investigations. More
specifically, the aims were to investigate and compare the cellular events induced by
different statins by evaluating the involvement of oxidative stress and apoptosis in
statins -induced myonecrosis and to establish the interaction between the cellular
events induced by statins by evaluating the role of caspase-3 inhibitors, prooxidants,
antioxidants and HMG-CoA downstream metabolites in statin-induced myonecrosis.
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2

MATERIAL AND METHODS

2.1

Cell culture

Human skeletal muscle cells (hSkMCs) were purchased from BioWitthaker
(Walkersville, NJ, USA). The cells were maintained in complete skeletal muscle cell
growth medium (SkGM® Bulletkit®), which contains 500 ml of skeletal muscle cell
basal medium (SkBM® Bulletkit®, BioWitthaker) and SingleQuot® containing the
following supplements: 0.5 ml of 10 µg/ml hEGF (human recombinant epidermal
growth factor), 5 ml of 50 mg/ml fetuin, 5 ml of 10 mg/ml insulin, 0.5 ml of 0.39 mg/ml
dexamethasone, 0.5 ml of 50 mg/ml gentamycine and 50 µg/ml amphotericine-B.
Cells were seeded in 25 cm² tissue culture flasks (Nunc, Rockilde, Denmark) and kept
at 37°C in a 5% CO2 incubator. The medium was renewed every 2 to 3 days. After
reaching confluence, cells were released using the ReagentpackTM (BioWitthaker)
containing one 100 ml bottle of each of the following subculture reagents: HEPES
buffered saline solution, trypsin/EDTA solution and trypsin neutralizing solution. The
cells were then plated (8x104 cells/ml) in 6 MultiwellTM, (2x104 cells/ml) 24 Multiwell TM,
PRIMARIA TM well or (1.6x103 cells/ml) in Microtest TM96-well dishes (Becton Dickinson,
NJ, USA) and were used for the different test at 70- 90% confluence.
The test compounds simvastatin (SIM), lovastatin (LOV), deoxylovastatin (NVP
VAG380), atorvastatin (ATV), pravastatin (PRA) (LKT Laboratories), pitavastatin
(NKS-104), fluvastatin (FV), fluvastatin enantiomers [LBM830 (active) and LBM912
(inactive)] (Novartis) were dissolved in DMSO, and aliquots of these solutions were
added to the culture medium, resulting in a final concentration of 1% DMSO. Control
plates received the DMSO-containing medium without statins.
Co-incubation experiments with statins were carried out with 50, 100 and 200 µM
TPGS (Kodak), 1 mM DTT (Sigma), 2 mM NAC (Sigma), 2 mM BSO (Sigma), 10 and
100 µM geranylgeranyl-PP (GGPP), farnesol-PP (FPP), geranylgeraniol (GG) and
farnesol (F) (Sigma), 400 µM mevalonic acid (Sigma), 5 µM and 20 µM BAPTA/AM
(Sigma), 5-hydroxy-fluvastatin (M-2) and 6-hydroxy-fluvastatin (M-3) (Novartis). All
HMG-CoA reductase downstream metabolites, anti- and pro-oxidant supplements
were added to the cells 2 or 4 hours prior to addition of the different statins, and
maintained during the incubation times indicated.
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ROS formation was measured after 30 min of incubation, Caspase-3 activity was
measured after 2 hours of incubation, and LDH-leakage was measured after 4, 24, 48
and 72 hours of incubation.

2.2

Microscopic methods

2.2.1 Light microscopy
Light microscopy was used to control cell viability, using the Leitz Diavert microscope.
The cells were cultured in 25 mm dishes or in 6-well-plates. The pictures were taken
with a digital camera (Leica Wild MPS 52).

2.2.2 Confocal laser scanning microscopy
2.2.2.1

Principle

Confocal laser scanning microscopy (CLSM) is fluorescence based imaging technique
which has found wide applications in the biological sciences (Pawley and Erlandsen
1989; Boyde, 1994). By CLSM, it is possible to produce optical sections through a 3dimensional (3-D) specimen. A series of optical sections can be recorded by moving
the focal plane of the instrument step by step through the depth of the specimen.
To image the specimen point by point, a collimated, polarized laser beam is deflected
stepwise in the x- and y-direction by a scanning unit before it is reflected by a dichroic
mirror, so as to pass through the objective lens of the microscope, and focused onto
the specimen. The emitted, longer-wavelength fluorescent light collected by the
objective lens passes through the dichroic mirror and is focused into a small pinhole to
eliminate all the out-of-focus light, which results in increases of contrast, clarity, and
detection sensibility. Therefore, the CLSM does not only provide excellent resolution
within the plane of section (0.25 mm in x- and y-direction), but also yields similarly
good resolution between section planes (0.3 mm in z-direction). Confocal microscopes
can also illuminate the specimen with different wavelengths of laser excitation as well
as detect simultaneously several different wavelengths of emitted light.
The in-focus information of each specimen point is recorded by a photomultiplier
through a detector pinhole positioned behind the confocal aperture, and the analog
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output signal is digitized and fed into a computer. The obvious advantage of having a
stack of serial optical sections through the specimen pixel by pixel in digital form is
that either a composite projection image can be computed, or a volume-rendered 3-D
representation of the specimen can be generated on a graphics computer.
The Leica TCS NT is not a no-compromise true point scanning system. It is equipped
with an inverted microscope Leica DM IRBE and Argon/Krypton Laser. The Leica TCS
NT uniquely uses a galvanometer-driven z-stage and a motorized xy-stage
”Maerzhaeuser”. The software version, Leica TCS NT 1.5.451, is used for image
analysis.
2.2.2.2

Analysis of the mitochondrial membrane potential

MitoTracker green FM dye and Mito-tracker deep red 633 (Molecular Probes, Eugene,
OR) were used to visualize mitochondria. These dyes bind through their chloromethyl
moiety to free sulfhydryl groups in mitochondria. MitoTracker green becomes
fluorescent once it accumulates in lipid environment of mitochondria regardless of
membrane potential and Mito -tracker deep red 633 is an important tool for evaluating
the distribution of active mitochondria. For our study 2 × 105 hSkMCs were seeded per
well in 8-well culture slides and grown to sub-confluence. After 1h treatment with
different statins, hSkMCs were incubated for 30 min at +37 °C, CO2 with growth
medium containing 370 nM MitoTracker green FM dye and 460 nM Mito-tracker deep
red 633. Cells were washed twice with ice cold PBS and fixed for 5 min in methanol –
at 20°C. After further washing with cold PBS, the slides were mounted in Gel Mount.
The acquisition was done sequentially with a confocal microscope (Leica TCS SP2)
and analyzed with Imaris 4.0 from Bitplane in standard size with a Gaussian filter.
MitoTracker red was excited by a 633 nm laser line and emission from the dye was
between 660 and 700 nm. MitoTracker green was excited by a 448 nm laser line and
emission from the dye was between 510 and 533 nm, taking for each acquisition the
same thickness. The Leica confocal software was used to generate images of
individual fluorescent markers as well as overlay pictures demonstrating the relative
distribution of the different fluorescent markers from the same portion of the slide. All
experiments were performed on at least three different culture dates. For most
experiments, data were converted to percent baseline or percent of untreated control.
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2.3

Enzymatic methods

2.3.1 Determination of caspase-3 activity
Caspase-3 activity was determined according to the method of Rodriguez (Rodriguez
et al., 1996) using the fluorometric casPACETM assay system kit (Promega, WI, USA).
After treatment of about 2 x 106 cells in 6-well-plates, cells were washed once in icecold PBS and lysed in 500µl of buffer A [10 mM HEPES, pH 7.4, 42 mM KCL, 5 mM
MgCl2, 1 mM dithiothreitol (DTT), and protease inhibitors cocktail tablets (Roche,
Mannheim, Germany)]. After three freeze-thaw cycles, the lysate was centrifuged for
20 min at 20,000g at 4°C. The supernatant (lysate) was removed and stored at -80°C
until the assay was performed.
Lysates (70 µg proteins) were assayed in caspase assay buffer (312, 5 mM HEPES
[pH 7.5]; 31.25% sucrose; 0.3125% CHAPS (3-[(3-cholamidopropyl) dimethylammonio]-1-propane sulfonate), 10 mM DTT with or without 100 µM protease
inhibitors of caspase-3 [Ac-Asp-Glu-Val-Asp (DEVD)-CHO]) were added in DMSO.
The reaction was started with 20 µM the substrate for caspase-3 (Ac-DEVD-AMC),
which was labeled with the fluorochrome AMC (7-amino-4-methyl coumarin) and the
reaction was followed for 60 min. Fluorescence was measured at excitation 360 nm
and emission 460 nm in a multi-well reader CytoFluor (PerSeptive Biosystems, MA,
USA).
Fluorescence intensity was calibrated with standard concentrations of AMC. Protease
activity was calculated from the slope of the recorder trace and expressed as pico
moles per milligrams protein per min (pmol/mg protein/min). The difference between
the substrate cleavage activity levels in the presence and absence of selective
inhibitors reflected the contribution of the activity of caspase-3 activity.
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2.3.2 Determination of lactate dehydrogenase activity
Extracellular and intracellular lactate dehydrogenase (LDH) activity was measured
spectrophotometrically as an index of plasma membrane damage and loss of
membrane integrity (Tyson et al., 1987; Welder et al., 1994).
LDH activity was determined measuring the reduction of pyruvic acid to lactic acid
using the spectrophotometer Synchron CXS? (Beckman, CA, USA).

Pyruvate + NADH + H +

LDH

Lactate + NAD+

The NADH transformation in NAD+ was measured spectrophotometrically at the
wavelength 340 nm and the decrease in NADH absorption is proportional to LDH
activity. Enzyme activity was expressed as the percentage of the total LDH activity on
the plates.
After incubation of the cells in 6 or 24 well plates, the supernatant was collected for
the extracellular lactate dehydrogenase (LDH) activity measurement. The cells were
washed with PBS and harvested in PBS. After ultrasonification, cell homogenates
were used for the intracellular lactate dehydrogenase (LDH) activity assay. The results
were expressed as the integral relative light units (RLUs).

2.3.3 Determination of glutathione content
For the determination of reduced glutathione (GSH) and oxidized glutathione (GSSG),
a microtitre plate assay was used described by Vanderputte (1994). It is a modification
of the microtitre plate technique reported by Baker et al. (1990), for the glutathione
reductase-DTNB recycling assay of total glutathione and glutathione disulfide
according to Tietze (1969). It has been shown that this approach is more sensitive for
the determination of GSSG compared with the fluorimetric method of Hissin and Hilf,
1976 (Wolf et al., 1997).
GSH is oxidized by 5, 5’-dithiobis-2-nitrobenzoic acid (DTNB) to give GSSG with
stoichiometric formation of 5-thio-2-nitrobenzoic acid (TNB). GSSG is reduced to GSH
by the action of the highly specific GSSG reductase and NADPH. The rate of TNB
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formation is followed at 412 nm, and is proportional to the total GSH and GSSG
present.

2 GSH + DTNB
GSSG + NADPH +H +

GSSG + TNB
GSSG reductase

2GSH + NADP+

After incubation of the cells in 6-well plates, 300 µl of the medium was removed,
acidified with 3 µl of HCl (1 M) and stored at -80oC until measurement of extracellular
GSSG. The cells were washed with PBS and subsequently lysed by freezing and
thawing in 300 µl HCl (10 mM). The homogenates (200 µl) were precipitated by 30 µl
6.5% (w/v) 5-sulfosalicylic acid (SSA) and centrifuged for 20 min at 2000 x g at 4oC.
Supernatants were stored at -80oC until used for analysis.
Standards of GSH and GSSG (10-300 nmol/ml as GSH equivalent) were prepared
daily in 10 mM HCl, containing 1.3% of SSA. For the determination of GSH 20 µl of
standard, 80 µl of sample, or blank were transferred to a micro titer plate (MaxiSorp
TM; Nunc, Roskilde, Denmark) followed by addition of 40 µl stock buffer (NaH2PO4,
143 mM; EDTA, 6.3 mM: pH 7.4) to neutralize pH. The reaction mixture containing 40
µl DTNB, 40 µl NADPH in stock buffer was added and kept for 5 min at room
temperature. The enzymatic reaction was started by adding 40 µl GSSG reductase.
The plate was immediately placed in a Spectramax 250 microplate reader (Molecular
devices Corp.) and the enzymatic reaction was followed kinetically for 2 min, at the
wavelength 415 nm and with regular mixing of the plate. The final concentrations of
reagents were 0.73 mM DTNB, 0.24 mM NADPH, and 1.2 IU/ml GSSG-reductase.
Oxidized glutathione (GSSG) was measured after GSH derivatization by 2vinylpyridine. 4 µl of 2-vinylpyridine were added to 80 µl of cell supernatant in the
microtiter plate. For the determination of GSSG 40 µl standard, samples, or blanks
were transferred to a microtiter plate. GSSG measurement was performed as
described above. The results were expressed as GSH or GSSG in nmol/ml
supernatant or mg protein, respectively.
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2.3.4 Determination of lactate
The lactate concentration was determined spectrophotometrically according to
Gutmann et al. (Gutmann et al. 1974). L-lactate is oxidized by nicotinamide-adenine
dinucleotide (NAD+) in the presence of L-lactate dehydrogenase (L-LDH) to pyruvate
(see page 25). The equilibrium of this reaction lies completely on the side of L-lactate.
However, by trapping pyruvate in a subsequent reaction catalyzed by the enzyme
glutamate -pyruvate transaminase (GPT) in the presence of L-glutamate, the
equilibrium can be displaced in favor of pyruvate and NADH. The amount of NADH
formed is stoichiometric to the amount of L-lactate. The NADH transformation in NAD+
was measured spectrophotometrically at the wavelength 340 nm and the decrease in
NADH absorption is proportional to LDH activity. The increase in NADH is determined
by means of its light absorbance at 340 nm.

Pyruvate + L-Glutamate

GPT

L-Alanine + 2-Oxoglutarate

After incubation of the cells, the supernatant was collected. The cells were washed
with PBS and harvested in PBS. After ultrasonification, cell homogenates were used
for the assay. The results were expressed as the integral relative light units (RLUs).

2.3.5 Determination of ATP content
ATP was determined by bioluminescence using a commercially available ATP kit (Via
Light TM HS, BioWhittaker) according to Crouch et al. (1993). Briefly, after the
treatment of hSkMCs in 96 well-plates, Primaria (Becton Dickinson) in 100 µl medium,
100µl of ATP releasing agent were added to each well, and incubated at room
temperature for 5 min. Then 100 µl of cell lysate were removed and added to wells of
a 96 well assay plate, Optilux (Becton Dickinson). The plate was loaded into the
luminometer (Luminoskan Ascent, Lab system) and 20 µl of the luciferin/luciferase
reagent were added to each well via the automated dispenser and the luminescence
was immediately monitored over a 10 seconds period.
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This method is based on the direct measurement ATP degradation by the luciferine/
luciferase according to the following reaction:

ATP + luciferine/luciferase + O2

Luciferase
Mg 2+

Oxiluciferase + AMP + PPi + CO2
+LIGHT

Light intensity is measured at 560 nm in a spectroluminometer (Luminoskan Ascent,
Lab system). This light intensity is direct proportional to ATP in the cells and was given
as the integral relative light units (RLUs).

2.4

Analytical methods

2.4.1 Determination of intracellular reactive oxygen species
The formation of intracellular reactive oxygen species ROS was measured using the
stable non polar 2’,7’-dichlorofluorescein diacetate (DCFH-DA, Sigma-Aldrich). With
this method, the amount of H2 O2 generated by increased oxidative metabolism can be
measured. Once in the viable cells DCFH-DA is deacetylated by intracellular
esterases to the non fluorescent compound 2’, 7’-dichlorofluorescein which reacts
quantitatively with oxygen species within the cells in the presence of peroxidases to
become highly fluorescent. Thus, the fluorescence intensity is proportional to the
amount of peroxides produced by the cells. The hSkMCs seeded in 6-well plates and
grown until 80% to 90%, were incubated 15 min with DCFH-DA (5 µM) at 37°C,
5%CO2, then washed twice with PBS and treated with different concentrations of
statins at different time points. Medium was removed; cells were washed with PBS
and then ultrasonicated. Aliquots were taken for LDH determination before the cell
homogenates were centrifuged, 5000 rpm, at 4°C for 20 minutes using GPR
centrifuge (Beckman, UK). The supernatant was taken for fluorimetric determinations
with an excitation wave length of 475 nm and an emission wave length of 525 nm
using a luminescence spectrometer (PERKIN ELMER, LS 50, UK). The results were
expressed as fluorescence intensity (DCF fluorescence per intracellular LDH).
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2.4.2 TBARS assay
The thiobarbituric acid reactive substances (TBARS) are lipid peroxidation end
products, which were determined in aliquots of cell culture medium and in cells . The
measurement of TBARS formation was performed as described in Yagi (1994).
Briefly, cells, grown in 6-well plates were scrapped off and resuspended in 1 ml PBS.
500 µl of the supernatant or cells suspension were mixed with 1 ml of thiobarbituric
acid (Fluka) (30 mM in water) and 3 ml of 1% H3PO4 (phosphoric acid). After 1 h
incubation at 100 °C, the reactants were cooled to room temperature and acidified
with 1% H3PO4. TBARS were extracted 10 minutes with 4 ml of n-butanol and then
centrifuged at 300 g for 10 min. The absorbance of the supernatant was measured at
553 nm emission wavelengths after an initial excitation at 515 nm using a
fluorescence spectrometer (PERKIN ELMER, LS 50, UK). The concentrations were
determined by using standards (1,1,3,3,-tetramethoxy propane or malonaldehyde
bismethyl acetal) (Sigma-Aldrich), which were processed similarly.

2.4.3 Determination of mitochondrial membrane potential
Mitochondrial membrane potential was monitored by determination of the uptake of
Rhodamine 123 according to the method of Wu (Wu et al., 1990).
After 30 min incubation of hSkMCs with 1 µM rhodamine 123 (Molecular Probes,
Leiden, Netherlands) in a 96-well plate at 37°C, cells were washed with PBS and
treated with statins for different incubation times. After the incubation, medium was
removed and the cells were washed twice with PBS. The amount of dye retained by
the hSkMCs was extracted with ethanol/water 1/1 by moderate shaking the plate for
10 minutes using TITRAMAX 1000 (Heidolph instruments, NJ, USA). Fluorescence in
the ethanol/water mixture was measured with a Cytofluor 2300 from Minipore, with an
excitation wavelength of 485 nm and an emission wavelength of 530 nm.
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2.4.4 Determination of nuclear morphology
Hoechst dyes are cell membrane permeable and stain DNA to emit intense blue
fluorescence. They bind to DNA in the minor groove of poly-AT sequence rich areas.
Hoechst 33342 is water-soluble and stable in aqueous solutions. The excitation and
emission wavelengths of Hoechst-DNA complex are 350 nm and 461 nm,
respectively.
A stock solution of 1mg/ml Hoechst 33342 dye (Molecular Probes, Eugene, OR) was
prepared freshly in PBS and stored at 4°C in the dark until use. Approximately 105
cells/ml were placed into each well of 24 well plates (500 µl) and incubated with
respective substances for 72 hours. 10 µl of Hoechst 33342 dye solution (1 µg/ml)
were added to each well to result in a final concentration of 0.3 µM. After 30 min
incubation at 37°C in 5% CO2, 255 µl of fixation solution (12% formaldehyde in wash
buffer) were directly added to each well without removing medium and incubated in a
fume hood at room temperature for 10 minutes. Fixation solution was removed and
cells were washed twice with washing buffer (Cellomic Kit). The fluorescence was
measured in the Cellomics ArrayScan (Pittsburgh, PA; USA) using the filter set XF-93.

2.4.5 Determination of protein concentration
Protein content was determined using the FluoraldehydeTM o-Phthalaldehyde reagent
Solution (OPA) (PIERCE, Lausanne, Switzerland) according to Jones and Gilligan
(1983). The combination of OPA and 2-mercaptoethanol provides a rapid and simple
method of determining protein concentrations in the range of 0.2 µg/ml to 25 µg/ml. As
compared to fluorescamine, OPA is more soluble and stable in aqueous buffers and
its sensitivity for detection of peptides is reported to be 5–10 times better. In the
presence of reduced sulfhydryl groups, OPA reacts with the primary amino groups
found in terminal amino acids and the e-amino group of lysine to form fluorescent
moieties. Here, a fluorescent assay with OPA is described to quantitate total protein in
the 96-well microplate using a multi-well reader (CytoFluor).
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Fluorogenic amine-derivatization reaction of o-phthaldialdehyde (OPA)

.

BSA (bovine serum albumin) was used as a standard. A series of dilutions ranging
from 0.0 to 1000 µg/ml of bovine serum albumin (BSA) were made using phosphate
buffered saline (PBS) pH 7.4 as the diluents. Samples and standards were placed in
microplate wells (200 µl per well) and 20 µl of OPA reagent solution (complete) was
added to each well. Samples were allowed to incubate for 2 minutes with moderate
shaking at room temperature using TITRAMAX 1000 (Heidolph instruments, NJ,
USA), and fluorescence was measured at excitation 360 nm and emission 460 nm in a
multi-well reader (CytoFluor).

2.4.5 Determination of total antioxidant capacity
Total antioxidant capacity (TAC) was measured using a colorimetric assay (Randox
Laboratories,

Crumlin,

U.K.).

The

chromogen

ABTS ®

(2,

2´-Azino-di

[3-

ethylbenzthiazoline sulphonate]) was incubated with a peroxidase (metmyoglobin) and
hydrogen peroxide to produce the ABTS radical cation. The ABTS radical is
detectable due to its blue-green color which is measured at 600 nm at 37°C.
Antioxidants in the sample suppress the formation of the radical cation to a degree
which is proportional to their concentration. At 37°C, 10 µl of distilled water (blank),
trolox-c (6-hydroxyl-2, 5, 7, 8-tetramethylchroman-2-carboxylic acid [1, 6 mmol/ml])
(standard), or compound to be analyzed were pipetted into a 96-well-plate. 200 µl of
metmyoglobin (6.1 µmol/L) combined with ABTS (610 µmol/L) were added into each
well. After mixing, the initial absorbance (A1) was read at 600 nm using a
spectrophotometer, and 40 µl of substrate (hydrogen peroxide [500 µmol /L]) were
added. After 2 minutes incubation and any minute a second absorbance (A2) was
determined using UV-visible spectrophotometer (Hewlett-Packard® Laboratories, CA,
USA). Changes in absorbance (A) were calculated (A = A2 -A1) and TAC was
determined using the following calculation:

TAC = (1.6/ [A blank -Astandard]) X (A blank-

Asample). Values were expressed as mmol/L.
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2.5

Gene expression analysis

cDNA synthesis and PCR set up were performed using the liquid handling robot
Microlab STARlet from Hamilton.
2.5.1 RNA extraction
Human skeletal muscle cells were treated with different statins at different times.
Medium was removed, cells were washed with PBS, lysated in trizol and stored at 80°C. The RNA extractions were performed using the MagNA Pure LC robot (Roche)
with the High Performance RNA Isolation Kit (Roche).

2.5.2 cDNA synthesis
Total RNA was reverse transcribed to cDNA using the High Capacity cDNA Archive
Kit (Applied Biosystems) according to the manufacturer instructions, using the DNA
Engine PTC-200 (Bioconcept).
cDNA was synthesized starting from 5 µl of total RNA and adding 95 µl of mix
preparation. The solutions were stored at -80°C.

Volume (?µl / well)
10X RT Buffer

20

25X dNTP mixture

8

10X Random primers

20

Multiscribe RT

10

RNase-free water

37

sum

95

Tab. 6: Reverse transcription mix preparation
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2.5.3 Real-time PCR
Real-time PCR was performed using ABI prism™ 7900HT (Applied Biosystems) in
combinations with TaqMan® PCR Master Mix (Applied Biosystems) according to
assay design (Table 1-3). For all of genes TaqMan® assay were available in Applied
Biosystems database in a form of an Assay on Demand (AoD) (Table 1-4).
The PCR conditions consisted in one cycle at 50°C for 2 min, followed by one cycle of
denaturation at 95°C for 10 min and 40 cycles of amplification: a denaturation step at
95°C for 15s and annealing/elongation step at 60°C for 1 min.

Volume (µl/ well)
Master Mix

10

AoD

1

NF Water

7

sum

18

®

Tab. 7: TaqMan Master Mix preparation
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Gene Name

Gene
symbol

Accession #

Gene symbol

Actin beta

ACTB

NM_001101

Hs99999903_m1

18s

18s

X03205

Hs99999901_s1

PFKFB-2

MN_006212

Hs00359506_g1

PFKFB-3

MN_004566

Hs00190079_m1

PDK-4

MN_002612

Hs00176875_m1

PDP-2

MN_020786

Hs00380020_m1

FBP-1

MN_000507

Hs00166829_m1

PPARa

MN_032644

Hs00231882_m1

SOD-2

MN_000636

Hs00167309_m1

FOXO3A

MN_201559

Hs00818121_m1

6-phosphofructo-2-kinase /
fructose-2, 6-bisphosphatase 2
6-phosphofructo-2-kinase /
fructose-2, 6-bisphosphatase 3
Pyruvate dehydrogenase
kinase, isoenzyme 4
Pyruvate dehydrogenase
phosphatase, isoenzyme 2
Fructose-1, 6-bisphosphatase 1
Peroxisome proliferative
activated receptor, alpha
Superoxide dismutase 2,
mitochondrial
Forkhead box O3A
®

Tab. 8: ABI TaqMan Gene Expression Assay

2.5.4 Calculation of results
An absolute quantification of mRNA was performed using a standard curve:
A commercial total RNA of human (Ambion) was reverse transcripted to obtain a
cDNA which will be used as standard: the cDNA was serial diluted one to ten up to
have a serie of 8 dilutions. This standard curve was only done on housekeeping gene.
The efficiency of the reaction was calculated from the slope of the standard curve:
efficiency = 10-1/slope-1. As each dilution of standard cDNA had a known concentration,
we could determinate a quantity (copy number) of cDNA in each sample, according to
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the CT values. The normalization of the samples was performed by calculating a ratio
gene of interest / housekeeping gene.

Fig. 8:

standard curve of cDNA

2.6 Statistical evaluation
First, one-way analyses of variance (ANOVA) were performed to compare the effects
of different concentrations of a compound with the response. Second, the effects of
combinations of a compound and a protective substance on the response were
compared with a) the "overall control" (no compound, no protective substance) and b)
the "compound control" (same concentration of the compound, but no protective
substance). For different time points, separate analyses were performed.
For all responses, plots of the log average response versus the logarithmized
standard deviation per compound concentration group reveal that the variance
increases with the response. A logarithmic transformation removes this trend. Thus,
values were logarithmized before the analysis.
As a general rule, comparisons of a "treatment" were adjusted for multiple
comparisons by Dunnett's method, if they shared a common control. Thus, depending
on the response and the experiment, the term treatment may refer to a) different
concentrations of the same compound, b) different compounds, each with one
specific concentration, c) different compound and concentration combinations or d)
different compound and protective substance combinations.
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Some of the responses were given as the percentage of control, whereas for others,
the responses to treatment and control were given separately. These two types of
responses were analysed in slightly different ways.
If the responses to treatment and control were given separately, the log response was
analyzed by the usual Dunnett's t-test for multiple comparisons in a one-way ANOVA
(Dean and Voss, 1999). Calculations were performed with SAS version 8.2,
procedure GLM. The test were repeated for levels 5%, 1% and 0.1% and significance
is reported as not significant (n.s.), *, **, and ***, respectively.
If the responses were given as the percentage of control, the usual Dennett’s t-test is
not directly applicable. However, if the log original responses were normally
distributed, it could be shown that the log ratios were also normally distributed with a
certain correlation structure that arose from the fact that the treatments were
compared with the same control. From this fact, it was possible to derive a t-test
statistic for the multiple hypothesis that the log ratios are zero. The joint distribution of
the t-test statistics for different treatments was a multivariate t-distribution to which
Dunnett's method of α-adjustment could be applied (Dunnett, 1955). This was done
with an SAS IML program. In this case, an adjusted p-value was calculated.

36

STATINS

RESULTS AND DISCUSSION

3

RESULTS AND DISCUSSION

3.1

Time- and concentration-dependent changes of statin-induced

cellular events
3.1.1 Oxidative stress
3.1.1.1

Formation of reactive oxygen species

The intracellular formation of reactive oxygen species (ROS) was measured in order
to study the role of oxidative stress in statin induced skeletal muscle toxicity. HSkMCs
were incubated with the different statins, and ROS were determined fluorimetrically by
measuring the oxidation of DCF. Already after 30 minutes incubation of hSkMCs with
10 µM of statins there was an increase in ROS formation, which was statistically
significantly different from controls except for PRA (Fig. 9). The extent of increase in
ROS at this time point and concentration was similar for all statins.

250

DCF fluorescence/LDH [% of control]

***
***

200

***

**
**

150

100

50

0
control

PRA

NKS

FV

ATV

LOV

SIM

[Control values: ROS formation: 100% = 0.8-1.6 LU/LDH cells]

Fig. 9: Effect of 10 µM of statins on intracellular ROS formation.
HSkMCs were incubated 30 min with 10 µM of statins. Data are expressed as means ±SD from three
independent experiments (n=3). Statistically significant differences versus the control group are
expressed as **P<0.01 and ***P<0.001.
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NKS, FV and ATV ind uced a concentration dependent increase in ROS up to 50 µM,
whereas the ROS levels induced by 10 µM LOV and SIM remained nearly the same
even with increasing concentrations of 25 and 50 µM (Fig. 10). ROS were produced
continuously during the experiment, as long as cells were viable.

DCF fluorescence/LDH [% of control]

400

control
NKS
FV

300

ATV
PRA
LOV

200

SIM

100

0
0

10

20

30

40

50

60

Concentration [µM]

[Control values: ROS formation: 100% = 0.8-1.6 LU/LDH cells]

Fig. 10: Concentration-dependency of statin-induced formation of intracellular ROS.
HSkMCs were incubated 30 min with 0, 10, 25 and 50 µM of statins. Data are expressed as means
±SD from three independent experiments (n=3).
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3.1.1.2

Cellular glutathione levels

Decreased cellular glutathione (GSH) levels is an indicator of oxidative stress (Jones
and Kennedy, 1983). Intracellular GSH was measured using the enzymatic method of
Tietze (1969). HSkMCs cultures were incubated with FV, ATV, PRA and NKS at
concentrations of 0, 100, 200 and 400 µM, with LOV at concentrations of 0, 50 and
100 µM and with SIM concentrations of 0, 25, 50 µM for 4 or 24 hours. All statins
except PRA caused a concentration dependent decrease of intracellular GSH levels,
reaching statistically significant differences versus respective controls after 4 hours of
incubation (Fig. 11). This decrease was more pronounced after 24 hours (Fig. 12).
There was no significant decrease of GSH detectable with PRA.

4 h incubation
control
50 µM
200 µM

Cellular GSH [nmol/mg prot.]

25

400 µM

20

**
**

**

**

15

**

***

***

**

***
10

5

0
PRA

NKS

FV

ATV

LOV
SIM
[0-50-100µM] [0-25-50 µM]

Fig. 11: Concentration-dependency of statin-induced changes of GSH on hSkMCs after 4 hours.
Data are expressed as means ±SD from three independent experiments (n=3). Statistically significant
differences versus the control group are expressed as *P<0.05, **P<0.01 and ***P<0.001.
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24 h incubation
control
25

50 µM

Cellular GSH [nmol/mg prot.]

200 µM
400 µM

20
**

15

**

*

***
***

**
***

10

***
5

0
PRA

NKS

FV

ATV

LOV
[0-50-100M]

SIM
[0-25-50 µM]

Fig. 12: Concentration-dependency of statin-induced changes of GSH on hSkMCs after 24 hours.
Data are expressed as means ±SD from three independent experiments (n=3). Statistically significant
differences versus the control group are expressed as *P<0.05, **P<0.01 and ***P<0.001.

A direct comparison of the effects of different statins on intracellular GSH levels at
incubation concentrations of 50 µM revealed, that after 4 and 24 hours, SIM and LOV
caused the strongest decrease of GSH. The effect of 50 µM ATV was different after 4
and 24 hours of incubation. While there was a significant decrease of GSH after 4
hours at 50 µM, no statistically significant decrease was found after 24 hours.
Under the experimental conditions, cellular GSSG could not be measured, because it
was below the detection limit.
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3.1.1.3

TBARS assay for lipid peroxidation

TBARS (thiobarbituric acid reactive substances) were determined in hSkMCs and in
the cell culture supernatant after treatment with statins by the fluorimetric method of
Yagi (1984).
TBARS in hSkMC, 48 h

0 µM
1 µM

2.00

2.5 µM

**
1.60
nmol/mg Protein

*

**

5 µM

**
**

*
1.20

0.80

0.40

0.00
SIM

ATV

FV

NKS

TBARS in supernatant, 48 h

0 µM
1 µM

0,80

**

nmol/mg

0,60

**

**
**

0,40

10 µM

**
**

*

0,20

0,00
SIM(0-1-5 µM)

ATV

FV

NKS

Fig. 13: Concentration dependency of statin-induced intracellular and extracellular TBARS formation
on hSkMCs after 48 h.
HSkMCs cultures were incubated with FV, ATV, and NKS at concentrations of 0, 1, 2.5, 5, 10 µM, and
with SIM at the concentrations of 0, 1, 2.5 and 5 µM for 48 hours. Data are expressed as means ±SD
from two independent experiments (n=2). Statistically significant differences versus the control group
are expressed as *P<0.05, **P<0.001.
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HSkMCs cultures were incubated with FV, ATV and NKS at concentrations of 0, 1,
2.5, 5 or 10 µM and with SIM at the concentration of 0, 1, 2.5 and 5 µM for 48 or 72
hours. All statins caused concentration-dependent statistically significantly increase of
TBARS in the culture supernatant and in the cells after 48 and 72 hour’s incubation
(Fig. 13 and 14).
0 µM

TBARS in hSkMC, 72h

1 µM
2.5 µM

2.00

5 µM
1.60

**

nmol/mg Protein

**

**

*

*
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**

**

*

0.80

0.40

0.00
SIM

ATV

FV

NKS

0 µM

TBARS in supernatant, 72h

1 µM
2.5 µM

0.80

5 µM

nmol/ml

0.60

**

**
**

**

**

**
**

**

**

0.40

*

*

0.20

0.00
SIM

ATV

FV

NKS

Fig. 14: Concentration dependency of statin-induced intracellular and extracellular TBARS formation
on hSkMCs after 72 h.
HSkMCs cultures were incubated with FV, ATV, and NKS at concentrations of 0, 1, 2.5, 5, 10 µM, and
with SIM at the concentrations of 0, 1, 2.5 and 5 µM for 72 hours. Data are expressed as means ±SD
from two independent experiments (n=2). Statistically significant differences versus the control group
are expressed as *P<0.05, **P<0.001.
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3.1.2 Apoptosis
3.1.2.1

Mitochondrial membrane potential

Disturbance of the mitochondrial membrane potential is an early eve nt in the process
of

apoptosis.

Mitochondrial

membrane

potential

was

determined

spectrofluorimetrically by rhodamine 123 uptake. Rhodamine 123 is taken up into the
cells by passive diffusion and accumulates in mitochondria with intact membrane
potential. Incubation of hSkMCs for one hour with NKS, FV, and ATV at 400 µM, LOV
at 100 µM and SIM at 50 µM resulted in a decrease of the mitochondrial membrane
potential by 12, 18, 16, 47, and 50% of control values, respectively. The decreased
membrane potential then remained stable during the 4 h of incubation. The decrease
in mitochondrial membrane potential was more pronounced with LOV and SIM. No
significant change has been shown after treatment with PRA (Fig. 15).

125

control

Rhodamine 123 uptake [% of control]

PRA 400 µM
NKS 400 µM

100

FV 400 µM
ATV 400 µM
75
LOV 100 µM
SIM 50 µM
50

25

0
0

1

2

3

4

time [h]

Fig. 15: Time course of statin-induced decrease of mitochondrial membrane potential in hSkMCs.
HSkMCs cultures were incubated with FV, ATV, PRA and NKS at concentration of 400 µM, with LOV
at concentration of 100 µM and with SIM concentration of 50 µM for 1, 2 or 4 hours. Data are
expressed as means ±SD from three independent experiments (n=3).

43

STATINS

RESULTS AND DISCUSSION

The decrease of rhodamine 123 uptake was concentration dependent and statistically
significantly different from controls at 50 µM for LOV, at 25 µM for SIM, and at high
concentrations of 400 µM for NKS, FV and ATV (Fig. 16).
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Fig. 16: Concentration dependent effect of statins on hSkMCs mitochondrial membrane potential.
HSkMCs cultures were incubated with FV, ATV, PRA and NKS at concentrations of 0, 200 and 400
µM, with LOV at concentrations of 0, 50 and 100 µM, and with SIM at concentrations of 0, 25, 50 µM
for 1 hour. Data are expressed as means ±SD from three independent experiments (n=3). Statistically
significant differences versus the control group are expressed as *P<0.05 and **P<0.01.
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Effects on the mitochondrial membrane potential were additionally investigated using
confocal laser scanning microscopy for determination of fluorescence intensity after
double staining of hSkMCs with MitoTracker green FM dye and MitoTracker deep red
633. MitoTracker green FM dye becomes fluorescent once it accumulates in the lipid
environment of mitochondria and MitoTracker deep red 633 stains all functional active
mitochondria. Staining of hSkMCs with MitoTracker green and MitoTracker red with
and without statins treatment is shown in Fig. 17. Control cells show clearly that
almost all mitochondria, that are present (green) are also active (red). The overlay
image appeared yellow when both mitochondrial dyes stained the same structures.
Treatment of hSkMCs with 25 µM SIM for 24 hours strongly decreased the number of
active mitochondria as shown with the Mito Tracker red staining and the overlay
image (Fig. 17).
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Fig. 17: Representative micrographs of the distribution of the MitoTracker fluorescence.
HSkMCs were grown on cover slips and treated with 25 µM SIM for 24 hours. Cells were incubated
with Mito Tracker Red and co-stained with Mito Tracker Green (see "Material and methods"). The
scale bar was 40 µm.
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Quantitative determination of the ratios of the MitoTracker red vs. MitoTracker green
fluorescence intensities in hSkMCs treated with statins confirmed data from
rhodamine 123 uptake showing that the decreases of the membrane potential was
more effective with LOV and SIM as compared to the others statins (Fig. 18). There
was no significant decrease of the membrane potential with PRA.
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Fig. 18: Effect of statins on the mitochondrial membrane potential determined by MitoTracker Red and
MitoTracker Green fluorescence intensities after 1 hour incubation.
HSkMCs cultures were incubated 1 hour with 400 µM NKS, FV, ATV, PRA, 100µM LOV and 50 µM
SIM. Data are expressed as means ±SD from three independent experiments (n=3). Statistically
significant differences versus the control group are expressed as *P<0.05, **P<0.01 and ***P<0.001.
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3.1.2.2

Caspase-3 activity

The increase of the cytosolic cytokine protease caspase-3 is a strong indication for
apoptosis. Therefore hSkMCs were incubated with the different statins and caspase-3
activity was determined enzymatically in the cell homogenate. Short-term treatment of
hSkMCs with different statins significantly increased the activity of caspase-3. The
data showed that FV (400 µM) increased the caspase-3 activity as early as after 1
hour incubation to about 21 times of that of the control. After 2 hours, FV, NKS and
ATV treatment at 400 µM resulted in 18, 12 and 21 fold increased caspase-3 activity,
respectively. At the same time, 50 µM SIM and 100 µM LOV increased the caspase-3
activity 19 and 12 fold, respectively. After 24 hours of incubation, no statistically
significant increase in caspase-3 activity was seen with any statin (Fig. 19).
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Fig. 19: Time course of statin-induced caspase-3 activity in hSkMCs cultures.
HSkMCs cultures were incubated with FV, ATV, PRA and NKS at concentrations of 400 µM, and with
LOV at the concentration of 100 µM, and with SIM at the concentration of 50 µM for 1, 2 or 4 hours.
Data are expressed as means ±SD from three independent experiments (n=3).
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Increases in caspase-3 activity were concentration dependent. SIM was more potent
than all others statins, having effects at concentrations of 50 µM, whereas effects of
LOV started at 100 µM. All other statins, except PRA, showed effects at
concentrations greater than 200 µM. There was not significant changes on caspase-3
activity in hSkMCs culture treated with PRA as compare to the controls and to the
others statins (Fig. 20).
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Fig. 20: Concentration-dependency of statin-induced caspase-3 activity on hSkMCs.
HSkMCs cultures were incubated with FV, ATV, PRA and NKS at concentrations of 0,100, 200 and
400 µM, and with LOV at concentrations of 0, 25, 50 and 100 µM, and with SIM at concentrations of 0,
10, 25, 50 µM for 2 hours. Data are expressed as means ±SD from three independent experiments
(n=3). Data are expressed as mean ±SD from three independent experiments (n=3).
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3.1.2.3

Nuclear morphology

Changes in cell nuclear morphology, such as condensation and fragmentation are
considered late events of apoptosis. In order to identify the changes on cell nuclei in
hSkMCs after treatment with statins, cells were stained with the fluorescent DNA stain
Hoechst 33342 and nuclear morphology as well as fluorescence intensity was
determined using the Cellomics ArrayScan. Results were expressed as percentage of
cells with shrinked nuclei compared to the total cell population. Long term incubation
(72 h) of hSkMCs culture with 5 and 10 µM of NKS, FV, ATV, LOV and SIM resulted
in a concentration-dependent increase of cells with smaller nuclei. The number of
cells with changed nuclei was between 20 and 36% as compared with control values.
Effects were strongest with 10 µM of NKS. No significant changes were found after
incubation with PRA under the same conditions (fig. 21). Incubation for shorter time
periods such as 4, 24, or 48 hours did not reveal any changes in cell nuclear
morphology (data not shown).
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Fig. 21: Effect of statins on hSkMCs nuclear morphology.
HSkMCs cultures were incubated with NKS, FV, ATV, PRA, LOV and SIM at concentrations of 0, 5 and
10 µM, for 72 hours. Data are expressed as means ±SD from three independent experiments (n=3).
Statistically significant differences versus the control group are expressed as ***P<0.001.
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Representative pictures of hSkMCs stained with Hoechst after treatment with 10 µM
of different statins for 72 hours are shown in figure 22. Nuclear changes of the treated
cells are very obvious by the bright fluorescence and reduced diameter.
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3.1.3 Cytotoxicity
3.1.3.1

Intracellular ATP

Intracellular ATP was determined as an index of cell viability because of its
importance in mitochondria activity. Treatment of hSkMCs cultures with 200 µM of
NKS, FV and ATV, 100 µM of LOV and 50 µM of SIM significantly increased the
cellular ATP content after 2 hours incubation. Later, the ATP content continuously
decreased. At 48 hours, ATP levels were statistically significantly decreased as
compared to the controls. The extent of decrease was different for the different statins
(Fig. 23).
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Fig. 23: Time course of effect of statins on hSkMCs intracellular ATP.
HSkMCs cultures were incubated with FV, ATV, PRA and NKS at concentrations of 200 µM, and with
LOV at concentrations of 100 µM, and with SIM concentrations of 50 µM for 2, 4, 24 and 48 hours.
Data are expressed as means ±SD from three independent experiments (n=3). Statistically significant
differences versus the respective control group (0 µM statins) are expressed as *P<0.05, **P<0.01 and
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***P<0.001. Statistically significant differences versus the respective control group (2h incubation) are
expressed as +P<0.05 and ++P<0.01.

HSkMCs cultures were treated with NKS, FV, ATV, LOV and SIM at different
concentrations for 48 hours. The results showed that the decrease of ATP content in
the cells was concentration-dependent (Fig. 24). SIM and LOV were more potent than
the other statins, having effects at lower concentration and after shorter incubation
times. There were no significant changes on ATP content in hSkMCs cultures treated
with PRA.

140

PRA
NKS

120
ATP (nmol/mg prot.)[%]

FV
100

ATV
LOV

80

SIM
60
40
20
0
0

25

50

100

200

Conc. (µM)

[Control values: ATP 100% = 140-350 nmol/mg protein (depends on time and confluence)]

Fig. 24: Concentration-dependent effects of statins on hSkMCs intracellular ATP.
HSkMCs cultures were incubated with FV, ATV, PRA and NKS at concentrations of 0,100, 200 µM,
and with LOV at concentrations of 0, 50 and 100 µM, and with SIM concentrations of 0, 25, 50 µM for
48 hours. Data are expressed as means ±SD from three independent experiments (n=3).
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In order to compare the effects of different statins on intracellular ATP levels hSkMCs
were incubated with the same concentrations of all statins, 10 µM. After 72 hours, the
intracellular ATP decreased to similar levels with ATV, FV, LOV and SIM. NKS
caused the strongest decrease of intracellular ATP, whereas no effect was found with
PRA (Fig. 25).
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Fig. 25: Effect of 10 µM statins on intracellular ATP after 72 h incubation of hSkMCs.
HSkMCs cultures were incubated with NKS, FV, ATV, PRA, LOV and SIM at concentrations of 10 µM
for 48 hours. Data are expressed as means ±SD from two independent experiments (n=2). Statistically
significant differences versus the control group are expressed as *P<0.05, **P<0.01 and ***P<0.001.

53

STATINS

RESULTS AND DISCUSSION

3.1.3.2

Lactate dehydrogenase release

Extracellular

lactate

dehydrogenase

(LDH)

activity

was

measured

spectrophotometrically as an index of plasma membrane damage and loss of
membrane integrity (Welder et al., 1994, Tyson et al., 1987).
The treatment of hSkMCs with statins resulted in a time-dependent induction of LDH
release into the culture medium. LOV and SIM, at concentrations of 100 and 50 µM,
respectively, statistically significantly increased LDH-release starting after 2 hours to
reach 25 times the control values after 24 hours of incubation. While NKS, FV and
ATV were not significantly cytotoxic after 2 and 4 hours, LDH-release was increased
after 24 and 48 hours incubation (Fig. 26).
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Fig. 26: Time course of statin-induced cytotoxicity in hSkMCs cultures.
HSkMCs cultures were incubated with FV, ATV, PRA and NKS at concentrations of 200 µM, with LOV
at concentrations of 100 µM, and with SIM concentrations of 50 µM for 2, 4, 24 and 48 hours. Data are
expressed as means ±SD from three independent experiments (n=3).
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Cytotoxic effects of statins in hSkMCs cultures were concentration and timedependent (Fig. 27). In general, SIM was more potent than the other statins, having
effects at lower concentration and after shorter incubation times. There was no
significant change of LDH-release in hSkMCs culture treated with PRA compared to
the controls.
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Fig. 27: Concentration-dependency of statin-induced cytotoxicity on hSkMCs.
HSkMCs cultures were incubated with FV, ATV, PRA and NKS at concentrations of 0, 50,100, 200 µM,
for 48 hours. With LOV at concentrations of 0, 25, 50 and 100 µM, and SIM concentrations of 0, 10, 25,
50 µM for 4 hours. Data are expressed as means ±SD from three independent experiments (n=3).
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HSkMCs were treated also with low concentrations of NKS, FV, ATV, PRA, LOV and
SIM at 1, 2.5, 5, and 10 µM, but then for long time such as 72 hours. The treatment
with statins resulted in a concentration-dependent induction of LDH release into the
culture medium. Under these conditions, NKS was found to be most potent, while
PRA was again not cytotoxic at all (Fig. 28).
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Fig. 28: Concentration-dependency of cytotoxicity after 72 hours incubation of hSkMCs with statins.
HSkMCs cultures were incubated with NKS, FV, ATV, PRA, LOV and SIM at concentrations of 0, 1,
2.5, 5 and 10 µM, for 72 hours. Data are expressed as means ±SD from three independent
experiments (n=3). Statistically significant differences versus the respective control group are
expressed as *P<0.05, **P<0.01 and ***P<0.001.
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3.1.4 Discussion
In the current studies DCF-dAc (2', 7’-dichlorofluorescin diacetate) was used as an
indicator of intracellular ROS formation (LeBel et al., 1992). After passing the outer
cell membrane, DCF-dAc is cleaved by cytosolic esterases into its active fluorophore
DCFH, which, by the reaction with hydrogen peroxide and other hydroperoxides, such
as lipid hydroperoxides results in a fluorescence molecule with an excitation
wavelength of 475 nm and an emission wavelength of 525 nm. We have
demonstrated for the first time that statin treatment of hSkMCs is leading to increase
intracellular levels of ROS. The statin-induced formation of ROS is a very early event
that occurred after only 30 min of incubation with hSkMCs, starting to be significantly
different from controls at 10 µM. All statins behaved nearly in the same way, except
PRA, which, because of its hydrophilic property, was not very well taken-up into the
cells and thus showed no increase of ROS formation.
Depletion of intracellular GSH level and increased GSSG formation are markers of
increased ROS formation. The consumption of GSH is facilitated by GSH-peroxidase
which is leading to the detoxification of reactive oxygen species like hydrogen
peroxides. We could demonstrate that GSH was decreased at non-toxic
concentrations of NKS, FV and ATV. However there was an overlap of cytotoxicity
and GSH depletion at the applied LOV and SIM concentrations. In general the
concentrations used to decrease GSH were higher than that in the DCF-dAc assay in
order to show increased ROS formation. Since the GSH metabolism is adapting very
rapidly by enzyme induction to ROS stress, a decrease of GSH at low ROS stress,
which occurs with low statin concentrations and short incubation times, may not
become visible.
Confirmation of ROS formation by the depletion of GSH is still not sufficient since
there was no increased GSSG found in any of the samples treated with either statins.
By the applied method of Tietze (1969), we could not confirm GSSG formation in
hSkMCs, since GSSG levels for control samples were below detection level. Since we
did not see an increase of GSSG in the cells, it is possible that GSSG is excreted
immediately into the cell culture supernatant once it is formed. Formation of GSHadducts by reactive electrophile drug metabolites would be another mechanism of
GSH depletion, which is unlikely however, since statins are not known to form GSHadducts.
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TBARS is another indirect parameter for oxidative stress. TBARS forms
intermediates with lipid peroxidation products, such as reactive aldehydes, thus it was
supposed to be a specific marker for lipid peroxidation. However in recent
investigations it turned out that TBA (thiobarbituric acid) also shows reactivity for
oxidized proteins, sugars and ribonucleic acids. In the present studies we could
demonstrate that treatment with statins is leading to increased TBARS after 48 and
72 hours in cells as well as in the cell culture supernatant. Increased TBARS
formation in the cell culture supernatant was also reported for other pro-oxidative
compounds (Fariss 1990, Wolf et al., 1997). One can assume that the increase of
TBARS in the cell culture medium may be the result of increased lipid repair as part of
a defense mechanism against oxidative stress. Oxidized lipids are cleaved from the
membranes and then released into the extracellular medium .
By means of three different methods we provided evidence that statins induce an
oxidative stress situation, which is starting already after only 30 min after incubation
with hSKMCs, by formation of free reactive oxygen species which continue over the
complete observation period of 72 hours. It is interesting to note that significant
increases of TBARS occurred at 1 µM of the statin, which is very close to patient’s
plasma C-max. In vivo study showed an increase in lipid peroxidation in the urine of
patients with rhabdomyolysis (Holt et al., 1999).
ROS have been implicated in the pathophysiology of a large number of diseases and
this role has been attributed to their high reactivity and deleterious effects on cell
structures (Baynes, 1991; Van Dam et al., 1995). ROS may damage skeletal muscle
cells in a number of pathological conditions and may contribute to skeletal muscle
degeneration in chronic heart failure (Tsutsui et al., 2001), muscular dystrophies
(Ragusa et al., 1997), ischemia-reperfusion (Pattwell et al., 2001), and exerciseinduced muscle injuries (Zerba et al., 1990). It had been shown that ROS may play an
important role during the induction of apoptosis (Jung et al., 2001). Statin-induced
apoptosis via the formation of ROS in hSkMCs has not been shown before.
Apoptosis is an organized and regulated cellular death process which controlling the
development and homeostasis of multicellular organisms which occurs under
pathological and physiological conditions (Arends and Wyllie, 1991). It is widely
recognized that mitochondria play a central role in the apoptotic process. A principal
feature within apoptosis cascades is disruption of mitochondrial transmembrane
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potential and release of apoptogenic protein, induced by opening of the permeability
transition pore (Mayer and Oberbauer, 2003).
The loss of mitochondria membrane potential is discussed in current literature as
early events in the apoptotic cascade. Our data strongly suggest that statin treatment
induced apoptosis by decreasing mitochondrial membrane potential after 1 hour of
incubation, which remained stable during 4 hours of observation. The results, which
were obtained by Rhodamine 123 uptake, were also confirmed by means of confocal
laser scanning microscopy using double staining with Mito Tracker green FM and Mito
Tracker deep red 633.
Caspase-3 plays as an important role in the executive phase of apoptosis. Caspase-3
cleaves many important cellular substrates that are directly or indirectly involved in
the breakage of DNA strands and leading to apoptosis (Nicholson and Thornberry,
1997; Salvesen and Dixit, 1997). The activity of caspase-3 is energy-dependent. In
our experiments statin-induced caspase-3 activation was followed for all statins
except PRA by an increase of intracellular ATP levels. When cells became necrotic,
ATP dropped below the control levels.
Nuclear condensation and fragmentation are late events of apoptosis. In the current
studies we determined the number of cells with shrinked nuclei by means of light
microscopy after staining with Hoechst 33342 dye. The results showed that statins at
low concentrations specifically caused changes in the nuclear morphology after 72
hours incubation. With the current results, however, it is not possible to clearly
establish whether these effects are related to apoptosis or necrosis.
Overall we provide evidence for the induction of apoptosis in hSkMCs by statins at
different levels, in the mitochondria, by cytosolic caspase-3 activity and nuclear
morphology changes. This is in accordance with the current literature, which shows
that statin can induce apoptosis in a variety of cell types, including vascular smooth
muscle (Guijarro et al., 1998), neonate cardiac myocytes (Ogata et al., 2002),
proximal tubular cells (Limura et al., 1997), prostate (Padayatty et al., 1997) and other
tumor cells (Marcelli et al., 1998; Wong et al., 2001). Cerivastatin induced apoptosis
was shown in human myotubes (Johnson et al., 2004).
Necrosis is the type of cell death in which cells die due to swelling and membrane
damage. We used the release of the cytosolic enzyme LDH as a marker of
irreversible membrane breakage. Once the membrane is broken, LDH is leaking into
the cell culture supernatant. The result indicated that all statins except PRA induced
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damage in the plasma membrane, thus suggesting a necrotic process. The induction
of the necrotic type of cell damage was dependent on the incubation time and on the
applied statin concentration.
The time course and the sequence of the statin-induced events suggest a possible
mechanistic relationship. The sequence of events is starting with ROS formation, the
induction of apoptosis and necrosis. Necrosis may be secondary to apoptosis. ATP
may serve as a possible switching element between apoptosis and necrosis.
Intracellular ATP is an indicator of energy state and thus can regulate the transition
from apoptosis to necrosis. It had been shown that high cellular ATP levels protect
against apoptosis whereas low intracellular ATP levels inhibit apoptosis (Leist and
Nicotera, 1997, Leist et al., 1997). Since apoptosis is an active process, which
involves various cellular reconstructions, energy is needed. Our results showed an
increase of the intracellular ATP pool in hSkMCs after short term incubation. The later
decrease of intracellular ATP pool levels after long term incubation can drive cells into
necrosis.
In general, statins showed two types of effects: Effects at high concentrations (up to
400 µM) within a short period of time (2-4 hours) and effects at low concentrations
(from 1 to 10 µM) mainly after long term incubation (48 till 72 hours). The results
reached after long term and at low concentrations may be considered as more
relevant for the situation for man, whereas the results at high level and short term
may be less specific. Effects at high concentrations and after short incubation times
showed in principle the specific low-dose effect, which, however, is superposed by
unspecific cytotoxicity. In our experiments, high concentrations were used mainly in
order to exaggerate reactions which were not seen at low concentrations and short
incubation times. The relevance of the high dose effects was further investigated by
performing experiments with specific inhibitors (next chapter).
Our results demonstrate in principle that SIM and LOV were the most potent cytotoxic
compounds, whereas FV, NKS and ATV were better tolerated in short term
experiments. In long term experiments with physiologically relevant concentrations ,
the ranking of effects changed. In these studies NKS was revealed as the most potent
statin, whereas ATV, FV, SIM and LOV were similarly less potent. PRA was markedly
non-toxic, at both high concentrations and

longer treatment periods. This is in

accordance with Masters et al. (1995) who showed that PRA was less myotoxic to
cultures of neonatal rat skeletal muscle cells than either SIM or LOV (Masters et al.,
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1995). The difference in toxicity is mainly due to factors including the lipophilicity and
the diversity of their physical and chemical properties.
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Fig. 29: Postulated causal relation between ROS formation, apoptosis and necrosis and sequence of
events.
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Interaction between the cellular events-induced by statins

The results presented in the previous chapter suggest a possible link between ROS
formation, apoptosis and necrosis. The direct link between these cellular events
however has not been demonstrated. In the following the interaction between these
events shall be discussed by means of results form experiments with a specific
inhibitor of caspase-3, various antioxidants, a pro-oxidant, HMG-CoA downstream
metabolites and an intracellular Ca 2+ chelator.
3.2.1 Role of caspase-3 inhibitors on statin-induced cellular events
3.2.1.1

Cytotoxicity

Human SkMCs were pre-incubated with the specific inhibitor of caspase-3 (Ac-DEDVCHO) at the concentration of 100 µM for 2 hours before co-incubated with or without
100 µM LOV and 50 µM SIM for 4 hours and with 200 µM NKS, FV and ATV for 24
hours. LDH-leakage was measured at the end of the experiments.
After 4 hours, Ac-DEDV-CHO statistically significantly inhibited LDH-leakage induced
by LOV and SIM to between 45% and 50%. After 24 hours incubation, caspase-3
inhibitor reduced LDH-leakage caused by FV and ATV between 40% and 55%. In the
case of NKS, the inhibitory effect was about 25% (Fig. 30).
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Fig. 30: Effect of caspase-3 inhibitors on SIM and LOV (A), NKS, FV and ATV (B)-induced LDHleakage.
HSkMCs were preincubated 2 hours with 100 µM Ac-DEVD-CHO before adding the statins in
combinations with inhibitor. Data are expressed as means ± SD from three independent experiments
(n=3). Statistically significant differences versus the control group are expressed as ***P<0.001.
Statistically significant differences in comparison with the statins group are indicated by
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P<0.001.
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Nuclear morphology

The numbers of nuclei with changed morphology were measured in hSkMCs culture
pre-incubated with the caspase-3 inhibitor, Ac-DEDV-CHO, at concentration of 100
µM for 2 hours before co-incubated with and without 10 µM of the statins for 72 hours.
The addition of Ac-DEDV-CHO inhibited the statins-induced changes in the nuclear of
hSkMCs in the range of 12-35 % (Fig. 31). The inhibitory effect was statistically
significant different from the incubation without Ac-DEDV-CHO in the case of FV, LOV
and SIM.
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Fig. 31: Effect of caspase-3 inhibitor on statin-induced nuclear morphology change.

HSkMCs were incubated 72 hours with the different statins with or without 100 µM Ac-DEDV-CHO and
the change on nuclear morphology was measured after Hoechst dye staining. Data are expressed as
means ± SD from three independent experiments (n=3). Statistically significant differences versus the
control group are expressed as ***P<0.001. Statistically significant differences in comparison with the
#

statins group are indicated by P<0.05.
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Discussion

Our previous results showed that apoptosis preceedes the membrane damage as
measured by LDH leakage, a property of necrosis. By means of the specific caspase3 inhibitor, Ac-DEVD-CHO, which completely inhibited the caspase-3 activity,
however only partial protection of about 50 % against the statin-induced LDH-leakage
was achieved. In general, this result demonstrates that caspase-3, as an early event
in the apoptotic pathways is involved in the later occurring necrosis.
Necrosis secondary to apoptosis is also discussed in the current literature. ATP might
serve as a cellular checkpoint for shifting apoptosis into necrosis. It is described that
the decreased cellular ATP level induces a switch from apoptosis to necrosis
(Lemaire et al., 1998).
In our experiments, the inhibition of LDH-leakage by Ac-DEVD-CHO was not totally
achieved. This indicates that statins not exclusively induce cell death by an apoptotic
mechanism. The high concentrations used may favor unspecific cytotoxicity which is
overlapping with the apoptotic e vents
The changes in the nuclear morphology observed after the statin treatment also
indicates characteristics of apoptosis or necrosis. We could demonstrate that cells,
when treated at low concentrations for 72 hours showed decreased nuclei sizes. By
means of co-treatment with the caspase-3 inhibitor, Ac-DEVD-CHO, we saw that the
number of nuclei exhibiting these properties was reduced. The inability to reduce the
statin-mediated apoptotic picture completely up to the level of the untreated controls
after 72 hours may be the result of too low caspase-3 inhibitor concentrations during
long term incubations. It may be also possible that statins induce apoptosis by
mechanisms different from caspase-3 activation. We can further not exclude that the
nuclear morphology after 72 hours statin treatment is the results of other unspecific
effects.
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3.2.2 Role of pro-oxidants and anti-oxidants on statin-induced
cellular events
Statins alone cause statistically significant increased ROS formation, caspase-3
activity and LDH-leakage. This study was carried out to evaluate the effects of prooxidant or anti-oxidants on the statin-induced cellular events.
3.2.2.1

Effect of BSO on statin-induced ROS formation, caspase-3 activity

and LDH-leakage
DL-buthionine-(S,R)-sulfoximine (BSO) (2 mM) is an inhibitor of glutathione synthesis.
In controls human SkMCs cultures BSO has no significant effect on ROS formation,
caspas-3 activation and LDH-leakage. After co-incubation with statins, the pro-oxidant
BSO increased the statin-induced ROS production, caspase-3 activity and LDHleakage. Increases were by mean values, which however were not statistically
significant different as compared to incubations without BSO (Tab. 9).
ROS (30 min)

Caspase -3 activity (2h)

LDH-leakage (4h)

(% of control)

(% of control)

(% of total)

w/o BSO

+ BSO

w/o BSO

+ BSO

w/o BSO

+ BSO

w/o statin

100 ± 0.0

132.3 ± 32

100 ± 0.0

97.2 ± 16.1

1.43 ± 0.2

1.87 ± 0.3

NKS

254.5 ± 16 ***

270.3 ± 34 ***

1083.2 ± 108 ***

1192 ± 79 ***

FV

199.5 ± 11 ***

232.4 ± 15 ***

1902.4 ± 405 ***

2013.1 ± 123 ***

ATV

328.4 ± 45 ***

333.1 ± 30 ***

2077.1 ± 105 ***

2330 ± 383 ***

LOV

214.2 ± 17 ***

241.4 ± 36 ***

788.8 ± 302 ***

1231.8 ± 119 ***

29.0 ± 2.5 ***

37.9 ± 9.6 ***

SIM

208.6 ± 19 ***

223.3 ± 64 ***

1225.7 ± 422 ***

1300.1 ± 292 ***

41.9 ± 2.1 ***

51.2 ± 9.7 ***

[Control values: ROS formation: 100% = 0.8-1.6 DCF fluorescence/LDH in cells, Caspase-3 activity:
100%= 4.5-9 pmolAMC/min/mg protein, LDH-leakage: % of total= LDH supernatant / LDH total]
Tab. 9: Effect of BSO on statin-induced ROS formation, caspase-3 activity and LDH-Leakage.
Incubation conditions: HSkMCs were pre-incubated with 2mM BSO before adding the statins in
combination with BSO. ROS formation: after 30 min incubation with 50 µM statins. Caspase-3 activity:
after 2 hours incubation with 100 µM LOV, 50 µM SIM or 400 µM others statins. LDH-leakage: after 4
hours incubation with 100 µM LOV or 50 µM SIM. Data are expressed as means ±SD from three
independent experiments (n=3). Statistically significant differences versus the control group are
expressed as ***P<0.001.
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Effect of NAC on statin-induced ROS formation, caspase-3 activity

and LDH-leakage

NAC is a precursor of glutathione synthesis and a potent antioxidant, showing
protective effects against various toxic compounds. NAC at concentration of 2 mM
reduced statin-induced ROS production in the range of 25 and 30%. The presence of
NAC statistically significant inhibited caspase-3 activity between 55 and 75% of the
control value and the protective effect of NAC on LDH-leakage was 53 % for LOV and
68 % for SIM (Tab. 10).

ROS (30 min)

Caspase -3 activity (2h)

LDH-leakage (4h)

(% of control)

(% of control)

(% of total)

w/o NAC

+ NAC

+ NAC

w/o NAC

+ NAC

100 ± 0.0

101.9 ± 11

88 ± 25

1.43 ± 0.2

2.0 ± 0.5

NKS

254.5 ± 16 ***

190.9 ± 1 #

1083.2 ± 108 ***

253.4 ± 81 ###

nd

nd

FV

199.5 ± 11 ***

144.2 ± 8 #

1902.4 ± 405 ***

755.9 ± 158 ###

nd

nd

ATV

328.4 ± 45 ***

257 ± 44.7 #

2077.1 ± 105 ***

637.9 ± 302 ##

nd

nd

LOV

214.2 ± 17 ***

150.7 ± 30 #

788.8 ± 302 ***

367 ± 156 #

29.0 ± 2.5 ***

13.5 ± 6.2 ###

SIM

208.6 ± 19 ***

155.7 ± 20 #

1225.7 ± 422 ***

337.2 ± 125 ##

41.9 ± 2.1 ***

13.2 ± 2.1 ###

w/o
statin

w/o NAC
100 ± 0.0

[Control values: ROS formation: 100% = 0.8-1.6 DCF fluorescence/LDH in cells, Caspase-3 activity:
100%= 4.5-9 pmolAMC/min/mg protein, LDH-leakage: % of total= LDH supernatant / LDH total]
nd: not determined
Tab. 10: Effect of NAC on statin-induced ROS formation, caspase-3 activity and LDH-Leakage.
Incubation conditions: HSkMCs were pre-incubated with 2mM NAC before adding the statins in
combination with NAC. ROS formation: after 30 min incubation with 50 µM statins. Caspase-3 activity:
after 2 hours incubation with 100 µM LOV, 50 µM SIM or 400 µM others statins. LDH-leakage: after 4
hours incubation with 100 µM LOV or 50 µM SIM. Data are expressed as means ±SD from three
independent experiments (n=3). Statistically significant differences versus the control group are
expressed as ***P<0.001. Statistically significant differences in comparison with the statins group are
indicated by #P<0.05, ##P<0.01 and ###P<0.001.
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Effect of DTT on statin-induced ROS formation, caspase-3 activity

and LDH-leakage

DL-dithiothreitol (DTT) is a GSSG-reducing agent. The presence of 2 mM DTT
statistically significant inhibited ROS formation, caspase-3 activity and LDH-leakage
induced by the different statins. The inhibitory effect of DTT on ROS formation by the
different statins was between 40 and 55%. Caspase-3 activity was reduced in
between 22 and 87% and the protective effect of DTT on LDH-leakage was 44 % for
LOV and 59 % for SIM (Tab. 11).

ROS (30 min)

Caspase -3 activity (2h)

LDH-leakage (4h)

(% of control)

(% of control)

(% of total)

w/o DTT

+ DTT

w/o DTT

+ DTT

w/o DTT

+ DTT

100 ± 0.0

120.2 ± 30

100 ± 0.0

212.2 ± 86

1.43 ± 0.2

2.0 ± 0.8

NKS

254.5 ± 16 ***

134.3 ± 17 ###

1083.2 ± 108 ***

143.4 ± 66 ###

FV

199.5 ± 11 ***

120.5 ± 14 ##

1902.4 ± 405 ***

774.8 ± 277 ###

ATV

328.4 ± 45 ***

171 ± 61.5 ##

2077.1 ± 105 ***

1629.9 ± 219 ##

LOV

214.2 ± 17 ***

111.4 ± 20 #

788.8 ± 302 ***

469.9 ± 203 #

29.0 ± 2.5 ***

16.1 ± 7.0 ###

SIM

208.6 ± 19 ***

96.4 ± 9.0 ##

1225.7 ± 422 ***

510.4 ± 192 #

41.9 ± 2.1 ***

17.0 ± 7.6 ###

w/o
statin

[Control values: ROS formation: 100% = 0.8-1.6 DCF fluorescence/LDH in cells, Caspase-3 activity:
100%= 4.5-9 pmolAMC/min/mg protein, LDH-leakage: % of total= LDH supernatant / LDH total]

Tab. 11: Effect of DTT on statin-induced ROS formation, caspase-3 activity and LDH-Leakage.
Incubation conditions: HSkMCs were pre-incubated with 2mM DTT before adding the statins in
combination with DTT. ROS formation: after 30 min incubation with 50 µM statins. Caspase-3 activity:
after 2 hours incubation with 100 µM LOV, 50 µM SIM or 400 µM others statins. LDH-leakage: after 4
hours incubation with 100 µM LOV or 50 µM SIM.Data are expressed as means ±SD from three
independent experiments (n=3). Statistically significant differences versus the control group are
expressed as ***P<0.001. Statistically significant differences in comparison with the statins group are
#

indicated by P<0.05,

##

P<0.01 and

###

P<0.001.
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Effect TPGS on statin -induced ROS formation, caspase-3 activity

and LDH-leakage

DL-&-tocopherol-polyethylene-glycol-1000-succinate (TPGS) is water soluble vitamin
E derivative, which showed potent protection against lipid peroxidation mediated
toxicity in various experiments reported in the literature (Witting et al., 1999; Bieri et
al., 1983). In the hSkMCs culture, co-incubation of stati ns with 100 µM TPGS
statistically significantly inhibited ROS formation. The inhibitory effect of TPGS on
ROS formation by the different statins was between 32 and 46%. Inhibition of ATV,
LOV and SIM-induced caspase-3 activity was in the range of 47-74 %. There was no
significant inhibition of caspase-3 induced by NKS and FV. The protective effect of
TPGS on LDH-leakage was 63 % for LOV and 75 % for SIM (Tab. 12).
ROS (30 min)

Caspase -3 activity (2h)

LDH-leakage (4h)

(% of control)

(% of control)

(% of total)

w/o TPGS

+ TPGS

w/o TPGS

+ TPGS

w/o TPGS

+ TPGS

100 ± 0.0

131.6 ± 13

100 ± 0.0

115.0 ± 54.6

1.43 ± 0.2

3.4 ± 1.3

NKS

254.5 ± 16 ***

136.7 ± 38 ###

1083.2 ± 108 ***

1546.5 ± 327

FV

199.5 ± 11 ***

135.2 ± 40 ##

1902.4 ± 405 ***

1679.6 ± 433

ATV

328.4 ± 45 ***

159.3 ± 26 ##

2077.1 ± 105 ***

1094.2 ± 437 #

LOV

214.2 ± 17 ***

134.2 ± 49 ##

788.8 ± 302 ***

345.1 ± 148 #

29.0 ± 2.5 ***

10.8 ± 3.2 ###

SIM

208.6 ± 19 ***

121.7 ± 31 ##

1225.7 ± 422 ***

319.9 ± 110 ##

41.9 ± 2.1 ***

10.7 ± 3.3 ###

w/o
statin

[Control values: ROS formation: 100% = 0.8-1.6 DCF fluorescence/LDH in cells, Caspase-3 activity:
100%= 4.5-9 pmolAMC/min/mg protein, LDH-leakage: % of total= LDH supernatant / LDH total]
Tab. 12: Effect of TPGS on statin-induced ROS formation, caspase-3 activity and LDH-Leakage.
Incubation conditions: HSkMCs were pre-incubated with 100 mM TPGS before adding the statins in
combination with TPGS. ROS formation: after 30 min incubation with 50 µM statins. Caspase-3 activity:
after 2 hours incubation with 100 µM LOV, 50 µM SIM or 400 µM others statins. LDH-leakage: after 4
hours incubation with 100 µM LOV or 50 µM SIM. Data are expressed as means ±SD from three
independent experiments (n=3). Statistically significant differences versus the control group are
expressed as ***P<0.001. Statistically significant differences in comparison with the statins group are
#

indicated by P<0.05,

##

P<0.01 and

###

P<0.001.
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Effect of 5-OH-fluvastatin on statin-induced ROS formation,

caspase-3 activity and LDH-leakage

5-OH-fluvastatin (M-2) is a fluvastatin metabolite reported in the literature which has
strong antioxidant properties (Nakashima et al., 1999, 2001; Imaeda et al., 2001a, b,
2002). The addition of M-2 to hSKMCs together with statin statistically significantly
reduced the ROS formation, caspase-3 activity and LDH-leakage in comparison with
the same statin concentration alone. The inhibition of the ROS formation was
concentration dependent (Fig. 32). No inhibitory effect of M-2 (50 µM) after coadministration with lovastatin on LDH-leakage.
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[Control values: ROS formation: 100% = 0.8-1.6 DCF fluorescence/LDH in cells, Caspase-3 activity:
100%= 4.5-9 pmolAMC/min/mg protein, LDH-leakage: % of total= LDH supernatant / LDH total]

Fig. 32: Inhibitory effect M-2 on statin-induced ROS formation, caspase-3 activity and LDH-Leakage.
Incubation conditions: HSkMCs were pre-incubated with 25 and 50 µM M-2 before adding the statins in
combination with M-2. ROS formation: after 30 min incubation with 50 µM statins. Caspase-3 activity:
after 2 hours incubation with 100 µM LOV, 50 µM SIM or 400 µM others statins. LDH-leakage: after 4
hours incubation with 100 µM LOV or 50 µM SIM or 400 µM others statins.
Data are expressed as means ± SD from three independent experiments (n=3). Statistically significant
differences versus the control group are expressed as *P<0.05, **P<0.01 and ***P<0.001. Statistically
significant differences in comparison with the statins group are indicated by

#

P<0.05,

##

P<0.01 and

###

P<0.001.
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Effect of 6-OH-fluvastatin on statin-induced ROS formation,

caspase-3 activity and LDH-leakage

M-3 (6-OH-fluvastatin) has also strong reported antioxidant activity (Nakashima et al.,
1999, 2001; Imaeda et al., 2001a, b, 2002). In our experiments M-3 statistically
significantly, reduced ROS formation, caspase-3 activity and LDH-leakage in
comparison with the same statin concentration alone. The inhibition of the ROS
formation and caspase-3 activity were concentration dependent (Fig. 33). M-3
inhibited the LDH-leakage stronger than M-2. No inhibitory effect of M-3 on caspase-3
activity and LDH-leakage were observed after co-administration with LOV.
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[Control values: ROS formation: 100% = 0.8-1.6 DCF fluorescence/LDH in cells, Caspase-3 activity:
100%= 4.5-9 pmolAMC/min/mg protein, LDH-leakage: % of total= LDH supernatant / LDH total]

Fig. 33: Inhibitory effect M-3 on statin-induced ROS formation, caspase-3 activity and LDH-Leakage.
Incubation conditions: HSkMCs were pre-incubated with 25 and 50 µM M-3 before adding the statins in
combination with M-3. ROS formation: after 30 min incubation with 50 µM statins. Caspase-3 activity:
after 2 hours incubation with 100 µM LOV, 50 µM SIM or 400 µM others statins. LDH-leakage: after 4
hours incubation with 100 µM LOV or 50 µM SIM or 400 µM others statins.
Data are expressed as means ± SD from three independent experiments (n=3). Statistically significant
differences versus the control group are expressed as *P<0.05, **P<0.01 and ***P<0.001. Statistically
significant differences in comparison with the statins group are indicated by

#

P<0.05,

##

P<0.01 and

###

P<0.001.
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Effect of M-2 and M-3 on statin-induced change on nuclear

morphology

The changes in the nuclear morphology were measured in hSkMCs culture preincubated with M-2 and M-3 at the concentration of 50 µM for 2 hours before coincubated with and without 10 µM of NKS for 72 hours. The medium which contained
the FV-metabolites and NKS were renewed daily. M-3 statistically significantly
inhibited the nuclear shrinking induced by NKS. M-2 had no effect (Fig. 34). No
statistically significant inhibitory effect was also found after co-incubation of FV, ATV,
LOV, and SIM with 50 µM M-2 and M-3 (data not shown).
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Fig. 34: Effect of M-2 and M-3 on NKS-induced nuclear morphology change on hSkMCs.
HSkMCs were incubated with the different statins with or without M-2 and M-3 for 72 hours and the
change on nuclear morphology was measured after Hoechst dye staining. Data are expressed as
means ±SD from three independent experiments (n=3). Statistically significant differences versus the
control group are expressed as ***P<0.001. Statistically significant differences in comparison with the
#

statins group are indicated by P<0.05.
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Total antioxidative capacity of statins and fluvastatin metabolites

The antioxidant activities of M-2 and M-3 are reported in the literature and the
protective effect on oxidative events has been demonstrated in various cellular
assays (Nakashima et al., 1999, 2001; Imaeda et al., 2001a, b, 2002). The purpose of
the present study was to compare the Total antioxidative capacity (TAC) of M-2 and
M-3 with Trolox-C and the statin parent compounds in a cell free assay, where a
stable green colored ABTS radical is generated and the quenching effect of
antioxidants is compared at different time lines at 600 nm.
The ABTS radical follows a linear time-dependency. The analysis after treatment with
M-2, M-3 and TPGS like Trolox-C, revealed similar kinetic profiles. All compounds
concentration dependently showed a concentration dependent increase of the lag
phase, the time until which ABTS signal starts its onset. After starting beyond the lag
phases the curves are in parallel to the unquenched ABTS control curve. It is
important to mention that M2 and M3 showed the highest quenching, similar to
Trolox-C in the micromolar range, whereas TPGS was in the milimolar concentration
range, where significant inhibition was achieved. M-3 was more potent than M-2 (fig.
35).
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Fig. 35: Radical cation scavenging capacity of M-2, M-3 and TPGS.
The radical cation scavenging capacity of the M-2, M-3 and TPGS was expressed as Trolox-C
equivalent. The Trolox-C equivalent was calculated and used to compare the radical cation scavenging
activity of each antioxidant. Data are expressed as means ±SD from three independent experiments for
each sample (n=3).
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There was no lag phase for the statin parent compounds. Among all statins tested, FV
had the greatest activity for quenching ABTS?+, followed by PRA, NKS and LOV. SIM
and ATV had no antioxidant effect at the maximum concentration of 2 mM (fig. 35).
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Fig. 36: Radical cation scavenging capacity of statins.
The radical cation scavenging capacity of the six statins was expressed as trolox-C equivalent. The
trolox-C equivalent was calculated and used to compare the radical cation scavenging activity of each
antioxidant. Data are expressed as means ± SD from three independent experiments for each sample
(n=3).
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Discussion

Although enhanced ROS formation is an early event of the statin’s cellular effects,
which in principle could trigger a cascade of subsequent events, the direct link
between ROS and impaired cellular functions has not yet been established. In order
to show the direct link between oxidative stress and myotoxicity, antioxidants (TPGS,
NAC and DTT) and pro-oxidants (BSO) were used in combination experiments as
mechanistic tools.
TPGS is water soluble vitamin E derivative, which showed potent protection against
lipid peroxidation and toxicity in various experiments with toxic compounds (Witting et
al., 1999; Bieri et al., 1983). In cells , TPGS is cleaved and the active lipid peroxy
radical reducing tocopherol is formed, which in membranes is a potent protector
against lipid peroxidation. In various experiments with other toxic compounds the
meaning of lipid peroxidation as the mechanism of toxicity was identified by
supplementation with TPGS. If toxicity was inhibited by vitamin E, this suggests a
possible relevant involvement of lipid peroxidation in the mechanism of toxic action. In
our experiments with LOV and SIM, TPGS supplementation reduced ROS formation,
caspase-3 activation, in parallel protected from LDH leakage. TPGS also reduced
ATV-induced ROS formation as well as caspase-3 activity. Protective effect of TPGS
could not be investigated longer than 4 hours. Thus TPGS in combination with ATV,
FV and NKS was not evaluated.
Although TPGS reduced NKS or FV-induced ROS formation after 30 min, it showed
no significant protection on caspase-3 activation. The reason for the inability to inhibit
caspase-3 activity may be the result of the stronger ROS formation induced by ATV,
FV and NKS compared to SIM and LOV. In the case of SIM and LOV the applied
TPGS concentrations could be sufficient to protect the cells against the ROS
formation. Although TPGS was able to scavenge their ROS formation within 30 min, it
may be possible that the amount of TPGS is limiting in order to prevent reasonable
caspase-3 activation after 4 hours. In order to confirm this hypothesis, experiments
with higher TPGS concentrations should be performed.
BSO is an inhibitor of glutathione synthesis as reported in the literature (Wolf et al.,
1997, Maeda et al., 2004). Inhibition of BSO results in GSH depletion. When cells are
depleted by GSH, a compound following a prooxidative mechanism of toxicity would
become more toxic. In control hSKMCs, BSO could not be used longer than 4 hours
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because of its myotoxicity. In combination with statins and BSO, we did no see
statistically significant differences in all investigated parameters compared to cells
without BSO. However there was a tendency in all BSO treated samples towards an
increase of ROS formation, caspase-3 activation as well as LDH leakage.
NAC is a precursor for glutathione synthesis and a potent antioxidant, showing
protective effects against various toxic compounds. In all experiments NAC was able
to decrease statin-induced ROS formation, caspase-3 activation as well as being
protective against LDH-leakages.
DTT is the GSSG-reducing agent (Wolf et al, 1997; Obatomi et al., 2001; Vaknin et
al., 2005). Because of myotoxicity, DTT could not be studied longer than 4 hours.
Same as for NAC, DTT was able to decrease statin-induced ROS formation, caspase3 activation as well as being protective against increased LDH-leakages. The
protective effects on statin-induced ROS formation were stronger for DTT as
compared to NAC.
M-2 and M-3 are fluvastatin metabolites reported in the literature having strong
antioxidant properties (Nakashima et al., 1999, 2001; Imaeda et al., 2001a, b, 2002).
In our cell free assay we could confirm by TAC measurements that the antioxidant
effects were even stronger than that of TPGS. M-2 and M-3 inhibited very efficiently
ROS formation also in the cellular system. There was also a decrease of caspase-3
and LDH-leakage found for all statins, except for LOV. Although M-2 had an inhibitory
effect at 25 µM in combination with LOV, protection was not confirmed at 50 µM. M-3
had clearly no inhibitory effect in combination with LOV, neither on LOV-induced
caspase-3 activation nor on the respective LDH leakage.
In conclusion, the results with the pro-oxidant BSO and the various antioxidants
(TPGS, NAC, DTT, M-2 and M-3) basically support the hypothesis that statin induced
ROS formation may be involved in the caspase-3 activation and in the induction of
LDH release. However, there are few exceptions which do not totally comply with this
assumption. There was no total protection achieved with M-2 and M-3 against LOVinduced caspase-3 activation and LDH-release and TPGS did not fully protect against
FV and NKS-induced caspase-3 activation. The reasons for this inability may be the
higher production of ROS and the inefficiency to protect caspase-3 activation at the
applied TPGS concentrations. It may be that M-2 is competing with LOV for its cellular
uptake, due to similar structure elements.
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Summary of results from experiments with 5 different statins after supplementation with
antioxidants/prooxidant. Protection observed
Antioxidant

ROS

Caspase-3

LDH

TPGS

5/5

3/5***

2/2

NAC

5/5

5/5

2/2

DTT

5/5

5/5

2/2

M-2

5/5

5/5

5/5*

M-3

5/5

4/5**

4/5**

BSO

(5/5)

(5/5)

(2/2)

*) protective effect of 25 µM M-2 against LOV. **) no protection against LOV.

***) no protection

against NKS and FV.

In the present study, we showed that for 5 statins , hSkMCs were rescued against
toxicity by co-incubation with different antioxidants. There also seems to be the
tendency that co-incubation with the pro-oxidative BSO increased of caspase-3
mediated toxicity of the statins. Positive correlations between ROS formation and
caspase-3 activation were shown for most of the investigated statins and the applied
antioxidants.
There is also positive correlation between ROS formation and caspase-3 induction
reported in the current literature. These investigations raised the hypothesis of redoxsensitivity of caspase-3 (Hampton et al., 1998, Grub et al., 2000). It is assumed that
mild oxidative stress has been shown to activate caspases, such as caspase-3 and
caspase-8, however mechanisms by which oxidative stimuli activate the caspase
cascade is not yet clear. In contrast, excessive oxidative stress can prevent caspase
activation. This is probably due to the oxidation of redox-sensitive thiol groups (Cohen
1997; Hampton et al., 1998; Higuchi et al., 1998).
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3.2.3 Role of HMG-CoA reductase in statin-induced cellular events
HMG-CoA reductase inhibitors inhibit L-mevalonic acid (MVA) synthesis leading to
the reduction of the synthesis of important isoprenoid intermediates such as
farnesylp yrophosphate (FPP), geranylgeranylpyrophosphate (GGPP) and ubiquinone
(Q10) (see page 16). In order to clarify their role in statin induced skeletal muscle cell
toxicity, we supplemented the statin containing incubation media with the different
HMG-CoA reductase downstream metabolites and determined then ROS formation,
caspase-3 activation, changes on nuclear morphology and cell membrane damage in
hSkMCs.
3.2.3.1

Effect of MVA on statin-induced ROS formation, caspase-3 activity

and LDH-leakage

MVA (400 µM) alone had no effect on hSkMCs cultures (Tab.13). The
supplementation of the incubation medium with MVA reduced the statin-induced
intracellular ROS formation for all statins very similar in the range of 20-30%. MVA
reduced the statin-induced caspase-3 activation in a range of 12-80%. The weakest
effect was shown in combination with LOV. MVA treatment also inhibited statininduced cell membrane damage (LDH-leakage) in the range of 40-87%, Here; the
strongest effect was shown for LOV (Tab. 13).

81

HMG-CoA REDUCTASE

RESULTS AND DISCUSSION

ROS (30 min)

Caspase -3 activity (2h)

LDH-leakage (4-24-48h)

(% of control)

(% of control)

(% of total)

w/o MVA

+ MVA

w/o MVA

+ MVA

w/o MVA

+ MVA

100 ± 0.0

96 ± 17

100 ± 0.0

92 ± 33

4.2 ± 1.0

4.3 ± 0.3

NKS

254.1 ± 17 ***

189.7 ± 24 ##

1083 ± 108 ***

303 ± 89 #

30.9 ± 8.2 *** §

16.7 ± 2.8 ## §

FV

199.5 ± 11 ***

147.6 ± 5 #

1902 ± 420 ***

1222 ± 286 #

41.7 ± 6.5 *** §

24.8 ± 7.3 # §

ATV

328.4 ± 46 ***

232.7 ± 33 #

2077 ± 307 ***

1507 ± 474 #

40.6 ± 6.1 *** ß

27.7 ± 7.3 #ß

LOV

214.2 ± 17 ***

176.8 ± 10 #

752 ± 240 ***

660 ± 256

32.4 ± 5.0 *** a

4.3 ± 2.5 ### a

SIM

208.6 ± 20 ***

152.7 ± 5 #

1214 ± 233 ***

297 ± 119 #

45.1 ± 3.0 *** a

22.2 ± 3.5 ### a

w/o
statin

a = 4 hours incubation, ß= 24 hours incubation, § =48 hours incubation
[Control values: ROS formation: 100% = 0.8-1.6 DCF fluorescence/LDH in cells, Caspase-3 activity:
100%= 4.5-9 pmolAMC/min/mg protein, LDH-leakage: % of total= LDH supernatant/ LDH total]
Tab. 13: Effect of MVA on statin-induced ROS formation, caspase-3 activity and LDH-leakage.
Incubation conditions: HSkMCs were pre-incubated 2 hours with 400 µM MVA before adding the
statins in combination with MVA. ROS formation: after 30 min incubation with 50 µM statins. Caspase3 activity: after 2 hours incubation with 100 µM LOV, 50 µM SIM or 400 µM others statins. LDHleakage: after incubation with 50 µM SIM, 100 µM LOV or 200 µM others statins.Data are expressed as
means ± SD from three independent experiments (n=3). Statistically significant differences versus the
control group are expressed as ***P<0.001. Statistically significant differences in comparison with the
#

statins group are indicated by P<0.05,

##

P<0.01 and

###

P<0.001.
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Effect of F or FPP on statin-induced ROS formation, caspase-3

activity and LDH-leakage

ROS formation was measured after short incubation times at F and FPP
concentrations of 100 µM. This concentration was toxic after longer incubation times,
thus the investigation of the effects on caspase-3 activity and LDH leakage were
performed for both compounds at concentrations of 10 µM.
Supplementation with F or FPP both resulted in the inhibition of statin-induced
increases in intracellular ROS formation, caspase-3 activation and LDH-leakage. F
totally inhibited statin-induced ROS formation for all statins tested. The inhibition of
ROS formation by FPP was in the range of 31- 43%, but was very similar among the
different statins . The presence of F reduced statin-induced caspase-3 activity in the
range of 50-87% for ATV, SIM, FV and NKS, whereas there was almost no inhibition
of LOV induced caspase-3 activation. The inhibition of statin-induced caspase-3
activity with FPP was in the range of 21-55%. The inhibition of ROS formation and
caspase-3 activity were stronger with F compared to FPP.
F reduced the statin-induced cell membrane damage (LDH-leakage) in the range of
50-74% for NKS, ATV and FV. There was no inhibitory effect with F on LOV and SIM
induced cytotoxicity after 4h treatment. (Tab. 14). FPP supplementation caused
reduction of LDH-leakages induced by statins in the range of 12-64%. The inhibition
of caspase-3 activity and LDH-leakage was not strong as expected, probably due to
the low concentration of F or FPP applied.
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ROS (30 min)

Caspase -3 activity (2h)

LDH-leakage (4-24-48h)

(% of control)

(% of control)

(% of total)

w/o F

+F

w/o F

+F

w/o F

+F

100 ± 0.0

93.3 ± 20

100 ± 0.0

87 ± 3.0

4.2 ± 1.0

3.7 ± 0.7

NKS

254.1 ± 17 ***

94.8 ± 10 ###

1083 ± 108 ***

185 ± 68 ##

30.9 ± 8.2 *** §

15.1 ± 2.4 ### §

FV

199.5 ± 11 ***

109.1 ± 5 ###

1902 ± 420 ***

691 ± 87 ##

41.7 ± 6.5 *** §

11.0 ± 0.8 ### §

ATV

328.4 ± 46 ***

98.6 ± 20 ###

2077 ± 307 ***

1026 ± 136 #

40.6 ± 6.1 *** ß

21.1 ± 5.8 ### ß

LOV

214.2 ± 17 ***

100.8 ± 16 ###

752 ± 240 ***

660 ± 231

32.4 ± 5.0 *** a

30.6 ± 4.2 a

SIM

208.6 ± 20 ***

88 ± 10 ##

1214 ± 233 ***

577 ± 93 ###

45.1 ± 3.0 *** a

39 ± 2.8 a

w/o
statin

ROS (30 min)

Caspase -3 activity (2h)

LDH-leakage (4-24-48h)

(% of control)

(% of control)

(% of total)

w/o FPP

+ FPP

w/o FPP

+ FPP

w/o FPP

+ FPP

100 ± 0.0

104.9 ± 2.3

100 ± 0.0

80.1 ± 20

4.2 ± 1.0

4.6 ± 2.0

NKS

254.1 ± 17 ***

155.2 ± 26 ###

1083 ± 108 ***

858 ± 211 ###

30.9 ± 8.2 *** §

17.1 ± 2.4 # §

FV

199.5 ± 11 ***

129.7 ± 27 ##

1902 ± 420 ***

1402 ± 300 ###

41.7 ± 6.5 *** §

22.1 ± 3.1 ## §

ATV

328.4 ± 46 ***

187.6 ± 9 #

2077 ± 307 ***

1084 ± 273 ##

40.6 ± 6.1 *** ß

35.6 ± 2.2 ß

LOV

214.2 ± 17 ***

147.8 ± 27 ##

752 ± 240 ***

476 ± 150 #

32.4 ± 5.0 *** a

11.7 ± 8.7 ## a

SIM

208.6 ± 20 ***

134.2 ± 18 #

1214 ± 233 ***

553 ± 187 ###

45.1 ± 3.0 *** a

31.7 ± 1.0 # a

w/o
statin

a = 4 hours incubation, ß= 24 hours incubation, § =48 hours incubation
[Control values: ROS formation: 100% = 0.8-1.6 DCF fluorescence/LDH in cells, Caspase-3 activity:
100%= 4.5-9 pmolAMC/min/mg protein, LDH-leakage: % of total= LDH supernatant/ LDH total]
Tab. 14: Effect of F or FPP on statin-induced ROS formation, caspase-3 activity and LDH-leakage.
Incubation conditions: HSkMCs were pre-incubated 2 hours with 10 or 100 µM F or FPP before adding
the statins in combination with F or FPP. ROS formation: after 30 min incubation with 50 µM statins
and 100 µM F or FPP. Caspase-3 activity: after 2 hours incubation with 50 µM SIM, 100 µM LOV or
400 µM others statins and 10 µM F or FPP. LDH-leakage: with 50 µM SIM, 100 µM LOV or 200 µM
others statins and 10 µM F or FPP.Data are expressed as means ± SD from three independent
experiments (n=3). Statistically significant differences versus the control group are expressed as
P***<0.001. Statistically significant differences in comparison with the statins group are indicated by
#

P<0.05,

##

P<0.01 and

###

P<0.001.
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Effect of GG or GGPP on statin-induced ROS formation, caspase-3

activity and LDH-leakage

ROS formation was measured after short incubation times at GG or GGPP
concentrations of 100 µM. This concentration was toxic after longer incubation times,
thus the investigation of the effects on caspase-3 activity and LDH leakage were
performed for both compounds at concentrations of 10 µM.
The inhibitory effect of GG on statin-induced ROS formation was almost 100 % for all
statins applied (Tab.15). The inhibition of ROS formation by GGPP was in the range
of 35-55 %. Statins induced caspase-3 activity, which was measured after 2 hours
treatment, was also significantly inhibited by GG supplementation in the range of 2688%. There was almost no inhibitory effect on LOV induced caspase-3 activation.
GGPP inhibited the statin-induced caspase-3 activation in the range of 21-46%. There
was no inhibition of the FV-induced increase of caspase-3 activity by GGPP. In
general, the inhibition of ROS formation and caspase-3 activity were strongest with G
compared to GGPP.
GG statistically significantly reduced the cell membrane damage (LDH-leakage) to
about 60% of the increases with NKS, FV and ATV. There was no inhibitory effect
with GG on LOV and SIM -induced cytotoxicity after 4h treatment. By supplementation
with GGPP, the changes in LDH-leakages induced by statins were in the range of 2848%.
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ROS (30 min)

Caspase -3 activity (2h)

LDH-leakage (4-24-48h)

(% of control)

(% of control)

(% of total)

w/o GG

+ GG

w/o GG

+ GG

w/o GG

+ GG

100 ± 0.0

92.9 ± 13

100 ± 0.0

113 ± 29

4.2 ± 1.0

4.9 ± 1.1

NKS

254.1 ± 17 ***

101.6 ± 9 ##

1083 ± 108 ***

194 ± 92 ###

30.9 ± 8.2 *** §

11.3 ± 2.0 ### §

FV

199.5 ± 11 ***

98.6 ± 6 ###

1902 ± 420 ***

218 ± 87 ###

41.7 ± 6.5 *** §

16.1 ± 2.1 ### §

ATV

328.4 ± 46 ***

126.2 ± 24 ###

2077 ± 307 ***

1540 ± 244 ###

40.6 ± 6.1 *** ß

15.9 ± 1.9 ### ß

LOV

214.2 ± 17 ***

103.1 ± 15 ###

752 ± 240 ***

666 ± 288

32.4 ± 5.0 *** §

35.8 ± 10.6 a

SIM

208.6 ± 20 ***

98.4 ± 26 ##

1214 ± 233 ***

632 ± 86 ###

45.1 ± 3.0 *** §

43.5 ± 4.5 a

w/o
statin

ROS (30 min)

Caspase -3 activity (2h)

LDH-leakage (4-24-48h)

(% of control)

(% of control)

(% of total)

w/o GGPP

+ GGPP

w/o GGPP

+ GGPP

w/o GGPP

+ GGPP

100 ± 0.0

93.3 ± 2.2

100 ± 0.0

96.3 ± 8

4.2 ± 1.0

4.5 ± 1.5

NKS

254.1 ± 17 ***

135.9 ± 39 ###

1083 ± 108 ***

588 ± 211 ##

30.9 ± 8.2 *** §

16 ± 4.5 # §

FV

199.5 ± 11 ***

120.4 ± 35 ##

1902 ± 420 ***

1873 ± 411

41.7 ± 6.5 *** §

25.7 ± 4.4 ## §

ATV

328.4 ± 46 ***

149.9 ± 31 ###

2077 ± 307 ***

1422 ± 254 ###

40.6 ± 6.1 *** ß

28.6 ± 7.7 # ß

LOV

214.2 ± 17 ***

106.6 ± 21 ###

752 ± 240 ***

462 ± 97 #

32.4 ± 5.0 *** a

13.5 ± 10 ## a

SIM

208.6 ± 20 ***

134.8 ± 40 #

1214 ± 233 ***

967 ± 375 ###

45.1 ± 3.0 *** a

32.4 ± 8.3 ## a

w/o
statin

a = 4 hours incubation, ß= 24 hours incubation, § =48 hours incubation
[Control values: ROS formation: 100% = 0.8-1.6 DCF fluorescence/LDH in cells, Caspase-3 activity:
100%= 4.5-9 pmolAMC/min/mg protein, LDH-leakage: % of total= LDH supernatant/ LDH total]
Tab. 15: Effect of GG or GGPP on statin-induced ROS formation, caspase-3 activity and LDH-leakage.
Incubation conditions: HSkMCs were pre-incubated 2 hours with 10 or 100 µM GG or GGPP before
adding the statins in combination with GG or GGPP. ROS formation: after 30 min incubation with 50
µM statins and 100 µM GG or GGPP. Caspase-3 activity: after 2 hours incubation with 50 µM SIM, 100
µM LOV or 400 µM others statins and 10 µM GG or GGPP. LDH-leakage: with 50 µM SIM, 100 µM
LOV or 200 µM others statins and 10 µM GG or GGPP. Data are expressed as means ± SD from three
independent experiments (n=3). Statistically significant differences versus the control group are
expressed as P***<0.001. Statistically significant differences in comparison with the statins group are
#

indicated by P<0.05,

##

P<0.01 and

###

P<0.001.
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Effects of MVA, F and GG on statin-induced changes of nuclear

morphology
Changes in nuclear morphology, characterized in general by shrinked nuclei, were
determined in hSkMCs cultures pre-incubated with 10 µM GG or F or 400 µM MVA for
2 hours and then co-incubated with 10 µM of the different statins for 72 hours. The
medium containing these substances was renewed daily. The addition of F, GG and
MVA reduced the changes in nuclear morphology induced by the statins. F had only
little protective effects whereas GG completely prevented the cytotoxic effects of 10
µM NKS, FV, ATV and strongly reduced the effects of 10 µM LOV and SIM (Fig. 38).
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***

% of cells with shrinked nuclei
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10 µM ATV
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Fig. 38: Effect of F and GG on statin-induced nuclear change on hSkMCs.
HSkMCs were incubated with the different statins with or without 10 µM GG or F for 72 hours and the
change on nuclear diameter was measured after Hoechst dye staining. Data are expressed as means
±SD from three independent experiments (n=3). Statistically significant differences versus the control
group are expressed as *P<0.05, **P<0.01 and ***P<0.001. Statistically significant differences in
#

comparison with the statins group are indicated by P<0.05,

##

P<0.01 and

###

P<0.001.
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The addition of MVA completely prevented the statins induced late nuclear changes
(Fig. 39)

control
400 µM MVA
100

% of cells with shrinked nuclei

***

***

***
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Fig. 39: Effect of MVA in statin-induced nuclear changes on hSkMCs.
HSkMCs were incubated with the different statins with or without 400 µM MVA for 72 hours and the
change on nuclear diameter was measured after Hoechst dye staining. Data are expressed as means
±SD from three independent experiments (n=3). Statistically significant differences versus the control
group are expressed as **P<0.01 and ***P<0.001. Statistically significant differences in comparison
with the statins group are indicated by

###

P<0.001

Pictures of control hSkMCs, statins treated cells and cells co-incubated with statins
and MVA are shown in figure 40. Cells treated with 10 µM SIM, ATV or FV show great
changes in nuclear morphology as compared to controls. Almost all nuclei appear
much smaller, whereas in the presence of MVA, the nuclei of statin treated cells are
similar to the controls.
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control

MVA

SIM

SIM

+

MVA

ATV

ATV

+

MVA

FV

FV

+
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Fig. 40: Micrographs of Hoechst-stained hSkMCs after treatment with FV, ATV, SIM at the
concentrations of 10 µM for 72 hours supplemented with 400 µM MVA.
The micrographs showed the decrease nuclear size (shrinking). Bright fluorescence in faintly stained
cell was nuclear condensation. The presence of MVA abrogated the effect of statins on hSkMCs.
Magnification x20.
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Effect of ubiquinone on statin-induced cytotoxicity

The experiments with ubiquinone (Q10) were very challenging. Q10 supplementation of
the medium was difficult to achieve because of the poor solubility. Q10 which was
reported being soluble up to a concentration of 5 µM, may precipitate under certain
conditions at the microscopical level. In two independent experiments, out of three, a
concentration of 5 µM Q10 reduced the cell membrane damage (LDH-leakage) in the
range of 33-57% (Fig. 41). No significant inhibitory effect was found in the third
experiment, where Q10 might have been not dissolved properly. The supplementation
with Q10 had no significant effect on intracellular ROS production and on caspase-3
activation (data not shown).
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[Control values: LDH-leakage: % of total= LDH supernatant/ LDH total]

Fig. 41: Effect of Q10 in statin-induced cell membrane damage on hSkMCs.
HSkMCs cultures were pre-incubated 2 hours with Q10 (5 µM), before incubated with or without ATV,
NKS and FV [24 h] (A), SIM and LOV [4 h] (B) and the LDH-leakage was measured. Data are
expressed as means ± SD from three independent experiments (n=2). Statistically significant
differences versus the control group are expressed as *P<0.05, **P<0.01 and ***P<0.001. Statistically
#

significant differences in comparison with the statins group are indicated by P<0.05 and
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P<0.01.
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Cytotoxic effect of active and inactive HMG-CoA reductase

inhibitors

FV is a 50/50 mixture of two enantiomers, one active and one inactive with regard to
their inhibitory effect on HMG-CoA reductase activity. In order to test, whether the
toxicity of FV is related to its pharmacological activity, hSkMCs were either treated
with FV, its active enantiomers LBM830 or the inactive FV ena ntiomer LBM912 at the
concentrations of 1, 2.5, 5, 10 and 25 µM for 72 hours. The results showed an
increase of cytotoxicity with FV and its active enantiomer LBM830. In contrast, the
treatment with the inactive enantiomer LBM912 was not cytotoxic. The combination of
LBM912 and LBM830 was most potent (Fig. 42).
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Fig. 42: Concentration-dependency cytotoxicity after 72 hours incubation of hSkMCs with FV and its
enantiomers LBM830 (active), LBM912 (inactive).
Data are expressed as means ±SD from two independent experiments (n=2).
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HSkMCs were incubated with LOV or deoxy-lovastatin (NVP VAG380), which is an
inactive LOV derivative lacking the hydroxyl group at the active part of the molecule ,
at the concentrations of 1, 2.5, 5, 10 and 25 µM for 72 hours. The results showed a
concentration dependent increase of cytotoxicity with LOV, whereas deoxy-lovastatin
was not toxic (Fig. 43).
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Fig. 43: Concentration-dependency of cytotoxicity after 72 hours incubation of hSkMCs with LOV and
deoxy-lovastatin (NVP VAG380).
Data are expressed as means ±SD from two independent experiments (n=2).
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Total antioxidative capacity of mevalonate and its derivatives F,

FPP, GG, and GGPP
The antioxidative capacities of the HMG-CoA reductase downstream metabolites
MVA, GG, GGPP, F and FPP were tested by measuring the radical cation ABTS?+
scavenging activity in comparison to trolox-C. MVA, G and F showed absolutely no
radical cation ABTS?+ scavenging activity. The radical cation ABTS?+ scavenging
activity of GGPP and FPP were low compare to the standard trolox-C.
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Fig. 44: Radical cation scavenging capacity of MVA and its derivatives (F, FPP, GG, GGPP).
The radical cation scavenging capacity of the MVA and its derivatives (F, FPP, GG, and GGPP) were
expressed as trolox-C equivalent. The trolox-C equivalent was calculated and used to compare the
radical cation scavenging activity of each antioxidant. Data are expressed as means ±SD from three
independent experiments for each sample (n=3).
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Discussion

The HMG-CoA reductase, which converts HMG-CoA to mevalonate, is the rate
limiting enzyme in the mevalonate pathway. MVA is a precursor not only of
cholesterol but also of the isoprenoids F, FPP, GG and GGPP. Farnesylation or
geranylgeranylation of cellular molecules is important for signaling functions
(Goldstein and Brown, 1990). The inhibition of MVA synthesis reduces isoprenylated
metabolite formation, and thus isoprenylation of proteins such as the G proteins Ras,
Rab and Rho. Farnesylation of Ras proteins is important for their attachment to the
membrane. By this they exert various actions, playing a crucial role in cellular
differentiation and proliferation (Maltese and Sheridan, 1987; Laufs et al., 2000). FPP
is also involved as an important polyisoprenoid component in the induction of heme A
in the electron transport chain.
GG and GGPP are used for the prenylation of Rab proteins, which are necessary for
vesicle transportation within the cell. The Rab family is known to play a role in cell
replication, platelet activation and the generation of oxygen radicals (Laufs et al.,
2000). GGPP is also an inducer of dolichols, required for glycoprotein synthesis and
ubiquinone, a polyisoprenylated quinoid cofactor of the electron transport chain
(Beyer, 1992; Do TQ et al., 1996; Ernster et al., 1995).
The inhibition of the prenylation of important regulatory proteins could contribute to
the mechanisms of statin-induced muscle cell necrosis. This means, that statins
would cause myotoxicity by their pharmacological action via inhibition of the HMGCoA reductase activity (Epstein et al., 1991; Hancock et al., 1991; Cox et al., 1992;
Flint et al., 1997a, 1997b; Nishimoto et al., 2003). However, the importance of the
reduction of the HMG-CoA reductase downstream metabolites in the statin-induced
rhabdomyolysis is still discussed controversially. There are pros and cons arguments
for this hypothesis. One argument against this hypothesis is that the intracellular pool
of the isoprenoids is too large in order to achieve a decrease, which may be relevant
for the induction of myotoxicity by statins (Goldstein and Brown, 1990; Casey and
Seabra, 1996). Johnson et al. (2004), however, confirmed the hypothesis of HMGCoA reductase mediated skeletal cell necrosis. They suggested that statins induce
apoptosis in rat myotubes by inhibiting the geranylgeranylation of proteins. Their
results clearly demonstrated that cerivastatin-induced apoptosis in rat and human
myotubes was inhibited by addition of the downstream metabolites GG and MVA.
Masters et al. (1995) demonstrated that the addition of MVA completely restored
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protein synthesis to control values and abrogated morphologic changes induced by
LOV in neonatal rat skeletal myocyte primary cultures.
In our experiments we basically confirmed the findings reported in the literature that
the pharmacological activity of HMG-CoA reductase inhibitors is involved in the
mechanism of muscle toxicity. We investigated this hypothesis by means of LBM830,
which is the pharmacologically active enantiomer of FV, and LBM912, which is the
pharmacologically inactive enantiomer of FV. While the active enantiomer caused
concentration-dependent increase in LDH leakage, its HMG-CoA reductase inactive
enantiomer did not. Similar results were obtained with LOV and deoxy-LOV (NVP
VAG380), which is lacking the hydroxyl group at the active part of the molecule and
thus is inactive. Here we also found cytotoxicity with LOV but not with the inactive
deoxy-LOV . Although we did not measure the degree of HMG-CoA reductase
inhibition in our experiments, these results supported the hypothesis that the toxicity
of the statins is related to the inhibition of HMG-CoA reductase.
In addition, we then showed with 5 different statins in the human relevant cell system
that addition of MVA, F, FPP, GG and GGPP to the cells, nearly all inhibited statininduced toxicity at the level of the induction of apoptosis and induction of membrane
damage.

Summary of results from experiments with 5 different statins after co-incubation with
HMG-CoA reductase downstream metabolites.
Protection against ROS formation, caspase-3 activation and LDH-leakage
HMG-CoA

ROS formation

Caspase-3 activity

LDH-leakage

MVA

5/5

5/5

5/5

F

5/5

4/5

3/5

FPP

5/5

5/5

5/5

GG

5/5

4/5

5/5

GGPP

5/5

4/5

3/5

metabolite

It appears in all experiments, that HMG-CoA down-stream metabolite mediated
protection against the statin-induced LDH leakages is accompanied by decrease of
the statin-induced caspase-3 activation as well as the formation of ROS. The
deviations observed from this relation may be the result of the different incubation
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conditions, like time of incubations and differences in the applied statin
concentrations.
MVA, F, FPP, GG and GGPP were tested for their direct radical scavenging activity
by means of the cell free TAC assay. While MVA, F and GG had no direct radical
scavenging activity, FPP and GGPP proved to be very weak scavengers in the 100
µM concentration range. However, in the cellular system all applied isoprenoids
showed potent protection against the statin induced ROS formation. F and GG were
most effective showing 100 % protection; all other isoprenoids like MVA, FPP and
GGPP caused statistically significant reduction of statin-induced ROS formation.
As shown in the previous chapter, that various structurally unrelated antioxidants
were very effectively in protecting cells against the statin-induced cytotoxicity and
apoptosis, the current result with the HMG-CoA downstream metabolites suggest a
possible interaction of ROS formation after HMG-CoA reductase inhibition. It is not yet
clear how the HMG-CoA reductase downstream metabolites inhibit against statininduced ROS formation. Since direct scavenging effect of isoprenoids is not very
likely, interference with the ROS generation mechanism may be another possibility.
Mobilization of intracellular Ca2+ is the mechanism how HMG-CoA reductase inhibitor
could increase ROS formation. In various cell types the mobilization of intracellular
Ca2+ was demonstrated by statins, and MVA was found very effective in blocking this
response, suggesting a potential HMG-CoA reductase inhibitor’s action (Alvarez de
Sotomayor and Andriantsitohaina, 2001). Increase Ca2+ uptake into the mitochondrion
could trigger ROS formation by uncoupling of the respiratory ETC (see calcium
chapter).
Inhibition of HMG-CoA reduc tase per se is associated with induction of apoptosis.
There is increasing evidence, that products of the mevalonate pathway including
MVA, FPP and GGPP can regulate the apoptotic process at different points in the
cascade. For example mammalian sterile 20-like kinase, a protein involved in
apoptosis, was cleaved in the presence of LOV in osteoclasts and this response was
prevented by GG (Reszka et al., 1999). GG and F were also found to prevent the
activation of caspases by aminobisphosphonates in 1774 cells (Benford et al., 1999).
Depending on the cell type MVA, FPP and GGPP can suppress apoptosis. This may
help also to explain the inhibitory effect of the HMG-CoA downstream metabolites on
the statin-induced apoptosis observed in hSkMCs.
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3.2.4 Role of Calcium on statin-induced cellular events
In order to study the possible role of Ca2+ in statins induced hSkMCs toxicity, cells
were incubated with statins in the presence or absence of the intracellular Ca2+chelators BAPTA-AM and ROS formation, caspase-3 activity and cytotoxicity were
determined. BAPTA-AM is a membrane -permeable Ca2+ chelator. The presence of
four AM groups in the molecule allows BAPTA-AM to cross cellular membranes.
Esterases located in the cytosol then cleave the AM groups, serving to trap the active
chelator inside the cell where it binds Ca2+ and effectively decreases the cytosolic free
Ca2+ concentrations.
3.2.4.1

ROS formation

HSkMCs were pre-incubated with 5 µM BAPTA-AM and then treated for 30 minutes
together with the respective statin. The presence of BAPTA-AM completely inhibited
statin-mediated ROS formation suggesting that ROS formation is Ca2+-dependent
(Fig. 45).
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Fig. 45: Effect BAPTA-AM on statin-induced ROS formation.
After 2 hours pre-incubation of hSkMCs culture with 5 µM BAPTA-AM, hSkMCs were treated 30
minutes with 50µM of NKS, FV, ATV, LOV and SIM in combination with 5 µM BAPTA-AM. Data are
expressed as means ± SD from three independent experiments (n=3). Statistically significant
differences versus the control group are expressed as ***P<0.05. Statistically significant differences in
comparison with the statins group are indicated by

###

P<0.001.
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3.2.4.2

Caspase-3 activity

BAPTA-AM alone had no effect on caspase-3 activity in hSkMCs culture. The
presence of 5 µM BAPTA-AM completely inhibited statins -induced caspase-3
activation for all statins (Fig. 46).
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Fig. 46: Effect of BAPTA-AM on statins--induced caspase-3 activity.
HSkMCs were pre-incubated 2 hours with calcium intracellular chelator BAPTA -AM (5 µM), follow by 2
hours co-incubation with the different statins in the presence or absence of BAPTA -AM. Data are
expressed as means ± SD from three independent experiments (n=3). Statistically significant
differences versus the control group are expressed as ***P<0.001. Statistically significant differences in
comparison with the statins group are indicated by

###

P<0.001.

No inhibitory effect on LDH-leakage was found after treatment of human skeletal
muscle cells with statins in the presence of BAPTA-AM (data not shown).
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Discussion

Increase of intracellular Ca2+ has been suggested in the literature being involved in
the mechanism of the statin-induced myotoxicity. In some studies, increased Ca2+
concentrations above the physiological relevant level, were observed in the skeletal
muscles after statin treatment (Duncan, 1978; Borgers et al., 1983; Rudge et Duncan,
1984; Gissel and Clausen, 2001; Gommans et al., 2002; Inoue et al., 2003). It was
also reported that SIM elevated the cytoplasmic Ca2+ concentrations via the release of
stored Ca2+ in L6 rat myoblasts (Nakahara et al., 1994). In endothelial cells SIM has
been shown to increase the intracellular Ca2+ level, which was inhibited by the
downstream

metabolite

of

HMGCoA,

MVA

(Alvarez

de

Sotomayor

and

Andriantsitohaina, 2001). Cerivastatin had an ability to cause release of Ca2+ from
sarcoplasmic reticulum (Inoue et al., 2003). It is assumpt that the relaxation and
contraction of muscle cells is mediated by the modulation of the intracellular Ca2+
concentration, a process which is thought to be dependent on the inhibition of the
HMG-CoA reductase. Rho prenylation is supposed to play a role into the intracellular
uptake mechanisms of Ca2+ (Gronroos et al., 1996).
In our studies we did not measure the Ca2+ concentrations directly; however there is
indirect evidence that calcium is also involved in the mechanism of statin-induced
ROS formation and apoptosis. The trapping of Ca2+ by the intracellular calcium
chelator BAPTA/AM was able to decrease the statin-induced ROS formation as well
as apoptosis. Thus, elevation of intracellular Ca2+ concentration may be part of the
triggering mechanism by which statins produce ROS. The role of Ca2+ in generating
ROS has been shown in several studies. Extracellular calcium was shown to increase
ROS formation in the contracting diaphragm (Supinski et al., 1999). The relation
between intracellular Ca2+ and ROS was also shown in other cellular models (Bae et
al., 1999). Richter demonstrated that isolated mitochondria, when they are exposed to
high Ca2+ cause uncoupling of the ETC and thus leading to ROS formation (Richter,
1993). Under ischemic conditions the link between mitochondrial Ca2+ accumulation
and ROS formation has been documented. The early increase of ROS observed in
our studies may also be linked to Ca2+ mobilization. Comparing the kinetics of
intracellular Ca2+ level rise, as it is known from the literature and the kinetics of ROS
formation from our own experiments, it turns out that both happened relatively rapidly
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within 30 min, which are the first cellular events observed after the statin treatment.
Taken the literature data together with our own observations, the results of the
present study strongly suggest that ROS may be a downstream signal of elevated
intracellular Ca2+.
Intracellular calcium plays an important role in the regulation of apoptosis and
necrosis (Nicotera et al., 1994). An increase in intracellular free calcium can activate
Ca2+ dependent enzymes, such as phosphatases, proteases, and endonucleases,
which degrade important cellular macromolecules (McCabe et al., 1992; Orrenius et
al., 1992; Richter and Kass, 1993). Ca2+ is involved in the modification of chromatin
conformation by making chromatin regions accessible to enzymes such as DNase I or
others endonucleases (McConkey et al., 1989). An increase in intracellular free Ca2+
can dissociate the actin filaments from alpha-actin, and activate actin-binding proteins
(Mirabelli et al., 1989).
Intracellular Ca2+ seems also to play an important role in the apoptotic cell death in
statin-treated hSkMCs. In our experiments BAPTA-AM was able to prevent the statininduced changes very efficiently. The contribution of Ca2+ in the mechanism of statininduced myopathies leading to rhabdomyolysis is not yet fully understood. Further
investigation is needed for the better understanding of this event.
In our experiments we did not observe a relevant inhibition of the statin-induced LDHleakage by means of the intracellular Ca2+ chelator BAPTA-AM. This result does not
necessarily exclude a link between ROS formation, apoptosis and LDH-leakage.
Differences between LDH-leakages compared to ROS formation and apoptosis, might
be the result of different concentrations applied under the different incubation
conditions. In the long term cytotoxicity experiments it was not possible to further
increase the BAPTA-AM concentrations because of toxicity to the hSkMCs.
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3.2.5 Gene expression analysis
Independent from our experiments, cynomolgous monkeys were treated with statins
for 4 weeks. At the end of the study muscle tissues from untreated control animals
was compared with that of treated animals concerning their large scale gene
expression profiles at the transcriptional level by means of the Affimetrix technology
platform. It is expected that pathways, which are involved in the mechanism of action
of a compound are either induced or inhibited at the transcriptional level. This
technology has been proven to be a useful tool for the discovery of new mechanism
of action of new unknown compounds.
It was the goal of the present study to evaluate the gene expression changes
observed in vivo in the monkey muscle tissue in the current human skeletal muscle
cell model.

3.2.5.1

Gene expression analysis in hSkMCs after treatment with statin

In order to evaluate gene expression changes in vitro in hSkMCs at the mRNA level
hSkMCs was cultured with 1 µM NKS, FV, LOV, SIM and 10 µM ATV for 48 hours.
RNA was extracted at the end of the experiment and by means of RT PCR the
following genes were analyzed:
PFKFB-2 (6-phosphofructo -2-kinase / fructose-2, 6-bisphosphatase 2)
PFKFB-3 (6-phosphofructo -2-kinase / fructose-2, 6-bisphosphatase 3)
PDK-4 (pyruvate dehydrogenase kinase, isoenzyme 4)
PDP-2 (pyruvate dehydrogenase phosphatase, isoenzyme 2)
PPARa (peroxisome proliferative activated receptor, alpha)
FOXO3A (forkhead box O3A)
SOD-2 (mitochondrial superoxide dismutase 2)
All the selected genes except PDP-2 were strongly upregulated in the response of
nearly all statins. Changes observed on PDK4 mRNA expression were depending on
the statin for NKS, FV and LOV more than 1000 fold . Changes on gene expression of
FOXO3A, PFKFB-2 and PFKFB-3, were also very potent (Tab. 19).
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Sequence

Accession

description

number

Gene expression change compare to
control
NKS

FV

ATV

LOV

SIM

MN_006212

+++

++++

++

+++

+

MN_004566

++

+++

+

++

+

MN_002612

++++

++++

++

++++

+

MN_020786

0

0

0

0

0

MN_032644

+

+

+

+

+

MN_201559

+++

++++

+

++

+

MN_000636

+

+

+

+

+

6-phosphofructo-2-

PFKFB-2

kinase / fructose-2, 6bisphosphatase 2
6-phosphofructo-2-

PFKFB-3

kinase / fructose-2, 6bisphosphatase 3
Pyruvate

PDK-4

dehydrogenase
kinase, isoenzyme 4
Pyruvate

PDP-2

dehydrogenase
phosphatase,
isoenzyme 2
Peroxisome

PPARa

proliferative activated
receptor, alpha

FOXO3A

Forkhead box O3A
Superoxide

SOD-2

dismutase 2,
mitochondrial

(0 no change, + between 2-10 fold change, ++ between 11-100 fold change, +++ between 101-1000
fold change, ++++ >1000 fold change).
Tab.16: Regulated genes following hSkMCs after 48 hours treatment with statins.
HSkMCs were treated with 1µM NKS, FV, LOV, SIM and 10 µM ATV for 48 hours and the cells lysates
were used for DNA extraction and gene expression analysis.
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3.2.5.2

Confirmation of glycolytic activity by determination of lactate

content in hSkMCs

The results of gene expression analysis strongly suggested the involvement of
glycolytic pathway and therefore lactate production on the mechanism of statininduced cytotoxicity.
After 4 hours treatment of hSkMCs with 400 µM NKS and FV, 100 µM LOV, 50 µM
SIM and with 200, 400 µM ATV, the concentration of lactate in the cells increased
with NKS, FV and ATV compared to the control. The effect was most pronounced with
ATV compared to the other statins used (Fig. 46).
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Fig. 47: Effect of statins on the lactate content in the hSkMCs lysates after 4 hours.
The results are means values ± SD from three independent experiments (n=3). Statistically significant
differences compared with the control group are expressed as *P<0.05 and ***P<0.001.
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Discussion

In order to elucidate the pathways of statin-induced myotoxicity, the in vitro
expression of some selected genes was investigated. Our results cleary suggest
changes of genes involved in oxidative stress and apoptosis. These changes occured
with all the statins tested in the hSkMCs culture.
Among all the genes involved in oxidative stress, the FOXO3A was the mostly
upregulated candidate especially with NKS and FV. FOXO3A protects cells from
oxidative stress by directly increasing their quantities of manganese superoxide
dismutase (MnSOD) messenger RNA and protein (Brunet et al., 1999; Kashii et al.,
2000; Tran et al., 2002). FOXO3A itself is under the control of phosphatidylinositol 3kinase (PI3k/Akt), which blocks FOXO3A expression under normal physiological
conditions. PI3k/Akt expression itself can be decreased by reduced availability of
active Ras or Rho (Weiss et al., 1999), which may be the direct result of HMG-CoA
reductase inhibition (Vidyalakshmi et al., 2004; Brunet et al., 1999)
In the same study we found upregulation of SOD-2, which is a first line antioxidant
defence system. FOXO3A activates MnSOD and leads to subsequent reduction of
reactive oxygen species. The increase of the expression of MnSOD in the treated
hSkMCs provides further evidence that the mitochondrium is the source of the statininduced ROS formation. The upregulation of SOD-2 in the mitochondrium suggests
an increase oxidative stress in this organel, which by upregulation of its enzymatic
activity is protecting them against the increased ROS formation.
Our results also indicate a significant change in the genes involved in glycolytic
pathway. Our experiments showed the upregulation of PFKFB-2 and PFKFB-3 nearly
in the same range. These two bifunctional enzymes who modulate intracellular levels
of fructose-2, 6-bisphosphate (F-2, 6-P2), are potent activator of phosphofructokinase,
the key regulatory enzyme of glycolysis. The kinase/bisphosphatase ratio of the
bifunctional enzyme is dominated by the kinase activity under physiological
conditions. F-2,6-P2, a key metabolite in the control of glycolysis, is a potent
stimulator of PFK-2 and inhibitor of F-2,6-BPase from different tissues. Its synthesis
and breakdown are catalyzed by 6-phosphofructo-2-kinase (PFK-2) and fructose-2, 6bisphosphatase (FBPase-2), respectively (Rousseau and Hue, 1993; Pilkis et al.,
1995).
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PDK-4 (Pyruvate dehydrogenase kinase, isoenzyme 4) was the highest upregulated
among all the genes tested. In contrary, no change had been observed with the PDP2 gene (Pyruvate dehydrogenase phosphatase, isoenzyme 2). PDP-2 is one of the
few mammalian phosphatases residing within the mitochondrial matrix space. It is
responsible for dephosphorylation and reactivation of the PDC and, by this means, is
involved in the regulation of utilization of carbohydrate fuels in mammals. It supplies
the carbon units derived from carbohydrate fuels mainly for complete oxidation by the
Krebs cycle. Increased glycolytic activity was demonstrate for some statins by
increase lactate formation. The inactivation of PDP-2 by the induction of the PDK-4 is
followed by metabolic switching to limit oxidative fuel to fatty acids. However, statins
decrease the serum levels of fatty acids and this situation forces the muscle to use
amino acids from proteins as an energy source if this special situation persists for
long period. It had been suggested that excessive protein degradation will damage
the muscle if the situation is rigorous, driving to acute myopathy or rhabdomylysis
(Motojima et al., 1998). It had ben reported that induction of PDK-4 mRNA is involved
in the drug (statins, fibrates)-induced acute rhabdomyolysis when the muscle is
restricted to use fatty acid as major energy source (Motojima and Seto, 2003).
PPARa was also upregulated at the same range after treatment with all statins.
PPARa regulates the expression of genes involved in fatty acid beta-oxidation and is
a major regulator of energy homeostasis. Activation of PPARa also stimulates fatty
acid oxidation and peroxisome proliferation (PP). Martin et al. reported that GGPP
pathways is implicated in the activation of PPARa induced by statins (Martin et al.,
2001). Others lipid lowering agents, like fibrates, well-known synthetic agonists of
PPARa, also cause rhabdomyolysis in patients (Poels and Gabreels, 1993; Hodel,
2002).
In summary, the gene expression data obtained after in vitro incubation of hSkMCs
with statins were very similar to those obtained after in vivo treatment of monkeys.
The results the results help to validate the current in vitro model. Furthermore they
showed great usefulness in the interpretation of the mechanisms of toxicity.
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SUMMARY

The HMG-CoA reductase inhibitors SIM, LOV, ATV, PRA, FV and NKS were
investigated for their effects on human SkMCs. We were able to demonstrate that
statins can induce oxidative stress (ROS formation, GSH-depletion, TBARS),
apoptosis (∆ψ, caspase-3 activity, nuclear morphology) and necrosis (LDH-leakage)
in hSkMCs. After incubation with statins, the sequence of cellular events starts by the
increased formation of ROS (30 min) followed by caspase-3 activation (2-4 hours)
and necrosis (LDH-leakage) and formation of condensed and fragmented nuclei after
24-72 hours. It was shown that antioxidants (NAC, DTT, TPGS, M-2 and M-3) and the
HMG-CoA reductase downstream metabolites (MVA, F, FPP, GG and GGPP)
protected against statin-induced ROS formation, caspase-3 activation and partially
from necrosis. The caspase-3 inhibitor Ac-DEVD-CHO rescues cells partially from
necrosis.
These results suggest that the statin-induced necrosis is HMG-CoA dependent and
occurs secondary to apoptosis, which by decrease of ATP is driven into necrosis. The
increase of ATP observed at low concentrations and early time points suggest an
increased glycolytic activity. This was confirmed by increased PDK-4 gene expression
and increased PFK2/F-2,6-BPase expression both activator of glycolysis. Glycolysis
was also confirmed for some statins by increased cellular lactate concentations. The
consequence of PDK-4 mediated pyruvate dehydrogenase inactivation is the
metabolic switching from fatty acid to amino acid from proteins as energy source.
The oxidative stress hypothesis was further supported by the induction of the
FOXO3A transcription factor, which is involved in regulating MnSOD-2 expression in
the mitochondrium. The mechanism by which statins produce ROS is still not
resolved. There is an indirect evidence from our experiments as well as from the
literature, that immediately after the statin treatment, intracellular Ca2+ is mobilized
due to HMG-CoA reductase inhibition, which after mitochondrial uptake could lead to
increased ROS formation.
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Die Hydroxymethylglutaryl-CoenzymA-(HMG-CoA)-Reduktaseinhibitoren Simvastatin,
Lovastatin, Atorvastatin, Pravastatin, Fluvastatin und Pitavastatin wurden im Hinblick
auf ihre Wirkungen auf humane Skelettmuskelzellen untersucht. Wir waren in der
Lage zu zeigen, dass Statine oxidativen Stress (Dichlorofluoresceindiacetat,
Glutathion-Depletierung,
(mitochondriales

Thiobarbitursäure-reaktive

Membranpotential

? ? m,

Substanzen),

Caspase-3,

Apoptose

Kernmorphologie)

und

Nekrose (Laktatdehydrogenase (LDH)-Verlust) in humanen Skelettmuskelzellen
auslösen können. Die Abfolge der zellulären Ereignisse nach Inkubation mit Statinen
begann mit erhöhter Bildung reaktiver Sauerstoffspezies (ROS) (30 Min.), gefolgt von
Caspase-3-Aktivierung (2-4 Std.) und Nekrose (LDH -Verlust) und kondensierten und
fragmentierten

Kernen

nach

24-72 Std. Es konnte gezeigt werden, dass

Antioxidantien (N-Acetylcystein, Dithiothreitol, DL-8-Tocopherol-polyethylenglykol1000-succinat, die Fluvastatin-Metabolite M1 und M3) und die von im Signalweg der
HMG-Co

A-Reduktase

(Mevalonsäure,

abwärts

Farnesol,

gelegenen

Enzymen

Farnesylpyrophosphat,

gebildeten

Metabolite

Geranylgeraniol

und

Geranylgeraniolpyrophosphat) eine Schutzwirkung gegen die statin-induzierte ROSBildung, Caspase-3-Aktivierung und teilweise auch gegen die beobachtete Nekrose
haben. Der eingesetzte Caspase-3-Inhibitor schützt die Zellen ebenfalls partiell gegen
Nekrose.
Diese Ergebnisse legen nahe, dass die statin-induzierte Nekrose ein HMG-Co AReduktase

abhängiger

Sekundärprozess

der

Apoptose

ist,

wobei

Adenosintriphosphat (ATP)-Depletion das Gleichgewicht in Richtung der Nektrose
verschieben kann. Die Erhöhung des ATP-Levels, die bei niedrigen Konzentrationen
und frühen Zeitpunkten beobachtet wurde, ist ein Hinweis auf erhöhte glykolytische
Aktivität.

Dies

wurde

durch

erhöhte

Pyruvatdecarboxylase-Kinase-4(PDK-4)

Genexpression und erhöhte Phosphofruktokinase2/Fruktose-2,6-bisphosphataseExpression bestätigt, die beide eine erhöhte glykolytische Aktivität auslösen können.
Die Konsequenz der PDK-4-vermittelten Pyruvatdehydrogenase-Inaktivierung ist die
metabolische Umstellung der Energierquellen von Fettsäuren hin zu Aminosäuren
aus dem Proteinabbau.
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Die Hypothese, dass oxidativer Stress beteiligt ist, wurde weiterhin durch die
Induktion des Transkriptionsfaktors Forhead box O3A auf mRNA-Ebene untermauert,
der an der Regulation der Mangan-Superoxiddismutase-2 beteiligt ist. Der
Mechanismus, wie Statine ROS produzieren können, ist noch nicht geklärt. Es gibt
indirekte Hinweise- sowohl aus unseren Experimenten als auch aus der Literatur –,
dass unmittelbar nach Statin-Behandlung intrazelluläres Calcium mobilisiert wird,
wodurch nach einer stattgefundenen mitochondrialer Aufnahme es zu erhöhter ROSBildung kommen könnte.
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